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Two prestressed high performance concrete (HPC) highway bridges were
constructed in Texas utilizing concrete with 56 day design strengths of up to 97 MPa
(14,000 psi). The utilization of HPC allowed for longer spans and larger girder
spacing than typically used in conventional prestressed concrete bridges. An
extensive research program, sponsored by the Federal Highway Administration and
the Texas Department of Transportation, was conducted to monitor the short- and
long-term structural behavior of these unique highway bridge structures.

The Louetta Road Overpass near Houston, Texas consists of two adjacent
three-span simply-supported HPC highway bridges. The Louetta bridges utilize the
Texas U-beam in conjunction with high performance concrete and 15 mm (0.6 in.)
diameter prestressing strands, resuiting in an efficient structural design. Span
lengths for the Louetta bridges range from 37.0 to 41.3 m (121.5 to 135.5 ft.), with a
maximum girder spacing of 5.07 m (16.6 ft.) on center.

The North Concho River/U.S. 87/S. O. R. R. Overpass in San Angelo, Texas
consists of a 290 m (951 ft.) long eight-span HPC Eastbound bridge and an adjacent
292 m (958 ft) long nine-span conventional concrete Westbound bridge. Both

vii



bridges utilize the AASHTO Type IV beam cross-section in the main spans. HPC
was used in conjunction with 15 mm (0.6 in.) diameter strands to increase span
lengths and girder spacing in the Eastbound HPC bridge relative to the conventional
concrete Westbound bridge. The maximum span length in the Eastbound HPC
bridge was 47.9 m (157 ft.), compared to 39.9 m (131 ft) in the Westbound
conventional concrete bridge.

As part of the research program, instrumentation gauges were placed in
selected structural components of the bridges. These gauges were monitored
through the construction process and into the service lives of the completed bridges.
Data were collected on prestress losses, beam deflection (camber), concrete strains,
and concrete temperatures. These data were analyzed to examine the applicability
of current standard design procedures and assumptions for highway bridges using
HPC, and to compare the structural behavior of the two bridges, which represent

similar yet different implementations of HPC in highway bridge structures.
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1 CHAPTER ONE: INTRODUCTION

1.1 General

High performance concrete, or HPC, can be used to provide economic benefits for
the design and construction of several types of structures — with respect to both structural
efficiency and maintenance requirements. In the 1990’s, HPC has become more readily
available, been produced with a higher degree of quality control, and been used more
frequently by engineers in the design of structures throughout the world. As HPC is utilized
more and more in the design of such structures, the limits of current design assumptions
and construction practices are being stretched, and the adequacy of these existing
procedures must be examined.

Prestressed concrete highway bridges represent one category of structure for which
HPC can provide multiple benefits. Two prestressed concrete highway bridges have
recently been constructed in Texas utilizing HPC. These bridges have been fitted with
instrumentation in order to monitor selected aspects of structural performance throughout
the construction process and early service lives. The observations made regarding the
structural performance of these bridges will be used to assess current design and
construction procedures, and to determine special requirements that the use of HPC may
dictate.

This chapter includes background information regarding high performance concrete
and its applications. First, HPC is defined and a brief overview of past applications of HPC
is provided. The specific benefits of the use of HPC for prestressed concrete highway
bridges are then discussed. Finally, the scope and organization of the research projects

and this dissertation are presented.



1.2 Definitions of HPC

Though extensive research has been performed on this construction material over
the past twenty to thirty years, and several structures have been constructed with it, the
terms “high performance concrete” and “HPC” are relatively new. Until recently, the terms
“high strength concrete” and “HSC" were commonly used to describe this material.
Engineers have always tried to relate other characteristic properties of concrete to
compressive strength, making it natural to describe these concretes in terms of this
fundamental property.

The production of HSC generally requires the use of high quality materials, including
mineral and chemical admixtures such as fly ash, silica fume, and high-range-water-
reducers (superplasticizers). As a result, higher compressive strengths often mean
concrete with improved overall characteristics. Engineers around the world have
recognized this improved overall performance, and during this decade have adopted “high
performance concrete” and “HPC” as more appropriate terms for this class of material.
Today, with the consideration of both strength-related and durability-related performance

characteristics, defining high performance concrete is an ongoing, ever changing process.

1.2.1 Definitions Based on Compressive Strength (HSC)

Few, if any, current definitions of high performance concrete are based on
compressive strength alone. [n fact, definitions based on compressive strength alone are
truly definitions of HSC, not HPC. Still, it is often convenient to define high strength
concrete in order to distinguish it from the range of conventional concretes on which most
empirical relationships used in structural codes today are based. For example, ACI
Committee 363 [10] defines HSC as concrete with compressive strengths of 41 MPa (6000
psi) or greater, and not made using exotic materials and techniques (high-range-water-
reducers, silica fume, and fly ash are not considered exotic). The Texas Department of
Transportation (TxDOT), in a recent addendum to its Standard Specifications [131], defines
HSC as concrete with design compressive strengths of 62 MPa (9000 psi) and greater.

The European FIP/CEB [67] definitions specify a range of 60 to 130 MPa (8700 to
18,900 psi) for HSC. Interestingly, most countries other than the United States specify an



upper limit for compressive strength [141]. These upper limits range from 80 MPa (11,600
psi) in Japan to 115 MPa (16,700 psi) in Germany. Above these upper limits, special

approval is generally required for use in design.

1.22 Definitions Incorporating Strength and Durability Characteristics (HPC)

Some definitions of high performance concrete incorporate criteria relating to both
strength and durability. One of the first HPC definitions of this type was developed in 1991
by Zia, Leming, and Ahmad under a Strategic Highway Research Program (SHRP) study
[143]. They classified HPC as concrete meeting one of three strength-related criteria, in
addition to two durability-related criteria. The three strength classifications reflect different
requirements for different applications, and include very high strength (VHS), high early
strength (HES), and very early strength (VES) concretes. These strength-based
classifications are summarized in Table 1.1. The durability criteria include a minimum
durability factor of 80% based on freeze-thaw resistance, and a maximum water-
cementitious ratio of 0.35.

In 1996, the Federal Highway Administration (FHWA) proposed a definition of HPC
based on four strength-related and four durability-related performance characteristics. For
each of the eight characteristics, one of four HPC performance grades can be specified,
allowing the designer to tailor the definition to the design requirements and exposure
conditions of each individual project. The eight characteristics are listed in Table 1.2, and
are measured by a set of well-known standardized tests. Details of the grade classifications
for each characteristic are presented by Goodspeed, Vanikar, and Cook [55]. The definition
may be difficult to apply because of its length, but it does a very good job of defining eight
important performance-based criteria related to both strength and durability.

1.2.3 Broad Definitions (HPC)

Several recently proposed definitions have taken a very broad approach in defining
HPC. In a 1996 state-of-the-art report, Zia, Ahmad, and Leming define HPC as “any
concrete which satisfies certain criteria proposed to overcome limitations of conventional



concretes” [142]. Similarly, ACI has defined HPC as “concrete which meets special
performance and uniformity requirements that cannot always be achieved routinely by using
only conventional materials and normal mixing, placing, and curing practices” [12]. ACI also
recognizes that these special requirements may pertain to placement and compaction
without segregation, long-term mechanical properties, early-age strength, volume stability,

or service life in severe environments.

Table 1.1 - Categories of HPC Based on 1991 SHRP Definition [143]

Categfory Minimum Comp. Stregngth AJg_;i
Very Early Strength (VES) 2,000 psi (14 MPa) 6 hours
High Early Strength (HES) 5,000 psi (35 MPa) 24 hours
Very High Strength (VHS) 10,000 psi (70 MPa) 28 days

Table 1.2 - Performance Characteristics in 1996 FHWA Definition of HPC [55]

Strength Characteristics Durability Characteristics
Compressive Strength Freeze-Thaw Durability
Modulus of Elasticity Scaling Resistance
Shrinkage Abrasion Resistance
Creep Chloride Penetration

1.2.4 Proposed Definition of HPC

Debate will continue as to exactly what defines HPC. Complex definitions today
acknowledge that HPC benefits may be of both a strength and durability nature. The
existence of the broad definitions discussed in the previous section, however, clearly
illustrates that HPC is widely considered to be concrete which overcomes the limitations of
conventional concretes. In many senses, HPC is truly an engineered concrete which is
designed to perform under a specific application. The following definition of HPC is thus

proposed:



HPC is an engineered concrefe whose components are carefully
selected and proportioned to produce a material with beneficial properties
suitable for a specific application. Beneficial properties may be related to
any of a number of strength and/or durability characteristics, dependent

upon the given application.

1.2.5 Terminology Used in this Dissertation: HPC vs. HSC

The preceding sections have illustrated that there is no widely accepted definition
for either HPC or HSC. The point has been made, however, that all HSC’s are considered
HPC's. On the contrary, not all HPC's are HSC's, as their primary beneficial properties may
be durability-related.

For simplification, the terms “high strength concrete” and “HSC" are not used in this
dissertation. Although the beneficial strength of HPC will be of primary interest for
discussion of the structural performance, alt HPC — whether related to strength, durability,
or both — will simply be referred to as “HPC” in the text. Further clarification of the type of

HPC used for each concrete mix is provided in Section 4.1.2.

1.3 Applications of HPC

Over the past thirty years, several types of structures have utilized the beneficial
properties of HPC. The primary applications of HPC have been in tall buildings and bridges,
and the following sections briefly describe a few structures of each type which have utilized
HPC. These structures represent some of the more major and well-known applications of
HPC, and are not intended to be a complete listing. Table 1.3 presents basic information
pertaining to the structures mentioned in the following sections. Additional information on
these and other structures utilizing HPC may be found in the references [10,117,121,142].

In addition to tall buildings and bridges, numerous other applications exist for high
performance concrete. HPC has been or is currently being used in highway pavements,
bridge deck overlays, prestressed concrete piles and poles, offshore structures, marine
foundations, dams, grandstand roofs, and modular bank vaults [10,121].



1.3.1 Tall Buildings

Several tall building structures in the United States have utilized the strength-related
benefits of HPC. The use of HPC can accommodate the high axial compressive forces in
the columns of tall buildings, and at the same time provide a significant increase in
structural stiffness. Many tall buildings in Chicago have been constructed using HPC,
including Lake Point Tower (1966), Water Tower Place (1975), 311 South Wacker Drive
(1988) [129], and 225 West Wacker Drive (1988) [85]. In fact, over 30 buildings in the
Chicago area since 1972 have incorporated HPC with design compressive strengths of 62
MPa (9000 psi) and higher [10]. HPC has also been used in composite steel-concrete
columns in the Texas Commerce Tower in Houston (1981) [42], Interfirst Plaza in Dallas
(1983) [135], and Two Union Square in Seattle (1988) [110].

HPC is also being used in tall buildings around the world. Toronto, Canada has
several tall buildings constructed using HPC. In Malaysia, the world’s tallest buildings have
recently been completed utilizing HPC. The twin Petronas Towers measure 452 m (1483
ft.) and were constructed using HPC with design compressive strengths of up to 80 MPa
(11,600 psi) in its columns and central core structure [132].

1.3.2 Long-Span Bridges

A number of long-span bridges around the world have also utilized HPC. The high
strength characteristics of HPC allow for a substantial reduction in dead load, which is
typically the largest portion of the total load in long-span bridges. At the same time, the
improved durability characteristics of HPC can be utilized to reduce the potential for
corrosion of reinforcement and other maintenance problems. Most of the applications in this
category are cable stayed bridges, where large axial compressive forces must be
accommodated in the superstructure to equilibrate tension in the cables. HPC can also be
used to carry the large axial forces in the substructures of long-span bridges.

The East Huntington Bridge (1984) [64], a cable-stayed bridge spanning the Ohio River
between Ohio and West Virginia, represents an early use of HPC for a long-span bridge in



the United States. The bridge superstructure consists of post-tensioned segmental
concrete box girders with 55 MPa (8000 psi) HPC. Long-span bridges in Canada and
France have utilized HPC in combination with steel. The Annacis Bridge (1986) [124] in
Vancouver, Canada was constructed using 55 MPa (8000 psi) HPC precast deck panels on
top of deep steel I-beams. Composite action was achieved through shear studs welded to
the girder flanges. The Normandy Bridge (1994) [137] in Normandy, France, the world’s
longest cable-stayed bridge, utilizes HPC with compressive strengths of 60 MPa (8700 psi)
in concrete box sections that make up 232 m (761 ft.) of the 856 m ( 2808 ft.) main span and
all of the side spans. Steel box girders were used for the central portion of the main span,
and composite steel and concrete boxes were used for the pylons in the substructure.

The Northumberland Strait Crossing (1997) [74], also known as the Confederation
Bridge, represents the largest use of HPC in a structure in North America. The 12.9 km (8
mi.) long bridge links Prince Edward Island and New Brunswick, Canada, and has 43 main
spans of 250 m (820 ft.). Each span consists of variable-depth precast girders cantilevered
95 m (312 ft.) from the pier at each end of the span, and a 60 m (197 ft) precast drop-in
section. HPC was used to build a structure that was both efficient and durable, considering
the total length of the bridge and the harsh environment in the Northumberland Strait. In the
superstructure, 55 MPa (8000 psi) low permeability HPC was used, and 80 MPa (11,600

psi) HPC with high abrasion resistance was used in some of the piers.

1.3.3 Short-to-Medium Span Bridges

HPC has been used around the world for many short-to-medium span bridges.
During the 1970’s a number of HPC railway bridges were constructed in Japan, including
the lwahana Railway Bridge (1973), the Ootanabe Railway Bridge (1973), and the
Akkagawa Railway Bridge (1975) [125]. These concrete truss bridges used HPC precast
members with compressive strengths of 80 MPa (11,500 psi) and greater. Concrete was
chosen over steel to reduce deflections, reduce maintenance costs, and eliminate noise and
vibration problems [142]. In France, an externally prestressed double I-section with 60 MPa
(8700 psi) HPC was utilized in the construction of the experimental Joigny Bridge (1988)
[78]. This combination resulted in a reduction of the superstructure weight by about 25%
over a design with conventional 35 MPa (5000 psi) concrete.



Table 1.3 - Selected Structures Constructed With HPC

Structure Location Type Year Strength 2
(MPa, psi)
Tall Buildings
Lake Point Tower Chicago 70 story R/C 1966 52 7500
Water Tower Place Chicago 76 story R/C 1975 | 62 9000
TX Commerce Tower Houston 75 story compaosite 1981 52 7500
Interfirst Plaza Dallas 72 story composite | 1883 | 69 10000
Two Union Square Seattle 58 story composite | 1988 | 97° | 14000°
311 S. Wacker Drive Chicago 70 story R/C 1988 83 12000
225 W. Wacker Drive Chicago 31 story R/C 1988 97 14000
Petronas Towers Malaysia | 95 story R/C & steel | 1997 | 80 11600
Long-Span Bridges
E. Huntington Bridge WV /OH cable-stayed 1984 | 55 8000
(900 ft. main span)
Annacis Bridge Canada cable-stayed °© 1986 55 8000
(1526 ft. main span)
Normandy Bridge France cable-stayed ¢ 1894 | 60 8700
(2808 ft. main span)
Northumberland Strait | Canada continuous precast | 1997 55°¢ 8000 ®©
Crossing_; (820 ft. main spans)
Short-to-Medium Span Bn’dges
Iwahana Railway Br. Japan 147 ft. max. span 1973 89 12800
Ootanabe Railway Br. Japan 79 ft. max. span 1973 79 11400
Akkagawa Railway Br Japan 150 ft. max. span 1976 79 11400
Tower Road Bridge WA 161 ft. max. span 1981 62 9000
Mountain View Rd. Br WA 138 ft. max. span 1984 48 7000
Braker Lane Bridge > 85 ft. max. span 1987 66 9600
Joilgrny Bridge France 150 ft. max. span 1988 60 8700

1f =0.3048 m

1 psi = 0.006895 MPa

2 Design compressive strength. Actual concrete strengths usually higher.
® 19,000 psi (131 MPa) actually specified to obtain desired modulus of elasticity.
¢ Composite structure using deep steel I-beams and HPC precast deck panels.

¢ Center 2047 ft. (624 m) of main span is steel box girder. Side spans use HPC.
¢ Strength for superstructure. 11,600 psi (80 MPa) used in some pier elements.




Number of 0.5-in. Strands

Number of 0.5-in. Strands

90

o Maximum Criteria i =6, psi
80 X x Minimum Criteria £, =7,000 psi
70 | Range of 1
satisfactory < 3 oo?
60 designs loo‘oo
T 2 00°°
\ o e
50 L _____D e Yare) 8009,
cooo o,c}e oJ 1 Top-Tens.-Release
40 ¢000 ! |2 Bottom-Comp.-Release
i |3 Top-Comp.-Service
\ i |4 Bottom-Tens.-Service
30 | 4 ;
G i Maximum Span Length
I
20 it ® /[ .

50 60 70 80 90 100 110 120 130 140 150
Span Length

Figure 1.1 - Allowable Stress Criteria for 7,000 psi (48 MPa) Design

90

= 8,000 psi
80 ; __1f. =12,000 psi
o ﬁaxlimum Criteria | 2 ovs

70 Jix Minimum Criteria oo .

60 00000
50 | Rangeof

designs

op-lens.-Release
2 Bottom-Comp.-Release
3 Top-Comp.-Service

4 Bofttom-Tens.-Service

50 60 70 80 ¢80 100 110 120 130 140 150
Span Length

Figure 1.2 - Allowable Stress Criteria for 12,000 psi (83 MPa) Design



10

Highway bridges using standard girder sections have also been constructed using
HPC, inciuding several in the state of Washington since the early 1980’s. The Tower Road
Bridge (1981) [134] and the Mountain View Road Bridge (1984) [86] represent some of the
first major applications of HPC in standard precast girder sections for highway bridges. The
Braker Lane Bridge (1987) [48] in Austin, Texas similarly demonstrated the benefits of using
HPC in standard girder cross-sections. in each of these structures, longer spans or larger
girder spacings were accommodated using standard cross-sections, resuiting in more
efficient designs. The benefits of the use of HPC in this type of structure are discussed in
detail in Section 1.4.

1.3.4 FHWA Showcase Projects

An FHWA program designed to advance the use of HPC in highway bridges has
been underway since 1993. The focus of the program is the design and construction of
actual bridge structures using HPC. As of early 1998, Alabama, Colorado, Georgia,
Indiana, Nebraska, New Hampshire, North Carolina, Ohio, Texas, Virginia, Washington, and
Wisconsin are currently involved in or have completed the design and construction of HPC
highway bridges under the Showcase program. Several of the bridges constructed under
this program are being instrumented to monitor long-term structural performance.

The two Texas bridges, on which the research program described in this
dissertation is based, are part of the Showcase program. A brief description of the bridge
projects is presented in Section 1.5.2. Structural details of the two bridges are presented in
Chapter 2.

1.4 Advantages of HPC for Highway Bridge Structures

1.4.1 General

The use of high performance concrete in the design and construction of highway
bridge structures is expected to lead to both short- and long- term cost savings. The
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beneficial strength characteristics of HPC will lead to more efficient designs, resulting in
direct cost savings if material costs can be kept to a reasonable level. Likewise, the
beneficial durability characteristics of HPC are expected to result in lower life cycle costs
due to longer service lives and reduced maintenance requirements. The following sections
discuss these potential benefits, with emphasis placed on aspects of structural efficiency

since the primary focus of this dissertation is structural performance.

14.2 Short-Term Benefits: Construction

Several authors [38,40,66,115,119,145] have performed parametric studies to
investigate the impact of HPC on the design of prestressed, pretensioned highway bridge
girders. These studies have shown that the use of HPC results in longer span and larger
girder spacing capabilities for standard girder sections. The use of long spans and/or larger
spacing should result in a direct economic benefit by reducing the number of beams and/or
substructure elements required for a given design. Some authors have also suggested that
shallower girder sections can be used instead of longer spans and larger girder spacing.
For the replacement of existing bridges due to increased clearance requirements, the use of
shallower sections would require less grade modification to existing approaches.

In the studies mentioned above, it has been noted that the benefits of using HPC in
design are limited by the maximum available prestress force. Above a certain threshold, an
increase in f. does not result in a significant increase in span or spacing capabilities. Above
this limit, more prestress force must be added to the section to make use of the higher
concrete strength. Zia [145] found this limit to be in the range of 55 to 83 MPa (8,000 to
12,000 psi) for different cross-sections. Russell et. al. [119] found this limit to be around 69
MPa (10,000 psi) for most cross-sections. This principle of diminishing returns for higher
compressive strengths is a result of the bottom fiber tension stress at midspan under
service loads controlling the design.

Figure 1.1 and Figure 1.2 show plots of allowable stress criteria for typical girder
designs with two different concrete strengths. In the figures, each data point represents the
maximum or minimum number of 13 mm (0.5 in.) strands required to satisfy one of the four
allowable stress criteria at a given span length. Maximum and minimum strand

requirements were determined for each criterion at several span lengths, resulting in a
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curve for each allowable stress criterion. The shaded area in each figure represents the
range of designs meeting all four allowable stress criteria. For development of each figure,
AASHTO Standard Specifications [3] allowable stress criteria and AASHTO Type IV girder
sections were used. Release criteria were checked at the quarter points of the span,
assuming straight strand patterris between the quarter points and midspan.

As shown in Figure 1.1, the efficiency of designs with lower concrete strengths are
likely to be limited by top fiber compressive stresses at midspan under service loads. The
limiting factor in this case is strand layout. As the number of strands is increased, strands
become less efficient until the eccentricity of additional strands becomes so low that these
additional strands would actually cause additional compressive stress at the top fiber. The
diminishing efficiency of additional strands with respect to the top fiber stress eliminates any
benefit to adding these strands.

As can be seen in Figure 1.2, designs with sufficiently high concrete strengths may
be governed by the bottom fiber tensile stress at midspan under service loads. In this case,
the limiting factor is again strand layout. Above a certain number of total strands, the
negative eccentricity of additional strands becomes large enough to introduce tensile
stresses at the bottom fiber. As with the top fiber compressive service stress for designs
with lower concrete strengths, this loss in strand efficiency limits the maximum span length.

The two figures clearly show that the top fiber service stress criterion is greatly
influenced by concrete strength. Higher compressive strengths increase the aliowable
compressive stress, resulting in a higher girder load capacity in the form of lenger spans (or
larger girder spacing). However, the bottom fiber service stress criterion is not affected
much by an increase in compressive strength. This is due to the fact that the allowable
tensile stress is proportional only to the square root of the compressive strength. Since
designs with high compressive strengths are controlled by tension at the bottom fiber under
service loads, additional prestress force must be introduced to make use of the higher
compressive strengths. Additional prestress force would offset the higher loads resuiting
from longer span lengths and/or larger girder spacing. Of course, any additional prestress
force must have enough positive eccentricity, or low enough negative eccentricity, to be
effective.

Unfortunately, prestress force in pretensioned members is limited by the strand
pattern, which is determined by the cross-section geometry. In most cases, the requirement
for higher prestress forces must be accommodated by using larger diameter strands. For
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example, 15 mm (0.6 in.) diameter strands have a 41 percent larger capacity than the
industry-standard 13 mm (0.5 in.) diameter strand. Note that several recent studies
[32,33,58,73,84,116] have examined the transfer and development length of larger diameter
strands in HPC, which were not allowed in pretensioned applications by FHWA between
1988 and 1996 because of concems over bond. Other methods of obtaining higher
prestress forces include the use of smaller strand spacing, the use of post-tensioning, and
the use of cross-sections with very efficient strand patterns compared to those of standard
sections.

Of course, allowable stress criteria must also be satisfied at release for all designs.
With most designs, adequately high release strengths and control of end stresses through
draping or debonding of strands will be sufficient to meet these criteria. However, as more
prestress force is introduced into the section to make use of higher concrete strengths,
release criteria are more likely to control designs. it is possible that maximum obtainable
release strengths may govern designs with HPC.

The use of high performance concrete in the design of prestressed girders is
summarized in Figure 1.3. Concrete strength, strand size, and cross-section geometry can
be controlled to implement higher prestress forces in each girder. These higher prestress
forces, if efficient in terms of eccentricity, ultimately allow for higher service loads to be
accommodated by each girder in the form of longer spans, larger girder spacing, or
shallower sections.

The preceding discussion has focused on allowable stress criteria, but ultimate
strength, shear, and serviceability (deflection) criteria must also be satisfied for every
design. In most cases, uitimate strength is easily satisfied for HPC designs because of the
increased compressive strength and large quantity of tensile reinforcement. Shear is a
concern for prestressed highway bridge girders only in members with short span lengths or
very thin webs. Deflection criteria will be discussed more extensively in Chapter 8.

1.4.3 Long-Term Benefits: Maintenance

The improved durability characteristics of HPC are expected to provide great
economic benefits over the life cycle of highway bridge structures. For example, the
reduced permeability of HPC is expected to provide better resistance to corresion of
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reinforcement over the life of the structure. Likewise, many HPC's have improved
resistance to scaling, abrasion, and freeze-thaw damage. These beneficial durability
properties of HPC should result in both longer service lives and reduced maintenance costs.
A more detailed discussion of the durability-related benefits of HPC for highway bridges is
presented by Myers and Carrasquiilo [88].

1.5 Research Program

1.5.1 Research Team and Sponsors

The research program discussed in this dissertation was performed as part of three
highway research projects administered by the Center for Transportation Research (CTR) at
The University of Texas at Austin. CTR Project 9-580, “Design and Construction of Extra-
High Strength Concrete Bridges”, was a four-year study begun in 1993, and CTR Project 9-
589, “High Performance Concrete for Bridges”, is an ongoing five-year study begun in 1995.
Both projects focus on the implementation and application of HPC, and each involved the
actual construction of an HPC highway bridge. CTR Project 7-3993, “Long-Term Behavior
of HPC Louetta Road Overpass”, is a three-year continuation study started after the
conclusion of CTR Project 9-580 in 1997.

Structural Benefits for a Given Prestressed Beam:

Concrete Strength Longer Spans
~ Strand Size Larger Spacing
Cross-Section Geometry (Shallower Sections)

v !

More Prestress Force
(Moment) per unit Dead | —> | Higher Load Capacity
Load (Beam Weight)

Figure 1.3 - Summary of the Benefits of HPC in Prestressed Girder Design
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All three projects are jointly funded by the Federal Highway Administration (FHWA)
and the Texas Department of Transportation (TxDOT), and are part of the FHWA HPC
Showcase program discussed in Section 1.3.4. The TxDOT research director for all three
projects is Mary Lou Ralls, P.E. The principal investigators are Ramon L. Carrasquillo,
Ph.D., P.E., Ned H. Burns, Ph.D., P.E., and David W. Fowler, Ph.D., P.E.

Research under these projects was managed and conducted by the Construction
Materials Research Group (CMRG) within the Department of Civil Engineering at The
University of Texas at Austin. Additional testing was performed at and additional assistance
provided by the Phil M. Ferguson Structural Engineering Laboratory (FSEL). Both the
CMRG and FSEL laboratories are located at the J. J. Pickle Research Campus of the

university, approximately ten miles north of the main campus in Austin, Texas.

1.5.2 Texas HPC Bridges

In conjunction with the research projects mentioned in the previous section, two
high performance concrete highway bridges have been constructed in Texas. Construction
was completed on the Louetta Road Overpass on State Highway 249 in Houston, Texas in
April 1997, though the two adjacent bridges were widened during the following year. The
bridges were opened to traffic in June 1998. The North Concho River/U.S. 87/S.0.R.R.
Overpass on U.S. 67 in San Angelo, Texas was completed and opened to traffic in January
1998. The locations of the two bridges are shown in Figure 1.4.

Structural layout and design of the two projects is discussed in detail in Chapter 2,
so only a brief overview is presented in this section. The Louetta Road Overpass in
Houston, Texas consists of two adjacent three-span simply supported highway bridges
utilizing concrete with compressive strengths of up to 90.3 MPa (13,100 psi). The use of 15
mm (0.6 in.) diameter prestressing strands, high performance concrete, and the recently
developed 1372 mm (54 in.) deep Texas U54 beam [113] resulted in span lengths of 37.U to
41.3 m (121.5 to 135.5 ft.) with girder spacings of 3.61 to 5.07 m (11.8 to 16.6 ft.) on center.
All components of the two bridge structures, including prestressed beams, precast deck
panels, cast-in-place bridge decks, and precast post-tensioned piers, were constructed with
HPC.
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Louetta Road Overpass
Houston, TX

North Concho River/
US 87 / S.0.R.R. Overpass
San Angelo, TX

Figure 1.4 - Locations of Texas HPC Bridges

The North Concho River/U.S. 87/S.0.R.R. Overpass in San Angelo, Texas consists
of a 290 m (951 ft.) long 8-span HPC Eastbound bridge, and an adjacent 9-span 292 m (958
ft.) long Westbound bridge constructed with conventional concrete. Both bridges utilized the
standard 1372 mm (54 in.) deep AASHTO Type IV cross-section in the main spans. Span
lengths in the main spans of the Eastbound HPC bridge range from 39.9 to 47.9 m (131 to
1567 ft.). Concrete strengths of up to 96.5 MPa (14,000 psi), 15 mm (0.6 in.) diameter
strands, and a two-stage (pretension/ post-tension) fabrication process were required to
accommodate these long span lengths. Standard 13 mm (0.5 in.) strands and concrete
strengths of up to 61 MPa (8,900 psi), which is commonly achieved at prestressing plants in
Texas, were used in the Westbound bridge. All components of the Eastbound bridge were
constructed with HPC, and the cast-in-place bridge deck of selected spans in the
Westbound bridge was designated as HPC for improved durability performance.

1.5.3 Research Objectives

The overall research program has several objectives related to the practical field
application of HPC in highway bridge structures. These objectives can generally be
classified in terms of materials-related issues and issues related to structural performance.
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The three research projects mentioned in Section 1.5.1 have essentially been treated as
one major research effort by the researchers, with a materials subdivision and a structural
subdivision. The major research objectives within each of these two subdivisions are
discussed in the following paragraphs.

Responsibilities within the materials subdivision of the projects included the
development of laboratory trial batches, assisting fabricators and contractors with mix
design and placement issues as necessary, the development and execution of an extensive
quality control/quality assurance program, and durability testing of field samples. Most of
the materials-related research, including the objectives listed above, is discussed by Myers
and Carrasquillo [88]. Additional materials-related research was performed under these
projects and is summarized in three additional research reports. Cetin and Carrasquillo [41]
examined the effect of accelerated heat curing and mix characteristics on the mechanical
properties of a series of laboratory HPC trial batches. Carlton and Carrasquillo [37] studied
the relationship between in-situ strengths and strengths measured from standard quality
control specimens for HPC, and also examined the effects of curing and test methods on
standard tests. Finally, Touma [133] examined the relationships between two standard
methods of durability testing for HPC — the rapid chloride-ion permeability test and the
chloride ponding test.

Research objectives and responsibilities related to structural performance of HPC
highway bridges included design assistance as necessary, field and laboratory testing for
transfer and development length, Ilaboratory creep and shrinkage testing, and
instrumentation of the bridges for the monitoring of short-term and long-term structural
performance. The major focus of the structural research, the instrumentation and
monitoring of the bridges, is discussed in this dissertation. As part of the instrumentation
program, Byle and Burns [35] studied the time-dependent deformation behavior of the HPC
beams in the Louetta Road Overpass. Barrios et. al. [23] discussed the design of the
Louetta U-beams and examined the behavior of prototype U-beams at transfer of prestress.
Gross and Burns [58], and Cordova et. al. [46] performed transfer and development length
tests of 15 mm (0.6 in.) diameter strands at 50 mm (2 in.) spacing on full-scale test
specimens. These tests were required by FHWA for approval of the designs for the actual
HPC bridge girders, which utilized these larger strands at standard spacing. Finally,
Farrington et. al. [51] performed an extensive study on the creep and shrinkage properties
of the Louetta HPC beam concrete. (Although creep and shrinkage are material properties
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of concrete, the creep and shrinkage test program was performed under the structural
subdivision of the projects. The resuits were primarily used in time-dependent analyses of

prestress losses and beam camber, not for quality control investigations.)

1.6 Scope of This Dissertation

The scope of this dissertation is the overall examination of the structural behavior of
the two HPC bridges described in Section 1.5.2. The primary focus is on temperature
measurements, concrete strains, loss of prestress, and beam camber (or deflection). Field
measurements of prestress loss and camber at various stages of construction and service
are compared to standard prediction methods and models used for design. Comparisons
are performed using both measured material properties and assumed material properties for
design, such that both the accuracy and sensitivity of standard prediction methods can be
assessed.

Furthermore, the structural behavior of the two bridges relative to one another is
considered here. The bridges represent two different implementations of HPC for highway
bridge structures and thus present a unique opportunity for comparison. As appropriate,
comparisons are based both on measurements and on practical observations that arose
throughout the construction of the two bridges.

The work presented in this dissertation is the culmination of all of the structural
research performed on these projects to date. Much of the research presented in the
publications referenced in Section 1.5.3 is therefore incorporated into this dissertation. The
work of Byle and Burns [35] regarding the time-dependent behavior of the Louetta HPC
beams is expanded upon here and compared to the time-dependent behavior of the North
Concho HPC and conventional concrete beams. Likewise, the work of Farrington et. al. [51]
has been expanded to investigate the creep and shrinkage properties of not just the Louetta
HPC beams, but of ail eleven concrete mixes used in the superstructures of the two bridges.
In many ways, this dissertation is intended to “tie together” all of the structural research on
these projects to examine the overall structural performance.
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1.7 Organization of This Dissertation

This dissertation consists of eleven chapters that together are intended to provide a
complete examination of the short- and long-term structural performance of these unique
highway bridges. Chapters 1 through 4 provide background information on HPC and its
application for highway bridge structures, discuss details of the two bridge projects, present
an overview of the instrumentation plans and procedures, and list the measured material
properties for the many concrete mixes used in the two bridges. The results of the primary
instrumentation program are presented in Chapters 5 through 8 in terms of temperature
measurements, concrete strains, prestress losses, and beam camber (or deflection).
Testing of the completed bridges under static live loads is discussed in Chapter 9. Non-
measurement based observations regarding the practical construction of these two bridges
are presented in Chapter 10, and Chapter 11 provides a summary and set of conclusions for

the research program.



2 CHAPTER TWO: PROJECT DETAILS

2.1 General

Detailed information on the two Texas high performance concrete highway bridge
projects which were the focus of this study is reported in this chapter. Details of the Louetta
Road Overpass in Houston, Texas are presented first, followed by details of the North
Concho River/U.S. 87/S.0.R.R. Overpass in San Angelo, Texas. Each of the two bridges
has several unique features, some of which are a result of utilizing HPC in the design and
construction processes. These unique features are discussed in this chapter, in addition to
specific design parameters for the beams of each bridge, including span lengths, girder

spacing, strand patterns, and design concrete strengths.

22 Louetta Road Overpass

2.2.1 General Project Description

The Louetta Road Overpass, shown in Figure 2.1, consists of a pair of three-span
highway bridge structures on State Highway 249 in northwest Houston, Texas. The
Northbound and Southbound bridges of the Louetta Road Overpass are part of a 4.8 km
(3.0 mi.) improvement of S.H. 249 from a non-freeway facility to a freeway facility in
northwest Harris County. A sketch of the site location may be found in Figure 2.2. The
Northbound Overpass was designed to carry three lanes of traffic, while the Southbound
Overpass was designed to carry three lanes of traffic with an additional exit lane. After
construction was completed, but before the original structures were opened to ftraffic, the
bridges were expanded by one lane in each direction to accommodate an increase in the

projected usage for S.H. 249.

20



SH 249
IMPROVEMENT
PROJECT

FM 1960

[-45

LOUETTA
ROAD
OVERPASS

BELTWAY 8

DOWNTOWN
HOUSTON

Figure 2.2 - Site of the Louetta Road Overpass in Northwest Houston, TX
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A plan view of the original design of the Louetta Road Overpass (prior to widening
of the bridges) is presented in Figure 2.3. Each of the bridges span Louetta Road, an eight-
lane arterial roadway, and two U-turn lanes for the access roads of S.H. 249. The total
length of the three-span structures is 119 m (391 ft.), with span lengths of 37.0, 41.3, and
40.8 m (1215, 135.5, and 134.0 ft.) along the centerline of S.H. 249. Each span in the
original Northbound bridge consists of five Texas U54 beams, and each span in the original
Southbound bridge consists of six U54 beams.

A partial roadway cross-section is shown in Figure 2.4. The 184 mm (7.25 in.)
bridge deck is designed to act compositely with the Texas U54 beams, and consists of a 95
mm (3.75 in.) reinforced concrete cast-in-place portion over 89 mm (3.50 in.) thick stay-in-
place precast concrete panels. The use of stay-in-place precast concrete deck panels is
preferred in Texas [113], as they are relatively inexpensive, can be easily erected, and
provide a safe working area for the placement of cast-in-place concrete in the remaining
portion of the deck. Panels are supported on fiberboard strips and span between adjacent
top flanges of the U-beams (either over a single beam or between adjacent beams). The
erection of precast panels at the jobsite is shown in Figure 2.5. Panels in the two Louetta
bridges are generally 2.44 m (8.00 ft) long (dimension parallel to beams) and are of varying
width (dimension perpendicular to beams) since the beam spacing is not constant. The
beam spacing varies because the beams in the skewed bridges are not perfectly parallel.

Each precast panel is transversely prestressed (strands run perpendicular to beam
lines) with 9.5 mm (0.38 in.) diameter strands spaced at 150 mm (6 in.). This prestress
helps resist tensile stresses in the deck due to flexural action between beams. Each deck
panel is also reinforced with welded wire fabric (WWF 12x4xW3.5xW7.5 ) at middepth of the
89 mm (3.50 in.) total panel thickness. Typical cast-in-place deck reinforcement consists of
Grade 60 #4 steel reinforcing bars spaced longitudinally at 305 mm (12 in.) and Grade 60
#5 steel reinforcing bars spaced transversely at 153 mm (6 in.). Additional reinforcement is
located between deck panels directly above beam flanges, and directly above piers and
abutments where deck panels were terminated.

Deck concrete was placed using a concrete pump and compacted using internal
vibrators and a rolling screed, as shown in Figure 2.6 and Figure 2.7, respectively. For
each bridge, all three spans of the cast-in-place portion of the deck were placed in a single
pour. Shortly after placement of the concrete, tooled control joints were placed at each

interior bent to control cracking. Expansion joints are located only at the ends of the three-
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span bridges. This method of deck construction is common in Texas, and this type of deck
is often referred to as a “poor boy” slab. With a “poor boy” slab, some degree of continuity
between adjacent spans is typically provided by the reinforcement running across the
controf joints. However, each span was assumed to be simply-supported for design.

Each beam is supported on an individual pier, as shown in Figure 2.8 and Figure
2.9. This provides an aesthetically pleasing alternative to the standard column and bent cap
substructure widely used in Texas. Piers were constructed using precast reinforced
concrete segments, which were post-tensioned at the jobsite. Each segment is 0.99 m
(3.25 ft.) long, 0.99 m (3.25 ft.) wide, and either 1.2 or 1.5 m (4.0 or 50 ft.) tall. A 1.12 m
(3.67 ft.) tall precast capital is located at the top of each pier.

All components of the Louetta Road Overpass were constructed using high
performance concrete. Design concrete strengths for the beams, precast piers, precast
deck panels, and cast-in-place decks are listed in Table 2.1. Mix proportions for each of
these elements are presented in Section 4.2, and additional information on the classification
of these mixes as strength-related or durability-related HPC may be found in Section 4.1.2.

As previously mentioned, both the Northbound and Southbound bridges were
widened before they were opened to traffic. In anticipation of the widening, the original
bridge deck on the widened side was poured only to the center of the top flange of the
* original exterior girder. That is, the overhang on the widened side of each bridge was not
constructed during the original deck pour. The termination of the original bridge deck and
the preparation for casting of the additional (widened) deck area can be seen in Figure 2.10

and Figure 2.11.



Figure 2.6 - Placement of Louetta Cast-in-Place Deck Concrete
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Figure 2.7 - Screeding of Louetta Cast-in-Place Deck Concrete

Figure 2.8 - Louefta Road Overpass Substructure
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Figure 2.9 - Louetta Road Overpass Substructure

Table 2.1 - Design Concrete Strengths for the Louetta Road Overpass

Northbound Bridge

Southbound Bridge

Prestressed Beams

9,800 to 13,100 psi

9,800 to 13,100 psi

Precast Deck Panels 8,000 psi 8,000 psi
Cast-in-Place Decks 4,000 psi 8,000 psi
Precast Pier Segments 10,000 psi 10,000 psi

1 psi = 0.006895 MPa
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Figure 2.10 - Completed Original Louetta Bridges (Prior to Widening)

Figure 2.11 - Additional Beams and Panels for Louetta Bridge Widening
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Table 2.2 - Comparison of Section Properties and Guyon Efficiency for Selected
1370 mm (54 in.) Deep Girder Cross-Sections

PCI AASHTO | Texas Texas

BT-54 Type IV U54A Us54B
Cross-Section Properties
A (in.?) 659 789 1025 1121
I (in.%) 268,050 | 260,400 | 380,420 | 404,230
i, (in.%) 37,310 24,370 897,800 | 917,080
M (in.) 20.17 18.17 19.27 18.99
r, (in.) 7.52 5.56 29.60 28.60
Yoot (in.) 27.63 24.73 23.88 22.48
Yiop (in.) 26.37 29.27 30.12 31.52
Siat (in.%) 9,701 10,530 15,931 17,982
S (in.3) 10,165 8,897 12,630 12,825
Weight * (kip/ft.) 0.686 0.822 1.068 1.168
p (Guyon Efficiency - Equation 2.1) 0.558 0.456 0.516 0.509
1in. =254 mm; 1 kip/ft. =14.6 kN/m Note: Gross section properties shown.
! Assumes unit weight of 150 pcf (2400 kg/m?).

2.2.2 Texas U54 Beam

As mentioned in Section 2.2, the Texas U-beam was used for the construction of
the Louetta Road Overpass. The Texas U-Beam is an open-top trapezoidal cross-section
developed by the Texas Department Transportation (TxDOT) during the late 1980’s and
early 1990’s as an alternative to standard |-shaped and closed-box girders. As discussed
by Ralls et. al. [113], the section was designed with both economy and aesthetics in mind.
The section was developed in Si units in accordance with the federal metrication effort, and
is fabricated in both 1016 and 1372 mm (40 and 54 in.) depths. Each of these depths is
also produced with two different bottom flange thicknesses, resulting in four U-beam cross-
sections: U40A, U40B, U54A, and U54B. The U40A and U54A sections have a 158 mm
(6.2 in.) deep bottom flange which accommodates two rows of strands, while the U40B and
U54B sections have a 208 mm (8.2 in.) deep bottom flange which accommodates three
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rows of strands. The dimensions and strand patterns for the U54 cross-sections are
presented in Figure 2.12 and Figure 2.13, respectively.

Also shown in Figure 2.12 and Figure 2.13 are dimensions and strand patterns for
two other 1370 mm (54 in.) deep cross-sections, the American Association of State
Highway and Transportation Officials (AASHTO) Type IV and the Precast/Prestressed
Concrete Institute (PCl) BT-54. Section properties and efficiency parameters for the four
1370 mm (54 in.) deep sections shown in Figure 2.12 and Figure 2.13 are listed in Table
2.2. The AASHTO Type IV is a standard cross-section, developed in the late 1950’s by
AASHTO and PCI, which has been widely used in Texas and throughout the United States.
The PCI BT-54 is a bulb-tee type cross-section developed by the PClI Committee on
Concrete Bridges in the late 1980's. The BT-54 was designed to be a cross-section with
increased efficiency that could still be constructed and handled with ease {119]. The BT-54
is currently used in several states around the country, and similar cross-sections have been

developed by Washington, Florida, Nebraska, and other states.

According to Guyon [60], the structural efficiency of a prestressed cross-section is
dependent on both the top and bottom fiber section moduli. By maximizing the section
moduli for a given cross-sectional area, Guyon derived an expression for structural

efficiency. The efficiency factor, p, is defined as:

2

| r,
p = —%X = x
A Ybot Ytop Ybot Ytop
Equation 2.1

where
p = structural efficiency of the cross-section
I = cross-sectional moment of inertia about the horizontal centroidal axis
A = area of the cross-section
Yoot = distance from the centroid of the section to the extreme bottom fiber
Yiop = distance from the centroid of the section to the extreme top fiber

M = radius of gyration about the horizontal centroidal axis = (I./ A)'?
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Of the four cross-sections being compared, the PCI-54 has the highest structural
efficiency as computed by Guyon's formula. The PCl BT-54 has most of its area
concentrated near the extreme fibers of the flanges, at a large distance from the centroid of
the section. The US4A and U54B beams also have a substantial portion of their area
concentrated near the extreme fibers, but lose some structural efficiency because they each
have two webs. While less efficient than the PCl BT-54, the Texas U54 beams are clearly
more efficient than the AASHTO Type V. The Type IV has a relatively small portion of its
flange area located near the extreme fibers, and also has a wide web.

For pretensioned girders, the layout of the strand pattern is also important in
determining the design efficiency and capacity of a section. The importance of the strand
pattern is illustrated by first converting the familiar allowable stress inequality for bottom
fiber stress under service loads into an equivalent moment equation. The common

allowable stress inequality is given in Equation 2.2:

F _ Fo | Marw , Moncom | Molomp
A Spot Spot Spot S'bot

s fallowm

Equation 2.2

Multiplying through by the bottom fiber section modulus repiaces each stress term

with a moment term. The result is shown in Equation 2.3:

FSpot
A

Fe + Mself—wt + Mnon-comp + }‘-botMcomp = fallow,,msbot

where Ay = SpodS' bt

Equation 2.3

Grouping and rearranging terms vyields Equation 2.4, the equivalent moment
inequality for a prestressed beam based on bottom fiber allowable service stresses:
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- M'prestress,,m + M*allowablew - Mtself—wtw 2 M*applied—loadsw
FS
— bot
M*prestressy, = = [T + Fe
IV‘ﬁallowable,,.,t = Sbot 'k\/f’c]
where: < 2
M* = M = Wonl
self-wtpe self-wt  — 8
2 2
wnon-eompL WcompL
M"appliec.t-loads‘,(,l = Mnon—eomp + lbotlwt:omp = 8 + A-bot'a—
Equation 2.4

The left-hand side of Equation 2.4 represents the moment capacity of a given beam
section with respect to unfactored applied loads. Note that loads acting on the composite
section may be reduced by the factor A, the ratio of the noncomposite and composite
section moduii.

M* estress, bo» PlOtted in Figure 2.14 for the four 1370 mm (54 in.) deep cross-
sections, represents the effective negative moment acting on the section due to prestress.
This effective moment causes the same bottom fiber stress as the sum of axial and flexural
stress due to prestress, but combines the effects into a single term. The effective bottom
fiber prestress moment is a function of the number of strands, as well as the layout of the
strand pattern. In the figure, strands are assumed to be placed in order from the bottom of
the section upward, and prestress losses at the time of service load application are
assumed to be 20 percent.

From Figure 2.14, it is clear that the Texas U54 beams can provide a substantially
larger effective bottom fiber prestress moment than the other 1370 mm (54 in.) deep
sections. They can accommodate a significantly larger number of strands in their bottom
flanges. Furthermore, most of these strands are in the bottom flange of the section, and
have enough eccentricity to be very efficient. The PCI BT-54 in contrast, although very
efficient in terms of Guyon eccentricity, is limited in terms of M*,esress, bt DY its relatively

small bottom flange.
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M*uowabie. bt fEPresents the acceptable net positive effective moment under all
unfactored loads. When moved to the left hand side of Equation 2.4, it can be viewed as an
additional effective moment offsetting the moments from applied loads. The magnitude of
M~ aiowabie, bot IS Much lower than that of M*,oqress. ot @Nd is shown as a function of concrete
strength in Figure 2.15. The Texas U54 beams provide an advantage over the other 1370
mm (54 in.) deep sections because of their large section moduli.

The self-weight moment for the four sections is plotted in Figure 2.16 as a function
of span length. M*..¢..e iS plotted as a negative value because this term reduces the total
moment capacity in Equation 2.4. The high self-weight of the Texas U54 sections, as
compared to the PCI Bt-54 and AASHTO Type IV sections, is clearly a disadvantage. Note
that the magnitude of this term increases rapidly for long spans.

The net applied moment capacity, represented by the left hand side of Equation 2.4,
is the algebraic sum of the ordinates shown in Figure 2.14, Figure 2.15, and Figure 2.16 for
a given cross-section, concrete strength, and span length. Examination of the figures
reveals that for designs with a relatively small number of strands, lower concrete strengths,
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and shorter span lengths, the difference in capacity between the sections is small.
However, for designs with a large number of strands, high concrete strengths, and long
spans, the Texas US54 sections show a clear benefit. The U54 sections may provide as
much as 22,000 to 29,000 kN/m (1500 to 2000 ft.-kips) more applied load capacity,
especially if 15 mm (0.6 in.) diameter strands are used.

As discussed in Section 1.4.2, the bottom fiber tensile stress will govern most
designs with HPC. Regardless, a similar analysis can be performed using top fiber
stresses. In this case, the magnitude of M* .qess. e Will be small because the axial
compression and flexural tension resulting from prestress counteract each other at the top
fiber. M*yoaie o, NOWever, will be substantially higher because it is based on allowable
compressive stress rather than allowable tensile stress. In terms of net capacity, it can be
shown that the U54 sections are again most efficient.

The preceding discussion shows the clear benefits of the Texas US54 sections for
design with high performance concrete. These designs will typically require a high
prestress force to offset increased moments from longer spans and/or larger spacing. The
large bottom flange of the U54 sections can accommodate this high prestress force
requirement, while their large section moduli help to offset the negative effects of the
increased beam weight. It is estimated by Ralls et. al. [113] that depending on the overall
roadway width, a single U-beam (U40 or U54) replaces 1.7 to 2.0 I-shaped beams of the
same depth. However, a typical Texas U-beam weighs only about 40 percent more than a
typical I-shaped girder of the same depth. A 20 to 40 percent reduction in beam weight can
therefore be expected for a given span when [-shaped beams, including the Texas standard
AASHTO Type IV beam, are replaced by U-beams of the same depth.

Another benefit of the Texas U54 beams is their high lateral stiffness. As can be
seen in Table 2.2, the U54A and U54B actually have higher moments of inertia in the
horizontal direction than the vertical direction. This high lateral stiffness eliminates any
problems with stability of girders during transportation and handling, as well as the potential
for “sweep”, or horizontal deflection at release of prestress. Internal diaphragms are cast in
the U-beams, as shown in Figure 2.17, to provide lateral stiffness to the individual webs of

each beam. Stability issues will be discussed in more detail in Chapter 10.
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Figure 2.17 - Internal Diaphragms in Texas U-Beam

Two design details for the U-beams differ from those for typical I-shaped girders.
Draping is not used to control end stresses with the U-beams because of the sloped webs.
Instead, debonding is used to control stresses, and the same standard debonding criteria as
used in Texas box girders is applied [113]. Also, U-beams are typically supported by three
elastomeric bearing pads — two at one end of the span and one at the opposite end. This
detail prevents the beams from rocking on the supports, as might occur with one support at

each end or with two supports at each end.

2.2.3 Louetta Beam Design Details

The design of beams for the Louetta Road Overpass was performed by the Bridge
Division of the Texas Department of Transportation. Beams were designed in accordance
with the 1992 AASHTO Standard Specifications [4). Simply-supported spans, unshored
deck construction, and HS20-44 live load were assumed. Design and analysis of beams
was performed with the assistance of PSTRS14 [130], a computer program developed by
the Bridge Division in 1990.



40

The PSTRS14 computer program computes strand layout and concrete strengths
required to satisfy allowable stress, ultimate strength, and shear strength criteria. Maximum
beam camber is estimated based on the hyperbolic time-dependent functions proposed by
Sinno [122]. Elastic deflections under each component of dead load are also computed, but
neither maximum camber nor elastic deflection calculations are used as design criteria.
Prestress losses are computed using the method described in the 1989 AASHTO Standard
Specifications [5], with the initial prestress loss (at release) assumed to be equal to the
elastic shortening loss plus half of the total relaxation loss.

A few special assumptions and allowances were used in the design of the HPC
girders for the Louetta Road Overpass. Allowable tensile stresses at release and service
were increased by 33% over those specified by the AASHTO Standard Specifications [4] to
take advantage of the increased tensile strength of HPC [39]. Thus, allowable tensile

stresses were 10@ and BJfZ at release and service, respectively, instead of 7.5,/f; and

6,[ch . Allowable compressive stresses were not modified, but were kept as 0.60(f_) at

release and 0.40(f.) at service. In an attempt to control potentially excessive deflections, a
minimum modulus of elasticity of 41.4 GPa (6.0 x 10° psi) was specified and used for all
calculations. Note that there was no consideration of the generally improved creep and
shrinkage properties of HPC in the original beam designs.

Specific design details for the beams in the Northbound and Southbound bridges
are presented in Table 2.3 and Table 2.4, respectively. Although the span length and girder
spacing are different for each of the 33 original beams, only seven unique beam designs
were used for simplicity. Allowable stress criteria governed the beam designs in all cases.
Either the U54A or U54B section was utilized for each beam, depending on the number of
strands required. Grade 270 low-relaxation 15 mm (0.6 in.) diameter strands were used at
50 mm (2.0 in.) spacing on centers in all girders, except for the three interior girders in Span
1 of the Northbound bridge, which used 13 mm (0.5 in.) diameter strands. Laboratory and
field testing to determine the transfer and development length of 15 mm (0.6 in.) strands in
HPC was required for design approval, and resuits of the tests are discussed by Gross and
Burns [58]. A maximum of 87 strands was required for a single girder. The strand layout in
the bottom flange of a typical Louetta beam is shown in Figure 2.18.



Table 2.3 - Beam Design Details for the Northbound Louetta Road Overpass

Span/ | Beam | Length- Beam jBeam| No.of | Specified | Specified
Beam '] Length { CLto CL } Spacing?] Type | 0.6in. | Release | 56-day
Bearings Strands * ] Strength | Strength
(ft) (ft.) (ft) (psi) (psi)
N11 ¢ 121.17 | 119.86 13.97 * JU54B 68 7,700 11,600
N12 | 121.74 | 120.42 12.94 [1US54B 76 @ 6,900 9,800
N13 | 122.30 | 120.98 12.88 | U54B 76 @ 6,900 9,800
N14 § 12287 | 121.54 12.82 ] U54B 76 @ 6,900 9,800
N15 ] 123.44 | 122.11 13.91 Us54B 68 7,700 11,600
# N21J) 13526 | 134.17 13.66 * | US4B 87 8,800 13,100
# N22 § 135.83 | 134.74 12.33 JU54B 68 7,700 11,600
# N23 § 13641 | 135.32 12.28 }JU54B 68 7,700 11,600
N24 | 136.99 | 135.89 1222 |JU54B 68 7,700 11,600
N25 } 137.57 | 136.48 13.61 | U54B 87 8,800 13,100
# N31¢§ 133.67 | 132.38 13.30 * | U54B 80 8,800 13,100
# N32 | 134.18 | 132.89 11.61 U54A 64 7,700 11,600
# N33 | 134.70 | 133.40 11.56 | US4A 64 7,700 11,600
N34 | 1356.22 | 133.92 11.62 JUS4A 64 7,700 11,600
N351 135.74 | 134.43 13.26 }jU54B 80 8,800 13,100

1ft. =0.3048 m; 1 psi =0.006895 MPa
Note: Table does not include three beams used in widening of bridge.

! Beam designation discussed in Section 3.4.1 (xyz: x=bridge, y=span, z=beam).
“#” denotes beam with instrumentation.

2 Average of perpendicular distance to adjacent beams (or overhang) at midspan.
® Debonding used to control end stresses. 24 to 34 strands debonded per beam.

@ 13 mm (0.5 in. ) Strands

" Based on original design with 2.29 m (7.5 ft.) overhang (does not consider

widening of bridge).
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Table 2.4 - Beam Design Details for the Southbound Louetta Road Overpass

Span/ | Beam | Length- Beam }Beam| No.of [ Specified | Specified
Beam ' | Length | oL to cL | Spacing 2] Type | 0.6in. | Release | 56-day
. Strands 3 | Strength | Strength
Bearings
(ft) (ft) (ft) (psi) (psi)
S11 | 113.52 | 112.27 15.81 U548 68 7,700 11,600
S12 | 11494 | 113.68 16.62 U54A 64 7,700 11,600
S13 | 116.40 115.13 16.41 US4A 64 7,700 11,600
# S14 | 117.91 116.62 16.20 US4A 64 7,700 11,600
# S15 ]| 11944 | 118.15 16.00 US4A 64 7,700 11,600
# S16 § 121.02 | 119.71 15.50 * 1 U54B 68 7,700 11,600
S21 | 127.04 | 125.95 14.72 U54B 87 8,800 13,100
S22 | 128,56 | 127.48 14.45 U54B 68 7,700 11,600
S23 | 130.14 | 129.05 14.27 U548 68 7,700 11,600
# S24 | 131.75 130.66 14.10 Us54B 68 7,700 11,600
# S25 | 133.40 | 132.31 13.92 U54B 68 7,700 11,600
# S26 | 135.09 | 134.00 14.46 " | U54B 87 8,800 13,100
S31 ] 126.30 125.06 13.62 us4B 76 7,700 11,600
S32 § 12767 | 126.43 12.25 U54A 60 6,900 9,800
S33 | 129.08 | 127.83 12.11 US54A 60 6,900 9,800
S34 | 13052 | 129.26 11.98 U54A 60 6,900 9,860
S35 | 132.00 | 130.72 11.84 US4A 60 6,900 9,800
S36 | 133.50 | 132.22 13.42 * | U54B 76 7,700 11,600

1 ft. =0.3048 m; 1 psi = 0.006895 MPa
Note: Table does not include three beams used in widening of bridge.

' Beam designation discussed in Section 3.4.1 (xyz: x=bridge, y=span, z=beam).
“#” denotes beam with instrumentation.

2 Average of perpendicular distance to adjacent beams (or overhang) at midspan.
® Debonding used to control end stresses. 24 to 34 strands debonded per beam.

* Based on original design with 229 m (7.5 ft) overhang (does not consider
widening of bridge).




Figure 2.18 - Louetta U-Beam During Fabrication

TS

Figure 2.19 - Reinforcement in the Skewed End Block of a Louetta Beam
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Interior beams: spacing = (A+B)/2
External beams: spacing = A+(B/2) or (A/2)+B

Figure 2.21 - Method Used to Determine Beam Spacing
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1/93 Project Let (July 83)

/ Trial U-Beam Cast (Sept 93)

§ " transfers Development Length Testing (Dec 93 - Apr 94)
1/94 X ____4 Bid Awarded (Feb 94)

T _____ Casting of 19 HPC Beams (Aug 94 - Nov 94)

1/95 -
Casting & Erection of Precast Piers (Jan 96 - Apr 96)
1/96 —// Casting of Remaining 14 HPC Beams (Feb 96 - Mar 96)
X _:’:_/_ Erection of Beams at Jobsite (July 96)

————— Casting & Erection of Precast Panels (Aug 96 - Sept 96)
1/97 L X ————_ Casting of HPC Bridge Decks (Oct 96 - Nov 96)
Xo—o Casting of Tratfic Rails (Apr 97)
X ————_ Erection of Beams for Bridge Widening (Oct 97)
§ _ - Casting of Deck for Bridge Widening (May 98)
TT—————— Opening of Bridge to Traffic (Jun 98)

1/98

1/99

Figure 2.22 - Timeline for Construction of the Louetta Road Overpass

Shear reinforcement for a typical Louetta U-beam can also be seen in Figure 2.18.
Shear reinforcement consists of vertical Grade 60 #4 steel reinforcing bars, assembled in
welded wire fabric sheets to facilitate placement. These stirrups are located at 102 mm (4
in.) for the first 2.13 m (7.0 ft.), 305 mm (12 in.) for the next 1.83 m (6.0 ft.), and 457 mm (18
in.) thereafter. Anchorage zone reinforcement required to resist tensile stresses at the
beam ends resuiting from release of prestress consists of six Grade 60 #5 steel reinforcing
bars at each beam end. More details related to the mild steel reinforcement, as well as a
detailed discussion of the design methodology for the Louetta beams, may be found in the
project report by Barrios et. al. [23].

As a consequence of the site layout, 22 of the 33 original beams were designed
with skewed ends that wouid line up with the back wall of the abutments. The skew angle,
relative to a line perpendicular to the beam axis, ranged from 32.6° to 39.4°. The fabricator
was given two options for the skewed beam end, including casting a constant thickness end
block parallel to the skew, or casting a large end block with one side perpendicular to the
beam axis. The fabricator chose the second option, which called for a massive end block,
so that standard void forms did not require modification. As can be seen in Figure 2.19, a



46

tremendous amount of reinforcement is located in these skewed end blocks. An end block
in a completed beam is shown in Figure 2.20.

As previously mentioned, the spacing for each beam was unique because of the
skewed layout of the bent lines and beam lines. Even across a single span, the
beam spacing varied because girders were not parallel. The beam spacing reported for the
beams in Table 2.3 and Table 2.4 was computed as shown schematically in Figure 2.21.
The spacing was computed as the average of the perpendicular distance to adjacent beams
at midspan of the beam in question. A 2.29 m (7.50 ft.) overhang was assumed for exterior
girders. Beam spacing rangesd from 3.61 m (11.84 ft) to 5.07 m (16.62 ft.) for interior
girders and 4.02 m (13.42 ft) to 4.82 m (15.81 ft.) for exterior girders, with much more
variation in the Southbound bridge than in the Northbound. These relatively large girder

spacings are a direct result of the use of HPC in the Louetta bridges.

2.2.4 Contractors, Fabricators, and Project Timeline

Williams Brothers Construction Company, Inc. of Houston, Texas was the general
contractor for the construction of the Louetta Road Overpass. Prestressed concrete beams
were fabricated at Texas Concrete Company, which is located in Victoria, Texas,
approximately 220 km (140 mi.) southwest of the Louetta jobsite in Houston. Precast pier
segments and precast deck panels were fabricated at Houston Prestress Products in east
Houston, about 50 km (30 mi.) from the Louetta jobsite. All ready-mixed concrete for the
jobsite, including concrete for cast-in-place bridge decks, was supplied by Lopez-Gloria
Ready-Mixed Concrete of Houston, Texas.

A timeline showing the stages of the construction of the Louetta Road Overpass is
presented in Figure 2.22. The S.H. 249 improvement project, of which the Louetta Road
Overpass is a part, was let in July 1993 and the bid was awarded in February 1994.
Nineteen of the HPC beams were cast in the fall of 1994, but delays at the jobsite caused
the fabricator to wait until the spring of 1996 to cast the remaining fourteen beams. Most of
the jobsite construction took place during 1996, with the bridge decks cast in late October
and early November. Work on the widening of the Louetta Road Overpass began in the fall
of 1997, but progressed slowly. The bridge was finally opened to traffic in June 1998,
almost five years after the project was originally let.
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2.3 North Concho River/U.S. 87/S.0.R.R. Overpass

2.3.1 General Project Description

The North Concho River/U.S. Highway 87/South Orient Railroad Overpass in San
Angelo, Texas, commonly referred to as the North Concho River Overpass, can be seen in
Figure 2.23. The North Concho River Overpass is part of a muiti-stage freeway
construction project on U.S. Highway 67 in central San Angelo, Texas. The portion of the
freeway construction which includes the North Concho River Overpass has been planned
for more than 25 years, and is very important to the community of San Angelo. The location
of the bridge in San Angelo is shown in Figure 2.24.

The North Concho River Overpass consists of two adjacent mainlanes bridge
structures — each of which is designed to accommodate two lanes of traffic and a shoulder
— as well as two ramp structures. The high performance concrete Eastbound Overpass is
an eight span structure, 290 m (950 ft.) in length. The conventional concrete Westbound
Overpass is a 292 m (958 ft.) -long structure with nine spans. All components of the
Eastbound bridge, but only selected segments of the cast-in-place decks in the Westbound
bridge, were constructed using HPC. Each bridge crosses the North Concho River and a
park road which runs along the river, two U-turn lanes for the access roads of U.S. 67, the
South Orient Railroad, and U.S. Highway 87. U.S. Highway 87 is an eight-lane main
highway which runs through central San Angelo. The plan of the main spans of the two
bridges is shown in Figure 2.25. Spans 1 through 5 of the Eastbound Overpass and Spans
1 through 6 of the Westbound Overpass are considered main spans. The design of the
remaining spans in the bridge was controlled by the geometry and clearance requirements
associated with the raiiroad. Note that the roadway in the main spans of the Westbound
Overpass is slightly wider than the roadway in the main spans of the Eastbound Overpass
due to the layout of the ramps.



Figure 2.23 - North Concho River/U.S. 87/S.0.R.R. Overpass

N. Concho
River/US 87/

Central
San Angelo

us 87

N

Figure 2.24 - Site of the N. Concho River Overpass in Central San Angelo, TX
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Figure 2.27 - Erection of Precast Panels in the Westbound Bridge

AASHTO Type IV girders were used for all beams in the main spans of each bridge.
As can be seen in Figure 2.25, the Eastbound HPC bridge has significantly longer spans
than the conventional concrete Westbound bridge. The maximum span {ength is 47.9 m
(157 ft.) in Span 2 of the Eastbound bridge, which crosses the river. Note that Span 1 of
each bridge has the same length and roadway width, providing a unique opportunity to
compare the design and performance of identical spans with HPC and conventional
concrete. Span 1 of the Westbound conventional concrete bridge required seven beams,
while Span 1 of the Eastbound HPC bridge required only four beams.

A simple comparison of the design of the Eastbound and Westbound bridges is
shown in Table 2.5. Note that this comparison is based strictly on efficiency, and does not
consider the unit costs of conventional and high performance concrete. The relative costs
of the two bridges are discussed in Chapter 10. Approximately 0.489 m of beams were
required per square meter (0.149 ft. per sq. ft.) of bridge deck for the main spans of the
Westbound bridge. However, only 0.404 m of beams were required per square meter
(0.123 ft. per sq. ft.) of bridge deck in the main spans of the Eastbound HPC bridge. On the
basis of this simple comparison, the Eastbound HPC bridge is about 17 percent more
efficient than the Westbound bridge. In all, one less pier and fifteen fewer beams were
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required for the main spans of the Eastbound bridge, despite a reduction in total deck area
of only 13 percent.

A partial roadway cross-section for the bridges of the North Concho River Overpass
is shown in Figure 2.26. The superstructure of each bridge consists of AASHTO Type IV
girders with a 191 mm (7.5 in.) thick composite deck slab. The deck is composed of a layer
of 102 mm (4.0 in.) thick precast deck panels and an 89 mm (3.5 in.) layer of cast-in-place
concrete. Precast panels span between the top flanges of adjacent girders and are typically
2.44 m (8.00 ft.) in length (dimension parallel to beams). The width of precast panels is a
function of the beam spacing and is constant within each span. The erection of precast
panels in the Westbound bridge is shown in Figure 2.27.

As with the Louetta precast deck panels, each pane! for the San Angelo bridge is
transversely prestressed with 9.5 mm (0.38 in.) diameter strands spaced at 150 mm (6 in.)
to resist flexural stresses in the deck between beams. A layer of welded wire fabric (WWF
12x4xW3.5xW7.5) reinforcement is also located at middepth of each panel. Typical
longitudinal deck reinforcement in both the Eastbound and Westbound cast-in-place bridge
decks consists of Grade 60 #4 steel reinforcing bars spaced at 229 mm (9 in.). Typical
transverse cast-in-place deck reinforcement consists of Grade 60 #5 steel reinforcing bars
spaced at 305 mm (12 in.), except that 254 mm (10 in.) spacing was used in Span 1 of the
Eastbound bridge, where beam spacing was large. Additional deck reinforcement is located
at the ends of each span where precast panels were terminated, and longitudinally above
each bearr:.

Cast-in-place deck concrete was pumped to the level of the deck from below as
shown in Figure 2.28. Concrete was compacted using internal vibrators and a rolling
screed, as shown in Figure 2.29. The cast-in-place portion of the bridge deck for each of
the main spans in the two bridges was placed in single-span segments. Thus, at each bent
there is either an expansion joint or a cold construction joint with minimal continuous deck
reinforcement between spans. Table 2.6 specifies the type of joint placed at each bent for
the main spans of the two bridges. All spans were assumed to be simply-supported for
design.

The substructure for the North Concho River Overpass bridges was designed with
aesthetics in mind. As can be seen in Figure 2.30, single column reinforced concrete piers
with windows are used to support the bridge at each interior bent. Pier columns are 2.44,
2.74, or 3.05 m (8.0, 9.0, or 10.0 ft.) wide and 1.37 m (4.5 ft.) deep. The height of pier
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columns varies from 5.79 to 11.58 m (19.0 to 38.0 ft.). A reinforced concrete inverted-tee
cap is located at the top of each pier column to support the beam and deck. An example of
these pier caps, which are typically 2.06 m (6.75 ft.) wide at the base and 0.99 m (3.25 ft.)
wide at the junction with the underside of the deck, is shown in Figure 2.31.

All components of the Eastbound bridge were constructed using high performance
concrete. The only HPC components in the Westbound bridge are the cast-in-place deck in
Spans 1 through 5, which are HPC for improved durability performance. Additional
information regarding the classification of HPC mixes as strength-related or durability-
related HPC is presented in Section 4.1.2. Design concrete strengths for the beams, piers,
and decks of the two bridges are listed in Table 2.7. Proportions for the concrete mixes

used in the two bridges may be found in Section 4.2.

Table 2.5 - Comparison of Eastbound and Westbound Bridge Designs

Span | Span Avg. No. of Total Deck Total Beam
Length | Beam | Beams | Beam Area Length per
Length Length Square Ft. of
Bridge Deck
(tt) (ft) (ft) (sq. ft) (ft. /sq. ft)

Westbound Bridge (Conventional Concrete)

1 131 128.95 7 903 5240 0.172

2 129 125.33 6 752 5192 0.145

3 129 125.32 6 752 5473 0.137

4 129 125.31 6 752 5805 0.130

5 100 96.05 6 576 4718 0.122

6 140 136.53 9 1229 6947 0.177
Total 758 40 4963 33,375 0.149
Eastbound Bridge (HPC)

1 131 128.95 4 516 5240 0.098

2 157 153.34 6 920 6280 0.146

3 150 146.32 5 732 6000 0.122

4 149 145.39 5 727 5964 0.122

5 140 136.58 5 683 5641 0.121
Total 727 25 3577 29,125 0.123
1f.=0.3048 m Note: All beams AASHTO Type V.
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Figure 2.28 - Pumping of Concrete During Deck Pour in the Eastbound Bridge
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Figure 2.29 - Deck Placement in the Eastbound Bridge




Figure 2.30 - Pier Column in the North Concho River Overpass

Table 2.6 - Joint Types at Bents in Main Spans (N. Concho River Overpass)

Bent Number

Eastbound Bridge

Westbound Bridge

Abutment 1 Expansion Expansion
Bent 2 Expansion Expansion
Bent 3 Construction Construction
Bent 4 Expansion Expansion
Bent 5 Construction Construction
Bent 6 Expansion Expansion
Bent7 Construction

Note: Oniy main spans are listed.

Span 1 is between Abutment 1 and Bent 2, Span 2 between
Bent 2 and Bent 3, etc.
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Figure 2.31 - Pier Cap in the North Concho River Overpass

Table 2.7 - Design Concrete Strengths for the North Concho River Overpass

Eastbound Bridg_:le Westbound Bridge
Prestressed Beams 12,500 to 14,000 psi * 5,000 to 8,900 psi
Precast Deck Panels 6,000 psi 5,000 psi
Cast-in-Place Decks 6,000 psi 4,000 psi
Pier Columns 6,000 psi 3,600 psi
Pier Caps 8,000 psi 6,000 psi

1 psi = 0.006895 MPa

* For main spans (1-5), beam design strengths ranged from 12,500 to
14,000 psi. For other spans (6-8), range was 5,800 to 7,800 psi.

2.3.2 AASHTO Type IV Beam

All beams in the main spans of the Eastbound and Westbound bridges of the North
Concho River Overpass are 1372 mm (54 in.) deep AASHTO Type IV cross-sections. The
Type IV was developed by AASHTO and PCI in the late 1950's and has been widely used
throughout the United States ever since. The Type IV is still the primary 1372 mm (54 in.)
deep section used in Texas. Dimensions for the AASHTO Type IV are shown in Figure
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2.12, and section properties are listed in Table 2.2. The strand pattern for the Type IV beam
may be found in Figure 2.13.

As discussed in Section 2.2.2, the Type IV is a relatively inefficient cross-section
because very little of its flange area is concentrated near the extreme fibers, and because it
has a very wide web. A more efficient modified AASHTO Type IV girder can be fabricated
by reducing all width dimensions of the standard Type IV section by 50 mm (2 in.), but this
modified section is not commonly produced in Texas. The standard Type IV also has very
low lateral stiffness, making it highly susceptible to handling and transportation difficulties.

The AASHTO Type IV section does have some advantages, however, over other
cross-sections of the same depth. Because the Type IV is a standard section which has
been used for many years, fabricators have become very efficient in producing Type IV
beams in a cost-effective manner. Furthermore, the cross-section can accommodate either
draping or debonding of strands for control of end stresses, and the 200 mm (8 in.) wide
web can accommodate ducts for post-tensioned strands. The section is also significantly
lighter than the Texas U-beams of the same depth (U54A and U54B), resuiting in lighter
bridge girders as shown in Table 2.8. Thus, if stability concerns are adequately addressed,
long-span Type IV girders can be fabricated and handled without limitations due to beam

weight.

2.3.3 San Angelo Beam Design Details

The beams of the North Concho River Overpass were originally designed by the
Bridge Division of TxDOT in accordance with the 1992 AASHTO Standard Specifications
[4]. The beam design and analysis program PSTRS14 [130], which was discussed in
Section 2.2.3, was used for design assistance. Simply-supported spans, unshored deck
construction, and HS20-44 live load were assumed in the design of beams for both the
Eastbound and Westbound Overpasses. As with the Louetta Road Overpass, a few special
allowances and assumptions were used for the design of HPC beams: allowable tensile
stresses at both release and service were increased 33%, and a modulus of elasticity of
elasticity of 41.4 MPa (6.0 x 10° psi) was assumed. Allowable stress criteria governed the

original beam designs for both the Eastbound and Westbound main spans.
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Table 2.8 - Beam Weights for Various Sections and Beam Lengths

Beam Length AASHTO Texas Texas
Type IV US4A us4B

100 ft. 82 kips 107 kips 117 kips

125 ft. 103 kips 134 kips 146 kips

150 ft. 123 kips 160 kips 175 Kkips

1 kip = 4.45 kN

Weights are approximate and assume concrete unit weight of

150 pcf (2400 kg/m?)

Specific details for the designs of the conventional concrete beams in the main
spans of the Westbound Overpass are presented in Table 2.9. All main span Westbound
beams are AASHTO Type IV sections, with Grade 270 low-relaxation 13 mm (0.5 in.)
diameter strands at 50 mm (2.0 in.) spacing on centers. Draping of strands was used to
control end stresses at release of prestress. A maximum of 64 strands was required, with a
maximum design compressive strength of 61.5 MPa (8,920 psi). Although 61.5 MPa (8,920
psi) concrete would be considered HPC by some definitions, this concrete was not
designated as HPC because it is representative of concrete routinely placed at several
precast plants in Texas. Shear reinforcement for the Westbound beams generally consisted
of Grade 60 #4 steel reinforcing bars spaced at 102 mm (4 in.) for the first 0.85 m (2.79 ft.),
203 mm (8 in.) for the next 1.22 m (4.00 ft.), 305 mm (12 in.) for the next 1.83 m (6.00 ft.),
and 458 mm (18 in.) thereafter.

Details of the original designs for the HPC beams in the main spans of the
Eastbound bridge are presented in Table 2.10. These beams were also AASHTO Type IV
sections, but used Grade 270 low-relaxation 15 mm (0.6 in.) strands at 50 mm (2.0 in)
spacing instead of 13 mm (0.5 in.) strands. Field and laboratory transfer and development
length tests were performed in order to obtain design approval from the Federal Highway
Administration (FHWA) for use of the larger diameter strand in the actual bridge beams.
Results of those tests are reported by Cordova et. al. {46]. The original HPC beam designs
called for release strengths of 61.4 to 74.5 MPa (8,900 to 10,800 psi) and 56-day design
strengths of 75.2 to 101.4 MPa (10,900 to 14,700 psi). A maximum of 84 15 mm (0.6 in.)
strands was required, with up to 34 strands draped for the control of end stresses.
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Table 2.9 - Beam Design Details for Spans 1 through 6 of the Westbound

North Concho River Overpass

Span/ Beam |Length-CL} Beam No. of Specified | Specified
Beams { Length' toCL |Spacing?} 0.5in. Release 56-day
Bearings * Strands 3 | Strength | Strength
(ft) () (ft) (psi) (psi)
W1 | 1,7] 128.96 127.79 5.84 52 5,770 7,850
2-6 5.67
W2 |16 125.33 124 .17 6.46 56 5,940 7910
2-5 6.91
W3 | 1,6] 12532 124.17 6.65 58 6,160 8,150
2-5 7.29
W4 |16 125.31 124.17 6.90 64 6,560 8,540
2-5 7.80
W5 |16 96.05 94.94 7.13 34 4,020 5,000
2-5 8.26
W6 | 1,9] 136.53 135.42 572 58 6,210 8,920
2-8 5.43
1ft. =0.3048 m; 1 psi = 0.006895 MPa.  Note: All beams AASHTO Type IV.
Spans 7-9 were controlled by geometry and clearance.
Beams 4-7 of Westbound Span 1 (W14, W15, W16, W17) were instrumernited.
' Represents average for span. Individual beam lengths may vary slightly.
2 First value is for exterior beams (assuming 0.91 m [3.0 ft.] overhang). Second
value is for interior beams.
3 Six to fourteen strands per beam are draped to control end stresses.




Table 2.10 - Original Beam Design Details for Spans 1 through 5 of the Eastbound

North Concho River Overpass

Span/ | Beam | Length- | Beam No. of | No. of | Specified | Specified
Beam ' | Length | CLto CL } Spacing| 0.6in. | Draped | Release | 56-day
Bearings Strands | Strands | Strength | Strength
(ft.) (ft) (ft) (psi) (psi)

E11 } 12895 | 127.79 9.00 84 34 10,800 13,600
E12 | 128.95 | 127.79 11.00 84 34 10,800 13,600

# E13 ] 12895 | 127.79 11.00 84 34 10,800 13,600
# E14 ] 12895 | 127.79 9.00 84 34 10,800 13,600
E21 | 153.34 | 152.17 6.80 70 20 9,200 13,500
E22 } 153.34 | 152.17 6.60 66 16 9,200 12,800
E23 ] 153.34 | 152.17 6.60 66 16 9,200 12,800

# E24 | 1563.34 | 152.17 6.60 66 16 9,200 12,800
# E25 ] 153.34 | 152.17 6.60 66 16 9,200 12,800
# E26 | 153.34 | 152.17 6.80 70 20 9,200 13,500
E31 ] 146.32 | 145.17 7.63 84 34 10,300 14,700
E32 | 146.32 | 145.17 8.25 84 34 10,300 14,700

# E33 ] 146.32 | 145.17 8.25 84 34 10,300 14,700
# E34 ] 146.32 | 145.17 8.25 84 34 10,300 14,700
# E35 ] 146.32 | 145.17 7.63 84 34 10,300 14,700
E41 ] 14484 | 14369 7.63 80 30 9,800 14,000
E42 | 145.12 | 143.97 8.25 80 30 9,800 14,000
E43 | 145.39 | 144.24 8.25 80 30 9,800 14,000

# E44 | 14567 | 144.52 8.25 80 30 9,800 14,000
# E45 | 14594 | 144.79 7.63 80 30 9,800 14,000
E51 | 136.55 | 13542 7.74 60 12 8,900 10,900
E52 ] 136.57 | 135.44 8.47 60 12 8,900 10,900
E53 §| 136.57 | 13544 8.47 60 12 8,900 10,900
E54 | 136.60 | 13547 8.47 60 12 8,900 10,900
E55 ] 136.60 | 13547 7.74 60 12 8,900 10,900

1ft =0.3048 m; 1 psi = 0.006895 MPa.

Spans 6-8 were controlled by geometry and clearance and are not HPC.

Note: All beams AASHTO Type V.

' Beam designation discussed in Section 3.4.1 (xyz: x=bridge, y=span, z=beam).

“#" denotes beam with instrumentation.
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The beam fabricator, Texas Concrete Company, had several concermns with the
original beam designs for the Eastbound HPC beams. The high required prestress force —
up to 165 GN (3,700 kips) — exceeded the fabricator's highest available bed capacity.
Therefore, the fabricator would have had to modify existing prestressing beds in order to
accommodate the required forces. In addition, the fabricator did not have experience
draping 15 mm (0.6) diameter strands. There was concern over the safety of draping these
large diameter strands, as well as the magnitude of hold-down forces required to drape a
large number of these strands.

As a result of these concerns, the fabricator elected to use a two-stage
(pretensioning/post-tensioning) fabrication process, which is shown in Figure 2.32. A
maximum of 56 straight 15 mm (0.6 in.) diameter strands were pretensioned, eliminating the
need for the fabricator to increase the capacity of existing beds. Debonding was used to
control end stresses at release of pretensioning. Six of the pretensioned strands were
located in the top flange and bonded only over the end 6.1 m (20 ft.) of each beam. These
strands assisted with control of end stresses, and provided additional stability to the section
during handling and transportation. The six top flange sftrands were then cut over the
debonded length after erection of the beams at the jobsite. An additional 20 or 26 strands
were post-tensioned seven to 28 days after casting to provide the total prestress force
required for the section. These strands were grouted within 48 hours of post-tensioning.
The interior of an HPC beam prior to placement of side forms is shown in Figure 2.33. The
post-tensioning of an HPC beam is shown in Figure 2.34.

The redesigns of the Eastbound main span HPC beams required extensive time-
dependent analyses because of the two-stage fabrication process. Lisa Carter Powell, P.E.,
of P.E. Structural Consultants, was hired by the fabricator to assist with the analyses and
beam redesigns. The computer program ADAPT [13] was used for the time-dependent
analyses. Measurements from creep and shrinkage tests, which were in progress at the
Construction Materials Research Group (CMRG) laboratory, were supplied by the
researchers and incorporated into the beam redesigns, which were actually deflection-
critical. More strands were used in the redesigns than were necessary to satisfy allowable
stress or ultimate strength criteria. The additional strands were intended to prevent a net
downward deflection under full dead load.

Concerns related to the stability of such long and slender beams, which have a
span-to-depth ratio of up to 34, during handling and transportation led the fabricator to cast
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one HPC beam early in the construction process. This beam was shipped to the jobsite
shortly after post-tensioning to investigate these stability concerns. The early casting of this
girder also provided the researchers a chance to monitor the beam as part of the
instrumentation program. The accuracy of the time-dependent analysis used for the
redesigns with respect to deformations (strains and deflections) could then be assessed.
Dubbed the “test beam”, this beam was originally designed as an exterior beam in Span 2 of
the Eastbound bridge. However, it was subsequently moved to the interior of that span.

Camber measured on the test beam was significantly lower than predicted by the
time-dependent analysis, leading to a few changes in the redesigns of the remaining HPC
beams. The sensitivity of the deflection behavior for long spans was recognized, leading to
an upper and lower bound approach considering possible differences in construction
schedule and factors affecting creep and shrinkage. An allowance for prestress losses due
to temperature changes in the strand between stressing and casting was also included in
the redesigns. Finally, the unit weight of the beam concrete was increased slightly to
account for the influence of the volume of embedded steel. These modifications resulted in
a few more strands being utilized in the redesigns of the remaining beams.

Details of the redesigns of the Eastbound main span HPC beams are presented in
Table 2.11. All HPC beams, except for the test beam, have 56 pretensioned Grade 270
low-relaxation 15 mm (0.6 in.) strands including the six strands in the top flange. Each
beam has either 20 or 26 post-tensioned strands supplied in fwo ducts. Design concrete
strengths for the redesigned HPC beams ranged from 86.2 to 96.5 MPa (12,500 to 14,000
psi). Release strengths were kept at approximately 55 MPa (8,000 psi), which typically
allowed the fabricator to obtain release strengths in 24 hours. Shear reinforcement for the
HPC girders is essentially the same as for the Westbound conventional concrete girders.
Supplemental reinforcement in the post-tensioning anchorage regions is shown in Figure
2.35. Additional details of the design and fabrication processes are discussed by Powell
[107] and Patton [102].
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2nd STAGE:
CGS of Post-tensioned Strands

1st STAGE:
CGS of Pretensioned Strands

Figure 2.32 - Two-Stage Beam Fabrication Process

Figure 2.33 - Fabrication of Eastbound HPC Beam
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Figure 2.35 - Anchorage Reinforcement in Eastbound HPC Beam
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Table 2.11 - Details of Modified (Two-Stage) Bear: Designs for Spans 1 through 5 of
the Eastbound North Concho River Overpass

Span / No. of 0.6 in. No. of 0.6 in. Specified | Specified | Specified
Beams Pretensioned | Post-tensioned | Release | Post-tens. 56-day
Strands '? Strands? Strength | Strength | Strength
(psi) (psi) (psi)
E1 |14 56 20 8,100 9,950 13,000
E2 | 1-6 56 26 8,000 9,800 14,000
E2 | 5* 52 20 8,100 9,320 13,500
E3 | 1-5 56 26 8,000 10,400 13,800
E4 | 1-5 56 26 8,000 10,400 13,700
E5 | 1-5 56 20 8,000 9,800 12,500

1 psi=0.006895 MPa. Note: All beams AASHTO Type IV.

' Includes six strands in top flange bonded over 20 ft. at each end of the beam.
These strands were required to control end stresses and help with stability during
handling and transportation. These strands were cut over unbonded length after

erection of beams at the jobsite.

2 Ten strands in bottom flange were debonded to help control end stresses.

3 Post-tensioned strands were placed in two parabolic ducts, with 13 strands in
the bottom duct and either 7 or 13 strands in the top duct.

* “Test beam”. Cast early to investigate handling, transportation, and camber.
Redesigns for other HPC beams were subsequently performed.

2.3.4 Contractors, Fabricators, and Project Timeline

Jascon, Inc. and Reese Albert, Inc. were joint general contractors for the
construction of the North Concho River Overpass in San Angelo, with Jascon in charge of
bridge and road construction and Reese Albert in charge of all earth moving and sitework.
Prestressed concrete beams for both the Eastbound and Westbound Overpasses were
fabricated at Texas Concrete Company in Victoria, Texas, approximately 500 km (310 mi.)
southeast of San Angelo. All precast concrete deck panels were cast at Bexar Concrete
Works in San Antonio, Texas, about 320 km (200 mi.) southeast of San Angelo. Ready-
mixed concrete for the jobsite, including concrete for all piers and cast-in-place bridge

decks, was supplied by Concho Concrete Company in San Angelo.
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The stages of construction for the North Concho River Overpass are shown in a
timeline in Figure 2.36. Note that the project was let in June 1995, almost two years after
the Louetta Road Overpass was let, yet the bridges were opened to traffic in December
1997, approximately six months before the Louetta bridges were opened. Construction of
the Westbound conventional concrete side was completed first, followed by construction of
the Eastbound HPC side. For the most part, construction was contnuous from the
beginning of 1996 through the end of 1997, with the only minor delays due to inclement

weather.

1/93
1/94
Project Let (Jun 95)
Bid Awarded (July 95)
1/95
Transfer & Development Length Testing (Jul 95 - Feb 96)
- / Casting of Westbound Beams (Jan 96 - Mar 96)
1/96 —

T Trial 153’ Long Beam Cast (Apr 96)
Casting & Erection of Westbound Panels (Sep 96 - Jan 96)
1/97 . ———— Casting of Westbound Bridge Deck (Der: 96 - Feb 97)
— e - Casting of Eastbound HPC Beams (Feb 97 - Apr 97)
—Q Casting & Erection of Eastbound Paneis (Feb 97 - May 97)

1 198 X Casting of Eastbound Bridge Deck (Jun 97 - Aug 97)

Opening of Bridges to Traffic (Dec 97)

1/99

Figure 2.36 - Timeline for Construction of the North Concho River Overpass



3 CHAPTER THREE: INSTRUMENTATION PLANS AND PROCEDURES

3.1 Introduction

This chapter discusses the instrumentation of the two Texas HPC bridges. A brief
overview of the types of measurements, gauges, and other instrumentation systems is
presented first, followed by information on the data acquisition systems used for coilection
of data. A summary of the instrumentation for each bridge is then presented. Preparation
and installation of gauges, as well as the travel requirements for the research program, are
discussed next. Finally, a summary of problems encountered during the research program
and an assessment of the durability of each type of gauge are presented. Due to the large
amount of material presented in this chapter, detailed descriptions are not presented in
some sections. Additional information on some of the instrumentation procedures
discussed here, especially for the Louetta Road Overpass, may be found in the report by
Byle and Burns [35].

It should be noted that there are some basic similarities and differences between
the instrumentation plans and procedures used in this research program and the
recommendations of the Federal Highway Administration for instrumentation of bridges in
the High Performance Concrete Showcase program. The FHWA publication Guidelines for
Instrumentation of Bridges [118] was actually published after the instrumentation program
for the two Texas bridges was well underway. As a result, some of the experiences in the
Texas program were incorporated into the guidelines. The guidelines also suggest some
types of instrumentation not used in the Texas projects, and are intended to be a starting
place for instrumentation projects rather than a rigid set of specifications for instrumentation.
Because the instrumentation plan for the Texas bridges was developed independent from
the guidelines, no comparison between the Texas plan and the FHWA guidelines will be

made.
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3.2 Measurements, Gauges, and Instrumentation Systems

3.2.1

Types of Measurements

68

Three basic types of measurements were made as part of the main instrumentation

program: concrete temperatures, concrete strains, and camber or deflection of bridge

girders. Each of these measurement types is discussed briefly below. The specific data

monitored with each type of measurement are also listed. A summary of the types of

measurements discussed in this section is presented in Table 3.1. Specific gauge types

and instrumentation systems are discussed in the next subsection.

Table 3.1 - Types of Measurements and Data

Surface Mechanical
Strain Gauges

Measurement Gauge Type/ Data from Measurements
Type Instrumentation System
Concrete ¢ Thermocouples Thermal Gradients
Temperatures | 4 Thermistors Extreme Seasonal Bridge
Temperatures
Hydration Temperatures
Corrections for Strain and
Deflection Measurements
Concrete Strains | ¢ Vibrating Wire Gauges Beam Curvatures (Elastic and
e Resistance Strain Time-Dependent Behavior of
Gauges Beam and Composite Section)

Static Live Load Response
Prestress Losses

Precise Surveying

(DEMEC)
Beam Camber/ | e Tensioned-Wire Elastic Responses to Prestress,
Deflection System Deck Loads, etc.

Time-Dependent Behavior due to
Creep

Static Live Load Response




69

3.2.1.1 Concrete Temperatures

Concrete temperatures were measured in various components of the
superstructures of the two bridges, including selected prestressed beams, selected precast
deck panels, and portions of the cast-in-place bridge decks. Thermocouples were used for
most concrete temperature measurements. However, temperature measurements were
also recorded at each vibrating wire strain gauge location using thermistors, which were
integrally attached to the vibrating wire gauges.

Measurement of concrete temperatures at various depths of the beams and within
the composite bridge deck allowed for an investigation of thermal gradients in the completed
bridges. Maximum and minimum seasonal bridge deck temperatures were also determined
from collected data. Measurement of temperatures in beams, panels, and cast-in-place
decks during casting and at very early-ages (within 24 hours of casting) provided
information on the hydration behavior of the concrete mixes in the various structural
elements. Finally, temperature data was used to correct for variations in strain and
deflection measurements due to temperature effects. Discussion of all temperature

measurements is presented in Chapter 5.

3.2.1.2 Concrete Strains

Like concrete temperatures, concrete strains were measured in selected
prestressed beams, selected precast deck panels, and portions of the cast-in-place bridge
decks. Internal concrete strains were measured using embedded vibrating wire gauges and
bonded resistance strain gauges. In some cases, surface concrete strains were measured
using mechanical strain gauges as a backup system.

Concrete strain measurements at various locations through the depth of selected
girders and in the composite deck were used to examine the strain profile, or curvature, in
the section at various stages of construction and loading. Both elastic curvature changes
and time-dependent curvature changes resuiting from creep and shrinkage were monitored
using the measured concrete strains. The response of girders and deck to static live loads

was also monitored using measured concrete strains. General concrete strain
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measurements are presented in Chapter 6, and the static live load responses of the two
bridges are discussed in Chapter 9.

Concrete strain measurements were also used to indirectly measure prestress
losses in several beams. Assuming strain compatibility, measured changes in concrete
strain at the level of the center-of-gravity of prestress are equal to strain changes in the
steel strands at the same level. These strain changes can be then directly be converted to
prestress losses due to elastic loads, shrinkage, and creep. More discussion of prestress
losses, including a more detailed discussion of the measurement method, is presented in
Chapter 7.

3.2.1.3 Beam Camber/Deflection

Deflection behavior for several beams of each bridge was monitored throughout
construction and service. Stages at which beam camber (or deflection) were recorded
include release of prestress, storage at the prestressing plant, erection at the jobsite, and
casting of the bridge deck, as well as at several intervals between these specific stages.
Prior to erection of the beams at the jobsite, the tensioned-wire method was used for
camber measurements. For all stages after erection of the beams, the precise surveying
method was used for measurement of camber or deflection.

Particular deflection behavior of interest includes elastic beam response due to
prestress, deck loads, and other applied loads. Time-dependent camber or deflection due
to creep was also monitored using recorded camber measurements. Discussion of these
camber and deflection measurements is presented in Chapter 8. The deflection response of

beams in the completed bridges under static live load is discussed in Chapter 9.

3.2.2 Types of Gauges and Measurement Systems

The specific types of gauges and measurement systems used for the long-term
instrumentation of the two bridges are discussed in this subsection. Specific gauge types
were selected on the basis of several criteria, including cost, reliability, accuracy, ease of

installation, and compatibility with the data acquisition system. Although not necessarily
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more important than the other three criteria, cost and ease of installation were of particular

importance because of the magnitude of the instrumentation program. The advantages and

disadvantages of each gauge type with respect to these five criteria are discussed below.

3.2.2.1 Thermocouples

Thermocouples are simple temperature measuring devices consisting of a junction
of two metals, across which a voltage drop is inherently present. Since the magnitude of the
voltage drop is proportional to the temperature of the junction, voltage measurements can
be directly converted to temperatures using formulas or data tables developed for the
specific combination of two metals. For the instrumentation of the two Texas bridges,
thermocouples were created by tightly twisting thermocouple wire for a length of 13 to 25
mm (0.5 to 1.0 in.), as shown in Figure 3.1. The junction was then protected with electrical
tape before being installed in the field. Twisted shielded Type T (copper-constantan) 20-
gauge wire, manufactured by Omega Scientific, Inc., was used in both bridges. The
accuracy of temperature measurements using this thermocouple wire is reported by the
manufacturer to be + 1.0 °C (+ 1.8 °F). Thermocouples worked extremely well for field

instrumentation, as they are inexpensive, reliable, easy to fabricate, and easy to install.

Figure 3.1 - Thermocouple
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Figure 3.2 - Vibrating Wire Strain Gauge

3.2.2.2 Thermistors

Thermistors were used for temperature measurement at all vibrating wire gauge
locations, since each gauge had a thermistor integrally attached. Thermistors are very
sensitive temperature measuring devices made up of tiny resistors. Resistance changes
due to temperature can be measured using standard bridge circuits, and converted to
temperatures using equations developed for specific thermistors. Semiconductors are
typically used in the fabrication of thermistors, making these gauges more expensive than
thermocouples. Since they were integrally attached to the vibrating wire strain gauges,
however, they did not add any additional cost to the instrumentation of the two bridges.
Thermistors also offer a high level of accuracy, typically on the order of £ 0.1 °C (£ 0.2 °F)
[18].

3.2.2.3 Vibrating Wire Strain Gauges

Vibrating wire gauges are strain gauges operating on the principle that the resonant

frequency of a tensioned wire changes as the tension in the wire changes. Strain can be
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measured using vibrating wire gauges by electronically plucking the wire, determining the
resonant frequency, and calculating the tension in the wire. This measurement can then be
converted to strain by comparing the measured tension to a baseline tension in the
unstressed condition. Vibrating wire gauges are extremely durable and can be expected to
provide reliable readings for several years. They also have the benefit of having an
integrally attached thermistor for measurement of temperature at the gauge location.
Unfortunately, vibrating wire gauges are very expensive as compared to other types of
gauges used for measuring internal concrete strains.

The specific gauge used for the instrumentation of both bridges was the irad EM-5
gauge manufactured by Roctest, Inc. As can be seen in Figure 3.2, the gauge consists of a
tensioned high-strength steel wire within a thin steel tube. Flanges at each end of the steel
tube ensure that the gauge deforms with the concrete surrounding it. Each gauge is about
165 mm (6.5 in.) long, and is fabricated with the required length of 4-conductor 24-gauge
leadwire attached. The range of these gauges is 3300 microstrain, with an accuracy of 1

microstrain.

3.2.2.4 Resistance Strain Gauges

Commonly used in laboratory applications, electrical resistance strain gauges
(ERSG) are strain-measuring devices which operate on the principle that the resistance of a
wire changes as the length of the wire itself changes. These gauges are typically
composed of a length of tiny wire on a backing material. As the material to which the gauge
has been bonded is strained, the length and resistance of the wire change. A common
instrumentation bridge circuit can be used to measure the change in resistance, which can
then be converted to strain.

For measurement of interal concrete strains in the Texas HPC bridges, ERSG
gauges were bonded to lengths of #3 steel reinforcing bars. These bars were then tied into
place prior to casting of concrete. Because the strain on the embedded reinforcing bar is
being measured, rather than directly measuring the strain in the concrete, gauges of this
type are often called “sister gauges™. There must be strain compatibility between the bar
and the concrete at the gauge location for an accurate measurement of concrete strain to be
made.
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To fabricate each “sister gauge”, bar deformations were smoothed down and
gauges were bonded directly to the bar, as shown in Figure 3.3. The gauges were then
waterproofed using a layer of butyl rubber, a layer of nitrile rubber, and a layer of electrical
tape. Unlike vibrating wire gauges, resistance strain gauges cannot be purchased with long
lengths of leadwire integrally attached, so for each gauge the appropriate length of leadwire
(Belden #8771) was spliced to the short leads supplied by the gauge manufacturer. The
leadwire splice for each gauge was waterproofed following the same technique used for the
gauges themselves.

Gauges used for instrumentation of the two bridges were Model FLA-6-350-11-3LT
gauges manufactured by Texas Measurements. These gauges use a three-leadwire setup
that eliminates the effect of leadwire length on gauge resistance, and have a nominal
resistance of 350 ohms to provide increased output over more common 120-ohm gauges.
Each gauge is also temperature compensated such that the coefficient of thermal expansion
of the gauge matches the coefficient of thermal expansion of the steel reinforcing bar to
which it is bonded.

These gauges were used in the instrumentation of the Texas bridges because they
are inexpensive compared to vibrating wire gauges. Unfortunately, they are not very
durable or reliable for use in the field. There are simply too many places where a single
gauge can be damaged during the construction process: at the gauge itself, at the leadwire
splice, along the length of leadwire, and at the location where the leadwire exits the beam,
panel, or bridge deck. This type of gauge also tends to become unstable over time and may
not provide reliable long-term measurements. Measurement repeatability is difficult in the
field because the resistance-based measurement is highly sensitive to the connection of
leadwires to the data acquisition system. Finally, the preparation of these gauges for field
instrumentation is very labor-intensive, since each gauge must be bonded, waterproofed,
and connected to leadwire.

3.2.2.5 Surface Mechanical Strain Gauges (DEMEC)

During portions of the instrumentation program, surface mechanical strain gauges
were used as a backup system for measurement of concrete strains. The Demountable
Mechanical Gauge (DEMEC), manufactured by Mayes Instruments Limited, was used for
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measurement of surface strains at locations corresponding to embedded instrumentation.
Prior to release of prestress, stainless steel target discs were fixed to the concrete surface
using a five-minute epoxy gel made by Devcon, inc. Points were then allowed to set for 15
to 20 minutes before a set of initial readings was performed using the 200 mm (8 in.)
DEMEC gauge. At later stages of the construction process, changes in distance (strain)
between each set of points were determined by comparing later readings with the initial set
of readings. The DEMEC gauge and target discs are shown in Figure 3.4.

Over the course of the instrumentation program, the DEMEC system was not found
to be appropriate for long-term outdoor measurements. Durability of the system can be a
problem if points fall off due to epoxy failure in adverse exposure conditions. Furthermore,
substantial variation can arise from the differences in gauge-holiding techniques used by
different people. For a single reader, the accuracy of the DEMEC system is reported by
Arrellaga [18] to be only about 16 microstrains. Readings are also extremely susceptible to
temperature changes, especially when the beam is cooling quickly after form removal.
Unfortunately, important baseline readings must be taken at this stage. Even with proper
temperature correction, which requires both strain and temperature measurements on the

concrete surface and on a standard reference bar, the accuracy of the system is reduced.
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Figure 3.3 - Bonded and Waterproofed Electrical Resistance Strain Gauges
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Figure 3.4 - DEMEC Mechanical Strain Gauge and Target Disks

Because the researchers ultimately felt that the benefits of the DEMEC system for
long-term strain measurements did not outweigh the above concems, the system was not
used during later stages of the instrumentation program. Since the system was only
intended as a backup anyway, this decision did not significantly alter the instrumentation
plan. Note that the DEMEC mechanical strain gauge system was still used for the creep

and shrinkage tests discussed in Chapter 4.

3.2.2.6 Tensioned-Wire Deflection Measuring System

The tensioned-wire system is a manual deflection measurement system that was
used in the Texas instrumentation program for all camber readings at the precast plant. In
this system, a precision scale is tixed to the girder at midspan, and movements of the girder
(and scale) relative to a tensioned baseline are recorded. The system is both simple and
reliable, and readings can be performed by one person. A schematic of the tensioned-wire
deflection system is shown in Figure 3.5. The specific tensioned-wire system used in this
instrumentation program is loosely based on the systems described by Kelly et. al. [69] and
‘Arrellaga [18].
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Figure 3.7 - Dead (Anchorage) End of Tensioned-Wire Deflection System
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Figure 3.9 - Reading the Tensioned-Wire Deflection System
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A precision scale with 0.25 mm (0.01 in.) divisions is fixed to midspan of the girder,
as shown in Figure 3.6. Anchor bolts were retrofit into the girder for support of the scale,
and small aluminum extension pieces were used to allow for adjustment of the scale to a
level position. The scale was fixed to the aluminum extensions using a five-minute epoxy
gel and clamps, which were left in place for added protection. Note that the scales were not
directly epoxied to the sides of the girders because the Louetta U-beams had a sloped web,
and because the San Angelo Type IV girders had recessed webs relative to their end
blocks. A single vertical face running the entire length of the beam is required if scales are
to be directly attached.

Size #6 piano-wire, with a diameter of 0.41 mm (0.016 in.), was used for the
baseline (tensioned wire). As shown in Figure 3.7, the wire was anchored directly above
the permanent bearing location at one end of the girder. A 16.6 kg (36.6 Ib.) weight was
used to tension the wire over a grooved bearing at the other end, as shown in Figure 3.8.
The bearing was periodicaliy lubricated with an all-purpose lubricant to minimize any friction
between the bearing and the boit. The tensioned wire can be read at the scale using a
mirror to eliminate parallax, as shown in Figure 3.9. A baseline (zero camber or deflection)
reading is taken just before release of prestress, with the assumption that the prestress bed
is perfectly level. Measurements at later stages can be compared to the baseline reading to
determine the beam camber at that stage.

As previously mentioned, the main advantage of the tensioned-wire system is that
readings can easily be performed by one person in about two to three minutes per beam.
The system aiso has a good level of repeatability, with the overall system accuracy
estimated at about + 0.50 mm (0.02 in.). Furthermore, the tensioned wire can be used to
measure horizontal beam deflections at release of prestress and later stages. One of the
main difficuities with the system is that wind can cause the wire to vibrate. This can result in
a delay during the measurement process until the wind subsides. Also, the wires often
corrode during storage of the girders, and thus must be replaced periodically. Note that the
system was designed so that the rep.acement of a wire does not change the measurement.

The greatest drawback of the system is that it is entirely based on measurements
relative to the baseline reading. Should the scale become unbonded for any reason, the
system fails. New readings with a replaced scale cannot be properly tied in to the original
baseline. Unfortunately, the scales were removed from a few beams during storage at the
precast plant, and a few subsequent readings were lost.
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Overall, the tensioned-wire system worked extremely well at the precast plant. The
researchers felt, however, that the system would not work well for practical reasons once
beams had been erected at the jobsite. For each set of readings, access to beams would
have required the use of construction equipment. In some cases, the weight would have to
have been hung over a river or very close to a roadway. Replacement of corroded wires
would have been difficult, because it also would have involved crossing roadways and
rivers. For these reasons, all camber and deflection measurements at the jobsite were

performed using the precise surveying system.

3.2.2.7 Precise Surveying Method

The precise surveying method was used for all deflection measurements after
erection of beams at the jobsite. This method is based on basic surveying principles, with
modifications introduced to increase accuracy and reduce the potential for error. The
system requires two people, one to use the instrument and one to hold the surveyor's rod,
but overcomes many of the access difficulties associated with the tensioned-wire system.
Measurement of beam camber using the precise surveying system is shown in Figure 3.10.

Three basic modifications to standard surveying procedures are used in the precise
surveying method. First, sight distances between the instrument and rod are reduced to a
maximum of about 12 m (40 ft). This increases the level of accuracy for each shot.
Second, precision scales are attached to the rod to increase the number of measurement
divisions. A close-up of the rod with attached scales can be seen in Figure 3.11. Finally, a
post level is used to ensure that the rod is perfectly vertical. A close-up of a post level in
use with the surveying rod is shown in Figure 3.12. With these modifications, the precise
surveying system generally provides good repeatability of measurements. The accuracy of
the system is estimated to be approximately + 0.50 mm (0.02 in.).

Either relative or absolute elevations can be used to make measurements of beam
camber and deflection with the precise surveying system. The difference between these
two approaches is shown schematically in Figure 3.13. In the relative system, only the
differences in elevation between a point at midspan and points at each end of the beam are
measured, and absolute elevations are not recorded. In the absolute system, the elevation
of each point on the beam is determined using a set of established benchmarks. One
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advantage of the absolute system is that elevations at beam ends do not need to be
determined for every set of measurements if there is no reason to expect movement at the
piers or abutments. The total measurement time is greatly reduced if this assumption is
made.

Selection of the appropriate system for each span of the two bridges was
dependent upon the conditions and restraints at each jobsite. Consideration was given to
crossing roadways and rivers, clearance heights, and possible instrument setup locations.
A summary of the type of system used in each bridge is presented in Table 3.2. For most
measurements using the precise surveying system, elevations of the bottom surface of the
beam were used. Points were marked with paint on the underside of the beams to ensure
that the same point was measured each time. In other cases, the top of the bridge deck

was used. These specific cases will be addressed in the following paragraphs.

Figure 3.10 - Measurement of Camber Using the Precise Surveying System



Figure 3.11

Figure 3.12 - Use of Post Level with Surveying Rod
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Absolute Precise Relative Precise
Surveying System Surveying System

l

Establish a set of
benchmarks that | | Measurements
are interconnected. requir ed,fo
(i.e. elevation ‘install None
change between system
benchmarks is
known)
A 4
Set up instrument
and measure
change in elevation
Determine Measurements between midspan
elevations of each required for a and end points.
point using set of readings (Actual elevations
previously on a beam in are not determined).
established the field Can be performed in
“network” of one setup (of the
benchmarks. instrument) or two
per beam (one for
each beam end).

Figure 3.13 - Schematic of Relative and Absolute Precise Surveying Systems
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Table 3.2 - Precise Surveying Measurement Systems

Camber or Deflection Measurement S.){.;Le;n Measurement Location
Lo -
uetta ) Absolute Bottom surface of beam
all measurements before erection
an A lo -
San Angelo . Absolute Bottom surface of beam
spans 1E,1W before deck casting
San Angelo —
Relative Bottom surface of beam
spans 2E,3E,4E before deck casting
San Angelo —
ngelo . Relative | Top surface of bridge deck
all spans after deck casting

For all measurements of beam camber made at the Louetta jobsite, the precise
surveying system was used with absolute elevation measurements. A set of benchmarks
was installed with at least one benchmark near each group of instrumented beams, such
that absolute elevations along the bottom surface of each beam could be determined. The
same basic system was used for measurements on Span 1 of the Eastbound and
Westbound San Angelo bridges. All of these beams were low enough that measurements
could be made with the instrument at ground level.

Unfortunately, Spans 2, 3, and 4 of the Eastbound San Angelo bridge were too high
to set up the instrument at ground level. Span 2 also crossed the North Concho River,
leaving few setup options for the precise surveying system. These constraints required that
the instrument be placed on the old San Angelo bridge, and that shots be taken from about
30 to 45 m (100 to 150 ft.) away. A relative elevation system was used, with all three shots
(midspan and two ends) for each beam taken from a single instrument setup location. A
man-lift was required to get the surveying rod to the level of the beams, as shown in Figure
3.14. Precision scales were not used on these spans because the divisions were too small
to sight. As a result, the accuracy of the system was reduced to about 0.15 mm (0.06 in.).

After completion of the decks in the San Angelo bridges, measurements were
performed using the relative system on the top surface of the bridge deck. The switch to the
top surface eliminated the requirement for construction equipment used to access the
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underside of the beams, although traffic control may be required for future periodic
measurements. The original accuracy of the precise surveying system was also restored
because site distances were kept short and the precision scales were used. Note that a full
set of readings on the deck surface was taken within minutes of the final set of readings on
the bottom surface of the beams, allowing all future readings to be correlated with previous
readings.

The precise surveying system is extremely cheap if there is access to surveying
equipment, since the precise scales and post level are the only pieces of equipment that
must be purchased. The system is also highly flexible and can be adapted to a variety of
jobsite constraints. Depending on the exact system used, measurements can be performed
very quickly or may take a substantial length of time. The main difficulties associated with
the system are due to wind and bridge slope. Wind can cause delays by vibrating the
instrument and making it difficult to keep the rod vertical. Bridge slope, such as the 3%
grade in some spans of the San Angelo bridges, can reduce accuracy because small
changes in measurement locations can cause noticeable variations in measured elevations.

The greatest advantage of the precise surveying system is certainly its lack of a
baseline measurement requirement. That is, each measurement is independent and does
not need to be compared to a “zero deflection” measurement. The system cannot fail
unless the painted measurement marks are removed. Fortunately, this was not a problem

in this instrumentation program.

33 Data Acquisition

3.3.1 Description of Data Acquisition Systems

Five data acquisition systems (DAS) were custom-built by the researchers as part
of the instrumentation program. Each DAS unit was constructed to be a stand-alone
portable system that could later be installed in one of the completed bridges. Each system
was also automated and contained its own power supply, allowing gauges to be read at time
intervals programmed by the researchers. Equipment for the DAS units was carefully
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selected to be sure that all types of gauges used in the research program — thermocouples,
thermistors, vibrating wire gauges, and resistance strain gauges — could be read by the
systems. The specific components used in the five DAS boxes were supplied by Campbeli
Scientific, Inc.

Figure 3.14 - Use of a Man-Lift to Get Surveying Rod to the Level of the Beams in
Spans 2, 3, and 4 of the Eastbound North Concho River Overpass
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Figure 3.15 - Completed Data Acquisition System (DAS) Box

Each DAS box was fabricated at the Construction Materials Research Group
(CMRG) laboratory. The boxes were constructed using 2x8 lumber for the sides and 19 mm
(0.75 in.) thick plywood for the base and top. Each box measured approximately 680 mm
(27 in.) long, 610 mm (24 in.) wide, and 230 mm (9 in.) deep. Female gauge connectors
were installed on opposite sides of the DAS boxes to allow for connection of gauges in the
field. Hinges and latches were attached to allow the boxes to open and close securely, and
all joints were sealed with silicon to prevent moisture intrusion. A thin strip of foam
weatherproofing along the edge of each box provided added protection. A completed DAS
box can be seen in Figure 3.15.

A schematic of a typical data acquisition system constructed for the instrumentation
program is presented in Figure 3.16. Because the CR10 datalogger has only six differential
or twelve single-ended channels, AM416 relay multiplexers were used to allow up to 16
gauges of the same type to be scanned sequentially through a single differential channel. A
total of 96 gauges could thus be read using a single datalogger. Note that each multiplexer
could accommodate 16 or 32 gauges, depending on the type of gauge. A special vibrating
wire interface was required between the multiplexer and datalogger for each group of 16
vibrating wire gauges. For each set of 16 resistance strain gauges, a quarter bridge
completion circuit was installed between the multiplexer and datalogger.
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Silver-plated Amphenol connectors were used to connect all resistance strain
gauges and vibrating wire gauges to the DAS boxes. A special connector panel was
purchased from Omega Scientific, Inc. for the connection of thermocouples. Each CR10
datalogger was powered by a 12 V power supply and charge regulator that used eight D-cell
batteries. Each datalogger was also connected to a solid-state storage module, which had
the capacity to store up to 150,000 data points. A portable numeric keypad could be
connected to the datalogger and storage module to controlf the DAS.

As mentioned previously, five data acquisition system boxes were constructed for
use in the instrumentation program. The capacities of each box by gauge type are listed in
Table 3.3. Using the datalogger's unique programming language, each box was
programmed to read all gauges at a specific time interval. The time interval could be
adjusted easily using the numeric keypad. Programming and collection of data is discussed
in more detail in Section 3.3.2.

All DAS boxes were designed to be portable so that a box could be connected to
several beams in storage at the precast plant. During several beam castings, a DAS box
was connected to the gauges of a beam, as shown in Figure 3.17. On many occasions,
boxes were left connected to gauges overnight or for a period of several days. In these
instances, boxes were typically protected using a sheet of plastic or polyethylene.

Once beams had been erected, DAS boxes were permanently moved to the jobsite.
Initially, boxes were stored high on an abutment or attached directly a beam or pier cap. A
man-lift or other piece of construction equipment was usually required to access the DAS
boxes, as shown in Figure 3.18. Eventually, all five boxes were modified slightly by moving
the power supply and storage module to a second box, and extending the power and serial
data cables between the original box and the companion box. This modified arrangement is
shown in Figure 3.19 for a DAS box in the Louetta bridge, and in Figure 3.20 for a DAS box
in the San Angelo bridge. The additional boxes were installed 3.0 to 3.7 m (10 to 12 ft.)
above ground level, where they can be accessed by a step ladder. This arrangement

proved to be very convenient, and eliminated the need for construction equipment.
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Figure 3.16 - Schematic of a Typical Data Acquisition System




Figure 3.17 - Gauges Connected to a DAS Box Shortly After Beam Casting

Table 3.3 - Capacities of DAS Systems by Gauge Type

Box ID Location/Spans # ERSG #VW #TC
Channels Channels ' Channels
N Louetta NB 2-3 64 16 16
S Louetta SB 1-2 16 48 32
E San Angelo EB 1-2 32 32 32
X San Angelo EB 34 32 16 32
W San Angelo WB 1 32 32 32

' For each vibrating wire channel, a companion thermistor channel exists
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Figure 3.19 - DAS Box with Companion Access Box (Louetta)
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Figure 3.20 - DAS Box with Companion Access Box (San Angelo)

3.3.2 Programming and Collection of Data

Datalogger programming and collection of stored data was performed with the
assistance of a personal computer and the PC208 [36] software package supplied with the
datalogger. An optically-isolated RS232 interface allowed for communication between the
computer and storage modules, as shown in the schematic diagram of Figure 3.21. The
interchangeable storage modules were essentially used to transport programs and data
between the datalogger in the field and the computer in the laboratory. Programs could be
written and stored on the storage module at the CMRG laboratory, and then uploaded to the
datalogger in the field using the keypad. Likewise, data stored on the storage module in the
field could be downloaded into a computer text file at the laboratory. The purchase of extra
storage modules allowed for constant rotation of modules between the field and the

laboratory.
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PC to Storage Module

RS-232 SM716
Personal Computer Interface Storage Module

Storage Module to Datalogger
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Numeric CR10
Storage Module Keypad Datalogger

Figure 3.21 - Schematic of Program and Data Transfer Between Datalogger and
Personal Computer Using Storage Modules

Figure 3.22 - Switching of Batteries and Storage Modules in the Field
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In each DAS box, the datalogger batteries were periodically replaced and storage
modules switched. For the long-term collection of data in the completed bridges, this
process was typically performed every two to three months. The companion boxes
discussed in Section 3.3.1 were accessed using a ladder, as shown in Figure 3.22. First,
the storage modules were switched and batteries replaced. The datalogger clock was then
checked and reset if necessary, and the correct program was loaded into the datalogger
memory. Although travel to the jobsites was required for this box maintenance, the overall

system worked very well.

3.3.3 Manipulation and Reduction of Data

Raw data values from the datalogger were stored in a CSV (comma-separated
value) format in the order that gauges were scanned. Because this data consisted of raw
voltages, frequencies, and temperatures in an order that was not useful, a short data
manipulation program was written by the researchers. The SORTDTA1 [56] program was
written in the PASCAL computer language, and serves two main functions. The data
program rearranges the data into a useful order, and also performs mathematical
conversion of voltages and frequencies into strain. The modified data file can then be

incorporated into a spreadsheet and combined with other data for analysis.

34 Instrumentation Plans

The instrumentation plans for the Louetta Road Overpass in Houston and the North
Concho River/U.S. 87/S.0.R.R. Overpass in San Angelo are discussed in this section.
Emphasis is placed on numbering and identification, as well as presentation of general
concepts for instrumented components. A summary of the specific Louetta and San Angelo
instrumentation plans is presented at the end of this section. Sketches with gauge locations
for every beam, panel, and cast-in-place deck span with instrumentation are presented in
Appendix A and Appendix B for the Louetta and San Angelo bridges, respectively.
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3.4.1 Gauge Numbering and Identification

Due to the size and complexity of the instrumentation program, complete
identification of each embedded gauge required up to seven pieces of information. These
pieces of identification are discussed briefly below and summarized in Table 3.4. While
complete gauge designations are generally not used throughout this dissertation, they are
discussed here because they were an important part of the instrumentation process. These
designations were used by the researchers to minimize confusion during the fabrication and

installation of gauges, as well as during data reduction and analysis.

Gauge Number - Each gauge was given a unique gauge number based on its location and

type. These numbers were the primary form of gauge identification used during the

instrumentation program.

Beam/Deck/Panel Designation - Each gauge was installed in or near a specific beam or

precast deck panel, or in a certain cast-in-place deck span, which is identified by this
designation. These same beam designations are used throughout this dissertation to

identify beams for which camber and deflection measurements were made.

Gauge Depth - Each gauge was placed at a specific depth within the beam, panel, or cast-
in-place portion of the deck. Some of the exact locations within beams were determined
using transformed section properties for the beam. Locations in the cast-in-place deck are
theoretical depths below the top of the deck, based on deck thicknesses specified in the

project plans.

Gauge Orientation - For strain measurements, some gauges were oriented parallel to the

beams, while other gauges were oriented perpendicular to the beams.

Transverse Location - Gauges placed in Louetta U-beams were placed in the web of the

section specified by this designation. Gauges in the deck were placed in or above precast
panels (between beams or directly over a single U-beam), or directly over the web of a

beam.
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Longitudinal Location - Gauges were generally placed at midspan or quarter-span of a

given beam, or at the end of a span (at an abutment or bent). Additional gauges were

placed in the girders near the beam ends.

Gauge Type - This designation identifies the type of each embedded gauge.

3.4.2 Typical Instrumentation Schemes for Components

3.4.2.1 Prestressed Beams

The basic components to the instrumentation scheme used for prestressed beams
are shown in Figure 3.23. In nearly every instrumented beam, a strain gauge was placed at
the center-of-gravity of pretensioned strands (CGS) for measurement of prestress loss. In
most beams, especially during the later stages of the research program, a vibrating wire
gauge was used at this location because of the necessity for long-term gauge durability. In
selected beams, additional gauges were placed at the CGS at the quarter points of the span
and near the beam ends. These gauges were intended to provide additional measurements
of prestress loss along the girder. Gauges near the beam ends aid not prove to be useful
because the strain at these locations is greatly influenced by the transfer length and
debonding of strands, and the exact locations of supports during girder storage.

In most beams, a vertical profile of six strain and six temperature gauges was
placed at midspan. These gauges allowed for the investigation of the behavior of the
complete cross-section, with respect to both strain and temperature. Additional gauges
were typically placed in the deck above the beam (or beam web in the Louetta U-beams) to
provide additional information about the behavior of the composite section. When vibrating
wire gauges were used for this strain profile, temperature data was provided by the
thermistors that were an integral part of each gauge. When resistance strain gauges were
used for these strain measurements, temperature data was obtained using thermocouples
placed at the same locations.



Table 3.4 - Gauge {dentification Designations

001 to 299
301 to 599
601 to 699
701 to 799
801 to 899
901 to 999

Louetta Beam ERSG, VW, and TC
Louetta Beam TR (=VW # + 300)

Louetta Deck & Panel VW

Louetta Deck & Panel ERSG

Louetta Deck & Panel TC

Louetta Deck & Panel TR (= VW # + 300)

Gauge 1001 to 1099 San Angelo Beam ERSG
Number 1101 to 1199 San Angelo Deck & Panel ERSG
1201 to 1299 San Angelo Beam VW
1301 to 1399 San Angelo Deck & Panel VW
1401 to 1499 San Angelo Beam TR (= VW # + 200)
1501 to 1599 San Angelo Deck & Panel TR (= VW # + 200)
1601 to 1699 San Angelo Beam TC
1701 t0o 1799 San Angika Deck & Panel TC
Beam:
Xmn Where X = bridge, m = span #, and n = beam #
Bridge designations:
N: Louetta Northbound
S: Louetta Southbound
E: San Angelo Eastbound
W: San Angelo Westbound
Example: S25 designates Beam #5 in Span 2
Beam / Panel of Louetta Southbound Overpass
{ Deck
Designation | panetl:
LPn Louetta (SB), Panel # n
SNPn San Angelo Normal (WB), Panel # n
SHPmn San Angelo HPC (EB), Span # m, Panel #n
CIP Deck:
LNm Louetta Northbound, Span m
LSm Louetta Southbound, Span m
SWm San Angelo Westbound, Span m
SEm San Angelo Eastbound, Span m
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Table 3.4 (continued) - Gauge Identification Designation

BF Bottom Flange (2 in. above bottom surface)
CGS c.g. of Pretensioned Strands
CGuU ¢.g. of Noncomposite U-beam
CaGl c.g. of Noncomposite I-shaped (Type IV) Beam
Gauge Depth cGC c.g. of Composite Beam )
T™W Top of Web (at junction between web & flange)
TF Top Flange (2 in. below top surface)
P-n In panel, n inches above bottom of panel
D-n In CIP deck, n inches below top of deck
Gauge L Longitudinal (along beams)
Orientation T Transverse (across beams)
E In or above east web (Louetta U-beams only)
w In or above west web (Louetta U-beams only)
Transverse P In or above center of panel (Beam designation
Location will specify whether over a singie U-beam or
whether between beams. Center of panel
unless noted otherwise.)
M Midspan
xQ Quarter-span (x denotes direction: E,W,N,S)
Longitudinal 4 4 ft. from end of beam
Location B Bearing (approx. 8 in. from beam end)
ABUTm At abutment m, approx. 1 ft. from backwall
BENTm At bent m, approx. 1 ft. from centerline of bent
ERSG Bonded Electric Resistance Strain Gauge
Gauge Type VW Vibrating Wire Strain Gauge
TC Thermocouple
TR Thermistor (integral with \ﬁbrating_; Wire Gauge)
1in.=254mm; 1t =0.3048m
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The exact gauge locations used in the Texas US54 and AASHTO Type IV cross-
sections are shown in Figure 3.24. In the web and top flange, gauges were typically placed
on the inside of the plane of shear reinforcement. In the bottom flange, gauges were
typically placed at the third strand from the outside. These gauges could not be placed any
closer to the centerline of the section because gauges were always placed after all strands
were tensioned. The post-tensioning ducts in the HPC AASHTO Type IV beams also
prevented these gauges from being placed at the centerline of the section.

Since some components of the instrumentation scheme discussed in this section
were not used in every instrumented beam, the specific instrumentation plans varied from
beam to beam. A summary of instrumentation for each beam is presented in Section 3.4.3.
The instrumentation of beams for camber and deflection measurements is also summarized

in that section.

3.4.2.2 Precast Deck Panels

A sketch of the typical instrumentation layout used in precast deck panels is shown
in Figure 3.25. Gauges were usually placed at the center of the panel, with one strain
gauge oriented parallel to the strands (transverse to the beam in the completed bridge), and
one strain gauge oriented perpendicular to the strands (parallel to the beam in the
completed bridge). Each of these gauges was positioned as close to mid-depth of the panel
as possible, with one gauge usually slightly above and one gauge slightly below. Most
strain measurements were made using vibrating wire gauges, because of their improved
long-term reliability over resistance strain gauges. In most panels, thermocouples were
placed at 25 mm (1 in.) and 76 mm (3 in.) above the bottom of the panel to measure
temperature at various depths in the panel.

3.4.2.3 Cast-in-Place Bridge Decks

The basic components of the instrumentation scheme used in the cast-in-place
bridge decks can be seen in Figure 3.26. Longitudinal strain and temperature gauges were
placed above the webs of several instrumented beams to complete the strain or
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temperature profile through the composite section at midspan. In most cases, a vibrating
wire gauge was used for strain and the integral thermistor was used to measure
temperature. In some cases, a combination of resistance strain gauges and thermocouples
were used. Additional temperature measurements were made using thermocouples placed
directly above precast panels between adjacent beam flanges. In conjunction with
thermocouples placed in the panels, these measurements provided a complete temperature
profile through the deck between beams (or between the flanges of a single U-beam).
Additional strain instrumentation included gauges oriented transversely at midspan
to monitor deck strains during static live load tests, and due to long-term shrinkage and
thermal movements. These gauges were typically placed about 50 mm (2 in.) below the
bottom surface of the deck, at locations above three or more adjacent beam webs and the
deck panels between them. Longitudinal strain gauges were also sometimes placed above
beam centerlines near abutments or interior bents. These gauges, which are not shown in
Figure 3.26, were intended to provide information about deck continuity during static live
load tests. Both vibrating wire gauges and resistance strain gauges were used for these

transverse and longitudinal strain measurements.

3.4.3 Summary of Instrumentation Plans

3.4.3.1 Louetta Road Overpass

The basic plan for instrumentation of the Louetta Road Overpass was developed
during the summer of 1994, shortly before the first Louetta U-beam was fabricated in August
of the same year. Instrumentation was placed in specific regions of the Northbound and
Southbound Overpasses, as shown in Figure 3.27. Gauges were then connected to a
permanent data acquisition system box in the completed bridge. Note that all instrumented
beams are labeled in Figure 3.27 using the designation described in Section 3.4.1.

Ten beams had some form of embedded instrumentation, and deflection behavior
was monitored for twelve beams from casting through service. Deflections were monitored
on two additional beams (N34 and N35) after erection at the jobsite to allow for investigation
of deflection behavior across a full span. A summary of all instrumented beams is
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presented in Table 3.5 and Table 3.6 for the Northbound and Southbound Overpasses,
respectively. The instrumentation schemes listed in those tables were discussed in
previous sections of this chapter. The Louetta instrumentation plan is somewhat complex,
as several different arrangements of gauges were used for the prestressed beams. The
plan is further complicated because each U-beam has two webs.

Additional instrumentation was placed in the cast-in-place deck of both the
Northbound and Southbound Overpasses, in the same regions as instrumented beams.
Gauges were aiso placed in three precast panels in Span 1 of the Southbound Overpass.
Specific locations for gauges in beams, panels, and portions of the cast-in-place decks of

the Louetta Road Overpass are presented in the sketches of Appendix A.

3.4.3.2 North Concho River/U.S. 87 / S.0.R.R. Overpass (San Angelo)

The original plan for instrumentation of the North Concho River/U.S. 87/S.O.R.R.
Overpass in San Angelo was developed during the summer of 1995. The plan was modified
during the winter of 1996, prior to fabrication of the first instrumented beams, based on
experiences during the instrumentation of the Louetta Road Overpass. In general, the plan
was simplified and more emphasis was placed on the use of vibrating wire gauges because
of their improved durability. The instrumented areas of the San Angelo bridges can be seen
in Figure 3.28. As in the Louetta Road Overpass, gauges were connected to permanent
data acquisition system boxes in these regions of the compieted bridges.

Ten beams in Spans 1 through 4 of the Eastbound HPC bridge and four beams in
Span 1 of the Westbound conventional concrete bridge contained embedded
instrumentation. Camber and deflection behavior was also monitored on these beams from
casting through service. The deflection behavior of beams without embedded
instrumentation in Span 1 of each bridge was monitored after beam erection, and the
deflection behavior of all beams in Spans 1 through 4 of the Eastbound Overpass was
monitored after the bridge decks were completed. The instrumentation plan for all San
Angelo beams is summarized in Table 3.7 and Table 3.8 for the Eastbound and Westbound

Overpasses, respectively.
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Table 3.5 - Summary of Instrumentation Plan for Beams in the Northbound Louetta

Road Overpass

Strains Temperatures Camber/Deflection
c | E £ ©

@ P s —® g 5
8| £ | =g/ 55|82 | 2| 5| 2| 2
E| 5| 2 | 52| 52158 | 58] 2| 8| @

| 8 @ weE| 65|20 g Eo £
= O o c TR~ £ x
oe . © n = 2 = (o} o o
= -0 | s |la8s 5% @ o Q
o | 221 285|387 28| 2| 5| =
S 1 5| 2|85 | 8o £ | & | %

o a (T -~ g a

® © O

N21 E | ERSG | ERSG TC TW PS PS
N21 | W | ERSG | ERSG | ERSG TC TW PS PS
N22 | E | ERSG | ERSG TW PS PS
N22 | W | ERSG | ERSG TW PS PS
N23 | E TW PS PS
N23 | W TW PS PS
N31 E | ERSG | ERSG TW PS PS
N31 | W |} ERSG | ERSG TW PS PS
N32 | E VW ERSG TW PS PS
N32 | W VW VW TR TW PS PS
N33 | E VW ERSG TW PS PS
N33 | W VW VW TR TW PS PS
N34 | E PS PS
N34 { W PS PS
N35 | E PS PS
N35 | W PS PS

ERSG = Electrical Resistance Strain Gauge; VW = Vibrating Wire Strain Gauge
TC = Thermocouple; TR = Thermistor (Integral Part of Vibrating Wire Gauge)
TW = Tensioned-Wire Defiection System; PS = Precise Surveying Defl. System
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Table 3.6 - Summary of Instrumentation Plan for Beams in the Southbound Louetta

Road Overpass

Strains Temperatures Camber/Deflection

c | E = ®

] o o - ® o c

8| & | So| 25 |82 |3c| 2| £ | 2
512 = | 55| B2 |Bec zd| & | & | &
i - = - £2 |>2 & & D O
m S wn e o= ~ oo EO o v
is} O O o s = 5ol ©5 @S £ o
» &) oo . © =3 2 5 @ o
® = 0 So |85 5< @ a a
o | 22| 25 1987128l 2| 5| =
s 5| =% |5 &8 =%

© 18 | 8 8
S14 | E | ERSG ERSG TC TW PS PS
S14| W TW PS PS
S15 | E VW VW TR TW PS PS
S15 | W VW VW TR TW PS PS
S16 | E | ERSG | ERSG | ERSG' | TC® TW PS PS
S16 | W VW | ERSG TW PS PS
S24 | E TW PS PS
S24 | W TW PS PS
S25 | E VW | ERSG VW TR TC TW PS PS
S25 | W VW | ERSG TW PS PS
S26 | E | ERSG | ERSG TW PS PS
S26 | W VW VW TR TW PS PS

! Additional vertical profile at U-beam diaphragm
ERSG = Electrical Resistance Strain Gauge; VW = Vibrating Wire Strain Gauge

TC = Thermocouple; TR = Thermistor (Integral Part of Vibrating Wire Gauge)

TW = Tensioned-Wire Deflection System; PS = Precise Surveying Defl. System
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Table 3.7 - Summary of Instrumentation Plan for Beams in the Eastbound North

Concho River Overpass (San Angelo)

Strains Temperatures | Camber/Deflection
c c
| o e © -— c
(1] g —_—
5 % | &g| Se gl &l g
2| 5| 38| ¥% 2| 8| B
Beam(s) = . £3 2ag w o 8
N Q= =0 £
Q O > = e 59 @ E S
& O — @© =3 ] © @
® = S o 8= @ a a)
@ - 25 =2 g 5 @
(=) =
= 5 | 24 S5 5| Z| <
o ] T = @
o O
E11,E12 PS PS
E13 VW | ERSG | vwW TR T™W | PS PS
E14 VW | ERSG | vwW TR TW | PS PS
E21,E22,E23 PS
E24 VW | ERSG | ERSG TC TW | PS PS
E25 VW VW TR TW | PS PS
E26 VW | ERSG | ERSG TC TW | PS PS
£31,E32 PS
E33 VW | ERSG | ERSG TC TW | PS PS
£34 VW | ERSG | ERSG TC TW | PS PS
E35 VW | ERSG | wwW TR TW | PS PS
E41,E42 E43 PS
E44 VW | ERSG | wW TR T™W | PS PS
E45 VW | ERSG | ERSG TC TW | PS PS
ERSG = Electrical Resistance Strain Gauge; VW = Vibrating Wire Strain Gauge
TC = Thermocouple; TR = Thermistor (Integral Part of Vibrating Wire Gauge)
TW = Tensioned-Wire Deflection System; PS = Precise Surveying Defl. System
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Table 3.8 - Summary of Instrumentation Plan for Beams in the Westbound North

Concho River Overpass (San Angelo)

Strains Temperatures Camber/Deflection
c c
5 ° © = c
@® d —_ @
g | & |#dg5] B g1 §| 8
= = = o 5 @ 5] =
(e} < o @ 7]
= oL O = o ©
Beam ™ ' £ 3 >o 5 w w O
()] = 0 Q E
-t O L ® Pt} oy & S
® - Lo 0o 8= @ a8 a
> | 2 | 88| =22 S| 5| &
2 > | 9 G5 D > <
o © 3 = @
o O
W11 PS PS
W12 PS PS
W13 PS PS
W14 VW | ERSG | ERSG TC TW PS PS
W15 VW | ERSG | ERSG TC TW PS PS
W16 VW | ERSG | VW TR TW PS PS
W17 VW | ERSG | VW TR TW PS PS

ERSG = Electrical Resistance Strain Gauge; VW = Vibrating Wire Strain Gauge
TC = Thermocouple; TR = Thermistor (Integral Part of Vibrating Wire Gauge)
TW = Tensioned-Wire Deflection System; PS = Precise Surveying Defl. System

Instrumentation was also placed in precast panels and cast-in-place decks in the

areas with instrumented beams. Six panels from the Eastbound Overpass and two panels

from the Westbound Overpass were instrumented. Gauges were placed in the cast-in-place

portions of the deck in Spans 1 through 3 of the Eastbound Overpass and Span 1 of the

Westbound Overpass. The specific locations for gauges in all instrumented components of

the San Angelo bridges are shown in the sketches of Appendix B.
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3.5 Preparation and Field Installation of Instrumentation

This section summarizes the preparation required for instrumentation gauges and
systems at the laboratory, as well as the procedures used to install instrumentation in the
field. Emphasis is placed on the description of the overall process, rather than on specific
details. More detailed descriptions for some of the procedures discussed in this section are
presented by Byle and Burns [35]. Two major issues that heavily influenced the procedures
used for field operations — communication with contractors and travel requirements for the

researchers — are also discussed in this section.

3.5.1 Preparation of Instrumentation

3.5.1.1 Embedded Gauges

All gauges were prepared at the Construction Materials Research Group laboratory
prior to installation in the field. Each type of gauge was prepared as discussed in Section
3.2.2. Vibrating wire gauges required no special preparation, but resistance strain gauges
required extensive preparation. The pieces of steel reinforcing bars to which the gauges
were to be bonded were first prepared by grinding, sanding, and cleaning a small area of
the bar. Gauges were then bonded using a special adhesive epoxy, which was aliowed to
set overnight. Finally, each bonded gauge was waterproofed using layers of butyl rubber,
nitrile rubber, and electrical tape as described in Section 3.2.2.4. Thermocouples were
formed later, after leadwire was cut to length, by twisting thermocouple wire and protecting
the connection with electrical tape as described in Section 3.2.2.1.

The second portion of the instrumentation preparation process involved the
grouping of individual gauges. Leadwire was cut to a specific length for each individual
gauge in a large field near the CMRG lab. After all leadwires for a gauge group were cut
and labeled, the leadwires were spooled as shown in Figure 3.29. Any thermocouples in
the gauge group were then formed, and resistance strain gauges were attached to
appropriate leadwires. Finally, Amphenol or thermocouple connectors were placed on the
other end of the leadwire group for attachment to the data acquisition system box. This
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spooling system evolved over the course of the instrumentation process as the most
efficient way to group and transport fully-prepared gauges. As discussed in Section 3.5.2,
this grouping process also significantly reduced the installation time required at the precast

plant or jobsite.

3.5.1.2 Tensioned-Wire Deflection System

The components of the tensioned-wire deflection system described in Section
3.2.2.6 were fabricated at the Construction Materials Research Group lab, with the
assistance of the machine shop at the Ferguson Structural Engineering Laboratory.
Fabrication of several systems was performed at once to save time. Bearings for the
systems were first fabricated at the machine shop. Meanwhile, anchor bolts for each
component of the system were cut to the proper length and checked for damage to threads.
Bolts for the dead end of the system then had a 0.8 mm (0.03 in.) hole drilled through the
cross-section to accommodate the tensioned wire, as shown in Figure 3.7. Using a lathe,
bolts for the live end were smoothed to the match the inner diameter of the bearings.
Finally, the extension pieces were cut from an aluminum strip using a band saw, and a hole

was drilled into each piece to accommodate the anchor bolt using a drill press.

3.5.2 Field Installation of Instrumentation

3.5.2.1 Prestressed Beams

The complexity of the beams in both projects — including the skewed end blocks,
post-tensioning ducts, extra anchorage zone reinforcement, and large number of debonded
strands — increased the average beam fabrication cycle from two days to about one week.
About three to four days before casting, strands were tensioned and debonding was applied
to selected strands. Split plastic tubing and special tape were used for the debonding
process. After all strands were tensioned and debonded, and usually about two days before
casting, placement of the mild steel reinforcement would begin. The installation of
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embedded instrumentation in prestressed beams was generally performed after this
procedure was complete, since the steel reinforcement was used as a framework for the
placement of gauges. The researchers found that this sequence minimized the potential for
inadvertent damage to instrumentation during the beam fabrication process.

To begin the installation of embedded instrumentation, the group of gauge wires
was unspooled alongside the beam and any major knots in the leadwire were untangled.
Then, gauges were placed into the locations shown in Figure 3.24 using the strands and
stirups as framework. The process of placing a gauge is shown in Figure 3.30. Where
necessary, short #3 steel reinforcing bars were tied to the stirrups at the correct depth. A
complete set of gauges through the depth of a beam can be seen in Figure 3.31.

Nylon cable ties were then used to secure the leadwires to the steel framework.
Wires were run up the stirrups, and then along the longitudinal reinforcement in the top
flange to the beam ends, as shown in Figure 3.32. Although these wires may seem to be
unprotected from damage due to internal vibrators, the researchers and fabricator made a
conscious decision to run the wires in the top flange. There was a general feeling that a
greater chance of damage was present if wires were run in the beam webs, since the wires
would not be visible to workers during casting. At the beam ends, gauge wires were either

connected to a data acquisition system box, or rolled up and protected in a plastic bag.

Figure 3.29 - Spooling of Leadwire for a Group of Gauges
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Placement of an Embedded Gauge in a Beam

3.30 -

Figure

Figure 3.31 - Complete Group of Gauges at Midspan of a Beam
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Figure 3.32 - Leadwires Tied to Reinforcement in the Top Flange of a Beam

After the installation of embedded gauges was complete, the fabricator erected
forms and prepared for casting the next day (or later the same day). The casting operation
is not discussed in this dissertation, but is discussed by Myers and Carrasquillo [88].
Beams were cured overnight under tarps, and release strengths were generally obtained in
about 18 to 24 hours. However, a few beams that were cast on Saturday were cured for two
nights. During cool weather, steam was used to maintain a desirable ambient temperature
under the tarps, but not to accelerate curing.

Forms were generally removed shortly after release strengths were obtained.
External beam instrumentation was then installed, including the tensioned-wire deflection
system and, in some cases, DEMEC mechanical strain gauge points. For the tensioned-
wire deflection system, bolt holes were drilled using a hammer drill. Bolts were then
installed and secured, and the precise scale was attached using the aluminum extensions,
five-minute epoxy gel, and clamps. The piano wire was then strung between the beam
ends. If the DEMEC system was used, other members of the research team would
simultaneously fix points to the side of the beam using five-minute epoxy gel. These points
were then allowed to set for at least 15 to 20 minutes.

A full set of readings on both internal and external instrumentation was taken just
before release. Once these readings were complete, the fabricator gradually released the
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tension in the strands by slowly reducing the hydraulic pressure in the stressing system,
which is the procedure required by the Texas Department of Transportation for the release
of all their pretensioned beams. When the pressure was completely released, the
extensions of detensioned strands were flame cut near each beam end. A complete set of
readings was taken immediately after this flame cutting procedure. Beams were removed
from the bed and placed into storage after the readings were complete, or the next morning

if it was late in the day.

3.5.2.2 Precast Deck Panels

A few precast prestressed deck panels from each bridge were fitted with embedded
instrumentation. For convenience, all instrumented panels of each type — Louetta HPC,
San Angelo HPC, and San Angelo non-HPC — were fabricated during a single pour.
Vibrating wire or resistance strain gauges were tied to the strands and panel reinforcement
as close to the center of the panel as possible. Thermocouples were placed at specific
depths in the panel by pre-attaching them to a small piece of 6 mm (0.25 in.) diameter steel
rod, and then tying the rod to the strands and panel reinforcement. Gauge wires were tied
to the reinforcement using nylon cable ties, and run toward the edge of the panel.

Selected gauges were connected to the DAS box during casting, which was stored
alongside the casting bed and wrapped in plastic for protection. Gauge wires that were not
connected during casting were rolled up and stored in plastic bags. Panels were generally
cured overnight and released the next morning. HPC panels for the Louetta bridge were
cured under tarps, while all panels for the San Angelo bridge were cured by pooling water
over the finished concrete panels. A full set of readings was taken on all embedded gauges

just before and just after the release of prestress.

3.5.2.3 Cast-in-Place Bridge Decks

The same spooling system used for grouping beam gauges discussed in Section
3.5.1.1 was used to transport gauges for the cast-in-place decks. As with the prestressed
beams, cast-in-place deck gauges were installed after all steel reinforcement was in place.
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This allowed the reinforcement to act as a framework for the placement of gauges. Above
deck panels, gauges were typically tied directly to the transverse deck reinforcement. A
thermocouple installed directly on the reinforcement above a deck panel can be seen in
Figure 3.33. Where necessary, small pieces of reinforcement were tied to existing
reinforcement to support gauges. Gauges directly above beams were sometimes tied to
stirrups or to the short lengths of strand protruding from precast deck panels. Two vibrating
wire gauges installed directly above a beam can be seen in Figure 3.34.

Gauge wires were run along the top of the longitudinal reinforcement toward the
location of a DAS box at the abutment or interior bent. Although it would have been
desirable to run wires undemeath the transverse reinforcement, this was not done because
it would have required that each wire be fed under each transverse bar. Instead, wires were
tied down every 0.6 to 0.9 m (2 to 3 ft.) using nylon cable ties, and marked using fluorescent
orange spray paint. The paint was intended to make the wires stand out to assist workers in
protecting them during the deck pour. An example of leadwires that have been tied down
and marked is shown in Figure 3.35. At a location near the abutment or bent, the leadwires
were run through holes cut into the deck formwork. As can be seen in Figure 3.36, this

allowed the wires to be brought under the deck for hookup to the DAS box.

Figure 3.33 - Thermocouple Tied to Cast-in-Place Deck Reinforcement
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Figure 3.35 - Leadwires Tied to Reinforcement in Cast-in-Place Deck
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Figure 3.36 - Leadwires Run Through Holes in Deck Formwork Near DAS Box

Since gauges were installed using the deck reinforcement as framework, and the
exact depth of the reinforcement within the cast-in-place portion of the deck varies in each
bridge, the distance of each gauge location above or below the top of the deck panels was
measured and recorded. Measurements were aiso taken from the top surfaces of beams to
the tops of the precast panels. Combined with measurements of average deck thicknesses
provided by the TxDOT field engineers, the location of each gauge within the deck can be
determined. Tables summarizing these measurements for all cast-in-place deck gauges
may be found in Appendix C. These measurements were recorded for all cast-in-place
deck pours with embedded instrumentation, except for the Northbound Louetta Road

Overpass.

3.5.3 Coordination of Efforts Between Researchers and Contractors

In field research projects, communication and cooperation between the researchers
and contractors is absolutely essential. Each party has its own interests: the researchers
want to run a successful scientific research program, while the contractor wants to construct
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a bridge in an efficient manner without costly delays. Scheduling thus becomes a key issue
in satisfying the needs of both parties. Furthermore, the parties can work together to soive
unexpected problems that arise with respect to the research needs. In both the Louetta and
San Angelo projects, pre-bid and pre-construction partnering meetings, which also involved
representatives of TxDOT, helped ensure a healthy relationship between all parties.

Scheduling was an extremely important issue in both projects because of the long
distances that the researchers had to travel between Austin and the jobsites or precast
plants. As discussed in Section 3.5.2, the researchers needed to install instrumentation at a
specific stage of the construction process. Good communication with the contractor or
fabricator enabled the researchers to plan travel as far in advance as reasonably possible.
Still, the nature of the construction process does not lend itself to perfect scheduling, so
flexibility on the part of both parties was essential. Scheduling issues were also dealt with in
a practical manner, by arranging the beam and panel casting sequence such that delays
due to instrumentation were minimized. For example, the beam casting sequence called for
most pours with instrumentation to include two instrumented beams, rather than one or
three beams. This allowed researchers to reduce the number of instrumented pours without
significantly increasing the delay on each pour.

Every effort was made by the researchers to minimize the delays to the contractors’
normal schedules caused by the instrumentation process, without sacrificing the quality of
the research program. As discussed in Section 3.5.1 and Section 3.5.2, gauges were
grouped at the laboratory using a spooling system. This significantly reduced the time
required to install gauges in the field, thereby reducing delays to the contractor's schedule.
A strong effort was also made to have enough members of the research team on hand for
each step of the instrumentation process, although this was difficult to arrange in some
cases because of the amount of travel involved.

Delays were also minimized by keeping the contractors and fabricators aware of the
steps involved in each aspect of the instrumentation process, so that the contractors could
make necessary arrangements. Contractors often helped the researchers by supplying
construction equipment, such as man-lifts, generators, and hammer drills. When
unexpected problems arose regarding the installation or reading of instrumentation, the
researchers and contractors often worked together to come up with a satisfactory
alternative. Through the duration of this research program, communication and cooperation

between the researchers and the contractors proved to be a valuable asset.
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130 mi. (2.25 br)

Figure 3.37 - Travel Distances from Austin to Jobsites and Precast Plants

3.54 Travel

One of the greatest difficulties associated with the research program was dealing
with the many hours of travel required for implementation of the research plan. Long trips
were required fo install instrumentation or data acquisition system boxes, to make
companion specimens during concrete pours, and to make measurements on the completed
components or completed bridge. Several overnight trips were made, but most trips were
day trips to accommodate the schedules of the different members of the research team,
especially with respect to coursework. Therefore, trips usually involved leaving very early in
the moming and returning late in the evening.

The mileage and typical travel times from Austin to the jobsites and precast plants
are shown in Figure 3.37. Based on informal records kept by the researchers, it is
estimated that 125 trips were made to the various sites as part of the instrumentation
program. The total mileage traveled on such trips, which do not include trips for project
meetings and presentations, was approximately 64,000 km (40,000 mi.). It is also estimated
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that over 3500 man-hours were spent outside of Austin on the research program, and that
approximately 45% of that time was spent just travelling to and from the various jobsites and
precast plants. Simply put, travel requirements made execution of the instrumentation plan

a monumental task.

3.6 Problems Encountered

Problems invariably arise during field research projects, in large part because the
researchers do not control the environment in which the research is being conducted.
Furthermore, measurements and readings may generally be taken only once, and if
problems occur, data is usually lost. There is generally no practice run, and generally no
second chance. Some of the problems inherent to the instrumentation systems used in this
research program have been discussed throughout this chapter. Probiems due to more

specific occurrences are discussed below, and have been separated into five groups.

3.6.17 LostData

There were a few instances in which data was not collected by the data acquisition
system boxes. It is assumed that either the datalogger program was not activated, or that
there was a battery failure. The most notable and important occurrence of this type of
problem was for the zero readings on a few beams just prior to release. On a few other
occasions, data was collected by the datalogger, but the data for certain gauges was
missing. This most likely occurred because the connectors between the leadwires and DAS
box were not fully connected. These problems clearly show one of the biggest deficiencies
of the data acquisition systems — the lack of real time data output.

A second type of problem with the DAS boxes occurred when data on the storage
module was lost because it was overwritten by new data before it could be downloaded.
This occurred because the storage modules have circular memory, and because an error
was made in calculating the capacity of the storage moduie. Circular memory means that
once the data storage capacity is reached, the oldest data is overwritten by new data. The
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error in capacity was due to an oversight that the data was being stored in high-resolution
format, which requires two data locations per measurement value. As a result, some data
was lost in the Fall of 1996 from the casting of the Northbound Louetta and San Angelo
Westbound Span 1 cast-in-place decks. This error was later corrected when it was
discovered that the storage modules could be programmed to stop recording data when

capacity has been reached, and this error did not occur again.

3.6.2 Damage to instrumentation

Unfortunately, some unexpected damage to instrumentation occurred in addition to
the normal expected losses of some gauges during casting and over time. During
transportation of the Louetta beams to the jobsite, the leadwires for two full groups of
gauges were damaged by a chain or other piece of heavy equipment. One group of these
wires were thermocouples, and were easily repaired in the field using thermocouple
connectors, but the other group of vibrating wire gauges could not be repaired. There was
also some difficulty during the first cast-in-place deck pour, that of the Northbound Louetta
Overpass, in keeping deck gauges in place during the casting process. A modification was
thus made to the installation process to make gauges more stable for the future deck pours.
The modified procedure was discussed in Section 3.5.2.3, and involved using extra pieces
of reinforcement where necessary for the support of gauges.

At several times during the storage of beams at the precast plant, pieces of the
tensioned-wire system were stolen. Although this usually involved unimportant clamps that
were not critical to the system, some rulers were removed between the last reading in
storage and the arrival of beams at the jobsite. This problem was overcome by switching to
the precise surveying system for the erected beams. Another problem occurred when water
seeped into a DAS box that was set up to record readings on a beam in storage for several
consecutive days. The box was wrapped and covered in plastic, but a strong storm
damaged the plastic and allowed the box to get wet. Although no permanent damage to
that particular DAS box was apparent, the box has exhibited erratic behavior at a few times
in the completed bridge.
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3.6.3 Cracking of Concrete

Cracking of concrete also presented a problem at certain stages of the
instrumentation program. Cracks that form at or very close to a gauge significantly
influence the output of that gauge by introducing apparent tensile strains due to the growth
of the crack over the gauge length. Likewise, apparent compressive strains may be
registered when a crack at or near a gauge closes. In several of the San Angelo beam
pours, concrete cracking occurred while the beams sat on the casting bed prior to the
release of prestress force. This cracking and its impacts are discussed in several later
chapters of this dissertation, but it is important to note here that in some cases concrete

cracking had a significant impact on the gauge readings.

3.6.4 Mislabeling and Misplacement of Gauges and Beams

In a few isolated cases, gauges for two beams were switched during the installation
of instrumentation at the precast plant. Because this occurred only with identical sets of
gauges, there was no significant impact other than that the leadwire lengths were too long
or short as a result. There was also a case where two beams were switched during the
erection process. Since the beams were identical except for embedded instrumentation
gauges, the contractor had simply assumed that they could be placed in any spot within the
span. A note of the switch was made by the researchers and data recorded appropriately,

so there was no significant impact as a result of the switch.

3.6.5 Other

In general, the other problems encountered during this research program were a
result of scheduling and communication difficulties. The Louetta precast pier segments
were initially going to be fitted with instrumentation to measure long-term strains, but the
fabricator did not notify the researchers of the casting date before segments were cast.
Readings of camber and deflection just before beam erection were also missed on a few
beams in the San Angelo project, because there was a miscommunication between the
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contractor and the researchers about the schedule. It should be noted that these types of
problems were not a common occurrence during the research program, since

communication between the contractors and researchers was very good overall.

3.7 Durability of Embedded Gauges

An important part of the instrumentation process is the assessment of the reliability
and durability of the types of instrumentation used in the research program. Throughout this
chapter, comments on general durability trends have been made. Toward the end of the
research program, a quantitative survey was performed to verify these trends. Data from all
518 embedded gauges used in the instrumentation program was examined to determine
whether each gauge was providing reliable measurements at casting, 60 days after casting,
one year after casting, and as of the date of the survey in March 1998. The results of this
survey are shown graphically in Figure 3.38. .

The overall performance of thermocouples and vibrating wire gauges was very
good. Most of the damage to these gauges occurred during casting, or at later ages when
the leadwires to an entire group of gauges were damaged or disconnected. For example,
the leadwires for an entire set of six vibrating wire gauges in one of the Louetta U-beams
were inadvertently cut during transportation of the beams to the jobsite. Also, a few beam
thermocouples were consciously disconnected by the researchers to make room for
additional vibrating wire gauges in the deck. These instances explain most of the decrease
in durability for thermocouples and vibrating wire gauges after casting.

Resistance strain gauges, on the other hand, did not show good long-term
durability. More gauges of this type were damaged during casting, as expected, because of
they are susceptible to water damage and have an extra leadwire splice, as discussed in
Section 3.2.2.4. Furthermore, these gauges tended to break down over time and provide
unreliable readings. Only 36% of resistance strain gauges were providing reliable readings
after one year, making these gauges inappropriate for long-term measurements. The use of
resistance strain gauges in future field research projects is not recommended, especially

where long-term data acquisition is desired.
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Figure 3.38 - Durability of Embedded Gauges



4 CHAPTER FOUR: MATERIAL PROPERTIES

4.1 introduction

4.1.1 General

Measured material properties and concrete mix proportions are presented in this
chapter for all superstructure components of the Louetta and San Angelo bridges. The
purpose of this chapter is to summarize data collected on those material properties that
were utilized in analyses of structural behavior. Myers and Carrasquillo [88] present a more
elaborate discussion of the quality control/quality assurance program for the construction of
the two bridges. For each material property, a summary of important measured values is
given, followed by the results of regression analyses fit to the measured data. Both
measured data values and regression curves developed from the measured data were used
in the various analyses of structural behavior discussed throughout this dissertation.

Material properties discussed in this chapter include compressive strength, modulus
of elasticity, creep, shrinkage, and coefficient of thermal expansion. Compressive strength
and modulus of elasticity measurements were primarily performed within the materials
subdivision of these research projects, and thus are only summarized here. The
measurement program for those properties is discussed in detail by Myers and Carrasquillo
[88]. The creep, shrinkage, and thermal expansion tests discussed in the later portions of
this chapter were conducted primarily within the structures subdivision of these research

projects, and are therefore discussed in more detail here.

4.1.2 Classification of Concrete Mixes

A total of eleven concrete mixes were used in the superstructures of the Texas HPC
bridges, including four for the Louetta Road Overpass in Houston and seven for the North
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Concho River Overpass in San Angelo. For purposes of discussion in this chapter, these
eleven mixes are subdivided into two sets. Mixes corresponding to prestressed beams and
precast prestressed deck panels are designated as “precast” mixes, while those
corresponding to the various bridge decks cast at the jobsites are designated as “cast-in-

place” mixes. The six precast mixes include the following:

e Louetta Northbound and Southbound HPC Prestressed Beams
e San Angelo Eastbound HPC Prestressed Beams

» San Angelo Westbound Non-HPC Prestressed Beams

o L ouetta Northbound and Southbound HPC Precast Deck Panels
e San Angelo Eastbound HPC Precast Deck Panels

e San Angelo Westbound Non-HPC Precast Deck Panels

The five cast-in-place mixes include the following:

o Louetta Northbound HPC Bridge Deck

e Louetta Southbound HPC Bridge Deck

e San Angelo Eastbound HPC Class K Bridge Deck

e San Angelo Westbound (Spans 1-5) HPC Modified Class S Bridge Deck

e San Angelo Westbound (Spans 6-9) Non-HPC Standard Class S Bridge Deck

As discussed in Section 1.2, concrete may be classified as HPC based on both
strength and durability properties, but the HPC designation does not always define whether
it is strength (and) or durability properties that are of concemn. Thus, some HPC concrete
used in these two projects was HPC for strength, some was HPC for durability, and some
was HPC for both strength and durability. For simplicity, the term HPC is used throughout
this dissertation to refer to any of the these three combinations. The purpose of Table 4.1 is
to further classify the eleven mixes discussed throughout this dissertation in terms of their
strength and durability HPC designations.
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Table 4.1 - HPC Classifications for Strength and Durability

HPC for HPC for

Strengﬁ Durability
Precast Mixes
Louetta NB/SB HPC Prestressed Beams Yes No
San Angelo EB HPC Prestressed Beams Yes No
San Angelo WB Non-HPC Prestressed Beams NoT No
Louetta NB/SB HPC Precast Deck Panels Yes Yes
San Angelo EB HPC Precast Deck Panels Yes Yes
San Ang_;elo WB Non-HPC Precast Deck Panels No No
Cast-in-Place Mixes
Louetta NB HPC Deck No Yes
Louetta SB HPC Deck Yes Yes
San Angelo EB HPC Class K Deck Yes Yes
San Angelo WB HPC Modified Class S Deck No Yes
San Angelo WB Non-HPC Standard Class S Deck No No
T The Westbound San Angelo prestressed beam concrete was not designated
as HPC because it is representative of standard concrete produced by the
precast/prestressed industry in Texas. By some definitions, its design
compressive strength (8900 psi [61.4 MPa]), would classify it as HPC.

4.2 Mix Proportions and Fresh Concrete Properties

The concrete mix proportions for the eleven components listed in Section 4.1 are
presented in Table 4.2, Table 4.3, Table 4.4, and Table 4.5. Fresh concrete properties,
including water-to-binder ratio, slump, air content, and unit weight, may also be found in
these tables. The listed release and design compressive strengths are those required for
quality control acceptance by TxDOT. Design compressive strengths were specified at 28
days for non-HPC and at 56 days for HPC. The use of 56-day tests for HPC is intended to
allow fabricators to make use of the strength gain that some HPC exhibits after 28 days.
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Louetta NB/SB | San Angelo EB | San Angelo WB
HPC Beams HPC Beams Non-HPC
Beams
Mix Proportions
Coarse Aggregate, Type Crushed Crushed Crushed
Dolomitic Dolomitic River
Limestone, Limestone, Gravel,
“2 in. max Y2 in. max % in. max
Quantity 1919 Iblyd® 1863 Ibfyd? 1998 Iblyd?
Fine Aggregate 1086 Ib/yd® 1062 Iblyd® 1160 Iblyd?®
Water 248 lblyd® 246 Iblyd® 196 Iblyd®
Cement, Type Type llI Type 1l Type il
Quantity 671 Iblyd® 671 Iblyd® 526 Iblyd?®
Fly Ash, ASTM Class C 315 Iblyd?® 312 Iblyd® 196 Ib/yd®
% Replacement by Weight 32% 32% 27%
Retarder, ASTM Type D 27 ozlyd® 28 oz/yd® 16 oz/yd®
HRWR, ASTM Type F 200 oz/yd?® 200 oz/yd?® 159 oz/yd?®
Air Entrainer, ASTM C260 None None None
Fresh Concrete Properties
WI/(C+FA), by weight 0.25 0.25 0.27
Slump 8to10in. 6to9in. 7to 8in.
Total Air 0.9% * 0.9% * 0.9%*
Unit VEght 153.9 Ib/ft 152.9 Ib/ft 149.3 |b/ft?
Required Release and Design Compressive Streq_gths
Release Strength (psi) 6900 - 8800 8000 - 8100 4000 - 6600
Design Strength (psi) ** 9800 - 13100 13000 - 14000 5000 - 8900
* No entrained air
** 28 days for non-HPC mixes, 56 days for HPC mixes
1 Iblyd® = 27 Ib/ft® = 0.593 kg/m®; 1 oz/yd® = 0.0388 L/m®
1in.=25.4 mm; 1 psi=0.006895 MPa




Table 4.3 - Mix Properties for Precast Deck Panels
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Louetta NB/SB | San Angelo EB | San Angelo WB
HPC Panels HPC Panels Non-HPC
Panels
Mix Proportions
Coarse Aggregate, Type Crushed Crushed Crushed
River Gravel, Limestone, Limestone,
Y in. max 1in. max 1in. max
Quantity
1983 Ib/yd?® 1844 Iblyd?® 1888 Ib/yd®
Fine Aggregaie 1109 Iblyd?® 1356 Iblyd® 1457 Iblyd®
Water 228 Iblyd® 251 Iblyd® 275 Iblyd?®
Cement, Type Type (il Type lll Type (i
Quantity 565 Ibfyd® 658 Iblyd® 563 Iblyd®
Fly Ash, ASTM Class C 164 Iblyd® None None
% Replacement by Weight 22% None None
Retarder, ASTM Type D 23 ozlyd® 79 ozlyd® 49 oz/yd3
HRWR/WR 170 oz/yd® @ 300 oz/yd® * 257 ozjyd® *
Air Entrainer, ASTM C260 None None None
Fresh Concrete Properties
WI/(C+FA), by weight 0.31 0.38 0.49
Slump 7 to 8in. 5to6in. 6to7in.
Total Air 20%* 1.5% * 1.5% *
Unit Weight 149.9 Ib/ft® 150.9 Ib/ft 150.7 Ib/ft
Required Release and Design Compressive Strengths
Release Strength (psi) 6000 4000 4000
Design Strength (psi) ™ 8000 6000 5000

* No entrained air

** 28 days for non-HPC mixes, 56 days for HPC mixes

@ ASTM Type F HRWR;

* ASTM Type D WR

1 Iblyd® = 27 Ib/ft® = 0.593 kg/m®; 1 oz/yd® = 0.0388 L/m®

1in. =254 mm;

1 psi = 0.006895 MPa




Table 4.4 - Mix Proportions for Louetta Cast-in-Place Decks

Louetta NB HPC

Louetta SB HPC

Deck Deck
Mix Proportions
Coarse Aggregate, Type Crushed Crushed
Limestone, Limestone,
1% in. max 1in. max
Quantity 1856 Ib/yd® 1811 Iblyd®
Fine Aggregate 1243 Iblyd® 1303 Iblyd®
Water 229 Iblyd? 244 |blyd®
Cement, Type Type | Type |
Quantity 383 Iblyd® 474 Iblyd®
Fly Ash, ASTM Class C 148 Iblyd® 221 iblyd®
% Replacement by Weight 28% 32%
Retarder, ASTM Type D 45 oz/yd® 22 ozlyd®
HRWR, ASTM Type F None 122 ozlyd®
Air Entrainer, ASTM C260 2.1 ozlyd® None
Fresh Concrete Properties
W/(C+FA), by weight 0.43 0.35
Slump 3to4in. 8to9 ¥2in.
Total Air 5.0% 0.9% *
Unit Weight 143.2 Ib/ft 150.2 b/t
Required Dengn Compressive Strengths
Design Strength (psi) ** 4000 8000

* No entrained air

** 28 days for non-HPC mixes, 56 days for HPC mixes
1 Iblyd® = 27 Ib/ft® = 0.593 kg/m3; 1 oz/yd®=0.0388 L/m*
1in.=254 mm; 1 psi=0.006835 MPa
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Table 4.5 - Mix Properties for San Angelo Cast-in-Place Decks

San Angelo EB | San Angelo WB | San Angelo WB
HPC Class K HPC Modified Non-HPC
Deck Class S Deck Standard Class
S Deck
Mix Proportions
Coarse Aggregate, Type Crushed River Crushed River Crushed River
Gravel, Gravel, Gravel,
1 % in. max 1% in. max 1 Y4 in. max
Quantity
1900 Ib/yd?® 1856 Ib/yd® 1856 Iblyd?®
Fine Aggregate 1366 Ib/yd® 1239 Iblyd® 1243 Iblyd®
Water 219 Ibyd® 258 Iblyd® 258 Iblyd®
Cement, Type Type Il Type ll Type I
Quantity 491 Iblyd® 427 Iblyd® 610 Iblyd®
Fly Ash, ASTM Class C 211 Ib/yd? 184 Iblyd® None
% Replacement by Weight 30% 30% None
Retarder, ASTM Type D 28 oz/yd® 26 oz/yd® 26 oz/yd®
HRWR, ASTM Type F 156 oz/yd® None None
Air Entrainer, ASTM C260 3.1 oz/yd® 3.1 ozlyd® 3.1 ozfyd®
Fresh Concrete Properties
W/(C+FA), by weight 0.31 0.42 0.42
Slump 7to9in. 3to4din. 3to4in.
Total Air 6.0 % 6.0 % 6.0 %
Unit Wei@t 149 .4 b/t 145.3 b/t 145.6 Ib/ft
Required Desi_gﬁn Compressive Strengt__hs
Design Strength (psi) ** 6000 4000 4000
** 28 days for non-HPC mixes, 56 days for HPC mixes
1 Iblyd® = 27 Ib/f® = 0.593 kg/m?, 1 oz/yd® = 0.0388 LUm?
1in. =254 mm; 1 psi=0.006895 MPa
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4.3 Compressive Strength

4.3.1 Background

Compressive strength is probably the most fundamental strength-related property of
hardened concrete. Numerous attempts have been made to correlate several other material
properties to compressive strength, including modulus of elasticity, split-tensile strength,
and modulus of rupture. Many, if not most, HPC's exhibit high compressive strengths.
Concretes classified as HPC for strength are, by definition, high in compressive strength.
Concretes classified as HPC for durability often indirectly exhibit high compressive
strengths as a result of their mix composition and proportions.

The proper combination of conventional materials with mineral and chemical
admixtures, including fly ash, silica fume, and high-range water reducers (HRWR), can
result in concrete with high compressive strengths. Several references [9,10,71,94,121]
discuss mix proportioning to obtain HPC with high compressive strengths. Myers and
Carrasquillo [88] present a discussion of the material selection and mix proportioning for
various components of the Texas HPC bridge projects discussed in this dissertation.

Based on the work of Branson et. al. {26,27], ACI Committee 209 [8] recommends
the following expression for the prediction of compressive strength at any time t in days, as

a function of the 28-day compressive strength:
(Fo ) =——(F')
c/t a+bt c/28

Equation 4.1

The parameters a and b are dependent on the composition of the concrete and the method
of curing, and can be determined from a nonlinear regression analysis of measured data.
Typical values of a and b for various combinations of cement type and curing method may
be found in the ACI 209 Committee Report [8]. These values were developed using a
database of test results from the 1950’s and 1960’s on normal-weight, sand-lightweight, and
ali-lightweight concretes with compressive strengths of less than 42 MPa (6000 psi) [26,27].
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Table 4.6 - Curing Regimes Used for QC/QA Investigations

Curing Regime
(Abbreviation)
ASTM C31 (ASTM) 73 °F (23 °C) room (plastic molds) | water tank with lime

TxDOT official quality
control cylinders (TxDOT)

Member-cured cylinders

Before Release ! After Release

alongside member (steel molds) water tank with lime

alongside member (plastic molds) alongside member

(MC)
Sur'e-Cure brand mat;:h cured in special insulated molds to alongside member
curing system (SC) same temperature as member

' For cast-in-place decks, “Before Release” corresponds to initial hydration period,

usually overnight.
2 Used for HPC prestressed beams only.

4.3.2 Method of Measurement

Concrete compressive strength was monitored on all pours corresponding to bridge
instrumentation as part of the quality control/quality assurance program conducted by Myers
and Carrasquillo [88]. All measurements were made on 100 x 200 mm (4 ix 8 in.)
companion cylinders according to the testing procedure outlined in ASTM C39 [20], except
that neoprene pads and steel caps were used at the cylinder ends. Testing was performed
with a 2720 kN (600 kip) capacity Forney testing machine at the CMRG laboratory in Austin,
except for cylinders corresponding to the release of prestressed beams, which were tested
at the precast plant in Victoria.

Four unique curing regimes were used for quality control investigations. Table 4.6
lists each curing regime with a brief description of the curing method used before and after
release. For the purpose of the work in this dissertation, it was desirable to model the
curing of the cylinders as closely as possible to the curing of the actual members (beam,
panel, or deck). Therefore, compressive strengths presented in this dissertation are not
based on ASTM C31 [19] cylinder curing standards (unless otherwise noted).

Generally, a match curing system best models the hydration of the actual member
by controlling the curing temperature of the cylinders to match that of a thermocouple placed

in the member. In the Texas HPC projects, the Sure-Cure brand match curing system was
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used during the casting of most HPC prestressed beams. However, since a limited number
of Sure-Cure molds were available and several locations in each member were being
modeled for quality control purposes, there were usually not enough Sure-Cure cylinders
available to perform testing at all desired ages. All compressive strength data presented
and utilized in this dissertation is thus based on member-cured cylinders, with the exception
of most data at release of HPC prestressed beams. The member-cured cylinders
reasonably follow the long-term curing of the actual members since they are stored with the
member at all times. However, the member-cured cylinders do not experience the early-age
hydration effects related to the mass of the member itself. Because this mass-related
nydration is extremely important in HPC members and because the data was available,

Sure-Cure strengths were used for all HPC beams at release of prestress.

4.3.3 Measurements

In general, measurements of compressive strength were made at release of
prestress (where applicable), and at ages of 7, 28, and 56 days. A summary of measured
strengths at release of prestress and at 28 or 56 days is presented in Table 4.7 for precast
mixes and Table 4.8 for cast-in-place mixes. Required release and design strengths for
each mix are also listed in the tables. Note that for HPC mixes, the required design strength
is specified at 56 days rather than the standard 28 days. This modification allows the
fabricators and contractors to make use of the long-term strength gain after 28 days, which
could be critical for HPC with high strengths.

For a few of the mixes in Table 4.7 and Table 4.8, the listed measured compressive
strength is less than the required compressive strength. However, the required strengths
are based on official TxDOT cylinders, while the measured strengths listed in the tables are
for member-cured cylinders (in most cases). TxDOT cylinders typically exhibit higher
strengths than member cured cylinders at release because they are cured in steel molds,
which retain heat better than plastic molds. Furthermore, TxDOT cylinders exhibit higher
long-term strengths than member-cured cylinders because they are cured in a water tank
after the molds are stripped. For mixes corresponding to instrumented components, all
official quality control tests using TxDOT cylinders resulted in measured strengths

sufficiently higher than required strengths.



Table 4.7 - Summary of Compressive Strength Data for Precast Mixes

|25 85 |s-| BE| BT
Component Casting | 52 22 | < E 32| 3>
Date Ss| 85| 8=] §° s e)o
x+-| s% |2 x5 =5
Louetta HPC Beams
Beam N23 9/23/94 | 7700 | 110707 19 | 11600 | 11500*
Beams S16, N22 9/30/94 § 7700 | 8710% | 24 | 11600 | 13290
Beam S26 10/7/94 | 8800 | 11100" | 1685 | 13100 | 13560
Beams N21, N31 10/28/94 § 8800 | 10890% 27 | 13100 | 14820
Beams S24, S25 11/10/94 | 7700 | 103207 24 | 11600 | 13410*
Beams N32, N33 2/15/96 | 7700 | 10470 27 | 11600 | 13630
Beams S14, S15 2/26/96 | 7700 | 109907 28 | 11600 | 14320
San Angelo EB HPC Beams
Beam E25 4/1/96 8100 | 9790 27 | 13500 | 14830
Beams E13, E14 2/19/97 | 8100 | 10780 | 28 | 13000 | 13700
Beams E24, E26 3/8/97 8000 | 130707 50 | 14000 | 14240
Beams E33, E34 3/22/97 | 8000 | 12390" | 46 ] 13800 | 13750
Beam E35 3/29/97 | 8000 | 11340 | 46 | 13800 | 14490
Beams E44, E45 4/12/97 { 8000 | 93907 48 | 13700 | 14550
San Ai_qelo WB Non-HPC Beams
Beams W14, W15, W16 3/7/96 5770 | 8560 26 7850 10130
Beam W17 3/12/96 | 5770 8060 24 7850 10260
Louetta HPC Precast Deck Panels
All Instrumented Panels 9/12/96 |} 6000 | 6010 27 8000 9040
San Angelo EB HPC Precast Deck Panels
All Instrumented Panels 2/5/97 4000 3140 24 6000 10100
San Angelo WB Non-HPC Precast Deck Panels
All Instrumented Panels 9/4/96 4000 5310 24 5000 8250

1 psi = 0.006895 MPa
Note: Data from member-cured cylinders unless otherwise noted (see Table 4.6).
§ Release at 7 days.

T Sure-cure data.

* Test age for release cylinders;

* TxDOT data.

@ at 56 days for HPC mixes, at 28 days for non-HPC mixes

* 28-day value (56-day data unavailable)
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Table 4.8 - Summary of Compressive Strength Data for Cast-in-Place Mixes

Component Coong | Reaursaf® | Measwreur.®
Louetta NB HPC Deck
All Spans (1-3) 10/31/96 4000 5700
Louetta SB HPC Deck
All Spans (1-3) 11/8/96 8000 9100
San AILQEIO EB HPC Deck
Span 1 6/12/97 6000 7290
Span 2 6/25/97 6000 8420
Span 3 7/9/97 6000 9060
Span 4 7/23/97 6000 7550
San Arielo WB HPC Modified Class S Deck
Span 1 12/3/96 4000 6120
Span 3 * 1/21/97 4000 4230
San A\ﬂgelo WB Non-HPC Standard Class S Deck
Spans 6-7 * 2/15/97 4000 5340
1 psi = 0.006895 MPa Note: Data from member-cured cylinders (see Table 4.6).
* No instrumentation. Material testing only (incl. creep & shrinkage).
@ at 56 days for HPC mixes, at 28 days for non-HPC mixes

4.3.4 Regression Analyses for Use in Time-Dependent M