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1 EXECUTIVE SUMMARY 

Recent studies have shown that the use of self-consolidating concrete (SCC) results in improved fini shed 

quality, increased production effic iency, and reduced labor cost. Because of the favorable prope,ties that 

SCC exhibits, the Federal Highway Admin istrati on and the precast concrete industry have been 

promoting the research and development of SCC for structural appl ications in bridges. 

The use of SCC for prestressed applications is relatively new to local designers and producers in South 

Dakota. Because of the lack of data on the performance of SCC usi ng South Dakota aggregates. there is 

hesitancy by local engineers and producers to design and fabricate prestressed SCC bridge girders. If 

SCC is properly specified and used, it has the potential to y ield more economical and higher quality 

prestressed concrete products than conventional concrete. To take advantage of this new technology, 

there was a need to study production feasibility and structw·al performaJ1ce of prestressed SCC bridge 

girders made witb South Dakota aggregates. Proportioning, behavior. and propenies of SCC are highly 

dependent on the coarse aggregates physical prope,ties. Two types of aggregates, crushed limestone and 

quartzite, are frequently used in preparing concrete for SD DOT bridges. 

In 2007 researchers at South Dakota State Un iversity (SDSU) concluded an experimental study on three 

full-scale prestressed bridge girders. One of the three g irders was cast using conventional concrete and 

served as a control specimen, while the other t\lVO girders were cast using sec. The sec mix was made 

with quaitzite coarse aggregate that is commonly used in eastern South Dakota. The results of the study 

showed that the structural performance of the prestressed SCC girders was similar ro that of the control 

prestressed girder. lt was also observed that the SCC girders had a better finished surface than the 

conventional concrete girder. 

Crushed limestone is commonly used for concrete production in western South Dakota. In order to assure 

the applicability of prestressed SCC concrete statewide, a study was designed to in vestigate the 

performance of prestressed SCC bridge girders made with limestone aggregates and to develop draft 

specifications, acceptance criteria. mix qualifications. and guidelines for use by SDDOT for prestressed 

SCC applications. The study covered in this report involved material testing of SCC mixtures and 

structural testing or full-scale prestressed bridge girders. 

Three mix designs were developed based on varying the w/c ratio and us ing different curing methods. 

The design mix was provided by Cretex Concrete Products West, Inc. The design mix had a w/c ratio of 

0.33 . The three w/c ratios used in this research were 0.33, 0.35. and 0.37. The three mixes were moist 

cured and the design mix was also heat cured. The fresh prope,t ies of the three SCC mix designs were 

measured to evaluate the feasibility of producin g SCC made with limestone coarse aggregate. The fresh 

SCC properties that were measured in this study include sl ump flow. visual stabili ty index (YS I), T20. J­

ring spread, L-box. and column segregation. The hardened prope1ties of the SCC mixes were measured 

to evaluate the perforn,ance ofSCC made with limestone coarse aggregate. The hardened SCC properties 

that were measured in this study include compressive strength. flexural strength, modulus of e last icity , 

hardened visual stab ility index (HYSI), and shrinkage. 

Three full-scale prestressed g irders were fabricated at Cretex Concrete Products West. Inc. in Rapid City. 

SO. Two of the girders were cast with SCC and one was cast with conventional concrete to serve as a 

control specimen. Design of the girders included instrumentation capable of measuring instantaneous and 
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time-dependent structural responses. The g irders were tested until failure. The control specimen and one 

of the SCC specimens were tested under increasing monotonic load until failure. The other SCC 

specimen was tested under increasing cyclic loading until failure. The evaluation of SCC for use in 

prestressed bridge girder applications included analysis of transfer length, presn·ess losses, camber, 

flexural behavior and strength, flexural rigidity. and shear strength. 

The results of the study can be sLUnmarized in the fol lowing main conclusions : 

1. SCC mixtures were successfully produced using local South Dakota aggregates. Some of the 

concrete producers in South Dakota were well equipped to produce SCC on a commerc ial scale. 

2. The laboratory tests showed that the behavior of SCC was similar to or better than conventional 

concrete of the same strength. The current code empirical equations for determining the 

engineering prope1ties of hardened conventiona l concrete were fou nd to be also app licable to 

sec. 
3. The structural performance of full-scale prestressed SCC bridge girders were similar to that of 

prestressed concrete g irders made with conventional concrete. The current code equations for 

detem1ining strength and stiffness of prestressed concrete g irders were applicable to prestressed 

SCC girders. 

4. The material cost of SCC was approximately 26% more than that of conventional concrete. 

However, the enhanced fini shed quality and the production efficiency of SCC girders made SCC 

an atn·active choice among concrete producers. This may result in better finished product at no 

additional cost to the cl ient. 

Based on the results of this study. the follow ing recommendations are made: 

I. The South Dakota Department of Transpo1tation should permit the use of SCC for the production 

of prestressed bridge girders and probably for other cast-in-place and precast applications. 

2. The concrete producer should be responsible for the design of a SCC mix to meet the client's 

stated performance levels. The special provis ions that were developed in this study set 

performance levels and acceptance criteria for SCC mixtures when used for the fabrication of 

prestressed/precast elements for bridge sn·uctures in South Dakota. 

3. It is recommended that a showcase bridge be constructed by SDDOT using SCC for paits of the 

substructure and the superstructure. The bridge can be instrumented for data col lection over an 

extended period of time. Monitoring of such a bridge would provide valuable information on the 

long-term performance of SCC bridge structures . 
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2 PROBLEM DESCRIPTION 

ln 2001 it was reported that 29% of the nation' s bridges were structurally deficient or fu nctionally 

obsolete (ASCE 2001 ). The cost of e liminating all of the repotted deficienc ies was estimated at $1 0.6 

billion a year for 20 years. The high cost of replacing and/or upgrading the deficient bridges has 

prompted engineers to investigate the feas ibility of constructing new bridges using innovative materials 

that possess enhanced engineering properties. 

Recent studies have shown that the use of se lf-conso lidating concrete (SCC) resul ts in improved fini shed 

quality, increased production efficiency, and reduced labor cost (Goodier 2003 ; PC! 2003). Because of 

the favorable properties that SCC exhibits, the Federal Highway Administration and the precast concrete 

industry have been promoting the research and development of SCC for structural applications in bridges 

(FHWA 2005). 

ACI committee 237 (2007) defines SCC as " highly flowable. non-segregating concrete that can spread 

into place. fill the formwork, and encapsulate the reinforcement without any mechanica l conso lidation." 

ASTM C 09.9 1 (2006) defines SCC as ·'concrete that can flow around reinforcement and consolidates 

under its own we ight without additional effo1t and without exceeding specified limits of segregation:· 

Figure 2. 1 shows a comparison between the methods used for measuring the tlowability o f conventional 

concrete and SCC. For conventional concrete, the flowability is measured by the s lump of a concrete 

cone, whereas for SCC, the fl owability is measured by the spread of the concrete after being discharged 

from the steel cone mold. 

(a) Slump Test of Conventional Concrete (b) Slump Spread Test of SCC 

Figure 2.1: Measurement Methods of Concrete Flowabilty 

The use of SCC for prestressed applications is relatively new to local designers and producers in South 

Dakota. Because of the lack of data on the performance of SCC using South Dakota aggregates, there is 

hes itancy by local engineers and producers to design and fabricate prestressed SCC bridge girders. If SCC 

is properly specified and used. it has the potentia l to y ie ld more economical and higher quality prestressed 

concrete products than conventional concrete. To take advantage of this new techno logy, there is a need 

to study production feas ibility and structural performance of prestressed SCC bridge girders made with 
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South Dakota aggregates. Proportion ing, behavior, and properties of SCC are highly dependent on the 

coarse aggregates physical properties. Two types of aggregates, crushed limestone and quattzite, are 

frequently used in preparing concrete for SDDOT bridges. 

In 2007 researchers at South Dakota State University (SDSU) concluded an experimental study on three 

full-sca le prestressed bridge girders (Wehbe et al. 2007a). One of the three girders was cast using 

conventiona l concrete and used as a control specimen, wh ile the other two girders were cast using SCC. 

The SCC mix was made with quartzite coarse aggregate that is commonly used in eastern South Dakota. 

The study was designed to investigate the structural performance of prestressed SCC bridge girders and to 

compare the strength and serviceabil ity of such girders to those of prestressed gi rders made with 

conventional concrete. Funding for the study was provided by the College of Engineeri ng at SDSU and 

Gage Brothers Concrete Products Inc .. a local precast concrete producer in Sioux Falls . The results 

showed that the structural performance of the prestressed SCC girders was similar to that of the control 

prestressed girder. It was a lso observed that the sec girders bad a better finished surface than tbe 

conventional concrete girder. 

ln western South Dakota, limestone aggregate is used in the production of concrete. Previous research 

effo1ts at SDSU have focused on the structural performance of prestressed sec bridge girders made with 

quartzite aggregates. In order to assure the applicab ility of prestressed SCC concrete statewide, a similar 

fabrication and testing reg imen needed to be conducted on girders made with limestone aggregate. 

Therefore. research was needed to study the performance of prestressed SCC bridge girders made with 

limestone aggregates in order to develop draft specifications, acceptance cri teria, mix qualifications, and 

guide lines for use by SDDOT for prestressed SCC applications. 
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3 OBJECTIVES AND SCOPE 

3.1 0BJECTNES 

The study covered in this report was undertaken to address the fo llowing two main objectives. 

/. Evaluate the feasib ility and pe,formance of SCC using limestone coarse aggregate in prestressed 

concrete p roducts. 

The work was initiated with a thorough search of the available literature not only within the structural 

area but in the broader area of materia ls. This search included results of research projects on SCC mix 

designs and structural behavior of prestressed bridge girders made with conventional and with self­

consolidating concretes. The search for materia l went beyond the published li terature and included 

contacts and discussions with industry representatives. 

Once the literature search was completed. trial mix proportions for SCC made with limestone aggregates 

were developed for use in prestressed concrete applications. The base mix design was first determined in 

collaboration with the industry part ner. Cretex Concrete Products West, lnc .. on th is project. Following 

the development of the base mix, the materials and additives required to produce different SCC mixes 

were determined. With the acquis ition of the mix consti tuents an experimental study was conducted to 

evaluate the fresh and hardened propert ies of the different SCC mixtures. 

Aner the mixes have been developed. three fu ll-scale prestressed bridge girders (one control specimen 

and two SCC specimens) were fabricated at Cretex Concrete Products West lnc. fabrication facility in 

Rapid City. The girders were tested until fa ilure at SDsu·s Lohr Structures Laboratory. The girders 

were instrumented with an array of embedded strain gages and extern al sensors to capture prestress 

losses, transfer length. and the flexural and shear responses of the girders. The information obtained from 

the I iterature search, the data collected from the laboratory study of the trial SCC mixtures. and the field 

construction and structural testing of the fu ll-scale girders were used to evaluate the feasibility and 

perfonnance of prestressed SCC bridge girders made limestone aggregates. 

2. Develop draft specifications. acceptance criteria. mix qualifications. and guidelines for use ofSCC by 

SDDOT 

The data gathered through the progress of this project on prestressed limestone sec girders. the data 

obtained from a previous SDSU study on prestressed quartz ite SCC girders, the expected data from the 

literature search, and the input from the industry representatives and SDDOT personne l were incorporated 

into the writing of a specifications document. The document covers performance standards for the use of 

sec made with e ither quartzite or limestone coarse aggregates in prestressed SCC girders. The 

performance standard includes acceptance criteria for the plastic concrete as well as acceptance criteria 

based on the properties of the hardened concrete. 

3.2 SCOPE 

This study involved material test in g of SCC mixtures and structura l testing of ful l-scale prestressed 

bridge girders. 
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3 .2. 1 STUDY OF C ONCRETE MIXTURES 

Three mix designs were developed based on varying the w/c ratio and using different curing methods. 

The design mix was provided by Cretex Concrete Products West. Inc. The design mix had a w/c ratio of 

0.33. The three w/c ratios used in this research were 0.33, 0.35, and 0.37. The three mixes were moist 

cured and the design mix was also heat cured. 

The fresh properties of the three SCC mix designs were measured to eval uate the feasi bili ty of produc ing 

SCC made with limestone coarse aggregate. The fresh SCC prope1ties that were measured in this study 

include slump fl ow, visual stabi lity index (VS!), T20. J-ring spread. L-box. and column segregation. 

The hardened properties of the SCC mixes were measured to evaluate the performance of SCC made with 

limestone coarse aggregate. The hardened SCC properties that were measured in this study inc lude 

compressive strength, flexural strength, modulus of elasticity, hardened visual stabi lity index (HVSl), and 

shrinkage. 

3.2.2 STUD Y OF F ULL-SCA LE BRJDGE GIRDERS 

Three full -scale prestressed girders were fabricated at Cretex Concrete Products West, Inc. in Rapid City, 

SD. Two of the girders were cast with SCC and one was cast with conventional concrete to serve as a 

control specimen. Design of the g irders included instrumentation capable of measuring instantaneous and 

t ime-dependent structural responses. The girders were tested until failure. The control speci men and one 

of the SCC specimens were tested under increasing monotonic load until failure. The other SCC 

specimen was tested under increasing cyclic loading until failure. 

The evaluation of SCC for use in prestressed bridge girder app lications included ana lysis of transfer 

length, prestress losses, cambe r. flexural behavior and strength, fl exural rig idity, and shear strength. The 

codes that were used to assess the pe1formance of the test specimens include: the American Association 

of State and Highway Transportation Officia ls LRFD Bridge Design Speci fications (AAS HTO 2007), the 

AASHTO Standard Specifications for Highway Bridges (AASHTO 2002), the American Concrete 

Inst itute Build ing Code (ACJ 2008), and the Precast/Prestressed Concrete Institute Design Handbook 

(PC I 2004). 
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4 TASK DESCRIPTION 

In the following text, when reference is made to the standard laboratorv tests that are used to evaluate the 

fresh properties of an SCC mix. it is understood that the tests performed included slump now with vis ual 

stab ility index (YS I), J-ring. L-box, column segregation evaluation, and the visual examination of cut 

cylinders to evaluate the distribution of the coarse aggregate in the concrete matrix. When reference is 

made to the standard acceptance tests that were used to eva luate the fresh properties ofan SCC mi x. it is 

understood that the tests performed included slump flow with visual stability index (YS L) and J- ring. 

Task 1: Review literature regarding SCC practices for prestressed concrete in other state transportation 

departments and industJy. 

Through direct search in the relevant literature, contacts with industry expe1ts and state departments of 

transportation that have had experience with SCC. and the previous experience of the researchers on SCC 

material and structural behavior. documents and research papers were located and uti lized as the 

knowledge base for the study covered in this report. (See Chapter 5) 

Task 2: Develop concrete mixture designs for SCC containing limestone coarse aggregaLe factor ing in 

both release and 28-day compressive strength. 

The researchers at SDSU. in col laboration with representatives from the concrete admixtures and the 

precast concrete industries, developed SCC mix designs using sand and limestone aggregates from 

western South Dakota for the SCC prestressed girders in this study. Refinement of the mix des ign was 

done, as needed, in consultation with concrete admixtures and the precast concrete industries to obtain 

acceptable release and 28-days compressive strengths. (See Chapter 6) 

Task 3: Conduct concrete testing on selected SCC and control 1nixtures, using borh convenliuna/ and 

accelerated curing, as appropriate. including compressive and flexural strengths al 16-18 hours. 3. 7. 14, 

and 28 days, modulus ofelasticity at 16-18 hours. I./ and 28 days, and shrinkage. 

Smal l batch mixes were prepared at the concrete materials laboratory at SDSU. Fine and limestone 

coarse aggregates from western South Dakota were employed in preparing the trial mixes. The trial SCC 

mixes had water/cement ratios of 0.33. 0.35. and 0.37. Standard 6"xl2" concrete cyli nders and 

6"x6''x22" concrete beams were made to evaluate the tria l mixes. The concrete specimens were divided 

into two groups. One group was cured using conventional (moist) curing the other was cured using 

acce lerated (heat) curing. The cylinders were used to measure the compressive strength and the modulus 

of e lasticity while the beams wil l be used to measure the fl exural strength (modu lus of rupture). The 

compressive and flexural strength measurements were made at 16-18 hours. 3 days. 7 days and 28 days. 

The modu lus ofe lasticity measurements were made at 16-18 hours, 14 days and 28 days. 

Slu·inkage o f the SCC mix with w/c o f 0.33 was measured and compared to that of a conventional 

concrete (conventional) mix having the same w/c rat io. The shrinkage measurements were made on 

standard 6''x6"x22" beams that were moist cured. The beams were instrumented with embedded stra in 

gages and kept under the same ambient conditions in the Lohr Structures Laboratory a t SDSU. Strain 

measurements were made at short time interval s over the first 24 hours, then at increasingly higher time 

intervals afterwards over the following three months. (See Chapter 6) 
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Task 4: Develop cm i11s1rw11e11((Jlion plan for lhree girders cupahle <>J measuring hmh ins1a111aneous and 

time-depende111 structural responses. 

The re earchers developed and implemented an instrumentation plan that con isted of an array of strain 

gages attached to the prestressing tendons and shear rei nforcement. embedded train gages in the 

concrete. and linear variable differential transformers (LVDTs) to measure the instantaneous and time­

dependent strains and de fl ections of the girders. (See Chapter 7) 

Task 5: Verifj1 through small barch production the mix designs identified in Task 2 using lump flow with 

VS! (visual stability index) . .J-RinR, L-Box. column segregarion. and hardened cut cylinders in addition to 

standard.fresh concrete property tesrs. us suitable.for each mix. 

The concrete materials laboratory at SDSU was utilized to produce the mall batc h mixes that were used 

to evaluate trial mixes proposed in task 2. Fine and limestone coarse aggregate from western South 

Dakota were employed in preparing the tria l mixes. The physica l propcrtie of the aggregates were 

determined. All of the tandard te t that are routinely performed on CC plastic concrete. including 

Slump Flow. T 50. VSI. J-Ring. L-Box. and Column Segregation, were performed in this study. Hardened 

visual stability index rating was performed on hardened cut cylinders to evaluate the segregation extent of 

the proposed mix. Whenever applicable. the ASTM tandard test methods were followed. (See C hapter 

6) 

Task 6: Install instrumentation for each ofthe three girders. ttt•o fabricated using SCC and a control. 

Three 40-ft long Mn/DOT 36M girders were constructed at Crerex Concrete Products West, Inc. 

fabrication facility in Rapid C ity. outh Dakota. One of the g irders was cast using conventional concrete 

and served as the control spec imen . The other two girders will be ca t us ing SCC. Composite deck slabs 

were added to the gi rder after they were removed from the prestressing bed. The re earch team instal led 

a ll of the embedded gages prior to concrete placement. The prestressing strands strain gages were 

attached after the strands were la id on the prestress ing bed and starched to e liminate slack. The shear 

stirrups were instrumented at DSU and then insta lled at the required location v ithin the g irders. The 

embedded concrete gages in the girders and the decks were in stalled in-si tu prior to concrete placement. 

Following the stripping of the fo1111 . brass DEMEC inserts ,vere epoxy g lued to the bottom flange of 

each girder along the potentia l transfer length. (See Chapter 7) 

Task 7: Conduct slump flow wilh VS! (visual stability index) . .I-Ring. and wet concrete property tests 

during fabricatio11, as appropriate. demonstrating these procedures to appropriate SDDOT personnel 

while documenting.fabricatio11 process. 

During the concrete placement for the three g irders, the SDSU research team wa pre ent at Cretex 

fabrication facil ity. The team performed and documented the fresh SCC standard acceptance tests (slump 

fl ow, T5o. VS L and J-Ring) provided training on conducting the standard tests to the SDDOT personnel 

that were present. Still and video images of the fabrication and te ting process were captured and made 

available to SDDOT per onne l for future re ference. (See Chapter 7) 

Task 8: Conduc1 monotonic increasing load testing 0 11 two girders (one control specimen and one SCC 

spedmen) and incre111e11tal(J" i11creasi11g cyclic load testing 011 one SCC girder while collecting data on 

slress-strain responses in both flexure and shear. Meet wilh the Technical Panel ot the Lohr Structural 

laborat01:v during the testing to discuss imerim results and demonstrate the test ing procedures. 
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The girders were transported from the fabrication faci lity in Rapid C ity to the Lohr Structures Laboratory. 

The control girder and one of the SCC girders were tested under monotonic increasing load until fai lure. 

T he other SCC girder wa te tcd under incrementally increasing cyclic load until failu re. The increas ing 

cyclic load a llm,ved for the determination of the effect of the service load level on the girder stiffness. 

Data collected from the sensors ( load cell. strain gages. LV DT ) provided substantial information on the 

shear and flex ura l behavior throughout the entire loading process. 

Members of the technical pane l and a num ber of SDDOT engineers attended the testing of one ofthe SCC 

girders at the Lohr Structures Laboratory. The attendees were briefed on the test ing procedure and the 

data acquisition process. (See C hapter 7) 

Task 9: Provide an analysis ofdata for the limestone girder test results along 1l'ith the results obtained 

with quartzite girders in prior 1es1ing, e.~pecia/ly with respect to shear response. 

The data were reduced and analyzed to determ ine strength and erviceabili ty prope 1ies of the SCC 

prestressed girders made with limestone aggregate . The structural behavior of the limestone SCC girders 

was compared with those of conventional concrete girders and quartzite SCC girders (tested prev iously). 

An evaluation of the appl icability of currelll code equations for determining nexural and shear strengths 

of prestressed girders to girders made with SCC was conducted. (See C hapter 7) 

Task JO: £i,a/uate criteria- including constructahiliry. cost. quality. safety, durability, and other 

appropriate fac1or - for using SCC in prestressed bridge members in South Dakota and provide a 

cost/benefit comparison with conventional girder fabrication. 

The evaluation criteria were obtained fro m two main sources. O ne source came through d iscussion and 

input from the indu try representati ves involved in the project. The other source came from the data 

collected and experience gained through this and the prior research project on SCC bridge g irders.(See 

Chapter 8) 

Task 1J: Develop a Special Provision for Prestressed Concrete using SelfC011so/idating Concrete. 

In collaboration with industry repre entatives and SDDOT personnel. the re earcher developed special 

provisions for prestres ed CC. The provisions were based on the test resu lts of the small batch 

production in the lab. the full ca le production at the fabrication facility in Rapid C ity. and the structural 

performance of the SCC girders. (See C hapter 8) 

Task 12: Prepare a final report and execwi,·e sw11111a1:v ofthe /i1erature reriew, research methodology, 

findings. conclusions and recommendations. 

T his task is met through this report. 

Task 13: Make an executive presentatio11 lo the SDDOT Research Review Board al the conclusio11 ofthe 

project. 

An executive presentation wa g iven on June I0, 2009. 
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5 LITERATURE REVIEW 

5.1 INTRODUCTION 

Many studies have been conducted to evaluate the engineering properties of SCC and the performance of 

SCC structural elements. A large number of recent studies can be found in the proceedings of the first 

and second I orth American Conference on the Des ign and Use of SCC (ACBM 2003. 2005). Most of 

the studies indicate that the engineering properties of SCC are equal to or better than equivalent 

conventional concrete mi xes. 

This chapter covers a review of previous literature regarding material performance of sec and 

conventional concrete, use of SCC for prestressed bridge girders, and code provisions for n·ansfer length, 

prestress losses. flexural strength. and shear strength ofprestressed girders. 

A previous study on proportioning SCC mixtures for precast and cast-in-place box cu lverts in South 

Dakota was conducted at SDSU and co-funded by SDDOT and the Mountain-Plains Consortium (MPC) 

University Transpo,tation Center. The study included a comprehensive literature review on the effects of 

constituent materials on SCC wet and dry properties. testing methods. and previous work done by others. 

The results of that study can be found in Wehbe et al. (2007b). To avoid duplication in reporti ng some of 

the literature, this report makes several references to the previous study. 

5.2 sec CONSTITUENT MATERIALS AND PROPERTIES 

5.2.J CONSTITUENT MATERIALS 

Simi lar to conventional concrete, the ma111 ingredients of SCC are coarse aggregate, fine aggregate. 

cement, and water. Admixtures are used to achieve special fresh and hardened performance 

characteristics. A detai led review of the constituent materials, the different admixtures used to prepare 

SCC, and the effects of the constituent materials and admixtures on the properties of SCC is presented in 

Wehbe et al. (2007b). 

To achieve high fl owability, sec typically has larger paste vo lume. higher sand-to-aggregate ratio (S/A), 

and smaller maximum coarse aggregate size than conventional concrete. The shape and texture of the 

coarse aggregate affect the fi lling abi lity, passing ability. and stability of Sec. Coarse aggregate having a 

large maximum size or aggregate with high volume-to-surface ratio are prone to segregation during 

placement. Spherical coarse aggregate with relatively smooth surface is preferable for SCC mixtures 

(Mindness et al. 2003). 

Self-conso lidating concrete can be produced in one of three main types: powder-type, viscosity mod ify ing 

admixture (VMA)-type. and combination-type. Powder-type SCC has high powder content. The powder 

may be cement and fillers such as fly ash, limestone powder, slag, and silica fume . High range water 

reducing (HRWR) admixtures. also called superplasticizers, are used to achieve high tlowability. 

Segregation resistance is achieved by using high powder content. VMA, or a combination of the two 

(Bonen and Shah 2005; Berke et al. 2003). 

Plasticizers are added to freshly mixed SCC to improve the workability for a short period of time. 

Plasticizers typically have a workability window of30-60 minutes. Plasticizers are added to decrease the 

water demand of concrete and create fluidity in the mix (Kosmatka et al. 2002). Plasticizers can increase 
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the compressive strength of concrete by 10-25%. Shrinkage may increase s lightly due to use of 

plasticizer. Vi scosity modifying admixtures (VMA) raise the viscosity of the mix and increase 

cohes iveness of freshly mixed concrete. YMA reduce bleeding. segregation, and the pumping pressures 

for placement using a pump truck (Kosmatka et al. 2002). Air entraining admixtures are added to freshly 

mixed SCC to raise the air content. The main goal of increas ing the air content in concrete is to improve 

durability. The amount of air in the fresh mix will increase in the sho1t term but wi ll decrease gradually 

over longer periods of time. The addition of the air entrainer will improve workabil ity. improve 

cohesiveness, provide bleeding and segregation resistance, and decrease strength by l 0-20% (Mindness et 

al. 2003). Set controlling agents. or retardants, are added to SCC to delay setting and prolong the 

plasticity of the fresh concrete. The set retardant is added midway through the mixing process. 

Retardants can cause increase in compressive and flexural strengths. d1y ing shrinkage, and creep 

(Kosmatka et al. 2002). 

5.2.2 FRESH PROPERTIES 

The performance of fresh SCC is evaluated based the on filling ability, passing abi lity, and stability. Test 

methods have been developed specifically to evaluate the fresh properties of SCC. Some of those tests 

are standardized ASTM tests (ASTM 2006). A detailed review of the testing methods used to eva luate 

the fresh properties ofSec is presented in Wehbe et al. (2007b). 

The filling ability of sec is the ability to flow and completely fill a ll spaces under its self weight. The 

slump spread test is performed to eva luate filling ability. This test is perfon11ed in accordance with 

ASTM C 1611 and measures the fl ow distance of the SCC mix when it is discharged from a standard 

cone under free flow conditions. Figure S. l shows a slump flow test being done. The spread is measured 

as the average of two orthogonal diameters. Acceptable values are typical ly in the range of 18 to 30 in . 

(ACJ 2007). It is recommended that the slump spread test be performed for every batch to ensure 

consistency of the sec. The SCC slum p spread should not differ by more than 2 in. between batches 

(AC! 2007). The T20 test is performed s imultaneously with the slump s pread. The T 20 is the time, 

measured in seconds, for the slump spread to reach a diameter of 20 in . after the cone mold is lifted. The 

T20 measures the flow rate of the SCC under free fl ow conditions. The re lative viscosity influences on the 

flow rate of the mix can be determined by the T 10 time. A SCC mix with a T20 less than 2 seconds is 

categorized as a low viscosity mix, and a T20 time of more than S seconds is a hi gh viscosity mix (ACl 

2007). 

Figure 5.1 : Slump Flow Test 
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The passing abiliry is defined as the ease with which the fresh concrete can pass through various obstacles 

and spaces without b locking or segregating. The passing abi lity of freshly mixed SCC can be evaluated 

by the J-ring test in accordance with ASTM C 1621. The test is similar to the slump spread but the J-ring 

is placed around the s lump cone and the SCC is forced to pass through the legs of the J-ring. Figure 5 .2 

shows a J-ring test. The average of two orthogonal diameters is measured as the J-ring spread. The 

difference between the slump spread and J-ring spread assesses the blocking potential of the SCC mix. A 

difference between the spreads of less than I in. indicates no visible blocking while a d ifference of greater 

than 2 in . indicates noticeable to extreme blocking. A high J-ring spread ind icates that the SCC mix can 

travel farther from discharge under its own weight and the faster it can fi ll formwork (AC L2007). 

.. 

Figure 5.2: J-Ring Test 

The L-box test is another way to evaluate the passing ability of SCC. The L-box test is not an ASTM 

standard test, but is sometimes used in laboratory studies to evaluate blocking potential. The test can be 

performed in accordance with the PCI interim guidelines (2003). Figure 5.3 shows an L-Box test. The 

vert ical segment of the L-box is filled with concrete then the concrete is allowed to flow through an 

open ing at the bottom and spread into the horizontal trough of the box. The measured L-Box results are 

expressed in terms of the ratio H2 / HI . where H2 is the height of the concrete at the downstream end and 

HI is the height of the concrete at the upstream end of the L-Box trough. 

200 mm (71/,") 100 mm (4"l 

~150 mm {5¼") 

H2 

Sliding Gate 

_ 

800 mm (31 ½"l 

(b) Completed Test (a) Schematic 

Figure 5.3: L-Box Test 
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Stability is the ability of SCC mix to resist segregation of the coarse aggregate from the paste. The 

stability characteristic considers the dynamic and static stabili ty of freshly mixed SCC. Dynamic stability 

would be demonstrated during SCC placement and static stability would be demonstrated after SCC 

placement. The dynamic stabil ity is evaluated by the visual stability index (VSI). The VSI is performed 

immediately follovving the slump spread. Once the mix is subjected to the free fl ow cond ition from the 

slump spread, the slump patty is visually inspected for s igns of segregation and bleeding. The visual 

stability of the mix is assigned a va lue of 0, I, 2. or 3. A stable mi x would have a VSI rating of0-1 , and a 

rating of 2-3 indicates possible segregation prob lems. Since the VSI is a visual in spection, the test is 

subjective and the results are best used as quality control for SCC mixes (ACl 2007). Static stabil ity is 

measured using the column segregation test in accordance with ASTM C 1610. F igure 5.4 shows a 

column segregati on test set up. In the co lumn segregation test a three-segment tube is filled with SCC 

and left undisturbed for 15 minutes. The concrete in the top and bottom segments of the concrete column 

in the tube are then removed and washed over a U.S. No. 4 sieve so that only the coarse aggregate 

rema ins. The column segregation test result is expressed as the percentage ratio of the difference of 

aggregate mass between the bottom and the top segments of the column to the tota l aggregate mass in the 

two segments. This percentage measures the segregation of the aggregate under confined flow 

conditions. o set point has been established to determine when SCC surpasses tolerable segregation, but 

an acceptable percent segregation is I 0% or less (ACI 2007). 

(a} Test Apparatus (b) Test Set Up 

Figure 5.4 : Column Segregation Test 

The air content and the mix temperature are measured in accordance with ASTM C 231 and 

ASTM C I 064. respectively. 

5.2.3 H A RDENED PROPERTIES 

The hardened SCC prope11ies that are of interest for prestressed concrete applications include 

compressive strength, flexural strength (modulus of rupture), modulus of elasticity, and shrinkage. In 

some cases. the Hardened Visual Stability Index (HVS I) is measured to establish the extent of static 

segregation. The HVSI is evaluated in accordance with AASHTO draft ··Standard Method of Test fo r 

Static Segregation of Hardened Self-Conso lidating Concrete Cylinders.'· (AASHTO 2005). A detailed 

review of the HVSI procedure and rating is presented in Wehbe et al. (2007b). 
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Studies by Attiogbe et al. (2005) and Collepardi et a l. (2005) concluded that the compressive strength of 

SCC is comparable to that of conventional concrete of the same w/c ratio. Co llepardi et al. (2005) a lso 

repo11ed that SCC forms a better bond with reinforcement than conventional concrete. 

Hegger (2005) and Walraven (2005) reported that the tensile strength of SCC is hi gher than that for 

conventional concrete. due to the homogeneous interface between the aggregates and paste. The flexural 

strength of SCC depends on the w/c ratio and coarse aggregate content (ACl 2007). An accepted 

theoretical va lue for the flexura l strength of conventional concrete is determined using the following 

empirical equation (AC ! 2008): 

!~ = 7.5 -Jl: (5.1) 

where 

f, flexural strength (modu lus of rupture). psi 

J;' 28 day compressive strength. psi 

Bonen et al. (2005). Hegger et al. (2005). and Wa lraven (2005) reported that the modulus of elasticity of 

SCC is lower than that of conventional concrete of the same compressive strength. The ACI empirical 

code equation for determining the modulus ofelasticity of conventional concrete is (AC! 2008): 

E =33w15 Irt ( V j L' (5.2) 

where 

modulus of e lasticity, ps i 

unit weight of concrete, pcf 

28 day compressive strength, psi 

5.2.4 SHRJNKAGE 

Shrinkage is a phenomenon that is the result of moisture loss in concrete. A vol ume change occurs as 

concrete loses water. Concrete can lose water to its surroundings through evaporation o r the pore water 

may be consumed through the hydration process. When the internal water evaporates, negative capillary 

pressures are fo 1111ed that cause the paste to contract. Shrinkage involves a moisture exchange and 

depends on the shape and size of the specimen. A volume-to-surface area ratio (V/S) is used in shrinkage 

prediction equations; higher V /S ratios lead to less shrinkage. A higher V/S ratio indicates the internal 

water must travel farther to reach a point on the exposed surface to evaporate. Shrinkage is a three 

dimens ional volume change that is measured as the strain on a load free specimen (Kosmatka et al. 2002). 

Plastic shrinkage occurs as the surface of fresh concrete rapid ly loses moisture. The loss of moisture 

causes volume change while the concrete is still fresh and before hardening begins. Plastic shrinkage 

appears as tears in the finish of fresh concrete. Plastic shrinkage can be slowed or prevented by providing 

external moist curing to the concrete or by misting/fogging as the surface is being fini shed (Kosmatka et 

al. 2002). SCC can be prone to plastic shrinkage because the mixes typically have no surface bleeding. 

High plastic shrinkage can occur in SCC w ithout proper curing (ACl 2007). 

Autogeneous shrinkage occurs when concrete begins to dry internally and a volume reduction of paste 

occurs due to the hydration process (Kosmatka et al. 2002). The internal drying is called self-desiccation 
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and causes the drying sections of the specimen to undergo tension while the moist section experiences 

compress ion. Autogeneous shrinkage can only occur if the concrete is sealed, when no external water is 

present, or if low w/c concrete is be ing used. The autogeneous shri nkage will increase with a decrease in 

the w/c ratio. Autogeneous shrinkage is most a pplicable to high performance concretes that utilize low 

w/c ratios for strength and adm ixtures for workabili ty (Mindness et a l. 2003). For a concrete with w/c of 

0.30, autogeneous shrinkage can account for up to half of the total drying shrin kage (Kosmatka et al. 

2002). 

Drying shrinkage is the strain that is caused by water loss from hardened concrete when it is exposed to 

the envi ronment. The part of tota l shrinkage that occurs upon first drying is irrevers ible (Kosmatka et al. 

2002). Lower autogeneous and higher dry ing shrinkage have been repo1ted for SCC (AC I 2007). 

A mode l that had been recommended by ACI comm ittee 209 (ACl 2005) for calculating the shrinkage of 

concrete is given by Equati on 5.3. Due to its re lative si mplicity, the ACI 209 model is limited in its 

accuracy. In the AC I 209 model, shrinkage is dependent on the curing method. relative humidity, type of 

cement, specimen shape. u ltimate shrinkage strain. and age of concrete after casting. 

1 (5.3) &, (t ) =- -K" K ,1, (t:,1,)
b + I ' • II 

where 

c .1 (t) = shrinkage strain at time t 
I age ofconcrete after casting. days 
b constant in determining shrinkage strain, based on curing method 

b = 3 5 for moist cured concrete. and 55 for heat cured concrete 
}(,, shape and size correction factor for shrinkage given by Equation 5.4 
K,s re lat ive humidity correction factor for shrinkage given by Equation 5.5 

(t:sh)u = ultimate shrinkage strain = 780 x Io-6 in.fin. 

(5.4)K ,.,. = 1.1 4 - 0.0035 ( ; ) 

where 

V volume of specimen. mm3 

. )s area of specimen, mm-

K ,1, = 1.40 - 0.0IH (5 .5) 

where 

H relative humidity.% 

5.3 SCC PROVISIONS BY DEPARTMENTS OF TRANSPORTATIO. ' 

Some departments of transportation (DOT). including SDDOT, have developed specia l provis ions for the 

use of SCC in their states . This section presents a s ummary of some of such special provisions. Most of 

the following in formation was repo1ted by Wehbe et a l. (2007). 
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5.3. I NORTH CAROLINA DOT 

Following is a listing of the North Carolina DOT requirements for materials used to produce SCC (No1th 

Caro lina 2005): 

• Cement - Use a minimum of639 lb/yd3 and a maximum of 850 lb/yd3. 

• Pozzola□ - A pozzolan such as fly ash, ground granulated blast furnace slag. silica fume or limestone 
powder may be substituted for a portion of the cement. 

• Coarse and fine aggregate - Use a fine aggregate content of 40% to 60% of the combined coarse and fine 
aggregate weight. 

• Water - (for precast concrete) Use a quantity of water such that w/cm is no greater than 0.48. 

• Admixtures - Use of a VMA is recommended to enhance homogeneity. 

• 
The North Carolina DOT requires a s lump spread of 24 inches to 30 inches using an inve1ted cone, a 

d ifference in spread between slump flow and J-ring tests not to exceed 2 inches. and, an L-Box ratio of 

H2/H I between 0.8 and 1.0. The North Carol ina DOT requires also that concrete delive1y be timed such 

that consecutive lifts will combine without segregation. the time between consecutive lifts not to exceed 

20 minutes, the horizontal flow distance not to exceed 30 feet, and the vertical free fall distance not to 

exceed 1 0 feet. 

5.3.2 ILLINOIS DOT 

The Tllinois DOT requires that the maximum VSI value be I , the maxim um Hardened Visual Stability 

Index (1-IVSJ by the cut cylinder method) be 1, the maximum J-ring value be 4 inches. the L-box blocking 

ratio be a minimum of 60%, and the slump flow be between 20 and 28 inches (Illinois 2004). 

5.3.3 M ICHIGAN DOT 

The Michi gan DOT specifies the following SCC fresh prope,ties requirements (M ichigan 2005): 

• Slump flow equal to 27 in :r: 1.0 in 

• VS! rating equal to or less than 1 

• J-ring value bet'l-veen 0.5 in and 0.6 in (procedure from PC!) 

• L-box ratio greater than 0.8 (80%) 

5.3.4 SOUTH D AKOTA DOT 

South Dakota DOT developed the following SCC mix guidelines for use in box culverts (Wehbe et al. 

2007). 

• Minimum cement content of700 lb/yd3 

• Maximum w/c of0.46 

• Minimum coarse aggregate content of 40% 

• Entrained air range of 5 to 7.5% 

The acceptance criteria for use of SCC in box culverts are as follows 

• Slump flow range of22 to 28 in. 

• VS! range ofO to I 
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• J-ring spread maximum difference of 2 in. 

• 28 day compressive strength of at least 4500 psi 

5.4 TR.\NSFER LENGTH OF PRESTRESSING STRANDS 

Transfer length is defined by the AC I code (AC I 2008) as the ' ' length o f embedded pretens ioned strand 

required to transfer the effective prestress to the concrete.·· Various models are available for determining 

the required transfer length of embedded strands. Fo llow ing is a presentation of the vario us mode ls. 

5.4. I CODE PROVISIONS FOR TRANSFER LENGTH 

The American Concrete ln stitute 's Building Code (AC I 2008) provides two methods for determining the 

transfer length of prestressing strands. When determining the concrete web-shear strength , V, . .,. , Section 

11 .3 .5 of the AC] code defines the trans fer length, L,, in terms o f the g iven strand diameter. dh, as 

(5.6) 

where L, and dh are of the same length units. 

When detennining the developme nt length of prestressing seven-wire strands. Sectio n 12.9. l of the AC I 

code defines the transfer length, L , . in terms of strand diamete r. d h , and the effective stress in the 

prestressing strand,};~, as is shown in Equation 5. 7. 

L == ( f se ) d (5.7) 
I ,, h 

.) 

where L, and d h are of the same length units and J;e is in ksi units. The transfer length in Equation 5. 7 

reduces to approximately 50 strand diamete rs when Grade 270 strands are prestressed to 75% of ultimate 

strength and 25% prestress loss is assumed . 

The American Association of State Highway and Transponation Offic ials (AASHTO) Standard 

Specifications for Highway Bridges (AASHTO 2002) specifies a transfer length s imilar to that g iven by 

Equation 5.6. AASHTO LRFD Bridge Des ign Spec ifications (AASHTO 2007) specifies a transfer 

length. l , . in te rms of strand d iameter, dh. as 

(5,8) 

where L, and dh are of the same length units. 

5.4.2 BUCKNER 

In 1988, the Federal Highway Admini stration (FHWA) issued a memorandum (FHWA I 988) that placed 

restrictions on the use of seven-wire strands in bridge applications. T he restrictions were placed in 

response to researcb at No11h Carolina State Univers ity which found deve lo pment lengths to be 

significantly longer than those required by AC l and AASHTO. The FHWA prohi b ited the use of 0.6 in.­

diamete r prestressing strands, required a minimum strand s pacing of 4d1,, and introduced a factor of 1.6 on 

the AC! and AASHTO expressions fo r development length of sma lle r diameter strands. Several research 

programs o n strand transfer and develo pment lengths were initiated as a result of the FHWA 

memorandum, often resulting in a variety o f design recommendations. 

Buckner (I995) conducted a study sponsored by the FHWA to resolve conflicting design 

recommendations from numerous research studies. The goa l o f this study was to review literature. 
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rationalize differences among conclusions from recent studies. and recommend de ign criteria for strand 

transfer and development length . Buckner recommended a 20% increa e (from 50d,. to 60d1>) in the 
required transfer length. He al o recommended the fol lowing expression for determining the transfer 

length 

L =( 1 11 I d (5.9)
I b3 ) 

where L, and d,, are of the same lcng1h units and /,, is the initial strand stress in ksi units. Equation 5.6 is 

similar to the AC] expression with the exception that!,, is used in place of/,.. Buckner reported that the 
use of the term f , is more rational because transfer length is estab l i hed at release of the prestress and 

does not change significantly wi th time. The recommendations apply to prestre sed members with 

normal weight concrete having a minimum release strength of3 500 psi. a minimum compressive strength 

of 5000 psi, and Grade 270 seven-wire low-relaxation uncoated strands (Buckner 1995). 

5.4.3 R USSELL A 'DBURNS 

A study by Russell and Burns ( 1997) in estigated the ability of 0.6 in.-diameter even wire strands to 

transfer prestress forces within a rel iable transfer length. For thi study. 18 ingle-strand prestressed 

specimens were prepared using Grade 270, seven-wire. low relaxation strand . The specified release 
strength and 28-day strength were 4000 psi and 6000 psi. respectively. The trands were tensioned to 

about 75% off,,11 where /,m is the specified tensile strength of the prestressing strands. or approximately• 

202.5 ksi. The strands were detensioned after two days and transfer length mea urements were recorded. 

Concrete surface strains. end slip, and strnnd strain were measured during this study to determine the 

transfer length for each specimen. Concrete surface strains were measured with detachable mechanical 

strain gages (demec gage ). The strand end slip was determined by placing a tape marker on the strand 
outside the concrete spec imen and measuring the distance the tape slipped toward the concrete during 

release of the strand. Electrica l resi tance strain gages were attached to the trands Lo monitor strains. but 
were reported to be ineffective due to multi ple problems. 

Transfer lengths were determined by evaluating the concrete strain profi le and using the 95% average 

maximum strain (95% AM ) method. According to Russell and Burns. the procedure for the 95% AMS 

method is as follow 

• Plot the strain profile against the potential transfer length of the strand. 

• Determine the AMS for the specimen by computing the numerical average ofall the strains contained 
within the strain plateau of the fully effective prestress force. 

• Scale Lhe AMS value by 0.95 and construct a line on the plot conesponding to 0.95AMS. 

• The transfer length is detenninecl as the length between zero strain and the intersection of the strain profile 
with the 0.95AMS line. 

The repoited average transfer length for fu lly bonded 0.5 in .-diameter strand was 33.6 in. with a standard 
deviation of 8.66 in. The reported average transfer length for fully bonded 0.6 in .-diameter strands wa 

39.7 in. with a standard deviation of 7.95 in. Data from this study suggests that longer transfer lengths are 

required for 0.6 in.-diameter trands than those required for 0.5 in. strands. The results also show that the 

ratio of the strand diameter is approximately equal to the ratio of the two average transfer lengths. 

Therefore. the results suggest that the transfer lengths can be repre enred a a linear function of the strand 

diameters . 
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The average transfer length for all data obtained from this stud was equal to 66.6d,. with a standard 
deviation of 14.1 d~. The transfer length provision of 50d,. is considerably les than the average of 66.6dn 

measured by Russell and Burns. The re earchers recommended the fo llowing tran fer length expression 

L =(!,e J d (5.10)
/ 2 h 

For an effective prestress of 160 k i, the transfer length become 80dh which is approximately equal to the 

mean value of the measured transfer length plus one standard deviation. An 80d1, requirement would be 

much more conservative than current code provisions (Russel I and Burns I 997) 

5.4.4 BARNES, GROVE, AND B URNS 

Barnes. Grove, and Burns (2003) studied transfer length in 36 plant-cast AA HTO Type I girders with 

0.6 in .-diameter strands at 2 in. spacing. One third of the specimens featured fu lly bonded strands. The 

remaining two thirds of the trands were ubjected to varyi ng debonding lengths. A total of 192 different 

transfer zones were created. Transfer length were determined for 184 of the 192 total transfer zones. 

The researchers investigated several factors that influence tran fer length including concrete strength. 

time, strand surface condition, and the pre tress release method. Three concrete mixture designs were 

used and designated as L. M. and H. Mix L had a target release strength of 4000 p i and a target range of 

5000 to 7000 psi for 28 day strength. Mix M had a target release strength of 7000 psi and a target range 
of 9500 to 11.500 psi for 28 day rrength. Mi, H had a target release strength of 9000 ps i and a target 

range of 13.000 to 15.000 psi for 28 day strength. To determine the time dependence of transfer length, 

measurements were taken at various time frames after casting. The strand surface condition was 

considered during testing by using weathered strands for some specimens and clean strands for others. 

Finally, two release methods were used to determine their effect on transfer lengi-h. the live release 
method and the dead release method. In the live release method, each strand was cut simultaneously with 

torches at both ends of the member to introduce the full prestre s force from that strand prior to cutting 

subsequent strands. The dead release method involved cutting al l of the trand at only one end of a 
member. thus the prestress force was gradually introduced at the opposite end. 

According to results of thi study. all transfer lengths were less than the AASHTO LRFD value of 60dh 
and only three of the 184 transfer length exceeded 50d1, . Based on their measured re ults, the re earchers 

deve loped the following tran fer length expression 

/µ, l (5.11)L, = a rr, d1,( v.fc, 
where L, and dh are of the same length units. a. is a proportionality constant in units of (ksi)--0 5 

, f,,, is the 

stress in the prestressing strand after re lea e in ksi units, and f'u is the initial compressive strength of 

concrete in ksi units. 

Equation 5.1 I indicates that the transfer length is inversely proportional to the qua re root of the concrete 

compressive strength. Ba ed on the experimental results, upper and lower va lues for a were set such that 

approximately 95% of the data v ould fa ll within the upper and lower bounds of Equation 5.11. The 

upper-and the lower-bound lines corresponded to a.= 0.57 (ksi)"05 and r1. = 0.17 (ksi)"05
. respectively. The 

results also indicated that the tran fer length increased \ivith time. The average ratio of long-term transfer 
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length to initial transfer length was 1. 13 and 1.17 for bright strands and rusted strands. respect ively. A 

majority of this increase occurred within 28 days of prestress release. The strand surface condition did 

affect the measured transfer length. In concrete with lower compressive strengths. the transfer length of 

weathered strands was 13% sho1ter than that of bright strands. in higher strength concretes. the effect of 

the surface condition was negligible as the weathered strand trans fer lengths varied and were sometimes 

longer than those for bright strands. The researchers concluded that surface weathering should not be a 

basis for reducing transfer length. The prestress release method had little effect on the performance of 

bright strands. Conversely. the live re lease method resulted in transfer lengths 30 to 50% longer than the 

dead release method for the weathered strand specimens. The researchers recommended usin g a lower­

bound estimate of the transfer length when checking allowable stresses. 

5.4.5 GIRGIS AND TUAN 

G irg is and Tuan (2005) studied the bond strength of SCC with 0.6 in.-diameter prestressing strands. The 

transfer lengths of three prestressed bridge girders were measured. Two of the test specimens were cast 

with SCC and the third was cast with a conventional concrete mix. 

This study consisted of three projects, each cons isting of a different girder shape and concrete mixture. 

The g irder tested in Project I was cast with an sec mix. had a depth of 43.3 in., a web w idth of 5.9 in .. 

and was 72.5 ft long. Fou1teen 0.6 in.-diameter straight strands at 2 in . spacing, two harped strands. and 

fo ur top strands were placed in the girder tested in Project I. For Project ll, the bridge girder was also cast 

with an SCC mix, but had a depth of 35.4 in., a web width of 5.9 in ., and was 90.2 ft long. A tota l of26. 

0.6 in.-diameter straight strands at 2 in. spacing, eight harped strands. and four top strands were placed in 

the g irder tested in Project 11. The bridge girder of Project lJl was cast with a conventional concrete mix, 

had a depth of 53.6 in .. a web width of 5.9 in ., and was 124.0 ft long. A total of 44, 0.5 in.-diameter 

straight strands at 2 in. spacing, ten harped strands. and fou r top strands were placed in the girder tested in 

Project Ill. The one-day concrete compressive strengths for Project T. Project II, and Project ru were 

6,492, 5.977, and 6,970 psi. respectively. The 28 day concrete compressive strengths for Projects I. 11. 

and [I[ were 10,887, 8,033. and 9.523 ps i, respectively. 

Demec point measurements were taken with a caliper gage and recorded at release and at 3. 7, 14, and 28 

days after casting the concrete. The 95% average maximum strain method was used to determine transfer 

lengths . Average measured transfer lengths of Projects I, lL and UJ were determined to be 36, 43. and 20 

in., respectively. Due to the difference in compressive strengths of each girder. transfer lengths were 

normalized with respect to compressive strength using Equation 5.8 as recommended by Barnes et a l. 

(2003 ). The transfer lengths normalized with respect to compressive strengths were 38, 46, and 2 l in. for 

Proj ect l, Project II. and Project 111, respectively. The researchers concluded that the transfer lengths of 

sec mixtures may be longer than those of conventional concrete mixtures. The results a lso indicated that 

SCC experienced lower early concrete strengths than conventiona l concrete mixtures which may have led 

to longer transfer lengths (G irgis and Tuan 2005). 

5.5 PRESTRESS LOSSES 

Prestress losses occur in pretensioned concrete e lements due to several sources inc luding prestressing 

steel seating at transfer. elastic shortening of concrete, creep of concrete, shrinkage of concrete. and 

relaxation of prestressing steel. 
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Several methods are avai lable for calculating prestress losses. Some methods provide simplified lump 

sum estimates while others provide a more detai led time step estimate. AASHTO Standard Specifications 

for Highway Bridges (2002) and the PCl Des ign Handbook (2004) provide s implified estimates. 

AASHTO LRFD Bridge Des ign Specifications (2007) provides two methods for determining time­

dependent prestress losses. One method is an approximate estimate wh ile the other provides a refined 

estimate based on a time step analysis. Due to the relat ively short serv ice life of the specimens, only the 

approximate estimate of AASHTO LRFD will be discussed in this study. The PCI Committee on 

Prestress Losses ( 1975) provides a time step method for estimation of prestress losses. 

5.5.1 AASHT O STANDARD SPECIFICATIONS FOR HIGH WA Y BRIDGES M ETHODS 

The AASHTO Standard Specifications for Highway Bridges (2002) uses a simplified method to estimate 

prestress losses. In this method, the total prestress loss, t,,.J; . is equal to the sum of four prestress loss 

components as is shown in Equation 5. I 2. 

4fs =SH+ ES +CRc +CRs (5.12) 

where 

t,,.f = tota l loss exclud ing friction, ps i 

SH= loss due to concrete shrinkage. psi 

ES = loss due to elastic shortening, psi 

CRc.= loss due to creep of concrete. psi 

CR_,= loss due to relaxat ion ofprestressing steel, ps i 

The fol lowing are the methods used to compute each of the prestress loss components. 

5.5.1.1 Concrete Shrinkage, SH 

SH= 17,000 - RH (5.13) 

where 

RH = mean ambient relative humid ity (%) 

5.5.1.2 Elastic Shortening, ES 

E, 
ES = - fcir (5. 14) 

E l ' I 

where 

E,. = modulus ofe lasticity of prestressing steel strand, which can be taken as 28 x I 06 psi 

Eu modulus o f e last icity of concrete at stress transfer, psi 

J;,,. concrete stress at the center of gravity of the prestressing steel due to the prestressing 
force and dead load of the beam immediately a~er transfer, psi 

5.5.1.3 Creep of Concrete, CRc 

CRc = 12/cir - 7 f eds (5 .15) 

where I 

J;..,,. concrete stress at the center of gravity of the prestressing stee l due to the prestressing 
force and dead load of the beam immediately after transfer. psi 
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/4,1:, concrete stress at the center of gravity of the prestressing steel due to all dead loads 
except the dead load present at the time the prestressing force is app lied, psi 

5.5.1.4 Steel Relaxation, CRs 

CRs =sooo - 0.1 oEs - o.os(sH + CRC) (5.16) 

where 

SH= loss due to concrete shrinkage. psi 

ES = loss due to elastic shortening, psi 

CK.= loss due to creep ofconcrete, psi 

5.5.2 AASHTO LRFD A PPROXIMATE METHOD 

The AASHTO LRFD Bridge Design Specifications (2007) prescribes two methods for detennining 

prestress loss: an approximate method and a refined time step method. Only the approximate method of 

time-dependent losses will be discussed in this study. In the approximate method. prestress losses are 

divided into: ( I) initial losses due to e last ic shortening and (2) long-term losses due to shrinkage of 

concrete, creep of concrete, and relaxation of prestressing steel. Ln pretensioned members, the total 

prestress loss is detennined using Equation 5. 17. 

(5. 17) 4fpr =4 f pr:s + !';./pu 

where 

/';.f,,1 total loss, ksi 

/';.};1:s sum of al l losses due to elastic sho1tening. ksi 

/';.f,,u loss due to long-term concrete shrinkage, creep of concrete, and relaxation of steel, ksi 

The prestress loss due to elastic shortening is detennined as 

(5. 18) 

where 

Ep = modulus of elastici ty of the prestressing steel, ks i 

Eu = modulus of elasticity ofconcrete at trans fer or time of load application, ksi 

./4gp = concrete stress at the center of gravity of the prestressing tendons due to the prestressing 
force immediately after transfer and the self-weight of the member at the section of 
ma,"<imum moment, ksi 

The change in the prestressing steel stress due to time-dependent prestress losses, ti.fr,,.r, is determined as 

A./' = 10.0/p, A ps 120 A r (5.19)t..:y pl.T A Y1, Ys1 + · Y1, Y . ., + ~ /,R 
/!. 

rh= l.7 - 0.0lH (5 .20) 

5 
(5 .21) 

Y.11 = (1 + f.'.,) 

where 
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J;, prestressing steel stress immediately prior to transfer. ksi 

Ap., area ofprestressing steel. in2 

A g = gross area of concrete section, in2 

y,, correction factor for relative humidity of ambient air 

y,, correction factor for specified concrete strength at time of prestress transfer 

H average annual ambient relative humidity. % 

.f'c, initial concrete compressive strength, ksi 

11J;,n= an estimate of relaxation loss taken as 2.4 ksi for low relaxation strand, lO.O ksi for stress 
relieved strand, and in accordance with manufacturers recommendation for other types of 
strands, ksi 

The estimate of time-dependent losses given by Equation 5.16 was derived from approximations of the 

refined method prescribed by AASHTO. The terms in the approximate method were developed for 

members of common shapes . This method was cal ibrated with full-sca le test results and results of the 

refined method. The first. second. and third terms of Equation 5. 16 represent creep losses. shrinkage 

losses, and relaxation losses. respectively (AASHTO 2007). 

5.5.3 PC/ DESIGN HANDBOOK METHOD 

The prestress losses in the PCJ Design Handbook (2004) method are based on a report of a task group 

sponsored by Jo int ACI-ASCE Committee 423 , Prestressed Concrete. Using this method. the total 

prestress loss, TL, is equal to the sum of fo ur prestress loss components as follows. 

TL= ES TCR +SH +RE (5.22) 

where 

TL = total loss. psi 

ES = loss due to elastic shortening. psi 

CR = loss due to creep of concrete, psi 

SH = loss due to shrinkage ofconcrete, psi 

RE= loss due to relaxation of tendons. psi 

The fo llowing equations are used to compute each of the prestress loss components in Equation 5.22. 

5.5.3.1 Elastic Shortening, ES 

ES = K .,_, fc•ir [ EE p,<I J (5.23) 

where 

Kes = I .0 for pretensioned members 

Ep, = modulus of elasticity of prestressing tendon s. which can be taken as 28.5 x I 06 ps i 

Ee, = modulus of elasticity of concrete at the time the prestress force is applied, psi 

/ ~11· = net compressive stress in concrete at the center of gravity of prestressing force 
immediately after the prestress has been applied to the concrete, psi 

(5.24) 
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where 

Kc,,= 0.9 for pretens ioned members 

P1 initial prestress force (after seating and before re lease), lb 

e eccentricity of center of gravity of tendons with respect to center of gravity of the 
concrete section, in. 

A g area of gross concrete section, in2 

l g moment of inertia of the gross concrete section, in4 

M g = bend ing moment due to self weight of member and any other permanent loads in place at 
time ofprestressing, lb-in 

5.5.3.2 Creep of Concrete, CR 

£ /1-') ( • ) (5 .25) CR= Ker E, hu· - f ct1.,[ 

where 

Kc, = 2.0 for normal weight concrete 

E, = modulus of elastic ity ofconcrete at 28 days, psi 

Ec1 = modulus of elasticity ofconcrete at the time the prestress force is applied, psi 

.fc:cl, = compressive stress in concrete at the center of gravity of the prestressing steel due to a ll 
dead loads applied to the member after it has been prestressed, psi 

fct.1.,· = M,.d e (5 .26) 
Jg 

where 

M.,.J = moment due to superimposed permanent dead loads applied after prestressing, lb-in 

5.5.3.3 Shrinkage of Concrete, SH 

SH = (8.2 x l0-
6 )K.-h E ps ( 1- 0.06 ; ) (100 - RH) (5.27) 

where 

K,h = 1.0 for pretensioned members 

VIS = volume to surface area, in . 

RH= mean ambient relative humidity. % 

5.5.3.4 Steel Relaxation, RE 

RE = [Kre -.!(SH + CR + ES)]c (5.28) 

where K,e and J are dependent on the type of the prestressing tendon, and C is dependent on the ratio of 
the prestressing steel stress immediately prior to transfer.f,,1 • to the ultimate stress of the tendon. J,,11. The 
values ofK,., and J are given in Table 5.1. and the values of C are given in Table 5.2 . 
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Table 5.1: PCI Values for K,e and J 

Type of Tendon K,e J 

270Grade stress-relieved strand or wire 20,000 0.1 5 

250Grade stress-relieved strand or wire 18,500 0.1 4 

240or 235Grade stress-relieved wire 17,600 0.13 

270 Grade low-relaxation strand 5,000 0.040 

250Grade low-relaxation wire 4,630 0.037 

240 or 235 Grade low-relaxation wire 4,400 0.035 

145 or 160 Grade stress-relieved bar 6,000 0.050 

Table 5.2: PCI Values for C 

fp,I fpu 
Stress-Relieved Stand 

or Wire 

Stress-Relieved Bar or 
Low-Relaxation Strand 

or Wire 

0.80 1.28 

0.79 - 1.22 

0.78 - 1.16 

0.77 - 1.1 1 

0.76 105 

0.75 1.45 1.00 

0.74 1.36 0.95 

0.73 1.27 0.90 

0.72 1.1 8 085 

0.71 1.09 0.80 

0.70 1.00 0.75 

0.69 0.94 0.70 

0.68 0.89 0.66 

0.67 0.83 0.61 

0.66 0.78 0.57 

0.65 0 73 0.53 

0.64 0.68 0.49 

0.63 0.63 0.45 

0.62 0.58 0.41 

0.61 0.53 0.37 

0.60 0.49 0.33 

The PCJ Des ign Handbook recommends the use of its prestress loss model fo r practical des ign 

applications and indicates that the model provides realistic values for norma l design cond itions. A more 

detailed ana lysis may be necessary for unusual des ign applications and special structures (PCl 2004). 

5.5.4 PCJ COMMITTEE ON PR£STR£SS LOSSES METHOD 

The PCI Committee on Prestress Losses ( 1975) prescribes a t ime-dependent method to estimate prestress 

losses. Although this method is over thirty years o ld, the ACl building code (2008) still recognizes it as 
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an acceptable method for estimating prestress losses. In th is model, the total prestress loss, TL. is equal to 

the sum of four prestress loss components inc luding elastic shortening, concrete creep. concrete 

shrinkage, and steel relaxation as shown in Equation 5.29 (PC I 1975). 

I 

Tl = ES+ I_ (CR +SH + RET) (5 .29) 
t i 

where 

TL = total loss, psi 

ES loss due to elastic shortening. psi 

CR loss due to creep ofconcrete. ps i 

RET = compressive stress in concrete at the center o f grav ity of the prestressing steel due to all 
dead loads applied to the member after it has been prestressed, psi 

ti = beginning time, days 

end time, days 

The prestress loss components in Equation 5.29 are dete1mined as fol lows. 

5.5.4.1 Elastic Shortening, ES 

(5 .30) ES=/· er [ ~ )
Ee, 

where 

.fc, concrete stress at center of gravity of the prestressing force immediately after transfer. psi 

E., modulus of elastic ity of prestressing tendons. ps i 

Ee, modulus of elastic ity ofconcrete at the time the prestress fo r<.:e is applied, psi 

5.5.4.2 Creep of Concrete, CR 

CR = (UCR)(SCF)(MCF)(PCR)(Jc) (5 .31) 

where 

UCR = 63 - 20Ec /1 06 
: UC R 2: 1I for normal weight accelerated cured concrete 

SCF = member size and shape facto r 

MCF = age at prestress and length of cure factor 

PCR (AUC), - (A UC)11 = portion of ultimate creep over the time interval I l to/ in which A UC 
is the estimated variation of creep with time 

.fc. net concrete compressive stress at prestress centroid at t ime ti , taking into account the 
loss of prestress force occurring over the preceding time interval, psi 

Values for SCF and A UC are given Table 5.3 and Table 5.4, respectively. 
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Table 5.3: Values of SCF for Various Volume-to-Surface Ratios 

Volume-to-Surface Ratio SCF 

2 

3 

4 

1.05 

0.96 

0.87 

0.77 

0.68 

Table 5.4: Values of AUC for Various Prestress Durations 

Time after Prestress AUC 
(Days) 

1 0.08 

2 0.15 

5 0.18 

7 0.23 

10 0.24 

20 0.30 

30 0.35 

60 0.45 

90 0.51 

180 0.61 

365 0 74 

End of Service Life 1.00 

5.5.4.3 Shrinkage of Concrete, SH 

SH = (USH)(SSF )(PSH) (5 .32) 

where 

USH = ul timate shrinkage loss in normal we ight concrete, psi 

= 27.000- 3000Ecll06 2: 12,000psl 

SSF = member size and shape factor 

MCF = age at prestress and length of cure factor 

PSH = (AUS), - (AUS),, = po11ion of ultimate shrinkage over the time interval tl tot in which 
A US is the estimated variation of shrinkage with time 

Values for SSF and AUS are g iven Table 5.5 and Table 5.6, respectively. 
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Table 5.5: Values of SSFfor Various Volume-to-Surface Ratios 

Volume-to-Surface Ratio SSF 

1 1.04 

2 0,96 

3 0.86 

4 0,77 

5 0.69 

6 0.60 

Table 5.6: Values of AUS for Various Prestress Durations 

Time after Prestress AUS
(Days) 

1 0.08 

2 0.15 

5 0.20 

7 0.22 

10 0.27 

20 0.36 

30 0.42 

60 0.55 

90 0.62 

180 0.68 

365 0.86 

End of Service Life 1.00 

5.5.4.4 Steel Relaxation, RET 

RET = f sr ( log(24 t) - log(24 ti))( f" _ 0_55] (5.33) 
45 !py 

w here 

fr,11 = guaranteed ultimate tensi le strength o f prestressing steel, psi 

J;,_, stress at I% elongation of prestressing steel. ps i. may be taken as 0.90 J;,. 
f,, stress in prestressing steel at t ime t 1. psi 

J;JJ~y- 0.55 ~ 0.05 

5.6 CAMBER 

Camber is a net upward deflection due to the eccentric compression applied to prestressed concrete 

members. A s ignificant amount of camber often occurs after release of the prestressing force. Many 

variables affect camber incl uding concrete mix proportions, time of prestress release, placement of 

superimposed loads, and relative humidity. Therefore, long-term val ues are only estimates and should not 

be spec ified. but should instead be recognized (PC I 2004). 
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I 

The PCI Design Handbook (2004) provides methods for estimating the both initial and long-term camber. 

The equation used for detem1ining the initial camber includes the effects of the prestTessing force and the 

self weight as fo llows 

P. e /2 5w/4 

!), =_o__ - ---- (5.34) 
8 Ec, I 384Ec, I 

where 

!), mid-span deflection, in. 

P0 = prestress force at transfer, kips 

e eccentricity of prestressing force, in . 

/ span length. in. 

Ee, modulus of elasticity at time of initial prestress, ksi 

moment of inertia of the beam section, in4 

w self weight per unit length, kip/in. 

Long-term camber estimates are more complex than initial estimates due to the effect of prestress loss 
over time and increase in concrete strength after release of prestress. The PC! Design Handbook (PCl 

2004) suggests that long-term camber be determined by multiplying the initial calculated deflections by a 

given multiplier. The PCI Design Handbook recommended multipliers are given in Table 5.7. 

Table 5.7: PCI Simple Span Multipliers for Lon 

Deflection (downward) due to member weight at release 2.70 2.40 

Camber (upward) due to prestress release 2.45 2.20 

Deflection {downward) due to superimposed dead load 3.00 3.00 

Deflection (downward) due to composite topping 2.30 

5.7 FLEXURAL STRENGTH OF PRESTRESSED CONCRETE GIRDERS 

The nominal flexural strength of a section can be determined using strain compatibility and static 

equilibrium (ACI 2005). 

For a rectangular section or a T-section where the equivalent rectangular stress block fa lls within the 

flan ge, and assuming the compression steel, if any, to be yielding at the strength limit state, the nominal 

fl exural strength ofa prestressed concrete member can be determined using Equation 5.35 (Nawy 2006). 

(5.35)M n = Aps i ~s ( d p -1) + A , j~ ( d -1 )- A: Jy (1-d ') 

where 

M,, 

Ap, 

fr, ,. 
= 

nominal flexural strength, lb-in. 

area of prestressed reinforcement, in2 

stress in prestressing steel at nominal flexural strength, psi 
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dP = depth from extreme compression fiber ofconcrete to centroid of prestre s ing steel. in. 

a depth of compre sive stres block. in. 

A , area of tension reinforcement, in2 

f. = y ield strength of non-prest ressed reinforcement. psi 

d depth from extreme compression fiber of concrete to centro id of tension reinforcement. 
111. 

A', area of compression reinforcement, in" 

d' = depth from extreme compression fiber of concrete to centro id o f compression 
reinforcement (d' ~ 0.1 Sdp)- in. 

5. 7.1 ACJ CODE PROVISIONS FOR FLEXURAL STRENGTH 

AC! (2008) defines the pre tres ing steel stress at nominal flexural trength, J,,.,. based on strain 

compatibility using the fo llowing expres ion for fu lly bonded strand 

- I {1 -~ [ / fl" + !!__((I.) - (J.)' )l} (5 .36)I 
ps - flll fJ1 p I' /,.' d fl J 

where 

J;,, = stress in prestressing steel at nominal flexural strength. p 

J;,11 = ultimate stress of prestrcssing steel, psi 

;Ip factor for type of prestressing stee l 

/31 factor relating depth of equiva lent rectangu lar compress ive stress block to neutral axis 
depth 

/Jp Ap.lhdp 

f c = 28-day concrete compressive strength. psi 

d = depth from extreme compression fiber of concrete to centro id of tension reinforcement. 
111 . 

d" depth from extreme cornpres ion fiber of concrete to centroid of prestressing steel. in. 

w tension reinforcement index = pf.. f , 

w' compression reinforcement index = p'/J f , 

p non-prestre ed tension reinforcement ratio = A, I bd 

p' compression reinforcement ratio = A 'J be/ 

b = section width in the compression zone 

The value of 'Ip used in Equation 5.36 is dependent on the type of prestre sing steel. AC! (2008) 

prescribes values of YP based on the ratiof,,/ J;,.. Values ofyf' are shown in Table 5.8. 

Table 5 8· ACI Values for~ 

Type of Tendon fw fp,, YP 

Low Relaxation Strand I 0.90 0.28 

Stress-Relieved Strand 0.85 0.40 

High.Strength Prestressing Bar 0.80 0.55 
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5. 7.2 AASHTO-LRF D PROVISIONS FOR FLEXURAL S TREi'VGTH 

AASHTO-LRFD (2007) prescribes the ame method as AC I for determining nominal flexural strength of 

a prestressed member. However. AASHTO uses the following expression for detem1ining the stress in 

the prestressing steeLJ~, . 

(5.37) 

where 

J,,., 
f,,,, 
k 

c 

dP 

= 
stress in prestressing steel at nominal flexural strength, ps i 

ultimate stress of pre tressing steel. psi 

factor for type of prestressing steel 

distance of outerrno t compressive fiber to the neutra l axi 

depth from e, treme compression fiber of concrete to centroid of prestressing steel. in . 

The value of k used in Equation 2.33 is dependent on the type of prestressing steel. Similar to ACI, 

AASHTO prescribe value of k ba ed on the ratios off,,/ (,,,, . Values of k are hown in Tab le 5.9. 

Table 5.9: AASHTO Values for k 

Type of Tendon f,,.,v'fp,; VP 

Low Relaxation Strand 0.90 0.28 

Stress-Relieved Strand 0.85 0.38 

Type 1 High-Strength Bar 0.85 0.38 

Type 2 High-Strength Bar 0.80 0.48 

5.8 SHEAR STRENGTH OF PRESTRESSED CONCRETE G IRDERS 

This section present a brief review of code provisions regarding shear strength of prestressed concrete 

g irders. 

5.8. 1 AC/ CODE PROVIS/0 S 

In the ACJ code (2008). the nominal shear strength of a concrete member to be equal to the sum of the 

nominal shear trength provided by concrete and the nominal shear trength provided by shear 

reinforcement as hown in Equation 5.38. 

( 5 .38) 

where 

V,, nominal shear strength 

V, nominal shear strength pro ided by concrete 

V, nominal shear strength provided by shear rei nforcement 

Section I 1.3 of the AC! Code (2008) provides detailed expressions for determining the nominal shear 

strength provided by concrete for prestressed members. V, is taken as the les er of V" and V, ... where V,, 

is the shear strength provided by concrete when flexure-shear cracking resu lts from combined shear and 
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moment, and V,11 is the shear trength provided by concrete when web- hear cracking results from 

principal tensile stres es in the web. 

V,, is determined using Equation 5.39. 

V -O 6 . 7!•b d V V, lvf.u (5 .39) ., - • A. " .I' \I' ,, + ti + 
1\lf"13\ 

with Ve, ~ I . 7..j f..'. b., cl ,, 

where 

Vu = nominal shear trength provided by concrete when diagonal cracking results from 
combined hear and moment. lb 

f , concrete compressive strength. psi 

A = modi fication factor for lightweight concrete= I for normal weight concrete 

bw ,,.,eb width. in 

d,, depth from extreme compression fiber of concrete to centroid of prestressing steel where 
d,, =:::_ 0.80h . in. 

h section depth 

V, = maximum factored hear force at section due to externally appl ied loads. lb 

A,f,_.r,, = moment causing flexural cracking at section due to externally applied loads. in-lb 

M max maximum factored moment at section due to externally applied loads, in-lb 

M " , is determined as fo llows. 

(5.40) 

where 

/ moment of inertia of ection about centroidal axis, iri"1 

y , = di tance from centroidal axis to tension face. in. 

f , concrete compressive strength. psi 

compre sive tres in concrete due to effecti ve prestress forces only at extreme tensile 
fiber o f ection. psi 

ft1 stres due to un factored dead load at extreme tensile fiber of section. p i 

V,-. is determined using Equation 5.4 I . 

V,w =(3.5 fl:+ 0 3 .f,,Jb.,. clr + JI" (5.4 I) 

wh ere 

v .... nominal shear strength provided by concrete when diagonal cracking resu lts from high 
principal ten ile stress in the web. lb 

f , concrete compressive trength. psi 

J;x resultant compressive stress at centroid of composite ection due to prestress and 
moments re i ted by precast member alone. psi 

h~ = web \\ idth. in. 
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dp = depth from extreme compression fiber of concrete to centroid of prestressing steel \ here 
d,, "?.. 0.80h. in. 

h = section depth. in. 

VP vertical component of effecti e prestress fo rce at section. lb 

The ACI Code (2008) pro ide expression for determining the nominal shear trength provided by the 

shear reinforcement. When V11• the facto red shear force at a section. exceed ¢ V,. where ¢ is the strength 

reduction factor. shear reinforcement is required to satisfy Equation 5.38. When the shear reinforcement 

is placed perpendicular to the axis of the member. the shear strength provided by the rein forcement may 

be determined using Equation 5.42 (ACI 2005). 

V =A,. /., cl (5.42)
' s 

with V,. s 8.fl:b,. d 

where 

V. = nominal shear strength pro ided by the shear reinforcement. lb 

A, area of shear rein forcement within spacings. in. 

Ji, = yield strength of tran verse reinforcement. psi 

d depth from extreme compression fiber of concrete to centroid of longitudinal tension 
reinforcement. where d ?:_ 0.80h. in . 

s center-to-center spacing of transverse reinforcement, in. 

5.8.2 AASHTO-LRFD PROVISIONS FOR SHEAR STRENGTH 

The AASHTO-LRFD (2007) provisions indicate that the nominal shear strength of a prestressed concrete 
member, V,,. be equa l to the lesser of the two expressions given by Equation 5.43 and Equation 5.44. 

V,, = Ve - V, + V,, (5 .43) 

where 

Ve nominal hear strength provided by concrete 

V, nominal shear strength provided by the transverse rein forcement 

VP vertical component ofeffecti\e prestress force at the section 

V,, =0.25 /,_' b,. d ,. - v,, (5.44) 

where 

effecti ve web width h1 

dJ = effective hear depth 

AASHTO-LRFD Bridge Design Specifications Article 5.8.3.4.3. "Simplified Procedure for Prestressed 

and Nonpresrressed Secrio11s... prov ides a simpli fied method for determining the nominal shear strength 

of a prestressed concrete member. The concepts of this procedure are similar to those pre cribed by the 

ACI Code and AASHTO Standard pecifications for Highway Bridges. With thi method. VP in 

Equations 5.39 and 5.40 shall be taken a zero and Ve shall be taken as the lesser of V,, and V,.,.. as 

provided in Equation 5.4 I and Equation 5.43. ~ ., is the shear trength provided by concrete when 

flexural-shear cracking results from combined shear and moment. V," is the shear trengt h provided by 
concrete when web-shear cracking results from principal ten ile tresses in the web . 
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(5.45) 

where 

V0 shear resistance provided by concrete when diagonal cracking results from combined 
shear and moment. kip 

f 0 concrete compressive strength. ksi 

b, effecti ve web width. in 

d, = effecti ve depth. in . 

h section depth 

V,1 shear force al the section due lo unfactored dead load. lb 

V, = maximum fac tored shear force at section due lo externally applied loads. kip 

Mue moment cau ing flexural cracking at section due to externally appl ied loads. ki p-in. 

Al ma., maximum factored moment at section due to externally applied load . kip-in . 

M,re is determined as fo llows. 

(5.46) 

where 

f, = modulus of ruptu re ofconcrete. ksi 

fcP" = compressive stress in concrete due to effective prestress forces only at extreme tensile 
fiber of section. ksi 

S

lvl,"" total unfactored dead load moment acting on the non-composite section. kip-.in 
S, section modulus for the extreme tensile fiber of the composite section. in~ 

110 section modulus for the extreme tensile fiber of the non-composite ection. in3 

v,,. = (0.06 ff 4- 0.30 J,, .. )b,.d ,. + v,, (5.47) 

where 

v, ... nominal shear strength provided by concrete when diagonal cracking results from high 
principal ten ile stress in the "veb. kip 

f , concrete compressive strength, ksi 

fp. = resultant compres ive stress al centroid of composite section due to prestre s and 
moment re isted by precast member alone, ksi 

b_1 effective web width, in . 

d; effective shear depth. in . 

VP = vertical component of effective prestress force at section. lb 

The shear strength prov ided by 1he shear reinfo rcement is given by Equati on 5.48. 

A,. f, d ,, (cot 0 +cot a) sin a 
V, = . 

s 

where 

Y, shear res istance provided by the shear rein forcement. kip 

A,. area of shear reinforcement within spacings. in~ 

\fay 1009 S1rucwml Pe1fom1anc<! ofPrcs/rc!Ss<!d SCC Bndge Girders 



J; yield strength of transverse reinforcement. k i 

effective shear depth. i11 .d1 

0 = angle of inclination of diagonal compressive stre ses 

a. angle of inclination of transverse reinforcement to longitudi na l axi 

s center-to-center spacing of transver e reinforcement. in. 

When V0 < V" ,. cot 0 shal l be taken as 1.0. However. if Vu > V,,, .. then (AASHTO 2007) 

(5 .49) cot0 ~1.0 + 3( ii )< 1.8 

5.9 PREVIOUS TESTS OF FULL-SCALE PRESTRESSED sec GIRDERS 

A summary of prev iou investigations regarding full-scale prestressed CC g irders is presented in this 

section. Although research regarding the use of SCC for prestressed appl ication exist . very few studies 

analyze the perfonn ance of full- cale pecimen . 

5.9.J 

Hamilton. Labonte. and Ansley (2005) conducted a study comparing the strucwral performance of 

AASHTO Type II bridge girder con tructed with SCC with tho e ca t wirh a standard concrete mix. The 

objectives of the research were to compare the fresh and hardened materia l propertie . construction 

process. transfer length. camber. and shear and flexural structural behavior. After optimizing trial mix 

designs, six 42 ft prestres ed AASHTO Type 11 bridge girders were constructed . Three of the girders 

were cast with SCC and three were cast with standard concrete mixes. Four of the g irders (two SCC and 

two standard concrete) inc luded a composite cap to simulate the composite ac tion of a deck and were 

tested in flexure and shear. The remaining g irders were tested in shear without composite action from the 

deck. 

Shear tests were performed on each end of two g irders for a total of fou r tests. Two different test setups 

were used on each end of the girders. The test results of the first test setup indicated that the g irder cast 

with standard concrete carried 8. 7% more load and deflected about 22% more than that cast with SCC 

concrete. The test results of the second test setup indicated that the g irder cast wi th tandard concrete and 

that cast with SCC concrete had nearly identical failure loads and deflections. 

Shear-flexure test were performed on each end of t\-vo girders to com pare the flexural performance of 

sec v.1ith that of tandard conc rete. In al l four shear-flexure tests. failure occurred in the composite cap 

due to flexural compressive stresses. The researchers concluded that the flexural capac ity of the SCC and 

standard concrete girders were similar. but the ductility of the standard concrete girder was greater than 

that of the sec girder. 

The final two g irders were tested for shear-slip on both ends. During the test, fa ilure in the SCC girder 

was due to premature strand lip at the end of the girder. The strands a t that parti cular end of the girder 

were torch cut abruptly during prestress trans fer. The researchers believe the abrupt prestress transfer 

may have contributed to the early trand lip and resulted in reduced load capac ity (Hamilton et a l. 2005). 
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5.9.2 NAITO, P ARENT, AND BRU NS 

Naito, Parent. and Brunn (2006) studied the performance of full-scale SCC g irders. Four 35 ~ prestressed 

bulb-tee g irders were constructed. Two of the g irders were cast ,vith SCC and two were cast with a 

convent ional high-early strength concrete (HESC). Three failure modes were addres ed during this study: 

compressive-flexural failure. shear-flexural failure. and ten ·ile- f7exural failure. To ach ieve the desired 

fa ilure mode . the girders were tested in two different simply supported arrangement . 

All test specimens reached theoretical flexural and shear capacities calculated with actual material 

properties. HESC g irders achieved between IO I% and I04% of the theoretical moment capacities. The 

SCC girders achieved beMeen 10 I% and I 02% of the theoretical moment capac itie . The results also 

indicated that the measured shear capacity of the SCC and HESC girders exceeded the shear strength 

estimates by 6% and 7%. respectively. In all cases. the SCC g irder were more ductile than the HESC 

girders. The researchers concluded that responses of the SCC and HESC g irders were comparable and 

that both reached the flexural and s hear capacities estimated by the ACI code (Naito et al. 2006). 
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6 EVALUATION OF sec MIXTURES WITH LIMESTONE AGGREGATE 

This chapter covers the experimental and analytical study that was carried out to evaluate the performance 

of SCC mixtures made with limestone aggregate. The limestone aggregate u ed in this study was 

obta ined from Rapid City. SD. The purpose of this study was to asses the CC mix properties for use in 

prestressed bridge girder fabrication in western South Dakota and to prepare pecial provis ions for use by 

SDDOT when specifyi ng CC for prestre sed girders. Standard tests were performed to measure the 

aggregate properties and the fresh and hardened SCC properties. The measured SCC properties were 

compared to theoretical mode ls that are norma lly used to represent the performance of conventional 

concrete. 

6.1 AGGREGATES M EASURED PROPERTIES 

The coarse aggregate used in the SCC mix was a ½ '' limestone chip from Rapid C ity. SD. The coarse 

aggregate is shown in Figure 6.1. The fine aggregate used in the SCC mix wa Pete Lein Sand from 

Rapid City. SD. 

The aggregates used for the SCC in this research were received at die laborato ry in large bins. Aggregate 

samples were then reduced and tested. The aggregate sampling and testing were done in accordance with 

ASTM standards (A TM 2007). Sampling of the aggregate was perforn1ed according to ASTM C 702-

98: --standard Practice for Reducing Samples of Aggregate to Testing Size." The aggregate testing data 

can be found in Appendix A. Following are summaries of the measured results. 

Figure 6.1: 3/a" Limestone Chip Coarse Aggregate 

6.1.J SIE VE ANAL YSIS 

The aggregate gradation was determined in accordance with ASTM C I 17: •• tandard Test Method for 

Materials Finer than 75-~1111 (No. 200) Sieve by Washing"' and ASTM C 136: ··Standard Test Method for 

S ieve Analysis of Fine and Coarse Aggregates... The grain size distributions for the coarse and fine 

aggregates are presented in Figure 6.2 and 6.3. respectively. The s ieve analysis howed that the grain size 
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distributions were within the SDDOT acceptable upper a nd lower limits. The finenes modulus of the 

fine aggregate is given in Table 6.1. 
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Figure 6.2: Coarse Aggregate Grain Distribution 
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Figure 6.3: Fine Aggregate Grain Distribution 

gregate 

6. 1. 2 D ENSITY, SPECIFIC G RAVITY, AND ABSORPTJON 

Three samples of each aggregate were tested for saturated surface dry (SS D) density. SSD specific 

gravity. and absorption. The tests were performed according to ASTM C 127-04: ··Standard Test Method 

for Density. Relative Dens ity (Specific Gravity). and Absorption of Coarse Aggregate'· and 

ASTM C I 28-04a: '· tandard Test Method for Density. Relati e Dens ity (Specific Gravity). and 
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Absorption of Fine Aggregate"': The average measured SSD densities. SD specific gravities. and 

absorptions for the coarse and fine aggregate are presented in Table 6.2. The values fell within the 

expected ranges for the aggregate properties. Typically. the specific gra ity of aggregate is between 2.4 

and 2.9. The absorption of coarse aggregate normally ranges between 0.2% and 4%. and that of fine 

aggregates ranges between 0.2% and 2% (Kosmatka et al. 2002). 

ate SSD Density, SSD Specific Gravity, and Absorption 

Rapid City Limestone 158.2 2.54 0.66 

Rapid City Sand 164.1 2.64 1 19 

6.1.3 B ULK DENSITY 

The bulk density was measured according to ASTM C 29-97: "Standard Te t Method for Bulk Density 

('·Unit Weighf') and Voids in Aggregate:· The values for each test were a eraged and recorded. The 

measured bulk densities of the oven dried aggregates are listed in Table 6.3. The measured values were 

reasonable and within expected re ults. 

Table 6.3: Ag 

96.7 Rapid City Limestone 

Rapid City Sand 101 3 

6.2 LABORATORY CONCRETE MIXTURES 

6.2.1 MIX D ESIGN 

One conve ntional concrete and four SCC mixtures were studied in thi re earch. The main variables 

among the sec mixtures were the w/c ratio and the method of curing. A w/c ratio of 0.33 was used for 

the conventional concrete mix and for the control sec mix. The conventional concrete and the control 

sec mix designs were prepared by e retex Concrete Products West in Rapid City. SD. Three w/c ratios 

were implemented in the SCC mixtures: 0.33. 0.35. and 0.37. All of the concrete mixtures were moist 

cured. Spec imens from the SCC control mix were also heat cured in order to tudy the effect of 

accelerated curing on SCC hardened properties. To identify the different mixe . the prefixes ··s·· and 

"'CC'' were used for SCC and conventional concrete. respectively. A numeric uffix was used to identify 

the w/c ratio used in the mix. For the heat cured mix. the letter "A"' was added to the suffix. The mix 

design matrix is shown in Table 6.4 . 
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Table 6.4: Mix Desi n Matrix 

Mix ID 

w/c Ratio 

Concrete Type 

Coarse Aggregate 

Fine Aggregate 

Curing Method 

S33 S35 S37 S33-A CC33 

0.33 0.35 0.37 0.33 0.33 

sec sec sec sec Conventional 

Rapid City Rapid City Rapid City Rapid City Rapid City 
Limestone Limestone Limestone Limestone Limestone 

Rapid City Rapid City Rapid City Rapid City Rapid City 
Sand Sand Sand Sand Sand 

Moist Moist Moist Heat Moist 

The cement used to produce the concrete mixtures was GCC Dacotah Type VII. Three admixtures were 

added to the SCC mixtures: Daravair® M air entrainer, ADV A® Cast 555 superplasticizer, and 

Daratard® 17 set retardant. The ADVA® Cast 555 superplastic izer contains a v iscosity modifying agent. 

For the conventional concrete mix, Daracem® 19 instead of ADVA
1
-w Cast 555 was use as superp lastic izer. 

Grace Construction Products developed and provided al l of the admixtures. Literature on the admixtures 

can be found in Appendix B. The mix design proportions are shown in Table 6.5. Based on observed 

behavior of the fresh SCC during mixing, the quantities of the superplasticizer and the air entrainer had to 

be adjusted to create the des ired SCC characteristics. Typically, the mixes required less s uperplasticizer 

and more a ir entrainer than the quantities required in the orig inal mix des igns. The design quantities and 

actual quantities used in preparing the SCC mixtures are shown in Table 6.6. 

Table 6.5: Mix Desi n Matrix 

Mix Designation 

Coarse (lb/cu yd) 

Fine (lb/cu yd) 

Cement (lb/cu yd) 

W/C Ratio 

Water (lb/cu yd) 

Daravaif!l M(oz/cwt) 

Daratard®17 (oz/cwt) 

ADVA®555 (oz/cwt) 

Daracem®19 (oz/cwt) 

S33 

1499 

1343 

832 

0.33 

274.6 

1.76 

3.01 

29.10 

S35 

1499 

1343 

795.6 

0.35 

278.5 

1.76 

3.01 

29.10 

S37 

1499 

1343 

772.4 

0.37 

285.8 

1.76 

3.01 

29.10 

CC33 

1875 

1200 

667.0 

0.33 

220.0 

1.43 

2.00 

18.57 

Table 6.6: Desi n and Actual Superplasticizer and Air Entrainer Quantities 
ADVA 555 (oz/cwt) Daravair M (oz/cwt) 

Design Actual Design Actual 

S33 

S35 29.1 21 .25 1.76 1.57 

S37 29.1 20.81 1.76 1.40 
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6.2.2 MIXING AND BATCJ-1/NG 

The mixer used to produce the concrete was a portable tilt-drnm mixer. The mixer had a rotating drum 

with three interior paddles. The angle of the mixer drum was adjustable. The mixer capacity was one 

thi rd of a cubic yard. However. the batch size was lim ited to one tenth of a cubic yard due to the fluidity 

of the SCC mixtures. By limiting the batch size, the drum cou ld be tilted so the SCC would mix well 

without spilling. 

The same mixing regimen was used for a ll the mixes developed in this research. First. the drum of the 

mixer was moistened to prevent any absorption of water from the mix to the drum. All of the dry 

ingredients (coarse aggregate. fine aggregate. and cement) were added and well mixed before adding the 

water. The batch quantity of water was split into 80% and 20%. The air entrainer was added to the 80% 

of the batch quanti ty water. The 80% water and air entrainer were mixed with the dry ingredients. The 

set retardant was added next. fo llowed by the remaining 20% water. The superplasticizer was added last 

and the batch was then mixed for e ight minutes. The eight minutes mixing period was found to be an 

optimum duration to ensure the dispers ion of the superplastic izer and the development of the appropriate 

viscosity. 

6.2.3 CURI GMETHODS 

Concrete specimens consi ting of standard 6" x 12" cylinders and 6"x6" x22" beams were cast and cured in 

the Materials Laboratory at SDSU. Specimens from S33. S35. S37. and CC33 were moist cured in a 

moisture room for the intended specimen age. Additional specimens from the CC mix ,-vi th w/c ratio of 

33% were heat cured for accelerated curing (high early strength). The mix correspond ing to the heat cured 

specimens was labeled S33-A. 

Two heat curing boxes were used to cure the S33-A concrete cylinders and beams. The exterior and 

interior views of one of the curing boxes are shown in Figure 6.4. The curing box had a single beating 

e lement installed beneath a raised wire grid floor. A fan circulated the heated air in ide the curing box. 

The interior temperature was monitored by a thennocoup le. The heating element was controlled by a 

microprocessor on the outside of the box. The microprocessor was programmable to control the 

temperature level and duration inside the box. 

(a) Exterior View (b) Interior View 

Figure 6.4: Heat (Accelerated) Curing Box 
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The heating program that was used to cure the spec imens in this study is listed in Table 6.7 and shown in 

Figure 6.5. The three ty pes of functions used in the heat program were ' ·Step- Up'· , ·'Soak ... and '·End­

Hold'·. A Step-Up functi on raises the temperature to the set point in the programmed amount of time. 

The Soak function holds the temperature constant for the programmed amount of time. The End-Hold 

function ends the program and holds the fin al temperature until the processor is switched off. The 

microprocessor had two digi tal display screens. The top displayed the current temperature inside the box, 

and the bottom displayed the set point for the c urrent phase of the program. 

2 

3 

4 

5 

6 

7 

Step-Up 

Soak 

Step-Up 

Step-Up 

Step-Up 

Soak 

End---Hold 

80 

80 

110 

140 

150 

150 

150 

5 hours 

1hour 

1hour 

1hour 

12 hours 

1hour 

160 

- 140 l -u.. 
0-ClJ 

120 
... 100 
:J....
"' 80... 
ClJ 
C. 60 -
E 40 
~ 

20 

0 

0 5 10 15 20 25 
Time (hours) 

Figure 6.5: Heat Curing Step-Up and Soak 

6.3 FRESH PROPERTIES 

The fresh SCC was discharged from the mixer into a wheelbarrow. Test samples were made for 

measuring the fresh and hardened properties of the SCC and mixtures. The fres h concrete was sampled 

according to ASTM C 172-04: ·'Standard Practice for Sampling Freshly Mixed Concrete" (ASTM 2006). 

The results of the SCC fresh properties are summarized in Table 6.8. 

6.3.J SLUMP FLOW 

The flowabi lity of the SCC mix was measured according to ASTM C 161 1: ·'Standard Test Method for 

Slump Flow of Self-Consolidating Concrete" . ln this study, the slump now was measured for every SCC 
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batch. The average measured slump spread values versus the w/c ratio and the amount of superplasticizer 

are shown in Figure 6.6. The average slump spread values were approximately 25. 1 ", 24.2". and 23.5" for 

S33, S35, and S37, respectively. These values were wel l within the nonnally accepted slum p spread 

range of 20" to 28". 

Table 6.8: Measured sec Fresh Properties 

Mix ID 

RC-PS-S33-1 

RC-PS-S3 3-2 

RC·PS·S33-3 

RC-PS-533· 

RC-PS-S33-4 

RC-F5-533-S 

RC-P5-S33-6 

RC-P5-S33-7 

RC-PS-533-8 
RC-P5-533-9 

Slump Flow (in) 

27.7S 

21..50 

24.00 

24.00 

27 50 

27.50 

26.00 
22.50 

J-Rint Spread (in) 

---Failed Sl umo Flow ( > 28"1···-

27 

-----Failed 51umo Flow (=18") 

T20lsec) 

2.35 

3.27 

2.23 

2.66 

1.76 

1.77 

2.03 

2.08 

VSI 

0 

0 

0 

0 

0 

0 

1 
0 

Hl 

s 

l•Box 
HZ 

1.5 

H2/Hl 

0.30 

Unit Wei•ht !pd) 

138 S 

Air Content(%) 

7 4()'/4 

Temoerature l'F) 

77 

Mi•ID Slump Flow lin) J-Rine Spread (in) T20(sec) VSI 
l-Bo• 

Unit Wei•ht (ncf) Air Content(%) Temperature ('F)Hl H2 H2/Hl 

RC-P5-535-l 22 00 2.58 0 

RC-PS-535-2 24.00 22.5 1.19 0 4 2.5 0.63 141.1 6.20% 77 

RC-PS-535-3 24.50 1.67 0 

RC-PS-535-4 28.00 1.01 1 

RC-PS-535-5 28.00 1.91 1 7.80% 

RC-PS-535-6 24 00 1.76 0 

RC-P5-535-7 22.00 2.1 0 

RC-P5-535-8 21.50 2.39 0 

Mi•ID 
RC-PS-S37-1 
RC-PS -537-2 

RC-PS-537-3 
RC-•S-537-4 

RC-•S-537-5 
RC-PS -537-6 

RC-PS-537-7 

RC-PS-537-8 

Slump Flow (in) 

21.75 

21.00 
21.00 

26.50 

21.50 

28.00 

28.00 

20.00 

J-RineSpread (in) 

18.25 

T20 (sec) 

1.76 

1.84 
2.B 

145 

219 
2.43 

172 

2.97 

VSI 

0 

0 
0 

0 

0 
0.5 

0 

0 

Hl 

s 

l•Bo• 
H2 

3.25 

H2/Hl 

0.65 

Unit Weieht (pd) 

136.4 

Air Content(%) 

7.80% 

Temoerature (' Fl 

79 

l-Box 

Mi•ID Slump Flow (in) J-Rint Spread (in) T20 (sec) VSI Hl HZ H2/Hl Unit Weieht (pd) Air Content 1%) Temperature l'F) 

RC-PS-S33A·3 27.00 1.98 0 I 
RC-P5-S33A-4 28.00 1.89 1 

RC-P5-S33A-5 26.50 1.53 0 
RC-PS-S33A-6 22.00 3.09 0 I 

RC-PS-S33A-7 27.50 1.67 0 

RC-PS-S33A-8 26.50 1.89 0 3 7S 2.38 0.63 I 
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Figure 6.6: Measured Average Slump Spread versus W/C and Amount of Superplasticizer 

Figure 6.6 indicates that the slump spread increased with an increase in the amount of the superplasticizer, 

but decreased with an increase in the w/c ratio. Since the ratio of the superplasticizer to the w/c was not 

kept the same for a ll of the mixes, the trend of the slump spread relative to the change in the w/c ratio 

would be misleading in this case. A better parameter to gauge the variation of the s lump spread would be 

a normalized value of the amount of superplasticizer with respect to w/c. Figure 6. 7 shows a plot of the 

s lump spread versus the ratio of the superplasticizer to w/c. The figure also shows the best fi t line of the 

data po ints w ith a coefficient of determination R2 of 0.99 (correlation coefficient = R = 0.99). It is c lear 

from F igure 6.7 that, for the data range and mix proportions considered in thi s study, the s lump spread 

varied linearly with the nonnalized amount of superplasticizer. The measured results indicate that for a I 

oz/cwt increase in the nonnalized amount ofsuperplasticizer, the slump spread increases by 0. 14". 
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Figure 6.7: Measured Average Slump Spread versus Normalized Amount of Superplasticizer 
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6.3.2 VISUAL STABILITY INDEX (VS/) AND T ,o 

The VS! test was performed immediately following the slump flow test according to ASTM C 161 1: 

"'Standard Test Method for Slump Flow of Self-Consolidating Concrete_·, The YSI was evaluated for 

every batch of SCC. All three mixe were rated an average YSI of 0. A rating of O indicates high 

dynamic stabi lity and absence of segregation. 

The T20 test results varied between I and 3.3 seconds with an average of approximately 2 seconds. The 

T20 measurement are plotted against the normalized amount of superplasticizer in Figure 6.8. owak et 

al. (2005) suggested an acceptable T20 range of2 to 5 seconds. However. the T20 results are seldom used 

as acceptance criteria. A previous tudy on the performance of SCC materials showed that SCC batches 

with T20 less than 2 seconds were still robust and acceptable (Wehbe et al. 2007b). The T20 results in this 

tudy were too scanered to be able to draw any ignificant correlations. 
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3.00 <> 

u 
QI 

"' 
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0 
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t 

<> 

<>.a. 
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8 
<> 

a 
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0.00 
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Figure 6.8: T2o versus Normalized Amount of Superplasticizer 

6.3.3 J-RING SPREAD 

The blocking potential was measured us ing the J-ring rest. The test was performed according to 

ASTM C 1621: ··Standard Test Method for Passing Ab ility of Self-Consolidating Concrete by J-Ring". 

The blocking potential is evaluated a the d ifference in s pread between the lump flow and J-ring tests. A 

difference of le than I" indicates no \ i ible blocking. A difference between I" and 2" indicates minimal 

to noticeable blocking. A difference of more than 2" indicate noticeable to extreme blocking. The 

average measured slump and J-Ring spreads results are shown and compared in Figure 6.9. The results 

s uggest that S33 had no visible blocking, S35 had minimal block ing. and S37 had noticeable blocking. 
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Figure 6.9: Measured Blocking Potential 

The blocking potential was plotted versus the amount of superplasticizer and the w/c ratio. The plots are 

shown in Figure 6.10. Similar to the trends exhibited by the slump spread (Section 6.3. l ), the blocking 

potential increased with an increase in the amount of the superplasticizer. but decreased with an increase 

in the w/c ratio. A better parameter to gauge the variation of the blocking potential would be the 

normalized value of the amount of superplasticizer with respect to w/c ratio. Figure 6. 11 shows a plot of 

the blocking potential versus the ratio of the superplasticizer to w/c. The figure also shows the best fit 

line of the data points with a coefficient of determ ination R2 of 0.93 (correlation coefficient= R = 0.96). 

It is c lear from Figure 6.1 I that, for the data range and mix propo1tions considered in this study, the 

blocking potential varied approximately linearly with the normalized amount of superplasticizer. The 

measured results indicate that for a I oz/cwt increase in the normalized amount of superplasticizer. the 

blocking potential decreases by 0.17". 
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Figure 6.10: Blocking Potential versus Amount of Superplasticizer and WIC Ratio 
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Figure 6.11: Blocking Potential versus Normalized Amount of Superplasticizer 

6.3.4 L-Box 

The fill ing ability was measured usi ng the L-Box test. The test was performed in accordance with the 

PC T interim guidelines (2003). The measured L-Box results were expressed in tetms of the ratio H2/ H1 , 

where H2 is the height of the concrete at the downstream end and H1 is the height of the concrete at the 

upstream end of the L-Box trough. Figure 6.12 shows the averaged test resu lts. The average L-Box 

ratios were 0.62, 0.61 , and 0.63 for S33, S35, and S37, respectively. EFNARC (2002) recommends the 

L-Box ratio to be in the vicinity of 0.8. Although the measured values were below that recommended by 

EFNARC. the L-Box test is not considered by ASTM as a standard test for SCC. 
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Figure 6.12: Measured L-Box Ratios 

Figure 6.13 shows a plot of the L-Box ratios versus the amount of the superplasticizer and the w/c ratio. 

The plots indicate that the L-Box ratio was insensitive to both the w/c ratio and the amount of 
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superplasticizer. Therefore, the L-Box ratio will a lso be insensitive to the ratio of tbe amount of 

superplasticizer to the w/c ratio. Hence, no conclusive trends cou ld be established. 
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Figure 6.13: Measured L-Box Ratio versus Amount of Superplasticizer and W/C Ratio 

6.3.5 COLUMN SEGREGATION 

The static stability of the SCC mixes was measured us ing the column segregation test. The test was 

performed according to ASTM C 16 I0: ··Standard Test Method for Static Segregation of Self­

Consolidating Concrete Using Column Technique." The column segregation test result is expressed as 

the percentage ratio of the differe nce of aggregate mass between the bottom and the top segments of the 

column to the tota l aggregate mass in the two segments. For the mixes considered in this study, the 

colwnn segregation was 6.5% for the S3 7 mix. and nonexistent for the S33 and S35 mixes. The resul ts 

indicate that the columns segregation of the SCC mixes was insignificant. The column segregation test 

results are shown in Fi gure 6.14. 
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Figure 6.14: Measured Column Segregation 
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6.3.6 AIR CONTENT 

The a ir content was measured according to ASTM C 23 I: ' ·Standard Test Method for Air Content of 

Freshly Mixed Concrete by the Pressure Method.'. The amount of air entrainer was altered from the mix 

des ign for each mix in order to achieve acceptable air content between 6% and 8%. The averaged 

measured air content was 7.4%, 7.8%. and 7.8% for S33, S35. and S37. respectively. The measured 

values are shown in Figure 6.15. 
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Figure 6.1 5: Measured Air Content 

The measured air content was practically the same for all three SCC mixes. Therefore, the results were 

used to determine a parametric relationship between the amount of a ir entrainer and the normalized 

amount of superplasticizer for a constant air content value. For all practical purposes, the average 

measured air content was approximately 7.6%. Figure 6.16 shows the measured amount of air entrainer 

versus the normalized amount of superplasticizer for an air content of approximately 7.6%. The figure 

also shows the best fit line of the data points with a coefficient of determination R2 of 0.97 (correlation 

coefficient = R = 0.98). The plot indicates that to maintain an air content o f 7.6% in the SCC mixes 

considered in this study, the ai r entrainer amount would have to be increased by 0.026 ozlcwt when the 

normalized amount ofsuperplasticizer is increased by I ozJcwt. 
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Figure 6.16: Amount of Air Entrainer versus Normalized Amount of Superplasticizer for Air Content= 7.6% 

6.3. 7 MIX T EMPERATURE 

The mix temperatures were 77'F, 77'F, and 79°F for S33, S35, and S37. respectively. These values were 

within the SDDOT acceptable temperature range of50- 80 °F (Wehbe et al. 2007). 

6.4 HARDENED PROPERTIES 

Standard 6" x I 2" cylinders and 6" x6" x22" beams were prepared according to ASTM C 192-06 ·'Standard 

Practice for Making and Curing Concrete Test Specimens in the Laboratoiy '· with two exceptions: the 

SCC specimens were not rodded and they were fill ed in one lift when possible. This section covers the 

measured hardened properties of the concrete mixes considered in this study. 

6.4.J COMPRESSIVE STRENGTH 

The concrete compression tests were performed according to ASTM C 39. Compressive strength 

measurements were done at 18 hours and at 3. 7. 14. and 28 days. Each measurement consisted of the 

average of at least three compression tests. The compression test results are summarized in Table 6.9 and 

plotted in Figure 6. L7. In general. the measured compressive strength followed expected trends. The 

compressive strength increased with time. decreased with increas ing w/c ratio. and had earl ier gai ns under 

heat c uring conditi ons. At 18 hours. the compressive strength of the heat cured mix (S33-A) was 80% 

higher than the similar but moist cure mix (S33). At 3 days, the compressive strength of the heat cured 

mix ,vas 43% higher than that of the moist cure mix. 

♦ 
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18 hours 

3days 

7days 

14 days 

28 days 

2,736 
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Figure 6.17: Compressive Strength versus Age of Concrete 

The rate of strength gain was anaJyzed us ing a model that was developed for conventional concrete. The 

concrete strength at a given age/. where t is in days, is given by (Nawy 2006) 

I'' t I'' (6. 1) 
J er - J ,/Ja + r 

where 

f 'er = compressive strength at time r 

f 'u 28-day compressive strength 

a = factor based on cement type and curing method 

/J factor based on curing method and curing method 

For moist-cured Type I cement, a is 4.0 and the /J is 0.85. For steam-cured Type I cement, a is 1.0 and 

the /3 is 0.95 . The calculated compressive strength results are summarized in Table 6.10. The theoretical 

and measured (experimental) results for S33. S35. S37, and S33-A are presented in Figures 6.18, 6. 19. 

6.20, and 6.21, respectively. The plots show a generally good agreement between the experimental and 

the theoretical results for both S33 and S33-A. However, the theoretical model seems to underestimate 

the early strength ofS35 and S37. 
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Table 6.10: Theoretical Concrete Compressive Stren 
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Figure 6.18: Measured and Theoretical Strength Gain for S33 
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Figure 6.19: Measured and Theoretical Strength Gain for S35 
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Figure 6.20: Measured and Theoretical Strength Gain for S37 
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Figure 6.21 : Measured and Theoretical Strength Gain for S33-A 

6.4.2 FLEXURAL STRENGTH (MODULUS OF R UPTURE) 

The concrete flexural tests were performed according to ASTM C 78. Flexural strength measurements 

\:vere done at 18 hours and at 3, 7. 14, and 28 days. Each measurement cons isted of the average of at least 

three flexural tests. The flexural test results are summarized in Table 6.1 1 and plotted in Figure 6.22. 

Some ofthe measurements did not fo llow the expected trends. For S33. the 3 days measured flexural was 

67% higher than the 7 days flexural strength . and the 7 days flexural strength was 53% higher than the 14 

days flexural strength. Moreover, the flexural strength of S37 was higher than that of S35 at 7, 14. and 28 

days and higher than that of S 33 at 7 and 28 days . The reason for such unpredictable results was 

unknown at the time of writing of this report. 
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Figure 6.22: Measured Flexural Strength versus Age of Concrete 

Table 6.12 presents a summary of the mean and standard deviation of the measured flexural strength 

values in terms of .flZ. The measured flexural strength values at 18 hours, 3 days, 7 days, 14 days, and 28 

days are plotted versus .J7Z in Figures 6.23 , 6.24. 6.29, 6.26, and 6.27, respective ly. The plots also show 

the mean and the standard deviat ion of the measurements as functions of .flZ. The line labeled 7.5 J1Z 
represents the empirical code equation for determin ing the modulus of rupture (Equation 5.1 ). In some 

cases, the measurements had a wide scatter (e.g. at 18 hours), wh ile in other cases the measurement 

scatter was tight (e.g. at 3 days). The mean varied benveen a lower value of 9.8 .J7Z (at 18 hours) and an 

upper value of 9.27 .J7Z (at 3 days). 

The entire flexural strength data set is plotted in Figure 6.28. When all of the measurements are 

combined. the overall mean is 7.49 JlZ. Although the overall mean is practica lly equal to the va lue 

obtained from the code empirical equation. the standard deviation of 1.85 .J7Z ind icates a wide scatter. 

However, the flexural strength of concrete has been repo1ted to vary between 7 ff and 13 .J7Z (Park and 

Paulay 1975). 
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Table 6.12: Mean and Standard Deviation of Measured Flexural Strength 
' Measured Flexural Strength, f, (psi)

Age 
Mean Standard Dev. 

18 hours 5.98 fj; 2.94 fj; 

3days 9.27 fj; 0.38 ff 

7 days 7.70.[J; 1.38 Jl: 

14 days 6.78 ft 1. 24.f]; 

28 days 7.73..JJ: 1.1 9 fl: 
Overall 7.49 fj; 1.85 -[f: 
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Figure 6.23: Measured Flexural Strength at 18 Hours 
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Figure 6.24: Measured Flexural Strength at 3 Days 
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Figure 6.25: Measured Flexural Strength at 7 Days 
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Figure 6.26: Measured Flexural Strength at 14 Days 
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Figure 6.27: Measured Flexural Strength at 28 Days 
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Figure 6.28: Measured Flexural Strength at All Ages 

6.4.3 MODUL US OFELASTICITY 

The elastic modulus tests were perfo rmed accord ing to ASTM C 469-02. Mod ulus of e lasticity 

measurements were done at 18 hours. 14 days, and 28 days. Each measurement consisted of the average 

ofat least tlu-ee flexural tests. The flexural test results are summarized in Table 6.13 and plotted in Figure 

6.29. In general, the measured modulus of e lasticity was in agreement with the expected trend ; it 

increased with an increa e in compres ive strength. 
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Figure 6.29: Measured Modulus of Elasticity versus Age of Concrete 

Table 6.14 presents a summary of calculated (theoretical) and the mean and standard deviation of the 

measured elastic modulus va lues in terms of fJZ. The calculated values were based on the ACI empirical 

equation (Equation 5.2). The results show excellent agreement between the experimental measurements 
and the empirical code equation. The ratio of the measured to the calculated elastic modulus varied 

between 0.94 and 1.0 I . 

T bl 6 14 M d dCI ltdMdl f El 

. Measured Ee 
Mtx 

Mean Standard Dev. 

S33 54.5 [1; 

S35 53. 1 f.i! 
S37 49.5 J7! 

S33-A 53 .s ff 

1.76 fj; 
1.84 /]; 

4.64ff 

2.45ff 

Calculated Ee 

53.8ft 

~ fl:')- 1.> ..> \ ,. 

52.6.[i; 

53 . 8✓7: 

f 't 

Ratio of Measured 
to Calculated Ee 

1.01 

100 

0.94 

1.00 

The measured rnodulu ofela ticity values for S33. S35. S37. and S33-A are plotted versus JR in Figures 

6.30, 6.3 1. 6.32. and 6.33. re pecrively. The plots also show the mean and the standard deviation of the 

measurements and the calculated elastic modu lus as functions of ffJ. 
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Figure 6.30: Measured and Theoretical Modulus of Elasticity for S33 
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Figure 6.31 : Measured and Theoretical Modulus of Elasticity for S35 
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Figure 6.32 : Measured and Theoretical Modulus of Elasticity for S37 
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Figure 6.33: Measured and Theoretical Modulus of Elasticity for S33-A 

The entire measured modu lus of elasticity data set is plotted against the calculated values in Figure 6.34. 

A perfect agreement between measured and calcu lated value would be represented by points on the 1: 1 

line labeled ·'Em = Ef'. The data points had a mean of 0.98. a standard deviation of 0.059, and a 

correlation coefficient of 0.99. The resu lts ind icate excel lent agreement between the mea ured values and 

the code empirical equation (Equation 5.2). 
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Figure 6.34: Modulus of Elasticity versus Age of Concrete 

6.4.4 HARDENED VISUAL STABILITY I NDEX (HVSD 

The hardened visual tability index (HVSI) was evaluated according to AAS HTO draft ··Standard \.1ethod 

of Test for Static Segregation of Hardened Self-Consolidating Concrete Cylinders·' (AASHTO 2005). 

Two cylinders from each SCC mix were sawn in half longitudinally. The sawn cylinders were visually 

inspected for the d istribution of aggregate throughout the height of the cylinders. All of the mixes had a 

HVSI rating of 0. A typical cut cy linder is shown in Figure 6.35. 

TOP 

Mix: RC-PS-S35-2 

w/c:0.35 

Cylinder: 1 

BOTTOM 

Figure 6.35: Sawn Cylinder for HVSI Evaluation 

6.5 SHRINKAGE 

Shrinkage tests were perfom1ed according to ASTM C 426-07 ·'Standard Te t Method for Linear Drying 

Shrinkage of Concrete Masonry Units." Shrinkage measurements were made on concrete beam 

specimens that were sampled from a ll three SCC mixes (S33. S35. S37) and the conventional concrete 

mix (CC33). 
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The sh rinkage specimens consisted of standard 6"x6" x22" beams. An embedded concrete train gauge 

was placed at the center of the beam. The strain gauge was held in place using wires tied to the beam 

mold. Figure 6.36 shows a beam specimen mold with a strain gage in place. Three beam specimens were 

cast from each mix. 

Figure 6.36: Shrinkage Beam Mold 

The molds were stripped after 24 hours and the shrinkage beams were carefully transferred to a cart. The 

beams were not lifted from the mold but rather slid onto the ca11 o that the beam experienced no 

significant flexure during the transfer. Each beam was placed on ¼" wooden dowels to prevent the 
development of fricti ona l fo rces between the beam and the cart that may hinder the shrinkage of the 

beam. The beam specimens were stored for 90 days in a controlled environment. Strain read ings were 
recorded periodical ly. The ambient temperature and relative humidity were recorded concurrently with 

the strain measurements. A complete record of the strain readings can be found elsewhere (Gutzmer 

2008). The ambient temperature ranged between 65°F and 70°F with an average of 67.9' F whi le the 

humidity ranged between 20% and 38% with an average of27. I%. 

lnitially after casting. the strain was measured at approximately I hour intervals for about 4 hours. 4 hours 

intervals for the next 8 hours. and 6 hours interva ls for next 12 hours. After the first 24 hours, the strain 

measurement interval was increased to approximately 24 hours, and eventually to 7 day until at least 90 

days had elapsed since casting. 

The measured hrinkage strain versus time is shown in Figures 6.37. 6.38. 6.39, and 6.40 for S33. S35. 

37, and CC33, respectively. Each figure shows the strain measurements of three beam pecimens and a 

plot of the theoretical hrinkage strain as calculated by Equation 5.4. Figure 6.41 shows plots of the 
average measured shrinkage strain for all four mixes. While the strain measurements did continue until 

the ultimate strain. the collected data was sufficient to capture most of the shrinkage strain in the 

specimens. The measured shrinkage at 24 hours. 8 days. 94 day . and 11 5 days are summarized in Table 

6.15. It shou Id be noted that no read ing were taken for CC3 3 after the age of 94 day . 

The experimenta l re ult indicate the fo llowing: 

I . The shrin kage strain of the SCC mixes increased with an increase in the w/c ratio. At 24 hours. the average 
shrinkage strain of SJ7 was 88% and 122% higher than those of S33 and S35, respectively. At 115 days, the 
shrinkage strain ofSJ7 was 23% and 3% higher than those ofS33 and S35, respectively. 
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2. The conventional concrete mix (CC33) exh ibited significant shrinkage during the first 24 hours. The measured 
shrinkage strain at 24 hours was 42% of the total measured shrinkage strain at 94 days. The significant initial 
shrinkage may be attributed to autogenous shrinkage wh ich normally occurs in concrete mixtures with w/c 
ratios below that required for complete hydration (M indness et al. 2003). Normally. a w/c of0.42 is considered 
to be the minimum ratio for complete hydration. The high fluidity and set retarding propenies of the SCC 
miKtures may have prevemed autogenous shrinkage from taking place at the ame rate experienced by CC33. 

3. At a w/c ratio of 0.33, the conventional concrete mix (CC33) exhibited higher shrinkage strain than the SCC 
mix (S33). The main difference was the result ofthe initial strains during the first 24 hours. However. at higher 
ages, the rates of strain increase with time for the two mixtures were practically sim ilar. 

4. The ACl 209 shrinkage model (Equation 5.4) was generally in good agreement with the measured shrinkage 
strain of the SCC mixes. However. it underestimated the strains of S35 and S37 during the initial 24 hours. For 
CC33. the model resulted in significant underestimation of the initial shrinkage strains, but was in good 
agreement with the measured strain at 94 days . 
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Figure 6.37: Measured and Calculated Shrinkage Strain for S33 
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Figure 6.38: Measured and Calculated Shrinkage Strain for S35 
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Figure 6.39: Measured and Calculated Shrinkage Strain for S37 
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Figure 6.40: Measured and Calculated Shrinkage Strain for CC33 
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7 STRUCTURAL PERFORMANCE OF PRESTRESSED sec GIRDERS 

7.1 I TRODUCTION 

This chapter covers the experimental and analytical work that was under1aken in this study to assess the 

structural performance of fu ll-sca le prestressed SCC bridge gi rders made w ith limestone coarse 

aggregate. The subsequent sections conta in informa tion on the design. instrumentation, fabrication, 

testing, and analy is of three 40'-long full-scale prestressed concrete bridge girder specimens. Two of the 

g irders were cast using SCC. T he third girder \.vas cast with conventiona l concrete and used as a control 

specimen. Each specimen incorporated a compos ite concrete top layer to s imulate a bridge deck. 

The girder specimens were loaded at their mid-spans until fai lure. The collected data, which included 

load. deflection. and strain measurements. a llowed for the evaluation of tran fer length. prestress losses. 

flexural strength and tiffness. and shear trength of the g irder specimens. The experimental results were 

compared to current code provision and ome analyiical models to a sess the applicability of those 

provisions and models to prestres ed sec girders. 

7.2 D ESIGN OF TEST SPECIMENS 

The girder design in this study was similar to that of a previous study that had been perfonned on 

prestressed sec bridge girders using quartzite coarse aggregate (Wehbe et al. 2007a). Only a minor 

difference pertaining to the d i tribution of the prestressing strands existed between the cross sections used 

in the previous and the current studies. 

In se lecting the cross-secti on for the test specimens. the vertical c learance of the Lohr Structures 

Laboratory and the I ifting capacity of the overhead crane inside the laboratory had to be taken into 

cons ideration. The cross-section also had to be selected from standard sections that the SDDOT normally 

uses for short to medium pan bridges. Therefore. a MnDOT 36M section was selected. This cross 

section al lowed for sufficient clearance beneath the g irder during the test. and the weight of the spec imen 

was well with in the lifting capacity of the IS ton overhead crane when used to lift one end of the g irder. 

A hypothetical two lanes bridge was considered for the girder de ign. The g irders were assumed to have 

a span of 40 feet and a center-to-center pacing of 8 feet. A chematic cro s sectional v iew of the 

hypothetical bridge is shown in Figure 7.1. The minimum compo ite deck thicknes of 8 1/4" required by 

the SDDOT was assumed for the hypothetical bridge. 

----------- 40' 

Figure 7 .1: Schematic Cross Section of the Hypothetical Bridge 
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The girder design wa performed according to the 17th Ed ition of the AASHTO Standard Specifications 

for High"vay Bridges (AA HTO. 2002). The AASHTO Standard Specification were in u e by SDDOT 

at the time the prev ious study wa tarted. Unshared construction was assumed. Therefore. the deck self 

weight was con idered as a non-composite load. 

The final girder design resulted in a MnDOT 36M section containing 12-0.6" diameter. even-wire. low­

relaxation prestressing strand that were distributed within the bottom fl ange of the g irder. The specified 

jacking force per strand was 40.500 lbs. for a total initia l jacking force of 486.000 lbs. The relatively 

short span allowed the prestressing strands to be straight. The theoretical tensile tre s in the top of the 

g irder at strand re lease was 520 psi. This exceeded the allowable tens ile stress of 502 ps i as prescribed by 

the AASHTO Standard Speci fi cations for Highway Bridges (AASHTO. 2002). In order to prevent 

cracking at strand release, four #4 bars were placed in the top flange of the g irder to carry the excess 

tensile stress. The girder cro - ection and strand layout is s hown in Figure 7.2. 
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Figure 7.2: Girder Cross Section and Strand layout 

Shear reinforcement. consisting of #5 Grade 60 U-stirrups. was provided along the entire girder span. 

The stirrups were 3'-4" long and extended 5" into the composi te deck. providing continuity between the 

girder and the composite deck. The st irrups were placed at a center-to-center spacing of 7 .5 ". Transverse 

re inforcement was a lso placed in the top and bottom flanges. A minimum o f I" concrete cover was 

provided around a ll re inforcement. The transverse reinforcement details are shown in Figure 7.3 . 
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Figure 7.3: Details of Transverse and non-prestressed Longitudinal Reinforcement 

For this study. a total of three girders were fabricated. One girder was cast with a conventional concrete 

mix used by the SDDOT for prestressed bridge girders while the other two were cast with an SCC mix. 

The girder cast with the conventional concrete served as the control specimen . Both concrete mixes used 

for casting the g irders had a specified minimum compressive strength of 6,500 psi at strand release and a 

spec ified minimum 28-day compressive trength of 7.000 psi. The control concrete mix and SCC mix are 

shown in Table 7. 1. Product literature for the admixtures used is presented in Appendix B. Complete 

girder plans are shown in Appendix C. 

. . . . . . I • • 

GCC Dacotah Type 1/11 Cement (lbs) 

Fine Aggregate (lbs) 

'le" Limestone (lbs) 

3/," Limestone (lb) 

Water (Gal.) 

Daravair® M (oz) 

Daracem®19 (oz) 

Daratard®17 (oz) 

ADVA 555 (oz) 

Water/Cement Ratio 

Control Mix sec Mix 

II 

1200 1343 

1454 

1875 

26.4 28.7 

10 15 

130 

14 24 

224 

0 34 0.33 

The hypothetical bridge g irder had an 8' wide by 8¼" thick effective composite deck. To s imulate the 

effect of the composite deck, a 36" wide by IO" thick equ ivalent concrete deck was cast on top of each 

girder specimen. The width of the equivalent deck was selected to s implify the construction and handling 

of the test specimen . The depth of the equivalent deck was determined so that the theoretical nominal 

flexural strength of the test specimen would be equal to that of the hypothetical g irder. Figure 7.4 shows 

the cross section of the test specimens. 
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3'-0'' 

2'-2" 12-0.6" Dia. 
Type 270K 
Lo Lax Strands 

Figure 7.4: Cross Section of the Test Specimens 

The deck was reinforced with the minimum amount of steel required by the AC! code for shrinkage and 
temperature effects (AC I 2008). The reinforcement was placed in two layers within the deck. The top 

layer was placed 7" above the top of the girder and consisted of DI I standard wire reinforcement with a 
center-to-center spacing of 4". For the bottom layer, four #4 longitudinal bar were placed 2" above the 

top of the girder. Individual bars. instead of steel mesh, were used in the bottom layer because a steel 

mesh would intersect the top segment of the U-stirrup, and therefore. would be difficult to place. The 

deck was cast using conventional concrete with specified 28-day strength of 5,000 psi. The mix design 

for the deck concrete is shown in Table 7.2. 

Table 7.2: Deck Concrete Mix Design 

GCC Dacotah Type 1/11 Cement (lbs) 

Class F Flyash (lbs) 

Fine Aggregate (lbs) 

3/,' Limestone (lb) 

Water (Gal.) 

Daravair~ M (oz) 

Daracem® 19 (oz) 

Water/Cement Ratio 

Deck Mix 

96 

1150 

1873 

27.5 

8 

100 

0.35 

All three girders were cast on the same prestressing bed. The prestressing bed used for fabrication was 

oriented in the east-west direction. Each girder was marked on its west end with an identification label. 
The girders were labeled ·'A'', ··w·. and ··c· followed b_ the letter " L... The letter'·L .. was included in the 

label to indicate that the specimen were cast with limestone aggregate . Th i was necessary to 
distinguish the specimens from those in a prior study that were cast with quartzite aggregates. The 

furthest west girder was labeled AL. The middle gi rder was labeled BL. The east girder was labeled CL. 

Girder AL was the control girder and v.as cast with conventional concrete. 

May 2009 69 Srructural Perjor111011,e ofl'rt!.,tressetl SCC' Hndge Grrders 



7.3 L~STRUMENT A TIO:X 

The girder specimen were instrumented with a variety of strain gage . detachable mechanical (demec) 

points. linear variable differential transformers (LVDTs). and cable-extension tran ducers. The strain 

gages were insta lled during the fabrication o f the girder specimens. Due to the limited capacity of data 

acquisition equipment, only one half of each specimen was instrumented with train gages. Details 

regarding the instrumentation and the data acquisition equipment used in this study are provided in the 

fo llowing sub-sections. 

7.3.J STRAIN GAGES 

The specimens were instrumented with s urface mounted and embedded re i tance strain gages. The 

surface mounted stra in gage were used to measure strain in the prestressing tendon and the shear 

reinforcement, wh ile the embedded gage were used to measure strain in the concrete. In order to identify 

the location of each train gage after fabrication. each lead wire wa labeled with an identification tag. 

The first portion of the identification label represented the type of strain gage. The strain gage type was 

given a nvo lener abbreviation. Strain gages that were anached to the prestressing strand were labeled 

PS. The gages attached to the hear stirrups were labeled ST. The strain gage that were embedded in the 

concrete were labeled EM. The second portion of the identification label represented the number of the 

strain gage and the corresponding girder. For example. PS-SAL indicated prestres ed strand stra in gage 

number 5 in girder AL. A ll gages were numbered us ing the sequence discu sed hereafter. 

Following the placement of the strain gages. the exact location of each gage was measured and recorded 

prior to casting the girder. A three-dimensional coordinate system was adopted for recording the gage 

location. The orig in of the coordinate system was located at the bottom of the cross-section centerline on 

the west end of the girder. The positive X-axis extended longitudina lly along the g irder length, the 

positive Y-axis extended vertica lly upward from the bottom of the girde r, and the positive Z-axis 

fo llowed the right-hand-rule. To aid in documenting the strain gage locations. the strand were numbered 

sequentially as shown in Figure 7.5. Appendix D shows detailed mapping of the stra in gage locations. 

Composite Deck 

Girder 

It' 

y 

a s 
3 4 

10 
5 

~ -------------+ 7 

Figure 7.5: Coordinate System and Strand Numbering Method 

A total of twenty strain gages were attached to the prestressing trands at predetermined locations to 

monitor the stra in in the strand before and during testing. The strand gage was only 2 mm long to allow 

for mounting of the gage on one of the strand wires. Figure 7.6 how one of the mounted strand strain 
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gages. T\ o sets of four stra in gage were mounted on four strand with one set placed at quaiter-span 

and the other set at placed mid- pan. T he use of multiple gages at the same location provided redundancy 

and a llowed for the comparison of train between different prestressing lrands at the same location. Four 

strain gages were used to instrument the strands at two additional sections. The sections were located 

between the quarter span and the mid-span at 12" intervals from the quarter-span. At each section, two 

strain gages were attached to two strands. 

Figure 7.6: Strand Strain Gage 

For measuring the transfer length. two strands were each instrumented with four strain gages along the 

potential transfer length . The fi rst strain gage was placed at 2" from the end of the g irder and the 

remaining strain gages were placed at 12" intervals along the strand . The purpose of these strain gages 

was to measure the change in strain that occurred during release. The measured strains would then be 

used to calculate the transfer length for each girder. Figure 7.7 shows a series of strai n gages that were 

installed for transfer length measurement. 

Figure 7.7: Transfer Length Strain Gages 

The shear reinforcement wa instrumented using 6 mm long strain gages. Four stirrups were 

instrumented in each g irder. T he first instrumented stirrup was located at 22.5" from the girder end while 

the other three were placed at 30" intervals thereafter (at 52.5", 82.5". and 1 12.5" from the girder end). 

May 2009 71 Stmcwral Pe,formance ofPrestressed SCC Bridge Girders 



Each instrumented tirrup wa fitted , ith three gages placed on one leg. The top train gage v as placed 

atthe level where the girder's top nange intersects the web. The midd le train gage was positioned at the 

web's mid-height. T he bottom strain gage was placed at the level where the girder ' s bottom flange 

intersects the web. The primary purpose for sri nu p strain gages wa to measure the stra in in the shear 

reinforcement at different locations along the span ofeach g irder. The reason for using three strain gages 

on one stirrup was to help determine when and where a shear crack intersected a sti rrup during the 

loading sequence. 

Th irteen 60 mm long embedded stra in gages were placed in each girder. Each strain gage was suspended 

in place 24 gauge steel wire as shown in Figure 7 .8. The sections at the quarter span and at the mid-span 

were each instrumented w ith six embedded gages . Three of the six gages were placed at three different 

e levations within the girder and remaining three gages were placed within the composite deck. T he 

purpose for these embedded gages was to measure strain in the concrete and to determine the strain 

grad ient in the section. The section at 7.5" from the girder end was also in trumented with one embedded 

gage that was placed at the theoretical neutral ax is. The purpose for this gage was to monitor the 

hrinkage strain in the concrete where the flexural stresses are approximate ly equal to zero. 

Figure 7.8: Embedded Strain Gage 

7.3.2 D ETACHA BLE M ECIIANICA L POI TS 

Detachable mechanical po ints (demec po ints) were used in this study to measure concrete strain a long the 

potential transfer length. A demec po int consists of a smal l brass insert with a threaded ho le. A fast­

sening two-part epoxy was u ed to mount the brass inserts to the surface of the bottom fl ange of each 

g irder. Seven demcc po ints were mounted on each s ide at the west end of each girder. The fi rst po int 

was placed at 2" from the end of the girder and the remaining points were placed at 6" intervals. The 

demec line extended 3 8" from the end of each girder and was placed at the elevation of the centroid of the 

prestressing strands. A line of instal led demec points is shown in Figure 7.9 . 
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Figure 7.9: Line of Demec Points 

After mounting the line of demec points. contact seats were threaded into place in each brass insert. A 

Whittemore gage wa used to measure the distance between successive demec points. Initial 

measurements were taken prior to release of the prestressing strands. After release of prestress. the 

distance benveen consecutive demecs was measured again to determine concrete surface strains. The 

concrete surface strain were then used to calculate the transfer length. The Whittemore gage. brass 

inserts, contact seats, and contact points that were used to take measurements are shown in Figure 7. I 0. 

Figure 7.10: Whittemore Gage, Brass Insert, Contact Seat, and Contact Point 

7.3.3 EXTENSOMETERS 

Mid-span deflections were measured using a combination of two linear variable differential transducers 

(LVDTs) and two cable-exten ion transducers. The LVDTs had ± 1.0" range and were used to measure 

pre-cracking deflections. The cable-extens ion transducers had a working range of 30" and were used to 

measure post-crack ing deflection . Prior to flexural cracking. the girder specimens were relat ively stiff 

and the deflections were relatively mall. Hence. the sho11-range LVDTs with high resolution were 

needed to monitor deflections that occur prior to cracking. Each LVDT wa suspended above the girder 

with mounting brackets that were attached to s ide braces. A steel d i c was placed beneath the tip of each 

LVDT plunger to ensure a mooth contact surface. The average of the nvo LVDT mea urements was 
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used in order to eliminate inaccuracie that could be caused by g irder rotation during loading. A 

deflection LVDT is shown in position be ide the actuator in F igure 7. I I. The long-range cable-extension 

transducers were placed on each s ide of the g irder at mid- pan. S imilar to the LVDT deflection 

measurements, the average of the two cable-extension deflection measurements was considered as the 

measured mid-span deflection. The cable-extension transducer units were mounted to s ide braces while 

the cables were attached to brackets that were mounted to each s ide of the girder's top flange. A cable­

extension transducer is shown mounted to a side brace in Figure 7.12. 

Figure 7.11 : LVDT for Deflection Measurement at Mid-Span 

Figure 7.12: Cable-Extension Transducer 

Top and bottom concrete strains at the girder's mid-span were measured us ing a pair of LVDTs. The 

LVDTs had a working range of :?:0 .5". Each LVDT was mounted to the g irder \.vith screws that were 

tapped into the concrete. A ½'' threaded rod was used to provide the required gage length. Due to the 

location of other instrumentation within each g irder. the gage length were not alway the same for each 
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test. Prior to each test, the gage length for each threaded rod was measured and recorded. During the test. 

changes in length measured by each LVDT were used in conjunction with the initial gage length to 

determine the strain in the concrete. Strain readings cou ld then be used to determine the strain profi le of 

the mid-span section. The LVDTs u ed to monitor concrete strains are shown in Figure 7 . 13. 

Figure 7.13: Strain Measurement LVDTs 

7.4 SPECIMEN FABRICATlO A 'D DELIVERY 

The girder specimens were fabricated in August of 2007 at Cretex Concrete Prod ucts West, Inc. 

fab rication faci li ty in Rapid City, SD. The construction act ivities were performed by Cretex West 

employees and South Dakota State University staff. This section provides an overview of the fabrication 

process and transportation of the g irders to the Lohr Structure Laboratory. 

Prior to the installation of the strain gages, the strands were laid on the prestressing bed. On August 13. 

2007 the strands were each tensioned to 4000 lbs to remove ome of the s lack and to a llow for the 

installation of the strain gages. The strain gages were attached to the strands by SDSU personnel. On 

August 14. 2007. the installation of the trand strain gage was completed and each strand was then 

tensioned to 44.300 lbs. Strand strain gage readings were recorded before and after full tensi oning. 

Fol lowing the strand tensioning. the shear re inforcement was installed. After placement of the shear 

stirrups. the embedded train gages were placed in position. The actua l gage location and initial strain 

readings were recorded for each of the embedded strain gages. On August 15, 2007, the formwork was 

installed and the concrete was placed. The control girder was cast first. followed b_ the two SCC girders. 

The SDSU personnel on site tested the fresh concrete properties and cast concrete cylinders. Immediately 

after casting. the girders were covered with tarp and heat curing was started. Figure 7. 14 shows a 

sequence of pictures during the fabrication process. 
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F 

(a) Prestressing Bed (b) Marking Strain Gage Locations 

(c) Recording Strain Gage Readings (d) Installation of Shear Reinforcement 

(e) Installation of Formwork (f) Casting of Girders 

Figure 7.14: Fabrication of the Girder Specimens 

Concrete cylinders were tested on August 16, 2007 to determine the concrete strength. The cylinder 

breaks showed that Girders AL and BL had met the re lease strength, but G irder CL had not. De­

tensioning was delayed unti l August 17, 2007 due to the low concrete strength for Girder CL. Prior to de­

tensioning, the formwork was removed and the demec points were installed. Measurements between 

demec points and the initial strain in the strain gages were recorded prior to prestress transfer. The 
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prestress transfer to the girders was accomplished by torch cutti ng the strands s imultaneously between the 

three girders. Immediate ly after de-tensioning. the g irders were lifted slightly and then placed back on the 

prestressing bed to release the friction between the girders and the bed. The distance between the demec 

points were then measured again in order to detennine the transfer length for each girder. Strains in the 

concrete-embedded strain gage and strand strai n gages were also recorded. Camber in each g irder was 

measured using a surveyor' s level and a ruler graduated with decimal inche . 

Following the completion of the measurements at de-tensioning, the forrnwork, re inforcement, and 

instrumentation of the deck were installed. The deck instrumentati on consisted of embedded strain gages. 

The same concrete mix was used fo r casting the decks of all three girder spec imens. SDSU personnel 

tested the fresh concrete prope11ies and cast standard concrete cylinders. The deck formwork and 

reinforcement is shown in Figure 7.15. 

Figure 7.15: Deck Formwork and Reinforcement 

On August 27, 2007. the three girder pecimens were transported on semi-truck trailers to the Lohr 

Structures Laboratory (LSL) at SDSU. Each g irder specimen weighed in exce s of 18 tons. Since the 

capacity of the overhead crane in the LSL is I imited to 15 tons, a I 0-ton chain hoi t was also used to help 

unload the girders. The chain ho ist was sus pended from the loading teel frame that wa positioned in the 

middle of the laboratory floor. Each g irder was lifted off of the trai ler using the overhead crane on one 

end and the chain ho ist on the other end of the g irder. After lifting the girder off of the trai ler. the truck 

drove out and the girder was placed at each end on steel roller dollies to allow for the movement of the 

girder within the laboratory. Figure 7. 16 shows the delivery and unloading of the pecimens. 
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(a) Delivery (b) Unloading 

Figure 7.16: Girder Delivery and Unloading 

7.5 TEST SET UP AND PROCEDURE 

The structural testing for this study was performed at the Lohr Structures Laboratory (LSL) at South 

Dakota State University in Brookings. SD. The LSL is furni shed with a loading teel frame. hydraulic 

actuators. hydraul ic control system. and a data acqu isition system. This section discusses the 

experimental set up and procedures. 

7.5.1 TEST SET UP 

The test setup was the same for al l three g irders . Each girder was tested as a simply supported beam with 

a point load applied at mid-span. The load was applied by means of an MTS hydraulic actuator hav ing a 

load capacity of 328 kips in compression a nd a stroke of 30". The actuator was suspended from the cross 

beam o f the steel loading frame wh ich was securely anchored to the strong floor. The pecimen was 

supported at its ends b. means of two 24" ta ll x 30" wide x 36" long concrete reaction blocks. A 4" 

diameter x 20" long solid stainless steel haft was placed on top of each reaction block to serve as a roller 

upport. The shaft wa positioned at 6" from the face of the girder directly beneath a steel bearing plate 

that was bui lt into the g irders at the time of fabrication. Th us, the clear span was approximately eq ual to 

38.5'. Figure 7.17 shovvs a schematic of the test set up. Figure 7.18 shows a picture of specimen 

immediately before testing. Prior to the day of testing, a 2" thick steel plate was centered on top of the 

g irder at the mid- pan and embedded in plaster o f Paris. The purpose of the steel plate was to provide a 

smooth and level surface for seating the actuator. This also allowed for a more uniform load distribution 

directly beneath the actuator. After the plaster of Paris had cured. the actuator wa seated on the plate. 

Figure 7. l 9 shows the stee l plate in place prior to seating of the actuator. 

7.5.2 TEST PROCEDURE 

Although the test setup was identical for a ll three girders. the test procedure was not the same for the SCC 

specimens. The contro l girder (G irder AL) and one of the SCC girders (G irder BL) were tested under 

increasing 11101101onic load until fai lure. The other SCC spec imen (G irder CL) was tested under 

increasing cyclic load unt il fai lure. The loading was load-controlled during the elastic re ponse range. 

and displacement contro lled afterwards . 
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Figure 7.17: Schematic of Test Set Up 

Front View 

Figure 7.18: Test Set Up of a Girder Specimen 
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Figure 7.19: Steel Seating Plate 

After each load increment. data readings from the strain gages. LVDTs. cable-extension transducers. 

actuator load cell. and actuator displacement transducer were recorded. Data acqui ition was done using 

a MEGADAC 341 SAC/DC that wa manufactured by the currently defunct OPTIM Electronics 

Corporation ofGerrnantown. MO. The data acquisition system was set to scan the sensors at a rate of two 

sets of readings per econd. The data was recorded on ly at the end of each load increment. Recording 

was maintained for at least two seconds (four sets of readings) each time a data recording was initiated. 

During the tests. the girders were visually mon itored for cracking. Crack propagation was traced on the 

specimen using permanent markers. The end of each crack trace was marked with a number indicating 

the load number at which the crack tracing was being done. Figure 7.20 shows an example of the crack 

marking on the surface of the girder. The cracks of each g irder were mapped Fol lowing the end of the 

test. The crack maps for the three g irders are presented in Appendix E. 

Figure 7.20: Crack Marking 

7.6 MEASURED MATERIAL PROPERTIES 

This section presents the measured fre h and hardened properties of the concrete and the stress-strain 

relationship of the strands used for the construction of the girder test specimens .. 
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7.6.1 FRESH COiVCRETE PROPERTIES 

The fresh concrete properties were measured at the fabrication facility for the concrete used to cast the 

g irders and the decks. The conventional concrete used to cast G irder AL wa te ted for temperature. air 

content. unit weight. and slump. The SCC used to cast G irders BL and CL was tested for temperature. air 

content. unit we ight. slump now. J-ring. T20, and Visual Stabi lity Index (VSI). Conventional concrete 

was also used to cast the decks on top of the girders. The conventional concrete used for the decks was 

subjected to tests similar to those applied to the conventional concrete of G irder AL. The fresh concrete 

properties are summarized in Table 7.3. 

Table 7.3: Measured Properties of Fresh Concrete Used for the Test S 

90 4.7 145.6 NA 25.5 21 5 2 57 0 

88 5.0 146.d NA 24.5 22 75 606 0 

83 5.3 146.4 7,5 N.A. NA. .A. N.A. 

50 147.2 7.5 N.A. NA NA NA85 

8.0 NA NA N.A N.A.5 1 146.483 

7.6.2 CONCRETE COMPRESS/VE STRENGTH 

T he specified minimum concrete lrength for the girder specimens was 6,500 ps i at release and 7,000 psi 

at 28 days. During con truction o f the specimens, concrete cylinders were cast for each o f the g irders and 

each composite deck. The concrete cylinders that were made from the g irder concrete were heat-cured 

for 24 hours to be representative of the curing procedures used for the girders. One cylinder for each 

g irder was tested 24 hour after casting to determine if the release strength had been met. At 24 hours. the 

cyl inders tested for G irder AL and Girder BL met the release strength. but that for G irder CL did not . 

Therefore. the strand release was delayed one day until the concrete strength for Girder CL exceeded the 

specified release strength. The re maining concrete cylinders were transported to the materials laboratory 

at South Dakota State Uni versity and stored at room temperature. 

Three cylinders were tested for each g irder a t 7 days, 28 days. and on the day of testing of the g irder. The 

7-day cylinders were standard 4" x 811 cylinders wh ile the remaining cylinders were tandard 6" x 12". 

The average 7-day strengths were 9,072 ps i. 8.051 psi, and 9,019 psi for G irder AL, Girder BL. and 

Girder CL. respectively. The average 28-day strengths were 9.455 ps i. 7.492 p i. and 9.803 psi for Girder 

AL. Girder BL and G irder CL. respective ly. The average compres ive trengths on the day of testing 

were 10, 192 ps i, 8.099 psi, and I 0,4 10 psi for G irder AL, Girder BL, and Girder CL, respectively. A 

summary of the measured concrete compressive strengt hs is shown in Table 7.4. The unexpected 

decrease in strength between the 7-day and 28-day strengths for Girder BL could be due to the difference 

in the cylinder s izes. 
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9,072 

9,455 

8,051 9,019 

7,492 9,803 

8,099' 10,41 0" 

t Tested 24 hours before release 
1 Tested 83 days after casting 
• Tested 48 days aftercasting 
•• Tested 69 days after casting 

The deck concrete for each specimen was measured at 28 day and on the day of testing. Each 

measurement cons isted of the average strength obtained from testing two standard 6" x 12" cylinders. 

The measured 28-day strengths were 6,367 psi. 6,747 psi, and 6,570 psi for the composite deck of Girder 

AL, Girder BL. and Girder CL, respectively. The measured strengths on the day of testing of the girder 

specimens were 7.392 psi. 7. 171 psi. and 7,578 psi for the composite deck of Girder AL. G irder BL and 

Girder CL. respectively. A ummary of the measured concrete compressive strengths is shown in Table 

7.5. 

1 Tested 81 days after casting 
t Tested 46 days after casting 
• Tested 67 days after casting 

7.6.3 PRESTRESS/NG STRANDS 

The prestressing strands used in constructing the g irder specimens were 0.6" -diameter, seven-wire. Grade 

270. low relaxation strands. The engineering properties of the trands were not measured in this study. 

However. the properties were obtained from the mill ce,tificate that was provided by the strand 

manufacturer. lnsteel Wire Products of Gallatin. TN. Figure 7.2 1 shovv·s the load versus strain diagram as 

provided in the mill ce,tificate. Based on the information provided on the mill certificate, the strand had 

an area of 0.2169 in2
, an average modulu of e lastic ity of 29.000 ksi. a yield force of 54.057 lbs at I% 

elongation. and an ultimate breaking force of 59.880 lbs at 6. 75% elongation. The corresponding yield 

stress and ultimate stre s were 246.225 p i and 276.072 psi. re pective ly. 
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Figure 7 .21: Prestressing Strand Load versus Strain 

7.7 TRANSFER LENGTH 

7. 7. 1 MEASURED TRA1 'SFER LENGTH 

As discussed in Sections 7.3.1 and 7.3.2, each g irder was instrumented in two different ways to measure 

the transfer length . The first method used demec po ints attached to the urface of the concrete along the 

potential transfer length . The second method u ed strain gages attached to the prestre ing strands near 

the end of each girder. 

The attempt to measure strain along the concrete surface was not successful. Figure 7.22 shows the 

measured strain ver us the distance from the g irder end for a ll three girders. It is c lear that the readings 

were en-atic. The hock induced by and the une en sequence of prestress transfer may have affected the 

demec adhesion to the concrete surface. Therefore. the demec points measurement were not used to 

draw any conc lus ions regarding the transfer length. 

The measured strand strain versus the disr.ance from the girder end for Girder AL. Girder BL, and Girder 

CL are shown in Figures 7.23. 7.24. and 7.25. respectively. Al o shown are the 95% AMS lines as 

explained by Russell and Bums ( 1997) and presented in ection 5.4.3 of this repo11 . In this st udy, the 

strain gages were not placed far enough from the end of each specimen to clearly identi fy the strain 

plateau. Therefore. strain measurement from quarter-span and mid-span ,vere used to identify the strain 

measurement along the potential transfer length that had reached the strain plateau. U ing the 95% AMS 

method. the trans fer le ngths for G irder AL, Gi rder BL. and Girder C L were dete1111ined to be 30.0'' , 34.S" , 

and 25.5". respective ly . 
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Figure 7.22: Measured Concrete Strain along Potential Transfer Length 
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Figure 7.23: Measured Transfer Length for Girder AL 
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Figure 7.24: Measured Transfer Length for Girder BL 
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Figure 7.25: Measured Transfer Length for Girder CL 

The measured transfer lengths of the SCC specimens are comparable to that of the control specimen. 

Girder BL had a 15% longer transfer length and Girder CL had a 15% sho11er transfer length than that of 
the control specimen. Although transfer lengths differ by 15%, the average transfer length of the SCC 

girders is equal to that of the control girder. Therefore. the transfer length in SCC is not sign ificantly 
different from that in conventional concrete. 

7. 7.2 COMPARISON OF MEASURED AND CALCULATED TRANSFER LENGTH 

Several methods provide minimum transfer length requ irements. These methods were di cussed in detai ls 

in Section 5.4. The measured and calculated transfer lengths for all three spec imens are summarized in 
Table 7.6 . 
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30.0 30.0 

36.0 36.0 36.0 

30.0 30.0 30.0 

35.2 32.8 35.0 

37.9 37.8 38.3 

52.8 49.1 52.6 

40.0 36.8 36.8 

When computing the theoretical transfer lengths. the average strand ·tre wa determined us ing the 

measured strain in the prestressing strands at the time of pre tres transfer. For mode ls requiring the 

initia l strand stress. the strain values recorded just prior to release were used. For model req uiring the 

effective strand stress. the strain values recorded immediate ly after release were used. 

T he measured transfer length in each of the three specimens was le s than that required by AASHTO 

LR.F D Bridge Design Specifications. Only Girder BL had a measured transfer length greater than that 

required by AASHTO Standard pecifications for Highway Bridges and AC I 3 18. The measured transfer 

lengths for all three specimens were less than the transfer lengths estimated by the models developed by 

Buckner et al. and Barnes et a l. Based on the test results in this study, it appears that the AASHTO LRFD 

Bridge Des ign Specifications provides a more adequate transfer length requirement than the ACI 31 8 and 

AASHTO Standard Specifications for Highway Bridges. 

7.8 PRESTR.ESS LOSSES 

[n this study. the instantaneous and the time-dependent p restress losses were both measured. This section 

discusses the measured pre tres lo es and compares the measured and the calculated values. The 

theoretical mode ls for prestre s losses were d iscussed in deta ils in Sect ion 5.5 of thi report. 

7.8.1 MEASURED PRESTRESS LOSSES 

Prestress losses were measured for each specime n by monitoring and recording strain in the prestressing 

strands prior to load testing. Since Girder BL was the first girder to be tested. only a limited amount of 

long-term prestress loss data was collected from Girder BL. The average mea ured prestress losses 

versus time for Girder AL. G irder BL, and Girder CL are shown in Figure 7.26, Figure 7.27. and Figure 

7 .28, respective ly. The two plot on each figure represent the average prestrcss losses recorded fro m two 

sets of fo ur strain gages. The first set of strain gages was placed at quarter-span ( 120" from the end of the 

girder) and the second set of strain gages was placed at mid-span (240" from the end of the girder). Jn 

each figure, the Y-intercept represents the instantaneous prestress loss due to elast ic shortening of the 

concrete at the time of prestrcss tran fer. The increase in prestress losse after release is due to the 

combination of time-dependent lo es inc luding creep of concrete. shrinkage of concrete. and re laxation 

of prestressing steel. 
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For Girder AL. the mea ured average instantaneous prestress losses due to elastic shortening were 12.65 

ksi and 14.22 ksi at quarter-span and mid-span, respectively. and the measured average total prestress 

losses were 20.36 ksi and 23.04 ksi at quarter-span and mid-span. respectively. 

For Girder BL. the measured average in tantaneous prestress los es due to elastic shortening were 25.55 

ksi and 25.07 k i at quarter-span and mid-span. respectively. and the measured average total prestress 

losses were 27.21 ksi and 26.06 ksi at quarter-span and mid-span. respecti ely. 

For Girder C L, the measured average instantaneous prestre s losse due to e lastic shortening were 15.85 

ksi and 16.61 ks i at qua1ter-span and mid-span. respectively, and the measured average total prestress 

losses were 22.50 I ksi and 22. 77 ksi at quarter-span and mid-span. respectively. 

Due to the limited amount of time-dependent prestress loss data obtained for Girder BL, only the prestress 

losses of Girder AL and Girder CL are compared. The averages of all strand strain gage readings are 

plotted for G irder AL and G irder CL in Figure 7.29. T he nearly parallel curve suggest that the time­

dependent losses are nearly identical for Girder AL and Girder CL. The main difference in the total 

prcstress losses is due to instantaneous losses. The average instantaneous losses were 13.55 ksi and 16.23 

ksi for G irder AL and G irder CL. respective ly. 
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Figure 7.29: Average Measured Prestress Losses for Girder AL and Girder CL 

A summary of the average instantaneou and time-dependent prestress losses is shown in Table 7.7. 

Girder AL. G irder BL. and Girder CL had rime-dependent losses based on time span of 80 days. 14 days. 

and 66 days. re pectively. Girder AL experienced the lea t amount of prestress lo. s due to elastic 

sho1tening. The prestress losses in Girder BL and Girder CL due to elastic shortening were 86.8% and 

I9.8%. respecti vely. greater than that for Girder A L. The time-dependent prestress losses. however, were 

lower in the SCC specimens than in the control specimen. After 14 days. time-dependent losses for 

Girder BL and G irder CL were 48.6% and 8.9%. respectively less than the time-dependent losses for 

Girder AL. 
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Table 7.7: Average Measured Prestress Losses 

Prestress Loss (ksi) 

Girder AL Girder BL Girder CL 

Instantaneous Loss 13.55 25 31 16.23 

Time-Dependent Losses 1 322 6.403 

Total Losses 21.89 26.63 22.63 
1 @80 days after prestress transfer 
2 @ 14 days after prestress transfer 
3 @66 days after prestress transfer 

The jacking stress, fPJ· and the initial prestress. t~ 1• were determined from measured strand strain before 

and after prestress release, respectively. The effecti e prestres . fµe, was then determined by subtracting 

the time-dependent losses from the initial prestress. Based on the prestress las es in Table 7.7, the 

prestressing strand tresses at fPr fp,- and fpc• are shown in Table 7.8. 

Jacking Stress, fpi 

Initial Prestress, fp; 

Effective Prestress, fpe 

Table 7.8: Average Measured Strand Stress 

Girder AL 

189.5 

176.0 

167 61 

Strand Stress (ksi) 

Girder BL 

189 1 

163.8 

162.52 

Girder CL 

191.4 

175.2 

168.83 
1 @80 days after prestress transfer 
2 @14 days after prestress transfer 
3 @66 days after preslress transfer 

7.8.2 THEORETICA L PRESTRESS LOSSES 

In this section, the theoretical prestress losses are calculated and compared to the experimenta l prestre s 

losses. The prestre s loss models considered in thi study were discussed in details in Section 5.5 of this 

report. 

For this study, the measured material properties were used to determine the theoretical prestress losses. 

Since relative humidity was not monitored during this study. a relative humidity of 60% was used for 

determining the theoretical prestres lo es as recommended by AAS I-ITO Standard pecifications for 

Highway Bridges (2002). When applicable. the age of each specimen at load testing wa used to 

determine time-dependent prestress losse . The calculated prestress losses were used for determining the 

theoretical effective prestress in each g irder. The j acking stress. fPJ• \\ as determined as the measured 

stress in the prestres ing strands j ust prior to re lease. The initial prestress. fp,- was determined as the 

jacking stress minus the prestress loss due to elastic shortenin g. The effective prestress, frc, was then 

detennined by ubtracting the time-dependent losses from the initial prestress. 

7.8.2.1 AASHTO Standard Specifications for Highway Bridges (2002) 

Table 7.9 summarizes the itemized and the total prestress losses as determined by the AASHTO Standard 

Specifications method. Table 7.10 shows the calculated in itia l and effective prestress corresponding to 

the prestress losses presented in Table 7.9. 
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. . .. . . . .. . .. 
Prestress Loss (ksi) 

Girder AL1 Girder BL2 Girder CL" 

Elastic Shortening (ES) 10.80 10.64 10.09 

Concrete Shrinkage (SH) : .. : .. 8.00 

Concrete Creep (CRc) 20.44 20.39 20.68 

Strand Relaxation (CRs) 2.50 2.52 2.56 

Total (Ms) 41.74 41.55 41.33 
1 Age at testing = 83 days. Prestress transfer @ 3 days 
2 Age at testing =48 days. Prestress transfer @ 3 days 
3 Age at testing =69 days. Prestress transfer @ 3 days 

Table 7.10: Calculated Initial and Effective Prestress-AASHTO Standard Specifications 

Girder AL 

189 5 

178.7 

147 8 

Strand Stress (ksi) 

Girder BL 

189.1 

178 5 

147.6 

Girder CL 

. ' 

181.3 

150.1 

Jacking Stress, fpi (measured) 

Initial Prestress, f pi 

Effective Prestress, fpe 

7.8.2.2 AASHTO LRFD Bridge Design Specifications (2007) 

The A A SHTO LRFD Bridge Design Spec ifications prescribes an approximate estimate and a refined time 

step method for determining prestress losses. Only the approximate estimate of the time-dependent losses 

is discussed in th is study. Table 7. 11 summarizes the ca lculated prestress losse . Table 7.12 shows the 

calculated initial and effective prestress corresponding to the prestress loss values presented in Table 7. 1 l . 

Table 7.11 : Calculated Prestress Losses-AASHTO LRFD 

•Age at testing =83 days. Prestress transfer@ 3days 
2 Age at testing = 118 days. Prestress transfer@ 3 days 
3 Age at testing = 69 days. Prestress transfer@ 3 days 

Table 7 .12: Calculated Initial and Effective Prestress-AASHTO LRFD 

Strand Stress (ksi) 

Girder AL Girder BL Girder CL 

Jacking Stress, fp1 (measured) 

Initial Prestress, fpi 

Effective Prestress, fpe 

189.5 

178.7 

162.1 

1891 

178.3 

162.0 

191.4 

180.5 

165.8 
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1

7.8.2.3 PCI Design Handbook (2004) 

Table 7.13 summarizes the calculated prestress losses based on the PC I Design Handbook method. Table 

7.14 shows the calculated initial and effective prestress corresponding to the pre tre s loss values 

presented in Table 7. 13. 

... . -. . . I • • • • • • • 

Prestress Loss (ksi) 

Girder AL1 

Elastic Shortening (ES) 10.28 

Concrete Creep (CR) 16.41 

Concrete Shrinkage (SH) 7.51 

Strand Relaxation (RE) 2.54 

Total (TL) 36.74 

, Age at testing= 83 days. Prestress transfer@ 3days 
2 Age at testing =48 days. Prestress transfer @3days 
3 Age at testing =69 days. Prestress transfer @3 days 

Girder BL1 

10.12 

18.39 

7.51 

2.49 

38.51 

Girder CL; 

9.60 

16.31 

7.51 

2.56 

35.98 

7.8.2.4 PCI Committee on Prestress Losses (1975) 

Table 7. 15 summarizes the calculated prestress losses based on the repo 1 by the PC! comm inee on 

Prestress Losses. Table 7. 16 shows the calculated initial and effective pre tress corresponding to the 

prestress loss values pre ented in Table 7. 15. 

Table 7.15: Calculated Prestress Losses-PC! Committee on Prestress Losses 

Prestress Loss (ksi) 

Girder AL1 Girder BL2 Girder CL3 

Elastic Shortening (ES) 10.80 10.64 10.09 

Concrete Creep (CR) 7.40 6.10 7.07 

Concrete Shrinkage (SH) 5.91 4.95 5.58 

Cone. Comp. Stress (RET) 1.72 1.51 1.65 

Total (TL) 25.83 23.20 24 39 
1 Age at testing = 83 days. Prestress transfer@ 3days 
2 Age at testing = 48 days. Prestress transfer@ 3days 
3 Age at testing = 69 days Prestress transfer @3 days 
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Table 7.16: Calculated Initial and Effective Prestress- PCI Committee on Prestress Losses 

7.8.3 COMPA RISON OFMEASURED AND CALCULATED PRESTRESS LOSSES 

The calculated prestress loss values varied amongst the four prestress loss model s. Depending on the 

method used. the calculated total prestres loss varied between 12.3% and 22.0% of the jacking stress. 

The AASHTO tandard Specifications for Highway Bridge and the PCI Design Handbook methods 

resulted in similar pre tress loss values. with variations of no more than 2.8% of the j acking stress 

between the two models. On the other hand, the AASHTO LRFD Bridge Design Specifications and the 

1975 PC[ Committee on Prestress Los es y ielded simi lar pre tre s loss values, with variat ions of no more 

than 2.0% o f the jacking stress between the two models. The AASHTO Standard Specifications for 

Highway Bridges re ulted in the largest prestress loss. The 1975 PCI Committee on Prestress Losses 

model resulted in the smallest prestress losse . 

The measured and calcu lated effective prestress values are compared. The compari on i al o illusn·ated 

in Figure 7.30. The ratio of the measured effecti ve prestress to the calculated effective prestress varied 

berv,een 0.98 and 1.13 . All four model resulted in reasonable estimates of the total prestress losses. 

However, the calculated prestress lo ses based on the AASHTO LR.FD Bridge De ign Specifications and 

the 1975 PCI Committee on Prestress Los es were vi1tually identical to the measured prestress lo ses. 

Table 7.17: Ratio of Measured to Calculated Effective Prestress 
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Figure 7.30: Comparison of Measured and Calculated Effective Prestress 

7.9 CAMBER 

The in itial camber was measured in each girder fo llowing the release of the prestressing strands. 

Immediately after release. each specimen was lifted slightly off the prestressing bed in order to relieve the 

friction between the bottom of the specimen and the prestressing bed . A surveyor·s level and a ruler 
graduated with decimal inches were used to measure the camber in each specimen. Elevations were 

measured on both sides at both ends and at mid-span of each specimen to determine the camber. The 

camber was also measured in the same manner just prior to load testing each specimen. The average 
camber measurements are summarized in Table 7. 18. 

Table 7.18: Camber Measurements 

u 

~ .... 
-0 1.00 
~ 
"' 3 
u "' 0.80-;;; "' u GI 
0 !:.. "' 
-0 ~ 0.60~ 0.. 
:,
"' "'GI 
~ 0.40 ... 
0 

.g 
0.20 "' 0:: 

0.00 

-

1 81 days after release 
2 46 days after release 
J 67 days after release 

The measured camber was larger in the SCC specimens than in the control pecimen. Girder BL had the 
largest measured camber and Girder AL had the smallest measured camber. Camber measurements in all 

three specimens were consistent with the instantaneous prestress losses due to elastic shorteni ng. The 

largest amount of camber occurred in the member with the largest amount of prestress loss due to elastic 

shortening. As the elastic shortening increases. the member experiences an increase in camber. 

Using the PCL Design Handbook (2004) methods as described in Section 5.6. the initial and final camber 
values were calculated for each girder. The measured material propertie were u ed in the calculation . 

Table 7. 19 shows the calculated camber values for the three girders. 
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The ratios of the mea ured to the calculated camber are shown in Figure 7.31. The in itial camber ratios 

for Girder AL. Girder BL, and Girder CL were 0.46. 1.56. and 0.96. respectively. The final camber ratios 
for Girder AL, Girder BL, and Girder CL were 0.4 I, 0.85. and 0.69, respectively. The results indicate 

that there is a significant difference between the measured and the calculated re ult . Except for the 

initial camber of Girder BL. the calcu lated always exceeded the measured camber. The method for 

determining the long-term camber is high ly empirical and may not always result in accurate estimates of 

the camber. 
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Figure 7.31 : Comparison of Measured and Calculated Camber 

7.10 LOAD TESTING RESULTS 

This section pre ents the experimental results that were obtained from load testing of the girder 
specimens. The repolied experimental results include general observations. development of concrete 

cracks. measured load-deflection relationsh ip . and measured strain in the prestres ing stands. concrete, 

and shear reinforcement. 

7. 10.1 GIRDER AL E XPERIMENTA L R ESUL TS 

Girder AL was cast with conventional concrete and served as the control specimen. The load testing of 

Girder AL was perfo1111ed on ovember 6. 2007. Figure 7.32 hows Girder AL at different stages during 

the test. The first flexural tension crack occurred at mid-span at a load of 156.9 Kip and mid-span 

deflection of 0.346". The corresponding cracking moment wa 1540 Kip-ft. As the load was increa ed. 
add itional fl exural and flexural- shear cracks deve loped within approximately the midd le third of the 

girder. causing sign ificant reduction in stiffne s. It was observed that the fl exural cracks occurred at the 
locations of the transverse rein forcement. At a load of235 Kips and a corresponding mid-span deflection 
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of 2.90", shear cracks were detected in the g irder web. The shear cracks were located between 2 and 10 

feet from the north end of the pecimen. Girder AL fai led in flexure at an ultimate load of243.6 Kips and 

a corresponding mid-span deflection of 5.46". The flexural fa ilure wa manifested by crushing of the 

compression concrete at mid-span. Following the conc lusion of the test. the crack were surveyed and 

mapped. The crack maps ofG irder AL are provided in Appendix E. 

(a) Before Loading (b) First Flexural Crack at Load= 157 Kips 

(c) Flexural and Flexural-Shear Cracks (d) Diagonal Shear Cracks at Load= 235 Kips 

(e) Girder AL Shortly before Failure (f) Crushing of Compression Concrete at Failure 

Figure 7.32: Girder AL at Different Stages during the Test 

May2009 95 Stn,cwral Performance ofPre stressed SCC Bndge Girders 



7. 10.1.1 Measured Load- Deflection 

Figure 7.33 shows the measured load-deflection plot. The load- deflection response was almost linear up 

to the point corresponding to the first flexural crack. As the load was increa ed. the additional flexural 

and flexural- shear cracks caused sign ifica nt reduction in stiffness. Past the point of fi rst flexural crack. 

the load-deflection response became non-linear. 
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Figure 7.33: Measured Load-Deflection - Girder AL 

7.10.1.2 Measured Strand Strain 

Strand strains were measured at mid-span and at quarter-span. Figure 7.34 hows a plot of the measured 

scrand strain at mid-span resu lt ing from the externally applied load only. T he plot does not incl ude strain 

due to the prestressing force. the girder dead load. or the composite deck dead load. Prior to initiation of 

the first crack. the strand strain increased approximately linearly w ith an increase in the applied moment. 

At the cracking moment of 1540 Kip-ft. the measured strand strain increased significantly. 
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Figure 7.34: Measured Strand Strain at Mid-Span Resulting from External Load - Girder AL 
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Prior to the application of the actuator·s load, the average measured tra in in the prestressing strands was 

53 78 micro-strain. Therefore. the measured strain values hown in Figure 7.34 were increased by 5378 
micro-strain to account for the strain due to prestressing and self-weight. Figure 7.35 shows a plot of the 

external!_ applied moment ver us the mea ured strand strain at mid-span, includ ing the strain due to 
prestressing and self-weight at. The prestressing strands had a yield train of I% or I 0.000 micro-strain. 

As shown in Figure 7.35. the strain in ome of the prestres ing strands reached the yield strain at a 

moment of 2 125 Kip-ft. correspond ing to an actuator load of approximately 2 17 Ki ps. 
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Figure 7.35: Measured Strand Strain at Mid-Span Resulting from All Loads - Girder AL 

The strain gages at quarter-span were placed on the same four strands that were in trumented at mid-spa11. 

Figure 7.36 shows a plot of the mea ured strand strain at quarter-span resulting from the externally 

applied moment only. This plot does not include strain due to the prestressing force. the girder dead load. 

or the compos ite deck dead load. The measured results indicate the following 

I. The strain increased approximately linearly with an increase in the bending moment. 

2. Gage PS- I exhibited erratic readings above a moment of760 Kip-ft. Since no cracks had developed across the 
location of PS- I. the erratic readings may have been the result of a gage malfunction. 

3. The measured strain values were consistent with the location of the strands relative to the bottom of the girder. 
For the same load. higher train values were exhibited by the strands that were located closer to the outermost 
tensile fiber. 

4. At a moment ofapproximately I157 Kip-ft. corresponding to an actuator load of235 Kips. the strands at 
quarter-span experienced a sudden increase in strain. This increase in the strain coincided wi th the formation of 
the diagonal shear cracks at and close to the quarter-span. The increase in the tensile strain reflects the shear­
flexure interact ion. Park and Paulay ( 1975) showed that the formation ofdiagonal shear cracks increase the 
tension in the flexural reinforcement. 
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Figure 7.36: Measured Strand Strain at Quarter-Span Resulting from External Load - Girder AL 

Figure 7.37 shows the measured strand strain at quarter span after the initial strain due to prestress and the 

specimen·s self-weight are added to the strain resulting from the externally applied load . The maximum 

strain at quarter-span was approximately 5720 micro-strain wh ich indicates that the strand at quarter­

span remained significantly below the yield train during the test. 
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Figure 7.37: Measured Strand Strain at Quarter-Span Resulting from All Loads - Girder AL 

7.10.1.3 Measured Concrete Strain 

Figure 7.38 shows a plot of the measured concrete strain at mid-span resulting from the external ly applied 

moment only. Figure 7.39 shows the measured concrete strain after the initial strains due co prestressing 

and self-weight were calculated and added to the measured strain. The concrete strai ns due to 

prestressing and self-weight were relatively small compared to the strains due to the applied moment at 

mid-span. At the first fl exural crack, which occurred at a load of 157 Kips (or moment of 1540 Kip- ft). 
gages EM-8 and EM-9 measured significant tensile strains. As the moment increased, the neutral axis 
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moved upward and the tensile strains in EM-8. EM-9, EM- I 0, and EM- I I increased. Gages EM-1 2 and 

EM-13, which were placed at 3.5" below the top of the deck. remained in compression throughout the 

te t. 
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Figure 7.38: Measured Concrete Strain at Mid-Span Resulting from External Load - Girder AL 
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Figure 7.39: Measured Concrete Strain at Mid-Span Resulting from All Loads - Girder AL 

The embedded strain gages at quarter-span were placed at the same relative locations as the embedded 
strain gages at mid- pan. Figure 7.40 hows a plot of the measured concrete strain at quarter-span 

resulting from the externally applied moment only. Figure 7.41 shows the measured concrete strain after 

the initial strains due to prestressing and self-weight were calculated and added to the measured strain. 

The measured strain increased approximately linearly with an increase in the moment. Th is suggests that 

flexural cracking did not occur at quarter-span. The variation among the strain gage readings was 

consistent with the locations of the gage . Gages EM-6 and EM-7, which were located at the same depth. 

exhibited nearly identica l compressive strains. 
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Figure 7.40: Measured Concrete Strain at Quarter-Span Resulting from External Load - Girder AL 
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Figure 7.41 : Measured Concrete Strain at Quarter-Span Resulting from All Loads - Girder AL 

7.10.1.4 Measured Top and Bottom Strains at Mid-Span 

G irder AL was instrumented with LVDTs attached horizontally to the top and bottom of the girder at 

mid-span. The measurements obtained from the LYDTs were used to evaluate the section curvature. 

monitor the outermost compressive concrete strain. and detect the first flexural crack at the bottom of the 

section. Figure 7.42 and Figure 7.43 show the applied moment versus the strain at the top and the bottom 

LVDT locations. respecrively. Both curve show approximately linear Moment-Strain relationships until 

the point o f first flexura l crack. 
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Figure 7.42: Measured Compressive Strain along Top Horizontal LVDT at Mid-Span - Girder AL 
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Figure 7.43: Measured Tensile Strain along Bottom Horizontal LVDT at Mid-Span - Girder AL 

7.10.1.5 Measured Strain in the Shear Reinforcement 

The plots of applied shear force versus stirrup strain are shown in Figure 7.44. Figure 7.45. Figure 7.46, 

and Figure 7.4 7 for the stirrups at 22.5". 52.5". 82.5". and I 12.5" from the no1th end of the girder, 

respectively. The applied shear force does not include the hear due to self-weight of the specimen. For 

each stimtp, readings from three strain gages were collected. A sharp increase in at least one strain gage 
ind icates the development of a web-shear crack that crosses the stirrup. All four plots indicate that web-

hear cracking occurred near the end of load testing at an applied shear of approximately 118 Kips . 
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Figure 7.44: Measured Strain along Stirrup@ 22.5" - Girder AL 
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7.10.2 GIRDER BL EXPERIMENTAL R ESULTS 

Girder BL was cast w ith SCC and tested under monoton ic increasing load. The load testing of Girder BL 

was perfonned on October 2. 2007. Figure 7.48 shows Girder BL at different stages during the test. The 

response of G irder BL was s imilar to that of Girder AL. Therefore, many o f the ob ervation and 

conclus ions made during the testing of G irder AL were equa lly applicable to the testing of G irder BL. 

The first flexural tens ion crack occutTed at mid-span at a load of 161 . 1 Kips and mid-span defl ection of 

0.367". The corresponding cracki ng moment was 158 1 Kip-ft. As the load was increased. additional 

flexural and flexural-shear cracks developed within approximately the middle third of the girder. causing 

ignificant reduction in stiffness. It was observed that the flexural cracks occu1Ted at the locations of the 

transverse re in forcement. At a load of245.5 Kips and a corresponding mid-span deflection of 4.02". the 

first shear cracks were detected in the g irder web. At the end of the test. the shear cracks were located 

between 6 and 12 feet from the south end and between 8-1 2 feet from the north end of the specimen. 

Girder BL fa iled in flexure a t an ultimate load of 247.3 Kips and a corresponding mid-span deflect ion of 

ST-10 
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5.09". The flexural fa ilure was manifested by crushing of the compression concrete at mid-span. 

Following the conclusion of the test. the cracks were surveyed and mapped. The crack maps of Girder 
BL are provided in Appendix E. 

(a) Before Loading (b) First Flexural Cracks at Load= 161 Kips 

(c) Flexural and Flexural-Shear Cracks (d) Diagonal Shear Cracks at Load = 245 Kips 

(e) Girder BL Shortly before Failure (f) Crushing of Compression Concrete at Failure 

Figure 7.48: Girder BL at Different Stages during the Test 
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7.10.2.1 Measured Load- Deflection 

Figure 7.49 shows the measured load- deflect ion plot. The load-deflection response was almost linear up 

to the point corresponding to the first flexural crack. As the load was increased. the additional flexural 

and flexura l-shear c racks caused significant reduction in stiffness. Pa t the po int of first flexural crack. 

the load-deflection response became non-linear. 
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Figure 7.49: Measured Load-Deflection - Girder BL 

7.10.2.2 Measured Strand Strain 

Strand strains were measured at mid-span and at quarter-span. Figure 7.50 shows a plot of the measured 

strand stra in at mid-span resulting from the externally applied load only. The plot does not include stra in 

due to the prestre ing force. the g irder dead load. or the compo ite deck dead load. Prior to initiation o f 

the first crack. the s trand strain increased approximately linearly with an increase in the applied moment. 

At the c racking moment of 1581 Kip-ft . the measured strand strain increased s ignificantly. 
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Figure 7.50: Measured Strand Strain at Mid-Span Resulting from External Load - Girder BL 
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Prior to the application of the actuator· load. the average measured train in the prestressing strands was 

5658 micro-strain. Therefore. the measured strain values shown in Figure 7.51 were increased by 5658 
micro-strain to account for the strain due to prestressing and sc i f-weight. Figure 7 .5 I shows a plot of the 

externally applied moment versus the mea ured strand strain at mid-span. including the strain due to 

prestressing and self-weight at. The prestressing strands had a yield strain of 1% or 10.000 micro- train. 

As shown in Figure 7.5 1, the strain in some of the prestressing strands reached the yield strain at a 

moment of 2236 Kip-ft. corresponding to an actuator load of approximately 228 Kips. 
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Figure 7.51: Measured Strand Strain at Mid-Span Resulting from All Loads - Girder BL 

The strain gages at quarter-span were placed on the same four strands that were instrumented at mid-span. 

Figure 7.52 shows a plot of the measured strand strain at quarter-span resulting from the externa lly 

applied moment only. This plot doe not include strain due to the prestressing force, the girder dead load, 

or the compos ite deck dead load. The measured results indicate the fo llowing 

I. The strain increased approximately linearly with an increase in the bending moment. 

2. The measured strain values were consistent with the location of the strands relative to the bottom of the girder. 
For the same load. higher strain values were exhibited by the strands that were located closer to the outermost 
tensile fiber. 

3. At a moment ofapproximately 1205 Kip-ft. corresponding lO an actuator load of 245. • Kips, the strands at 
quarter-span experienced a sudden increase in tra in. This increase in the strain coincided with the formation of 
the diagonal shear cracks at and close to the quarter-span. The increase in the tensile strain reflects the shear­
flexure interaction. Park and Paulay ( I 975) showed that the formation ofdiagonal shear cracks increase the 
tension in the flexural reinforcement. 
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Figure 7 .52: Measured Strand Strain at Quarter-Span Resulting from External Load - Girder BL 

Figure 7.53 shows the measured strand strain at quarter span after Lhe in itial strain due to prestress and the 
pecimen·s self-weight are added to the strain result ing from the externally applied load. The maximum 

strain at quarter- pan was approximaLely 6000 micro-stra in which ind icates that the trands at quarter­

span remained significantly belO\ the yield strain during the test. 
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Figure 7.53: Measured Strand Strain at Quarter-Span Resulting from All Loads - Girder BL 

7.10.2.3 Measured Concrete Strain 

Figure 7.54 shows a plot of the measured concrete strain at mid-span resulting from the externally applied 
moment only. Figure 7.55 shows the measured concrete strain after the initial strains due to prestressing 

and self-weight were calculated and added to the measured strain. The concrete strain due to 

prestressing and sel f-weight were relatively mall compared to the strains due to the applied moment at 

mid-span. At the first flexural crack. which occu1Ted at a load of 161.1 Kips (or moment of 1581 Kip-ft), 

gages EM-8 and EM-9 did not register any increase in tensi le strain. A possible explanation for the lack 
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could be the fact that a crack did not intersect and engage gages EM-8 and EM-9. but rather occurred on 

either side of them. T he crack propagated upward as they engaged strain gages E:vl-10 and EM- I I 111 

sequence. Gages EM-12 and EM-13 remained in compression throughout the load test. 
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Figure 7.54: Measured Concrete Strain at Mid-Span Resulting from External Load - Girder BL 
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Figure 7.55: Measured Concrete Strain at Mid-Span Resulting from All Loads - Girder BL 

The embedded strain gages al quarter-span were placed at the same relative locations as the embedded 
strain gages at mid-span. Figure 7 .56 shows a plot of the mea ured concrete strain at qua1ter-span 

resulting from the externally applied moment only. Figure 7.57 shows the measured concrete strain after 
the initial strains due to prestressing and self-weight were calculated and added to the measured strain. 

The measured strain increased approximately linearly with an increase in the moment. This suggests that 

flexural cracking did not occur at qua1ter-span. The variation among the strain gage readings was 

consistent with the locations of the gages. Gages EM-6 and EM-7. which were located at the same depth. 

exh ibited nearly identical compressive trains. 
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Figure 7.56: Measured Concrete Strain at Quarter-Span Resulting from External Load - Girder BL 
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Figure 7.57: Measured Concrete Strain at Quarter-Span Resulting from All Loads - Girder BL 

7.10.2.4 Measured Top and Bottom Strains at Mid-Span 

Girder BL was in trumented with a longitudinal LVDT attached to the bottom flange of the girder. The 

purpose of the LVOT was to detect the fir t flexural crack at 111 id-span. Girder BL was tested before 

Girder AL. The decision to add a longit udinal LVDT along the top flange was made after Girder BL was 

tested. Without the top LVDT, a strain profi le could only be constructed using the strain from the bottom 
LVDT and the concrete-embedded strain gages. Figure 7.58 shows the applied moment versus the strain 

at the bottom LVDT location. The curve shows approximately li near Moment-Stra in relationship until 

the point of first flexural crack. 
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Figure 7.58 : Measured Compressive Strain along Bottom Horizontal LVDT at Mid-Span - Girder BL 

7.10.2.5 Measured Strain in the Shear Reinforcement 

Plots of the applied shear force versu sti rrup strain are shown in Figure 7.59, Figure 7.60. Figure 7.6 I. 
and Figure 7.62 for the stirrup at 22.5". 52.5", 82.5", and 112.5" from the north end of the girder. 

respectively. The applied shear force does not inc lude the shear due to self-weight of the specimen. For 

each stirrup. readings from three stra in gages were collected . A sharp increase in at least one strain gage 

indicates the development of a web-shear crack that crosses the stirrup. The lack of sudden increase in 

strain in Figure 7.59, 7.60, and 7.61 indicates that web-shear cracking d id not intersect any of the stirrups 

at 22.5". 52.5". and 82.5" . The lack of cracking at those locations can be verified by viewing the crack 

maps fo r Girder BL in Appendix E. Figure 7.62. however, indicates that a web-shear crack had 

developed and intersected the stirrup located at 112.5" at an applied shear of approximately 123 Kips. 

This result is a lso consistent wi th the crack map shown in Appendix E. 
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Figure 7.59: Measured Strain along Stirrup @ 22.5" - Girder BL 
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Figure 7.60: Measured Strain along Stirrup@ 52.5" - Girder BL 
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Figure 7.61 : Measured Strain along Stirrup@ 82.5" - Girder BL 
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Figure 7.62: Measured Strain along Stirrup@ 112.5" - Girder BL 

7.10.3 GIRDER CL EXP£RIM£ 'TAL RESULTS 

Girder CL was cast wi th SCC and tested under increasing cyclic loads. The purpose for the cyclic 

loading was to invest igate the effect of load cycling on stiffness degradation and strength of the g irder. 

The load testing of Girder CL was performed on October 23. 2007. The pecimen was subjected to eight 

load cycles. Load cycles 1, 2. and 3 were load-controlled and reached load maxima of approximately 50 

Kips. I 00 Kips. and 150 Kip , respectively. The remaining cycles were displacement-controlled and 

reached mid-span de flection max ima of approximate ly 0.5'' , 0 .9", 1.3", 2.0". and past 2.0" until failure. 

During the fi rst three load cycles, G irder C L did not experience any crack ing. The fi rst flexural crack 

occuITed at mid- pan during the fourth load cycle at a load of 152.8 Kips and mid-span deflection of 

0.3 17". The cracking load corresponded to a mid-span moment of 1499 Kip-ft. As the load was 

increased, additional flexura l and flexural-shear cracks developed within approximately the middle third 

of the girder. causing igniftcant reduction in stiffness. It was observed that the flexural cracks occurred 

at the locations of the transver e reinforcement. At a load o f 2 19 Kips and a corresponding mid-span 

deflection of I .47". the first d iagonal shear cracks were detected in the g irder web , ithin 6 feet from the 

south support. At the end of the test. the shear cracks were located IO feet from the south end and 

between 2-12 feet from the north end of the spec imen. Flexural failure occurred at a load of 24 1 K ips and 

mid-span deflect ion of 6.01 ". Figure 7.63 shows Girder CL at different stages during the test. 

May 2009 11 2 Stnictural Pe1forma11ce off'resrressed SCC Bridge Girders 



(a) Before Loading (b) First Flexural Cracks at Load = 153 Kips 

(c) Flexural and Flexural- Shear Cracks (d) Diagonal Shear Cracks at Load= 219 Kips 

(e) Diagonal Shear Cracks at Load = 232 Kips (f) Crushing of Compression Concrete at Failure 

Figure 7.63: Girder CL at Different Stages during the Test 

7.10.3.1 Measured Load- Deflection 

Figure 7.64 shows the measured cyclic load- deflection plot. The envelope of the cyclic respon e curve is 

shown in Figure 7.65. The load-deflection response was a lmost linear up to the point corresponding to 

the first flexural crack. As the load was increased, the addi tional flexura l and fl exural- shear crack 
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caused significant reduction in stiffness. Past the point of first flexu ral crack. the load- deflection 
response became non-linear. 
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Figure 7.64: Measured Cyclic Load-Deflection - Girder CL 
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Figure 7.65: Measured Load-Deflection Envelope - Girder CL 

7.10.3.2 Measured Strand Strain 

Strand strains were measured at mid-span and at quarter-span. Figure 7.66 shows a plot of the measured 
trand strain at mid-span re ulting from the externally applied load only. The plot does not include strain 

due to the prestressing force, the girder dead load. or the composite deck dead load. Prior to initiation of 
the first crack. the strand strain increased approximately linearly with an increase in the applied moment. 

At the cracking moment of 1565 Kip-ft. the measured strand train increased significantly. 
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Figure 7.66: Measured Strand Strain at Mid-Span Resulting from External Load - Girder CL 

Prior to the application of the actuator·s load. the average measured stra in in the prestressing strands was 

5730 micro-stra in. Therefore, the measured strain values shown in Figure 7.66 were increased by 5730 

micro-strain to account for the strain due to pre tressing and self-weight. Figure 7.67 shows a plot of the 

externally applied moment versus the mea ured strand strain at mid-span. including the strain due to 

prestressing and se lf-we ight at. The pre tressing strands had a y ield s train of I% or 10,000 micro-strain. 

As shown in Figure 7.67. the strain in some of the pre tressing strands reached the y ield strain at a 

moment of2 I 52 Kip-ft. corresponding to an actuator load of approx imately 2 19.3 Kips. 
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Figure 7.67: Measured Strand Strain at Mid-Span Resulting from All Loads - Girder CL 

The strain gage at qua1ter-span were placed on the same four trand that were instrumented at mid-span. 

Figure 7.68 shows a plot of the mea ured strand strain at quarter-span resulting from the externally 

applied moment only. This plot does not include strain due to the pre tressing force, the g irder dead load. 

or the compos ite deck dead load. The measured results indicate the fo llowing 
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I. The strain increased approximately linearly with an increase in the bending moment. 
2. The mea ured strain values were consistent with rhe location of the strands relative to the bottom of the girder. 

For the same load, higher strain values were exhibited by the strands that were located closer to the outermost 
tensile fiber. 

3. At a moment of approximately 1140 Kip-ft. corresponding to an actuator load ofapproximately 234 Kips. the 
strands at quarter-span experienced a sudden increase in strain. This increase in the strain coincided with the 
formation of the diagonal shear cracks at and close to the quarter-span. The increase in the tensile strain reflects 
the shear-flexure interaction. Park and Paulay (1975) showed that the fonnat ion of diagonal shear cracks 
increase the tension in the flex ural reinforcement. 
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Figure 7.69 shows the mea ured strand strain at quarter span after the initial strain due to prestress and the 

specimen· s self-we ight are added to the strain resulting from the externally applied load. The maximum 

strain at quarter-span was approximate ly 6085 micro-strain wh ich indicates that the strands at quarter­

span remained significantly below the yie ld strain during the test. 
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7.10.3.3 Measured Concrete Strain 

Figure 7.70 shows a plot of the measured concrete strain at mid-span resulting from the externally applied 

moment only. Figure 7 . 7 1 how the measured concrete stra in after the initial strains due to pre tressing 

and self-weight we re ca lcula ted and added to the measured strain . Figure 7.71 indicates that gages EM-8 

and EM-9 experienced initia l compressive strains and gage EM- IO experienced initia l tensile strain. 

Contrary to what was expected. the initia l section cracking did not cause substantial change in measured 

strain in gages EM-8. EM-9, EM- I 0. or EM- I I. A probable reason could be that a crack did not intersect 

and engage the embedded gages. but rather occu1Ted on e ither side of them. Gages EM-1 2 and EM- 13 

remain in compression throughout the load test. The s ignificant increase in the compressive strain in EM-

12 and EM-13 at a load of 236.8 kips indicates the in.itiation of concrete crushing in the deck. 
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Figure 7.70: Measured Concrete Strain at Mid-Span Resulting from External Load - Girder CL 
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Figure 7.71 : Measured Concrete Strain at Mid-Span Resulting from All Loads - Girder CL 

The embedded strain gage at quarter-span were placed at the same relative location as the embedded 

strain gages at mid-span. Figure 7.72 shows a plot of the mea ured concrete stra in at quarter-span 
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resulting from the externally applied moment only. Figure 7.73 shows the measured concrete strain after 

the initial strains due to prestressing and self-weight were calculated and added to the measured strain. 

The measured strain increased approximately linearly with an increase in the moment. This suggests that 

flexural cracking did not occur at quarter-span. The variation among the strain gage readings was 

consistent with the locations of the gages. Gages EM-6 and EM-7, wh ich were located at the same depth, 

exhibited approximately equal compressive strains. 
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7.10.3.4 Measured Top and Bottom Strains at Mid-Span 

Girder CL was instrumented with LVDTs attached horizontal ly to the top and bottom of the g irder at mid­

span. The measurements obtained from the LVDTs were used to evaluate the section curvature. monitor 

the outermost compressive concrete strain, and detect the first flexural crack at the bottom of the section. 

Figure 7.74 and Figure 7.75 show the applied moment versus the strain at the top and the bottom LVDT 

locations, respectively . The top LVDT showed few erratic data points which may have been due to 
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momentary sticking of the LVDT plunger. The plots in Figure 7.74 and Figure 7. 75 show approximate ly 

linear Moment-Strain re lationships until the point of first flexural crack. 
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Figure 7.74: Measured Compressive Strain along Top Horizontal LVDT at Mid-Span - Girder CL 
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Figure 7.75: Measured Tensile Strain along Bottom Horizontal LVDT at Mid-Span - Girder CL 

7.10.3.5 Measured Strain in the Shear Reinforcement 

The plots of app lied shear force versus stirrup strain are shown in F igure 7.76, Figure 7.77, Figure 7.78, 

and Figure 7.79 for the stirrups at 22.5", 52.5". 82.5", and 112.5" from the north end of the g irder. 

respectively. The applied shear force does not include the shear due to self-weight of the speci men. For 

each stirrup, readings from three strain gages were collected. A sharp increase in at least one strain gage 

indicates the development of a web shear crack that crosses the st irrup. The lack of sudden increase in 

strain in Figure 7.76 ind icates that web-shear cracking d id not intersect the stirrups at 22 .5". Figure 7.77, 

Figure 7.78 , and Figure 7.79 ind icate that web-shear cracks had developed and intersected the stirrups 

located at 52.5". 82.5" and 112.5" at an applied shear ofapproximately 119 Kips. 

May2009 I 19 S1rt,c111ral Performance o/ Prestressed SCC Bridge Girders 



140 

120 

-;;:; 100 

g a. 

80 
OJ 

.s::;'" .,, 
"' -~ 60 

a. 
<t 
a. 

40 

20 

0 
Ten 

-150 0 150 300 450 600 750 

- s~ 

-+-ST-2 

Girde r CL 
Stirrup @ 22.S" 

Stirrup Strain (µ Strain) 

Figure 7.76: Measured Strain along Stirrup@ 22.5" - Girder CL 

140 

-150 0 150 300 450 600 750 

Stirrup Strain (µ Strain) 

Figure 7.77: Measured Strain along Stirrup@ 52.5" - Girder CL 

120 

-;;:; 100 Girder CL 
Stirrup @ 52.5" a. 

g 
... 80 -"'OJ 

l •.s::;.,, 
- \~ "' 60 

-~ • ---ST-6 
a. 
a. 
<t 40 ST-5 malfunctioned 

ST,5 

20 
- Comp Ten 

0 

May2009 120 S1ruc111ral Performance ofPrestressed SCC Bridge Girders 



140 

120 

vi 100 
C.::.: 
... 80"'(I.I 
~ 

"'.., 60 
.!!! 
Q. 
C. 
<( 40 

20 

Comp Ten 

0 

-150 0 150 

~ST-7 

--ST-8 

~sT-9 

Girder Cl 
Stirrup @ 82.5" ' 

300 450 600 750 

Stirrup Strain (µ Strain) 

Figure 7.78: Measured Strain along Stirrup@ 82.5" - Girder CL 

140 

120 

-;;;- 100 - Girder Cl 
g a. 

Stirrup @ 112.5" ... 
n, 80 
(I.I 
~ . ST-10 .., i • • "' - -~ 
.!!! 60 +:f ---ST-11 
Q. 
a. 
<( ~ ST-12 40 I ~~'.~ 

ST- 10 

20 J. . 
0 00 0 

c,, c ooo eComp Ten 

0 

-150 0 150 300 450 600 750 

Stirrup Strain (µ Strain) 

Figure 7.79: Measured Strain along Stirrup@ 112.5" - Girder CL 

7.11 ANALYSIS OF FLEXURAL B EHAVIOR AND STRENGTH 

Th is section presents an analysis of the flexural behavior of the g irders. The analysis includes a 

comparison of the load-deflection characteristics of the three specimens, the effect of cyclic loading on 

the effective stiffness. and analytical eva luation of the flexura l response. cracking moment. flexural 

strength, and fl exural rigidity. 

7.11.J MEASURED LOAD-DEFLECTION CHARACTERISTICS 

A comparison of the load-deflection test results indicates a significant similarity among the th ree 

specimens despite the small variation in concrete strength from one specimen to another. Table 7.20 

presents a summary of the measured cracking moment, flexura l strength, and the corresponding mid-span 

deflections. Figure 7.80 shows the measured load-deflection curves for the three girders plotted together 

on the same graph. The plots clearly show that the differences in stiffness, strength, and ductility among 

the three specimens were re latively small. 
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The pre-cracking effective stiffness. defined as the ratio of the load at fir t flexural crack to the 

corresponding mid-span deflection. wa 453 Kip/ in, 439 Kip/ in. and 4 15 Kip/in for G irder AL, Girder BL, 

and Girder CL. re pectively. Therefore. the measured pre-cracking effective tiffness of Girder BL was 

only 3.1 percent lower than that o f control girder (Girder AL). However, the measured pre-cracking 

stiffness of Girder C L was 8.4 percent lower than that of Girder AL. It should be noted that Girder CL 

was subjected to three load cycles at increasing maximum load prior to the initiation of the first flexural 

crack, while Girder AL and G irder BL were subjected to increasing monotonic loads. 

The load carrying capacities of the three girders were nearly identical. The mea ured ultimate load of 

Girder BL was l.5 percent higher, wh ile the measured ultimate load of Girder C L was I. I percent lower, 

than that o f Girder AL. 
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Figure 7.80: Comparison of Measured Load-Deflection Relationships 

7. 11.2 EFFECTIVE STIFFNESS UNDER CYCLIC LOADING 

The effect of the maximum applied load on the stiffness of the girder was determined based on the 

measured load-deflection envelope shown in Figure 7.57. For each load cycle. the effective stiffness was 

determined as the s lope of the secant j o ining the origin to the point at the end of the load cycle segment. 

Table 7.2 1 presents a summary of the measured effective stiffness. The re ults how that the effective 

stiffness decrea ed with an increase in the maximum applied load. It is we ll known that flexural cracking 

of concrete resu lts in stiffne reduction. Section 9.5.2 of the ACI code (2008) relate the post-cracking 

effective moment of inertia to the maximum moment applied at the section. However, the results 

presented in Table 7.2 I indicate that even during the pre-cracking load cycle . the effective stiffness 
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decreased with an increase in the max imum load reached during the load cycle. The reduction in stiffness 

at the pre-cracking condition may be the result ofconcrete internal micro-cracking and/or slippage of the 

prestressing strands. Table 7.2 1 also shO\vs the rate of effective tiffness degradation. which was 
determined as the ratio of the change in stiffness to the change in the maximum load reached between 

successive cycles. For the pre-cracking load c, cles. the rate of stiffness degradation increased with an 
increase in the maximum load. For the post-cracking load cyc les. the stiffness degradation rate wa 

significantly higher than the pre-cracking degradation rate with an average rate of4.48 Kip/in/Kip. 

Table 7.21 : Measured Effective Stiffness 

Load Cycle 
Effective Stiffness, Ke 

(Kip/in) 

Effective Stiffness 
Degradation Rate 

(Kip/in/Kip) 

100 Kips* 508.6 0.398 

150 Kips* 482.1 0.530 

0.5 in. 349.7 510 

0.9 in. I 224.5 5 21 

1.3 in. 166.6 3.62 

2.0 in. 114.8 3.70 

Failure 40.5 5.71 

*Pre-cracking load cycles 

7. I1.3 A NA L YT/CA L E VA LUA TION OF FLEXURAL BEHA VIOR 

The analytical fl exural response was obtained using the computer program Response-2000 (Bentz and 
Collins 2000). The program input includes the cross-sectional dimensions, material properties for 

concrete. reinforcement. and prestre sing strands. and the amount and location of reinforcement. 

Response-2000 also allows the u er to define a composite deck by applying a strain discontinuity to the 

section. After specifying the requ ired inputs. the user may solve a ectiona l response or a member 

response. The sectional re pon e provides stress and strain profiles and a full moment-cur ature plot for 

the section. The member re pon e requires input with regards to the span length. the load location. and 

the type of supports. Solving the member response yields a ful l load-deflection plot as well as the 
deflection and curvature distribu tion along the length of the member. 

7.11.3.1 Load-Deflection Relationships 

The analytical load-deflection re lationships were calculated and compared to the mea ured values. The 

analytical and experimental resu lts are plotted in Figure 7.81. 7.82, and 7.83 for Girder AL. BL, and CL 
respectively. 

In a ll three girders. the theoretical pre-cracking effective stiffness wa lower than the respective measured 

effective stiffness. Table 7.22 presents a compari son between the theoretical and measured values. The 

ratio of tbe theoretical co the mea ured pre-cracking effective stiffness was 0.75. 0.71. and 0.84 for Girder 
AL. Girder BL, and Girder CL, re pectively. After the point of first flexura l crack. the analytical model 

resul ted in instantaneous stiffne values higher than the respective experimental values. 
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The theoretical ultimate loads obta ined from Response-2000 were in excel lent agreement with the 

measured values. Table 7.23 presents a comparison between the theoretical and measured values. The 

theoretical and the respective measured ultimate loads were nearly identical for a ll three specimens. 
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Figure 7.81 : Analytical and Experimental Load-Deflection - Girder AL 
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Table 7.22: Comparison of Theoreticalt and Measured Pre-Crackin 

Girder CL 

- Experimental 

--·Analytical (Response-2000) 

t 
--'-- L I 

313 0.71 

347 415 0.84 

t As determined by Response-2000 

arison of Theoreticalt and Measured Ultimate Loads 

246.0 247.3 0.99 

247.3 241 .0 1.03 

- As determined by Response-2000 

7.11 .3.2 Moment-Curvature Relationships 

The analytical moment-curvature relationships were ca lculated and compared to the measured values. 

The analytical relation hips were determined using Response-2000. The experimental relationships were 

determined using measured strain . Knowing the measured strain values t 1 and t:2 at two different 

elevations along the section height and the distance h between these two elevations. the experimental 

curvature (() can be determined as (() = (P.1 - c2)/ h. The experimental strain values were obtained from the 

top and bottom horizontal LVDT measurements shown in Figure 7.42 and Figure 7.43 for Girder AL and 

in Figure 7.74 and Figure 7.75 for Girder CL. Girder BL was fitted with only a bottom horizontal LVDT. 
Therefore. the stra in profile for Girder BL was constructed using the strain va lues obtained from the 

bottom L VDT and strain gage EM- 13 that was embedded in the deck concrete. The analytical and the 
experimental moment-curvature relationships are shown in Figure 7.84. Figure 7.85. and Figure 7.86 for 

Girder AL. Girder BL and Girder CL, respecti vely. It should be noted that in order to avoid damaging the 
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LVDTs at high deformations, they were removed from the te t et up prior to the e nd of the test. Thus. 

the experimental meas urement hown in the moment-curvature plot were terminated prematurely. 

For Girder AL and Girder CL, the experimental and analytical moment-curvature relationships were in 

excellent agreement. However, the experimental curvature of Girder BL was ignificantly lower than the 

analytical curvature for most of the experimental data range. lt is bel ieved that the ho ri zontal LVDTs 

provided a more real istic average strain than the embedded gages. This is due to the fac t tlrnt the gage 

length of the LVDT spanned across several flexura l cracks. whereas the embedded gage readings may 

have reflected localized effects. 

The theoretical ul timate moment obtained from Response-2000 wa 2,420 Kip-ft, 2.414 Kip-ft. and 2,427 

Kip-ft for G irder AL, G irder BL. and Girder CL. respectively. A comparison of analytical and 

experimental flexural strength is covered in Section 7.1 1.3.4. 
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Figure 7.86: Analytical and Experimental Moment-Curvature - Girder CL 

7.11.3.3 Cracking Moment 

The cracking moment, Mer . wa determined analytically according to the ACI 318 code (2008) and the 
AASHTO LRFD Bridge Design Specifications (2007) methods. The equations for the cracking moment 
were presented by Equation 5.40 and Equation 5.46. The measured concrete strength was used for 

detem,ining the analytical cracking moment. The measured and the theoretical cracking moments are 

summarized in Table 7 .24. The resul ts show an excellent agreement between the measured and the 

analytical values. Girder AL measured cracking moment was 2.4% and 3.3% lower than the values 
calculated using the AAS HTO-LRFD and AC I methods. respective ly. G irder BL measured cracking 

moment was 3.5% and 2.6% higher than the values calculated using the AASHTO-LRFD and AC! 
methods. respectively. Girder CL measured cracking moment was 1.1 % and 2.0% lower than the values 
calculated using the AASHTO-LRFD and AC! methods. respectively .. 

1578 1528 1582 

1540 1581 1499 

0.97 1.03 0 94 

0.98 1.04 0 95 

7.11 .3.4 Flexural Strength 

The nominal flexural strengths of the girders were determined using the ACI 3 18 (2008) and the 

AASHTO LR.F D Bridge Design Specifications (2007). The method for determining the nominal 

flexural strength were covered in ection 5.7. Table 7.25 summarizes the calculated nominal flexural 
strengths. the calculated ultimate moment by Response-2000, and the measured ultimate moments. The 

measured results were in excel lent agreement with the analytical value obtained from the code methods 
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and the computer program. The ratio of the measured to the analytical flexural trength varied between 
0.94 and 1.03. 

2356 2351 

2420 2414 

2390 2427 

1.01 1.03 

1.01 1.03 

0.99 1.01 

2359 

2427 

2365 

1.00 

1.00 

0.97 

7.11 .3.5 Flexural Rigidity for Deflection Calculations 

Flexural rigid ity is defined as the product of the modulus of elastic it , £. and the moment of inertia./. In 
this study. the experimental flexural rigidity of the test specimens was determined indirectly using the 

measured load-deflection , alues. The experimental rigidities were then compared to the analytical 

flexural rigid ities calculated using the ACI code prescribed I and E. 

For the purpose of calculating the deflection of simply supported rein forced concrete beams, the ACI 
code (2008) permits the use of the concrete elastic modulus and the effective moment of inertia at mid­

span. The concrete elastic modulus is given by Equation 5.2. The effective moment or ine11ia is given in 

the ACI code by the fo llowing equation. 

(7.1) 

where 

l e = effective moment of inertia. in.i 

cracki ng moment. Kip-in (or lb-in) 

maximum moment in a member at the stage deflection i computed, Kip-in (or lb-in) 

gross moment of inertia. in4 

moment of inertia of the cracked section, in4 

Thus, for an applied moment of les than or equal to the cracking moment, the effective moment of inertia 

would be equal to the gros moment of ine,tia of the concrete section. When the applied moment is 

greater than the cracking moment. the effecti ve moment of inertia is reduced below the gross moment of 

inettia in accordance with Equation 7. 1. AASHTO (2007) adopted the ACI method for the effective 
moment of inertia. 

The experimental fl exural rigidities were obtained using the measured load-deflection and the theoretical 

deflection of elastic beams. For a simply upported beam with a point load applied at mid-span. the mid­

span deflection can be obtained using the following equation . 
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p L3 
ll=-- (7.2) 

48£[ 

where 

!::,. mid-span deflection. in 
p = applied load. Kips (or lb ) 
L = pan length of the member. in 
El = flexural rigidity, Kip-in" (or lb-in1

) 

Rearranging Equation 7.2 for El. the followin g equation is obtained. 

(7.3) 

The experimental and analytical effective rigidities are shown in Figure 4.87. Figure 4.88, and Figure 4.89 

for Girder AL, Girder BL. and Girder CL. respectively. Unl ike the code model wh ich assumes constant 

pre-cracking rigidity. the experimental pre-cracking rigidity decreased with an increa e in the moment at 

the mid-span. Ln all three specimens. the pre-cracking measured rigidity was higher than the respective 

analytical effective rigidity. Therefore. the code model provides a con ervative estimate of the pre­

cracking rigidity. A conservative estimate of the rigidity results in overestimation of deflection. 

For moments higher than the ervice load moments. the flexural re ponse become non-linear and. 
therefore. the code approach for calculating beam deflections would not be applicable. For service load 

moments that are greater than the cracking moment, the experimental rigidity wa similar to the analytical 
rigidity fo r Girder AL. slightly hi gher than the analytical rigidity for Girder BL. and slightly lower than 

the analytical rigidity for Girder CL. In general, the code approach provided an acceptable and 

conservative estimate for the flexural rigidity in a ll cases except for the post-cracking loads under load 
cycl ing conditions (Girder CL). Had the analytical cracking moment of Girder CL been equal to or less 

than the experimental cracking moment. the experimental post-cracking segment of the rigidity curve of 
Girder CL would have been in excellent agreement with the theoretical curve. However, the code·s 

overestimate of the flexural rigidity in the case of Girder CL would still result in reasonable estimates of 
deflections. 

To assess the effect of the mid- pan moment on the experimental effective rigidity. the trends of the pre­
cracking and the post-cracking experimental rigidity data points were uperimpo ed on each of the 

effective rigidity plots. The trend lines £/1and Eh correspond to the pre-cracking and the post-cracking 

experimental effective rigidities. re pectively. El1 was developed for the data point within a moment of 

500 Kip-ft and the cracking moment, while Eh was developed for the data points between the cracking 

moment and a moment of 2,000 Kip-ft. The selection of the range limit was based on estimates of the 

service load moments that the girder would be subjected to during its service li fe. ;\ summa1y of the 
experimental rigidity change rates with respect to the applied moment is shown in Table 7.25. The 

cracked section rigidity change rate was between 8.0 to 8.9 times that of the corresponding un-cracked 

ection. The un-cracked rigidity change rate of Girder AL was 1.10 and 1.28 times that of Girder BL and 
Girder CL. respectively. while he cracked rigidity change rate of Girder AL was I. 13 and 1.17 times that 

of Girder BL and Girder CL. respectively. In conclusion, Girder AL had the highest un-cracked and 

cracked section rigidity change rates. However, the three girders exh ibited fairly similar rigidity change 
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rates for both un-cracked and cracked sections. The effect of cracking on the rigidity change rate was 

similar among the three girders. 
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Figure 7.87: Analytical and Experimental Flexural Rigidity- Girder Al 
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Figure 7.88 : Analytical and Experimental Flexural Rigidity - Girder Bl 
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Figure 7.89: Analytical and Experimental Flexural Rigidity - Girder CL 

7.12 ANALYSIS OF CONCRETE SHEAR S TRENGTH 

In this study. the experimental concrete shear strength was eva luaLed and compared to the analytical 

concrete shear trength obtained us ing the provisions of the A C l code (2008) and the s impli fied procedure 

o f the AAS HTO LRFD (2007). The code provisions we re covered in Section 5.8 of this report. T his 

ection covers the evaluation of the experimenta l and analytical shear strength value and compares the 

experimental and analytical results. 

7.12.J EXPERIMENTAL E VALUA TJON OF CONCRETE SHEAR STRENGTH 

The measured strain in the stirrups before and after the development of the inclined shear cracks were 

used to determine the concrete experimental shear strength. llv The measured stitTup stra ins were 

presented in Section 7 . 10 of this report. 

As mentioned before, each instrumented tirrup was titted with three strain gages. When an inc lined 

shear crack deve lops and inter ects a sti rrup. the strain gage on the st irrup leg that is c losest to the shear 

crack wil I most likely reg ister the highest stra in among the three gages. Therefore. the largest of the three 

strain values that occurred immed iate ly after cracking was used to determine the ax ial stress in the st itTup. 

The number of stirnrps that intercept a shear crack was determined experimentally by measuring the 

average angle of inclination of the shear cracks. The measured shear crack angle of inclinat ion was found 

to be 35· _ Figure 7.90 shows the angle measurement of an inclined shear crack. For a web height of 

15.5" and a stirrup spacing of 7.5". the inc lined shear crack would intersect an average of 2.94 stirrups. 

For a #5 U-stirrup. the tota l stee l area that crosses an inc lined s hear crack would be 1.82 in1
. Knowing 

the area of the shear re info rcement and the corresponding ax ial stress, the portion of the shear force that is 
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carries by the shear reinforcement was determined. The concrete shear capacity was then determined at 

the location of each instrumented stirrup by subtracting the force carried by the sti rrups from the applied 

shear force at the time of cracking. 

Figure 7.90: Inclination Angle of a Shear Crack 

The experimental evaluat ion of the concrete shear capacity is presented in Table 7.27. Table 7.28, and 

Table 7.29 for Girder AL. G irder BL. and Girder CL, respectively. The appl ied shear forces shown in the 

tables include the shear due to the se lf-we ight of the specime n. In some cases, the specimen fai led in 

fl exure prior to the development of the shear cracks at all instrumented stirrup locations . For such cases, 

the measured shear strain in the stirrups was negligible since the shear re inforcement was not mobilized. 

When the stra in in the shear rein forcement is negligible, it can be a sumed that the entire shear force is 

carried by the concrete. 

62.5 504.5 625.8 

3.3 16.3 26.3 32.7 

130.5 115.3 103.1 94 5 

r Measured from the end of the girder 
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241.7 601 .0 378.4 

12.6 31.4 19.8 

135.3 120.5 99.5 108.9 

t Measured from the end of the girder 

Following the development of inclined shear cracks. the stirrups experienced increased strain with an 

increase in the applied shear. The change in the app lied shear and the corresponding measured change in 

the force carried by the shear reinforcement are summarized in Table 7 .30. Table 7.3 I, and Table 7.32 for 

Girder A L, G irder BL, and G irder CL, respectively. The results show that. in mo t of the cases, the 

increase in the force carr ied by the shear reinforcement was higher than the corresponding increa e in the 

applied shear. This could be explained by the fact that as the shear fo rce increa ed. the shear crack 

widened. This caused a decrease in the shear force carried by the concrete and an increase in the force 

carried by the shear rei nforcement. 

r Measured from the end of the girder 

t Measured from the end of the girder 

t Measured from the endof the girder 

7. I2.2 COMPARISON OF EXPERIMENTAL AND ANAL YT/CAL CONCRE7E SHEAR STRENGTH 

The nominal shear strength of the concrete was ca lculated using the provi ions of the AC I code (2008) 

and the simplified procedure o r the AASHTO LRFD (2007). The experimental results obtained above 

and the analytical resu lts are summarized and compared in Table 7.33 . The experimental va lues reported 

in the high lighted cells are lower bound estimates of the shear strength since no hear cracks had 

developed at t he respective locations. 

The results indicate that the AASHTO implified method resulted in highly conservative estimates of the 

concrete nominal shear trength. The ratio of the experimental to the AASHTO nominal shear strength 
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varied between 1.44 and 2.40. On the other hand. the AC I method resulted in overestimation of the 

nominal shear strength in some cases. The ratio of the experimental to the AC I nomina l shear strength 

varied between 0.86 and 1.42. It should be noted that when a strength reduction factor cp of 0.75 is 

applied to the AC I nominal hear trength values. all of the design shear trength (cpVc) values would be 

we ll below the corresponding experimenta l shear strength va lues. 

Table 7.33: Comparison of Experimentalt and Analytical Shear Stren 

Locationt Experimental AASHTOi 
(in) Vc(Kips) Ve (Kips) 

ACI 
Ve (Kips) 

Exp. Ve/AASHTO Ve Exp. Ve/ACI Ve 

130.5 107 4 2.07 1.22 

52.5 115.3 64.0 
AL 

108.3 1.80 1.06 

82.5 103.1 64.8 109.2 1.59 0.94 

112.5 94.5 65.5 109.9 1.44 0.86 

22.5 138.T 57.9 97.5 2.40 1.42 

52.5 136.5" 58.8 
BL 

98 4 2.32 1.39 

82.5 134.J 59.6 99 3 2.25 1.35 

112.5 120 3 60.3 100.0 2.00 1.20 

22.5 135.3" 63.6 108.2 2.13 1.25 

52.5 120.5 64.6 
CL 

109.2 187 1.10 

82.5 99 5 65.4 110.1 1.52 0.90 

112.5 108.9 66.0 110.8 1.65 0.98 

r Measured from girder end 
t AASHTO LRFD simplified method 
•Lower bound estimate of experimental Ve 
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8 PRESTRESSED QUARTZITE-AGGREGATE sec GIRDERS 

8.1 INTRODUCTIO 

In 2006-2007 the primary invest igators of this study performed load testing o r three ful I-scale prestressed 

girders made with quartzite aggregate. One of the girders was cast with conventional concrete, wh ile the 

other two were cast with SCC. For ease of reference, those three girders wi ll be refen-ed to as the 

quartzite-aggregate girders, while the three specimens covered in C hapter 7 will be referred to as the 

limestone-aggregate girders. The testing of the quartzite-aggregate g irders was part of a se parate study to 

invest igate the structural performance of prestressed SCC girders made with qua11zite aggregate. 

Quartzite aggregates are normally used for the production of concrete in eastern South Dakota. Funding 

for the quartzite-aggregate girders study was provided by the College of Engineering at SDSU and Gage 

Brothers Concrete Products Inc. of Sioux Falls. SD. 

The experimental data that have been generated on the performance of the quartzite-aggregate and the 

limestone-aggregate SCC girder will enable SDDOT to assess the structural performance of prestressed 

SCC bridge girders made with the two main coarse aggregate types u ed in the state. The final report on 

the quartzite-aggregate girders was not complete at the time of writing of this report. However. it will be 

made avai lable to SDDOT upon it completion. This chapter presents a brief de cription of the test 

specimens and a summary o f the experimental results that were obtained from the qua11zite-aggregate 

girders study. 

8.2 SPECIMEN DESCRJPTION, INSTRUMENTATION, AND T EST SET U P 

The quartzite-aggregate girder specimens were almost identica l in cross section . . pan, instrumentation, 

and test set up to the limestone-aggregate girder specimens covered in Chapter 7. Similar to the 

I imestone-aggregate girder specimens, the cross section used for the quartzi te-aggregate girder specimens 

was a MnDOT 36M and the span length was 40'. The two main difference between the limestone- and 

the quartzite-aggregate girder were the shear reinforcement spacing and the distribution and location of 

the twelve prestressing strands. The #5 C-stirrups in the quartzite-aggregate girders were spaced at 5" 

center-to-center. Figure 8.1 presents a cross section ofa quartzite-aggregate g irder specimen shov.,·ing the 

distribution of the prestres ing strands. The non-prestressed re in forcement detail were similar to those 

shown in Figure 7.3 except that the #4 reinforcement in the bottom flange was placed at 5" center-to­

center. The specified concrete strength at re lease and at 28 days was 6.500 psi and 7.000 psi. 

respectively. The specified tendon jacking fo rce was 40,500 lbs, corresponding to an initial jacking force 

of486,000 lbs. 

A total of three quartzite-aggregate girders were fabricated. One girder was cast wi th a conventional 

concrete mix used by the SDDOT for bridge gi rder . This girder was labeled Girder A and served as the 

control spec imen. The other two girders were cast with an SCC concrete mix and were labe led Girder B 

and G irder C. The control g irder concrete mix and the SCC mix proportions are shown in Table 8. 1. 

Type C Flyash was u ed in the SCC mix due to a cement shortage in 2006. 

The concrete decks were reinforced with two mats of WWF4x4-WSxWS welded wire fabric. The bottom 

mat was located 2" above the top of the g irder. whi le the top mat was located 5" above the top of the 
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girder. T he deck concrete had a specified 28-day concrete strength of 5.000 psi. The mix design 1s 

shown in Table 8.2. 

2'-6" 

li1tt@ff@:1;r 
- [ 6.. 

3'-0" 

t 
3'/2" 

~............... 1 
5 spaces at 2" I 

12-0.6" Dia 
T)pe 270K 
Lo Lax 

Deck 

r ,::"" 
=r 
j 
3 s~ ccs at 2'" 

Figure 8.1: Cross Section of the Quartzite-Aggregate Girder 
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1100 1420 

1420 

1720 

31 .4 32.0 

90 115 

15 

4 

22 

0.35 0.36 

1.00 1.01 

Table 8.2: Deck Concrete Mix Proportions 

SD Type Ill Cement (lb) 

Type CFlyash (lb) 

Concrete Sand (lb) 

¾" x 4 Quartzite (lb) 

Water (Gal) 

DARACEM 19 (oz) 118 

W/C Ratio 

Yield (yd3) 

Deck Mix 

105 

1240 

1650 

30 

0.34 

1.00 
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The instrumentati on plan was almo t similar to that used for the limestone-aggregate girders covered in 

Section 7.3. Surface-mounted strain gages were placed on the prestressing tendon and the steel stim1ps. 

and embedment strain gages were placed in the concrete. Once in place for testing, the g irder specimen 

were also instrumented with several LVDTs and wire displacement rran ducers. 

The girders were fabricated at the Gage Bothers Concrete Products Inc. facil ity in Sioux Falls. SD. 

Fabrication of the three g irders was done simultaneously on the same prestress ing bed between July 18 

and July 25, 2006. The strands were tens ioned on July 18. the g irder concrete wa placed on July 20, and 

the prestress transfer was done on July 25. The decks were constructed between July 28 and July 30. 

2006. All three girders were delivered to the Lohr Structures Laboratory on August 7. 2006. 

The test set up was s imilar to that used for the lime tone-aggregate girders and described in Sect ion 7.5.1. 

Girder A (control specimen) and Girder C were tested under increa ing monotonic load until fai lure. 

Girder B wa subjected to fati gue cyclic loading fo r a total of 1.500.000 load cyc les before it wa 

ubj ected to an increas ing monotonic load until fa ilure. 

8.3 EXPERIMENT AL RESULTS 

This section presents the experimental data inc luding measured material properiies, transfer le ngth. load­

de flection characteristics, flexural strength. and behavior under shear stresses. 

8.3.J M EASURED MATERIAL PROPERTIES 

The compressive strength of the g irder concrete was tested on the day of prestres release. at 28 days. and 

on the day of testing of the g irder specime n. Table 8.3 presents a summary of the measured girder 

concrete strength. The compressive trength of the deck concrete was tested at 28 days and on the day of 

testing of the g irder s pecimens. Table 8.4 shows the deck concrete compressive strength. 

Table 8.3: Measured Gir 

7,853 

9.130* 

7,480 

8,230' 

t Tested 99 days after casting 
I Tested 141days after casting at the start of fatigue loading 
• Tested 130 days after casting 
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t Tested 99 days after casting 
I Tested 141 days after casting at the start of fatigue loading 
• Tested 130 days after casting 

The prestress ing strands we re 7-wire, 0.6"-diameter. 270 Ksi low re laxation type strands. The strand 

tensi le properties were obtained from the mi ll certificate and were the same as those u ed for the strands 

in the limestone-aggregate girders study. The strand load versus strain relation hip is shown in Figure 

7.21. The strand had a cros ectional area of 0.218 in2 and a modu lus of e lasticity of 29.000 Ksi. 

Yielding of the strand was a umed to occur a t I% elongation. The load at y ie ld was 54.972 lbs. The 

ultimate load was 60.828 lb and occurred at 8% elongation. 

8.3.2 TRA 1SFER LENGTH 

Similar to the method presented in Section 7.7.1. the strand strain measurements at pre tress transfer were 

used to determine the experimental transfer length. The strain gages a long the potential transfer length of 

Girder C malfunctioned. Therefore, only the measurements from Girder A and Gi rder 8 were used to 

establish the experimenta l transfer length . The measured strand strain versus the distance from the girder 

end for Girder A and G irder Bare shown in Figures 8.2 and 8.3. respective ly. Also shown are the 95% 

AMS lines as explained by Russell and Burns ( 1997) and presented in Section 5.4.3 of this report. Using 

the 95% AMS method. the transfer lengths for Girder A and G irder B were determined to be 27 .S"and 

28.0", respectively. These value were well within the AASHTO-LR.FD (2007) tran fer length 

requirement of 60 times the trand diameter (36"). 
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Figure 8.2: Measured Transfer Length for Girder A 
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Figure 8.3: Measured Transfer Length for Girder B 

8.3.3 LOAD TESTING RESULTS 

The experimental results presented 111 this section include general description of the behavior of the 

specimens during the load tests, the load-de flection characteristics of the girder specimens. the effect of 

cyc lic loading on stiffness degradation. and evaluat ion of the load-deflection responses of the quartzite­

aggregate g irders as compared to the limestone-aggregate g irders. 

8.3.3.1 Girder A (Control Specimen) 

Prior to the day of testing, Girder A was preloaded to I 03.6 Kips. The corresponding mid-span defl ection 

was 0.256". The girder was then immediately un loaded. T he purpose for the preloading cycle was to 

verify the stability of the test set up and the adeq uacy of the loading system. The full load test of Girder 

A was performed on October 25, 2006. The loading was applied under displacement-controlled 

conditions. 

Figure 8.4 shows Girder A at d ifferent stages during the test. Figure 8.5 presents the measured load­

deflection re lationship. The fi rst flexural tension crack at mid-span was noticed at a load of 141 Kips and 

mid-span deflection of 0.338". The cotTesponding moment at mid-span was 1393 Kip-ft. However, it 

was later observed from the measured load-deflection curve that the g irder experienced a reduction in 

stiffness at a lower load of 135 Kips and a correspond ing mid-span deflection of 0.338". Therefore, the 

cracking moment must have occurred at a load between 135 and 141 Kips. As the load was increased, 

add itional flexural and flexural-shear cracks developed in the girder. In genera l. the location of the 

flexural cracks coincided with the location of the transverse rei nforcement in the bottom flange. 

The first visible diagonal shear crack was observed at a load of 190 Kips. The crack was located at 9' 

from north end of the girder. At higher loads. additional d iagonal shear cracks were developing in the 

g irder within a distance of approximately 12' from each end. 

Girder A fai led in fl exure at a load of 25 1.6 Kips and mid-span deflection of 6.690''. The failure was 

initiated by crushing ofthe compression concrete at the top of the deck. 
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(a) First Flexural Crack at Load:::: 141 Kips (b) Development of Flexural-Shear Cracks 

(c) Development of Diagonal Shear Cracks (d) Crushing of Compression Concrete at Failure 

Figure 8.4: Girder A at Different Stages during the Test 
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Figure 8.5: Measured Load-Deflection - Girder A 
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8.3.3.2 Girder C 

Girder C was tested on 'ovember 28, 2006. The loading was monotonic and was applied under 

displacement controlled conditions. 

Figure 8.6 shows Girder C at different stages during the test. Figure 8.7 present the measured load­

deflection relationship. The first flexural tension crack at mid-span was occurred at a load of 143 Kips 

and mid-span deflection of 0.323". The corresponding moment at mid- pan was 141 7 Kip-ft. As the load 

was increased. additional flexural and flexural-shear cracks developed in the g irder. In general, the 

location of the flexural cracks coincided with the location of the transverse reinforcement in the bottom 

flange. 

Mu ltiple diagonal shear cracks appeared at a load of 188 Kips. The cracks were located between 6' and 

12' from each end of the girder. At higher loads. additional diagonal shear cracks developed in the girder 

and extended longitudinally along the web-top flange interface. 

G irder C failed in flexure at a load of 25 1.5 Kips and mid-span deflection of 7.02". The failure was 

initiated by crushing of the compression concrete at the top of the deck. 

(a) First Flexural Crack at Load= 143 Kips (b) Development of Flexural-Shear Cracks 

(c) Development of Diagonal Shear Cracks (d) Crushing of Compression Concrete at Failure 

Figure 8.6: Girder C at Different Stages during the Test 
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Figure 8.7: Measured Load-Deflection - Girder C 

8.3.3.3 Girder B 

Girder B was subjected to fat igue load ing for a total of 1.500.000 load cycles before it was subjected to 

increasing monotonic load until fa ilure. The purpose for the fa tigue loading was to examine the effects of 

repeated loads on the stiffness and strength of the girder. The fatigue testing sta1ted on December 15. 
2006 and was completed on February 6. 2007. The loading was performed at a rate of one cycle per 

second. The load cycles were divided into fou r groups. For each group. the load oscillated between two 

spec ific load limit . The upper load limit in each load group was selected so as to induce a predetermined 

nominal stress level at the outermost tens ile fi ber. Table 8.5 summarize the load cycles perfo rmed and 

the corresponding load lim its. nominal stre level target at the bottom of the g irder, and the measured 

change in the outermost strand tensile stres due to the applied load range. 

T bl 8 5 F f . L d' .P t dC d' .St d St 

Load Limit (Kips) Nominal Tensile Measured Change inLoad Cycle 
(Range) Stresst Strand Stress (psi) 

9.0-44.9 

(x 1000) 

2,3450- 300 Compression
(35.9) I 

57.7 -94.5 
300-600 0 2.330

(36.8) 

77.9- 1139
600-1 ,100 2,7303 m(36.0) 

96.2-131 1 
3,9501,100-1,500 6 ff::(34.9) 

1 At the bottom of the girder 

The first two group of load cycles were selected so that no tensile stresses would develop at the bottom 

of the girder. The last two groups of load cyc les were designed to induce tensile stresses at the bottom of 

the girder. The first group represented service load leve l at which the stress at the bottom fiber wou ld be 

compress ive. The upper load in the second group would result in approximately zero- tress at the bottom 

fiber. The upper load in the third group would induce a maximum ten ile stress of approximately 3 .ffl in 
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the bottom fiber of the girder. This stress level corresponds to one-half the maximum tensile stress for 
bonded reinforcement al lowed by AASHTO Standard Specifications (AASHTO 2002). The final group 

would induce a maximum tensile tres ofapproximately 3 ff) in the bottom fiber of the girder. 

The measured change in the strand sn-ess for the first two groups of cycles wa nearly equal. This was 

expected as the load ranges for the first two groups were nearly the same and the ection was still un­

cracked. Prior to the tart of the third group of cycles (600,000-1.100.000) a hairline flexural crack 

appeared at the bottom tlange of the girder. This crack was li kely caused by a spike in the load during the 

set up for the third group of load cyc les (600,000-1, I 00,000). During the application of the final load 

group. the flexura l crack that started in the precious load group was progres ively extending into the web. 

During the fatigue testing. the girder stiffness was measured after eve1y 36.000 load cycles. The stiffness 

tests were performed under monotonic loads reach ing the upper load limit of the load group under 
consideration. Figure 8.8 presents the monotonic load tests that were performed to measure the stiffness 

of the girder. The four cluster of lines correspond to the four cyclic load groups. Figure 8.8 indicates 
that the stiffness of the girder reduced as the upper load limit within a load group increased. However. 

the stiffness variation within the same load group was not as significant except for the fou11h load group 

where the girder was subjected to repeated loads that exceeded the cracking load. 
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Figure 8.8: Measured Stiffness under Fatigue Loading - Girder C 

The measured stiffness values are plotted in Figure 8.9 against the number of load cycles. Also shown in 

the figure are the trend straight line for each load cycle cluster. The change in the average stiffness from 

one cluster to another reflect the effect of the upper load limit on the girder stiffness. wh ile the change in 

the slope of the trend lines demonstrates the effect of the upper load limit on the stiffness degradation 

rate . The average stiffness and stiffness degradation for the four load groups are summarized in Table 

8.6. The results demonstrate that 

I . the average stiffness decreased with an increase in the upper load limit. 
2. the change in the average stiffness per unit load increment in the upper load limit decreased with an 

increase in the upper load limit, and 
3. the stiffness degradation with the number of applied load cycles increased witb an increase in the upper 

load limit. 
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Figure 8.9: Girder Stiffness Degradation - Girder C 
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Following the fatigue load le ting, Girder B was subjected on March 20. 2007 to increasing monotonic 

load until failure. The load was applied under displacement-contro lled conditions. 

Figure 8.10 shows Girder B at different stages during the monoton ic load test. Figure 8.1 1 presents the 
measured load-deflection relationship. Prior to applying the monotonic load. the fatigue loading had 

already caused few flexural and flexural shear cracks to develop close to the mid-span. However. it was 

possible to determine from the measured strain at the girder bottom the load at wh ich the flexural crack at 
mid-span started to open. The load at the beginning of crack opening was approximately 115 Kips. The 

kink in the load-deflection curve at 14 7 Kips was assumed to correspond to the cracking load. 

At a load of approximately 157 Kips and a co1Tesponding di placement of 0.552. multiple flexural-shear 

and web-shear cracks developed in the girder. In general, the location of the flexural cracks coincided 

with the location of the transver e reinforcement in the bottom flange. It was also observed that a crack 

had developed longitudinally along the web-top flange interface. similar to the crack that developed 111 

Girder C. 

Girder B failed in flexure at a load of 257.9 Kips and mid-span deflection of 8.93". The failure was 

in itiated by crushing of the compression concrete at the top of the deck. 
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(a) Flexural Crack prior to Loading (b) Development of Flexural-Shear Cracks 

(c) Development of Diagonal Shear Cracks (d) Crushing of Compression Concrete at Failure 

Figure 8.10: Girder Bat Different Stages during the Monotonic Load Test 
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Figure 8.11 : Measured Load-Deflection - Girder B 

.\fay 2009 145 Struct11ral Performance ofPrestressed SCC Bridge Girders 



8.3.3.4 Performance Assessment of the Quartzite-Aggregate Girders 

The measured load-deflection curves for the three girder specimens are plotted in Figure 8.12. All three 

spec imens exhibited similar load-deflection characteristics in terms of stiffness and strength. Girder B 

displayed a slightly lower ..elastic .. tiffness than the other two specimens. The lower tiffness was due to 

the fatigue loading that was appl ied to the girder. Table 8.7 presents a summary of the measured cracking 
moments, flexural strength and shear force at first observed web- hear crack. The test resul ts 

demonstrate that there are no noticeable difference in the performance of quartzite-aggregate SCC and 

conventional concrete girders. 

A more detailed analysis wi ll be avai lable upon the completion of the report on the quartzite-aggregate 

girders study. 
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Figure 8.12: Measured Load-Deflection - Quartzite-Aggregate Girders 

Table 8.7: Measured Cracking Moment, Flexural Stren th, and Shear Force at First Web-Shear Crack 

2484 2546 2484 

95 78.5 94 

t Based on observed stiffness change in the monotonic load-deflect,on curve 

8.3.3.5 Comparative Evaluation of Quartzite- and Limestone-Aggregate Girders 

The load-deflection curves for the three qua1tzite-aggregate and three lime tone-aggregate girders are 

plotted in Figure 8.13 . The result show that the two types of girders exh ibited sim ilar "elastic·· stiffness 

and ultimate strength . The main difference between the t\.vo types wa the lower stiffness that the 

quartzite-aggregate girders exhibited in the middle segment of the load-defl ection curve between the end 
of the ·'elastic·· segment and the beginning of the '"plastic'· segment. 
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Figure 8.13: Measured Load-Deflection - Quartzite-Aggregate and Limestone-Aggregate Girders 
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9 EVALUATION OF sec FOR PRESTRESSED BRIDGE GIRDERS 

This chapter presents an evaluation of self-consolidating concrete (SCC) for use in prestressed bridge 

g irder applicat ions. Topics disc ussed in this chapter include constructabili ty. finish quality. structural 

performance. and economic evaluation of SCC prestressed girders, and development of specia l provisions 

for use of SCC in prestressed applications. 

9.1 CONSTRUCTABILITY 

One of the advantages to using SCC for prestressed structural applications is the increased production 

effi ciency and ease of placement and consolidation. During this study. the placement of each SCC g irder 

required a crew of two workers and one vibrator. Although SCC does not req uire vibration to 

consolidate, the past experience gained by primary investigators of this study suggest that a ·'burst'· of 

vibration (approximately two seconds) at each girder end might be necessary to ensure the release of any 

trapped a ir pockets during casting. tn contrast. the placement of the conventional concrete g irder required 

a crew of five workers and three vibrators. The placement time of a conventional concrete girder was 

found to be three to four times that of a SCC girder. Through persona l interviews of the precast plant 

management and field personnel, it \,Vas fo und that placement of SCC is overwhelmingly prefe1Ted by the 

industry over placement ofconventional concrete due to the substantially reduced effort to place SCC. 

SCC may be very sensitive to variations in constituent materials. Therefore, greater care must be taken 

when producing SCC than that required for conventiona l concrete. During this study. segregation was not 

an issue. However, four SCC batches were rejected due to low air content. 

During the construction of the test s pecimens, concrete was transported from the batch plant to the 

prestressing bed using a 2-yd3 hopper. Each g irder required approximately 6 yd3 of concrete. Due to the 

limited capacity of the hopper, multiple batches were required to cast each girder. The casting process 

wou ld have been more effic ient if concrete was discharged into the form d irectly fro m the drum of a 

concrete mixer truck. The truck's capacity would eliminate the need for multiple batching and would 

a llow for a continuous pour of the entire g irder. 

9.2 FINISHED PRODUCT 

A superior finished product is often achieved with SCC. When conventional concrete is used, "bugholes" 

and other surface imperfections often occur. Such imperfectio ns require fini shing and patching of a 

member after removal of the forms. During this study. minor surface blemishes were repaired in all three 

g irders. The imperfections, which occurred mainly at the interface between success ive concrete lifts, 

were the result of the delay in transport ing successive batches to the prestressing bed. Cast ing each girder 

in one continuous pour may have prevented the development of those imperfections. 

In general, it was observed that the SCC girders were of a better fi nished surface quality than the 

conventional concrete g irders. Th is observation was consistent with a previous study on SCC girders 

made with quartzite aggregates (Wehbe et al. 2007a). 
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9.3 MATERIAL AND STRUCTURAL PERFORMANCE 

The performance of the SCC material and the SCC g irders were covered 111 details in Chapter 6 and 

Chapter 7. re pecrively. Following is a brief evaluation of the suitability of CC for prestressed 

applications in outh Dakota. 

The work performed in this study has demonstrated the ability to produce stable SCC mixtures in the 

laboratory and at the batch plant using South Dakota loca l aggregates. The hardened SCC properties 

fo llowed trends similar to those of conventional concrete. Thus. strength grO\vth, mod ulus of rupture. and 

modulus of elastic ity of SCC can be determ ined using the empirical equations that are commonly used 

with conventional concrete. The shrinkage of SCC was found to be lower than that of conventional 

concrete of the same w/c ratio. 

The strand trans fer lengths in the SCC spec imens were found to be comparable to that of the contro l 

specimen. The AASHTO transfer length requirement of 60 times the strand diameter wa determined to 

be adequate for use with prestressed SCC girders. 

The calcu lated and measured effective prestress values for the SCC and the conventional concrete girders 

were in exce llent agreement. The calcu lated effective prestress wa performed in accordance with four 

different methods. The rat io of the mea ured effective prestre s to the calculated effect ive prestress 

varied between 0.98 and 1.13. All four models resulted in reasonable estimates of the total prestress 

losses. Howe er. the calculated prestress losses based on the AASHTO LRFD Bridge Design 

Specifications and the 1975 PCl Committee on Prestress Losse were virtually identical to the measured 

prestress losses. 

The sec and the conventional concrete g irders exhibited identical stiffness and strength characteristics. 

The current code equations and methods re ulted in highly accurate estimates of the cracking moments 

and flexural strength of the SCC and the conventional concrete girder . The measured concrete shear 

strengths of the SCC specimens were higher than that of the control spec imen. The simplified method 

used by AASHTO for calculating the shear strength of concrete resulted in conservative e ti mates for the 

shear strength of the SCC and the conventional concrete girder . 

Ln conc lus ion. the u e of SCC did not compromise the performance and strength of the prestressed 

g irders. Therefore. SCC s imilar to that u ed in this study can be specified for prestres ed bridge girders. 

9.4 Eco oMrc EVALUATJO 1 

The economic evaluation of using SCC for prestressed applications can be separated into three main 

categories: raw material costs, production co ts. and finished product improvement costs. Since only 

three g irders were constructed in this study, the generated economic data were limited in scope which did 

not allow for detailed comparison of the production costs of conventional and SCC prcstressed girders. 

However. a preliminary economic evaluation was performed ba ed on discussion with industry 

personnel a nd the resu lt of past research projects on SCC by the primary investigators o f this study and 

by others. 

Typically. a SCC mix requires select aggregate s ize and s hape. high cement content. and some specialty 

admixtures such as high-range water-reducing (HRWR) admixtures and viscosity-modifying admixtures 

(YMA). These requirements increase the unit cost ofa SCC mix. sec mixes often require mailer. more 
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rounded coarse aggregates and additional fine aggregates. To obtain the specific aggregate necessary to 

produce SCC. producers may have to pay an average o f 8- 12% more for raw materials. The use of a 

YMA can increase the cost of a concrete mi x by approximately 2%. but also can result in some savings by 

allowing a larger variety of aggregates to be used and minimizing the impact of vary ing aggregate 

moisture contents (Martin 2003). A previous study reported that the production of CC in South Dakota 

can increase material cost by approximately 26% (Boushek 2007). 

The increase in the cost o f raw materials is partially offset by improved production efficiency. reduced 

equipment cost, and increased worker safety. One particular case study reported a 20% reduction in 

concrete plac ing time and a 32% reduction in labor required to cast a double-tee member when compared 

to us ing con ventional concrete. An average reduction in labor has been estimated to be about 30% when 

using SCC. regardless of the application (Martin 2003). 

In addition lo the benefits associated with production costs. SCC has been proven to reduce the number of 

surface imperfections on the finished concrete urface. uch imperfection require fi nishing and patching 

of a member which can lead to added production cost. An improved finished product is consistently 

achieved with SCC, thus reducing the finishing and patching expenses. 

In conclus ion. there are cases where the member geometry or re in forcement congestion may render SCC 

as the only viable cho ice de pite the added material nominal cost while in other cases the choice to use 

SCC may be based on expediency and the ability of the contractor or the pre-caster to meet production 

rate demands. Irrespective of the ca e. allowing the contractor or producer the freedom to select SCC 

may result in co t savings for the client. 

9.5 SPECIAL PROVISIONS 

Based on the work per fonned in this study. the ,vork perfonned in previous stud ies (Boushek 2007. 

Wehbe et al. 2007a). and discussions with SDDOT and indu try personne l. special provisions for the use 

of SCC fo r precast/prestressed bridge girders have been developed. Those provi ions are presented in 

Appendix F of th is re port. 
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10 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

10.1 SL'MMARY 

Recent studies have shown that the use of self-consol idating concrete ( CC) result in improved fini shed 

qua lity. increased production efficiency. and reduced labor cost. Because of the favorab le prope11ies that 

SCC exhibits. the Federal Highway Administration and the preca t concrete industry have been 

promoting the research and development of SCC for structural applications in bridge . 

The use of SCC for prestressed applications is relatively new to local de igners and producer in South 

Dakota. Because of the lack of data on the performance of •CC using South Dakota aggregates. there is 

hesitancy by local eng ineers and producers to design and fabricate prestressed SCC bridge g irders. tr 
CC is properly specified and used. it has the potentia l to y ield more economical and higher quality 

prestressed concrete products than conventional concrete. To take advantage of this new technology. 

there was a need to study production feasibility and structural performance of prestressed SCC bridge 

girders made with South Dakota aggregates. Propo1tioning, behavior. and properties of SCC are high ly 

dependent on the coarse aggregates physical properties . Two ty pes of aggregates. crushed limestone and 

quartzite. are frequently used in preparing concrete for SDDOT bridges. 

In 2007 researchers at South Dakota State University (SDSU) concluded an experimental study on three 

full-scale prestressed bridge girders. One of the three girders was cast us ing conventional concrete and 

u ed as a contro l specimen. while the other two girders were cast using sec. T he SCC mix was made 

with quartzite coarse aggregate that is commonly used in eastern South Dakota. The results o f the study 

showed that the structural performance of the prestressed SCC girders was similar to that o f the control 

prestresscd girder. It wa a lso observed that the SCC girders had a better fini shed surface than the 

conventional concrete girder. 

Crushed limestone is commonly used for concrete production in western South Dakota. [n order to assure 

the applicability of prestressed SCC concrete tatewide. a study v as des igned to investigate the 

performance of prestressed SCC bridge girders made with limestone aggregates and to develop draft 

s pecifications. acceptance criteria. mix qualifi cations, and guidelines for use by SDDOT for prestressed 

SCC applications. The study covered in this report invo lved material testing of sec mixtures and 

structural testing of full- cale pre tre ed bridge girders. 

Three mi x des igns were deve loped based on varying the w/c ratio and using different curing methods. 

The design mix was provided by C retex Concrete Products West. Inc. The design mix had a w/c ratio of 

0.33. The three w/c ratios used in thi research were 0.33. 0.35. and 0.37. The three mixes were moist 

cured and the design mix was also heat cured . The fresh properties of the three SCC mix des igns were 

measured to evaluate the feas ibility of producing SCC made with li me tone coarse aggregate. The fresh 

CC prope1ties that were measured in this study include lump flow. visual stabil ity index (VSI). T20. J­

ring spread, L-box. and co lumn segregation. The hardened properties of the SCC mixes were measured 

to evaluate the performance of SCC made with limestone coarse aggregate. The hardened SCC properties 

that were measured in this study include compressive strength. flexura l strength. modulus of elasticity. 

hardened vi ual stability index (HY I), and shrinkage. 
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Three fu ll-scale prestressed girder were fabricated at Cretex Concrete Products West, Inc. in Rapid City, 

SD. Two of the girders were cast w ith SCC and one was cast with conventional concrete to serve as a 

control specimen. Des ign of the gi rders included instrumentation capable of measuring instantaneous and 

time-dependent structural respon es. The girders \.Vere te ted until fail ure. The control specimen and one 

of the SCC specimens were tested under increasing monotonic load until fai lure. The other SCC 

specimen ,,.,,·as tested under increasing cyclic loading until failure. The evaluation of CC for use in 

prestressed bridge girder applications included analysis of transfer length. pre tress losses. camber, 

flexural behavior and strength. fl exural rigidity. and shear strength. 

10.2 CONCLUSIONS 

Based on the experimenta l and analytical studies covered in this report. the fo llowing conclusions can be 

drawn. 

sec Material Behavior 

I . The laboratory tests and the large-scale batches prepared by South Dakota concrete producers showed that 
stable SCC mixtures can be produced using SouLh Dakota local aggregates. 

2. A new parameter named the normalized amount of superplasticizer and defined as the ratio of the amount 
of superplasticizer to the w/c ratio was introduced in this srudy. The normalized amount ofsuperplasticizer 
wa found to be a parameter that affects the slump spread, blocking potential. and air content of SCC 
mixrures. For the SCC mixtures included in this study. it was found that an increase in the normalized 
amount of superplasticizer resulted in linear increase in slump flow. linear decrease in blocking potential. 
and linear increase in the required amount of air entraining admixture to maintain a constant air content in 
SCC mixtures having different w/c ratios but otherwise the same amount ofconstituent materials. 

3. The effects of the w/c ratio on strength and strength growth of SCC are similar to those of conventional 
concrete. 

4. The effect of heat curing on the srrength growLh ofSCC is sim ilar to that ofconventional concrete. 

5. The modulus of rupture and the modulus or elasticity of SCC can be determined using the AC! code 
empirical equations used for conventional concrete. 

6. Simi lar to conventional concrete. the ·hrinkage strain of the SCC mixes increased with an increase in the 
w/c ratio. 

7. The conventional concrete mix with w/c ratio of 33% exhibited significant shrinkage during the first 24 
hours. The measured shrinkage strain at 24 hours was 42% of the total measured shrinkage strain at 94 
days. The significant initial shrinkage may be attributed to autogenous shrinkage which normally occurs in 
concrete mixtures with w/c ratios below that required for complete hydration. Normally. a w/c of 0.42 is 
considered to be the minjmum ratio for complete hydration. The high nuidity and set retarding prope11ies 
of the SCC mixtures may have prevented autogenous shrinkage from taking place at the same rate 
experienced by conventional concrete mix. 

8. At a w/c ratio of 0.33. the conventional concrete mix exhibited higher shrinkage srrain than the SCC mix. 
This was mainly due to the higher ini tial shrinkage strains that the conventional mix exhibited during the 
first 2-l hours. However. at higher ages. the rates of train increase with time for the two mixtures were 
practically simi lar. 

9. The AC! 209 shrinkage model was generally in good agreement with the measured shrinkage strain of the 
SCC mixes. However. it underestimated the strains of the SCC mixes with w/c ratios of 35% and 37% 
during the initial 24 hours. For the conventional concrete mix. the model resulted in sign ificant 
underestimation of the initial shrinkage strains. but was in good agreement with the measured strain at 94 
days. 

sec Girders Behavior 

I 0. A transfer length of 60 times the strand diameter (60 db) is adequate for prestressing strands in SCC 
girders. 
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I I. The prestress losses in the SCC girders were similar 10 those in the conventional concrete girder. Current 
code methods for determining prestress losses can be used for prestressed SCC girders. 

12. The load-deflection response of the SCC girders were extremely similar 10 that of the conventional 
concrete girder. The specimens exhibited similar flexural stiffness. cracking strength. and nominal 
strength. 

13. The code methods for determining flexural sti ffness. cracking strength. and nominal strength of prestressed 
concrete girders can be used for SCC girders. 

14. The effective flexural stiffness of prestressed girders decrease with an increase in the maximum applied 
load even at pre-cracking loads. 

15. The AASHTO-LRFD simplified method for determining the nominal shear capacity of prestressed girders 
resulted in conservative estimates of the shear strength for both SCC and conventional concrete girders. 

General 

16. The surface finish of the SCC girders was in general better than that of the conventional concrete girder. 
17. The large concrete production facilities in Sioux Fall and Rapid City possess the capabilities and expertise 

to supply SCC on a commercial scale. 

10.3 lMPLEME TATION AND RECOMMENDATIONS 

In this study it was shown that the fabrication of prestres ed SCC in South Dakota i feasible and that the 

performance of SCC bridge girders using South Dakota local aggregates is similar to that of conventional 

concrete. SCC has the added advantage of enhanced finished quality and increased production efficiency. 

Give n the option of using SCC. the precast industry may select SCC over conventional concrete for the 

fabrication of prestressed bridge girder, or other precast e lement . at no additional cost to the client. The 

use of SCC may even be more cost effective lo the fabricator and the client under certai n circumstance . 

However. successfu l production of a SCC mix is highly dependent on the type of aggregate used. 

Therefore. proportioning of a SCC mix to meet target performance levels may requi re a trial-and-error 

approach. The '·Special Provision •• Based on the preceding discuss ion. the fo llowing recommendations 

are made. 

I. The South Dakota Department of Tran po,tation should pennit the use of SCC for the production 

of prestressed bridge girder and probably for other cast-in-place and preca t applications. 

2. The concrete producer should be responsible for the design of a SCC mix to meet the c lient" 

stated performance levels. The special provisions that were developed in th i study set 

perfonnance levels and acceptance criteria for SCC mixtures when u ed for the fabrication of 

prestres ed/precast elements for bridge structures in • outh Dakota. 

3. It is recommended that a showcase bridge be constructed by DDOT using SCC for parts of the 

substructure and the super tructure. The bridge can be instrumented for data collection over an 

extended period of time. Monitoring of uch a bridge would provide valuab le information on the 

long-term performance of SCC bridge structures. 
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APPENDIX A: AGGREGATE TESTING DATA 

Table A.I: ASTM C 29 for Rapid City Limestone 

ASTM C29, ''Standard Test Method for Bulk Density ("Unit 
Weight") and Voids in Aggregate" 

Test sample 
Dace 

Coarse 
711 9i2007 

Data 
Mass of measure (kg) = 
Mass of measure + water (kg)= 
Mass of water (kg) = 
Water temperature (°F) = 

Water density at this temperature (kglm3) = 
Volume of measure (m3) = 

Mass of measure (kg) = 
Mas of aggregate .,.. measure (kg) = 
Mass of aggregate sample (kg) = 

Bulk density ofsample (kg/m3) = 
Bulk density of sample (lb/ft3

) = 

Summary of results 

3.53 
10.56 
7.03 

74 

997.4575 

0.007048 

3.53 
14.45 
10.92 

1549.393 

96. 72547 

Bulk density ofsample (kg/m3
) = 1549.393 

Bulk density ofsample (lb/ft3
) = 96.72547 
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Table A.2: AST:VI C 127 for Rapid City Limestone 

ASTM C 127. "Standard Test Method for Densit) . Relative 
Density (Specific Gravity). and Ab orption ofCoarse 
Aggregate" 

Test Sample 7. 1 
Rapid City Limestone 

Data 

Mass of bowl, g = 
Mass of bowl + SSD aggr .. g = 
Mass of SSD aggr. , g = 
Mass of oven dry aggr .. g = 
Absorption, % = 

Mass ofoven dry sample in air. g = 
Mass ofSSD sample in air. g = 
Apparent mass of saturated sample in water. g = 
Specific gravity ofSSD sample = 

Density. kg/m3 = 
Density, lb/ft3 = 

Summary of Results 

336.57 
2456.32 

2119.75 
2104.96 

0.70 

2104.96 

2119.75 
744.00 

1.54 

1536.94 

95.95 

Specific gravity of SSD sample = 2.54 

Density (SSD), kg/m3 = 1536.94 

Density (SSD). lb/ft3 = 95.95 
Absorption, % = 0.70 
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Table A.2: A TM C 127 for Rapid City Limestone (continued) 

AST~ C 127. ''Standard Test Method for Density. 
Relative Density (Specific Gravity), and Absorption 
ofCoarse Aggregate'' 

Test Sample 7.2 
Rapid City Limestone 

Data 
Mass of bowl. g = 

Mass of bowl + SSD aggr .. g = 
Mass of SSD aggr., g = 
Mass ofoven dry aggr .. g = 
Absorption, % = 

Mass of oven dry sample in air. g = 
Mass of SSD sample in air. g = 
Apparent mass of sa1ura1ed sample in water. g = 
Specific gravity ofSSD sample = 

Density. kgim3 = 

Density. lb/ rr3 = 

Summary of Results 

282.72 
1953.30 

1670.58 

1659.5 1 
0.67 

1659.5 1 

1670.58 

587.00 
1.54 

1537.87 

96.00 

Specific gravity of SSD sample = 2.54 

Density (SSD), kg/m3 = 1537.87 

Density (SSD), lb/fr' = 96.00 
Absorption, % = 0.67 

\IQ) 2009 159 S1n1c111ral Performance a/Pres1resseJ src Bridge Girders 



Table A.2: A TM C 127 for Rapid City Limestone (continued) 

ASTM C 127, "Standard Test Method for Density. 
Relative Density (Specific Gravity). and Absorption 
ofCoarse Aggregate·• 

Test Sample 7.3 
Rapid City Limestone 

Data 
Mass of bowl, g = 
Mass of bowl + SSD aggr .. g = 
Mass ofSSD aggr. , g = 
Mass ofoven dry aggr.. g = 
Absorption. % = 

Mass ofoven dry sample in ai r, g = 
Mass of SSD sample in air. g = 

Apparent mass of saturated sample in water. g = 
Specific gravity ofSSD sample = 

Density. kg/m3 = 

Density. lb/fr3 = 

Summary of Results 

237.21 
2335.54 
2098.33 
2085.48 

0.62 

2085.48 
2098.33 
735.00 

1.54 

1535.27 

95.84 

Specific gravity of SSD sample = 2.54 

Density (SSD). kg/111 ' = 1535.27 

Density (SSD), lb/fr3 = 95.84 
Absorption. % = 0.62 
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Table A.3: ASTM C 136 for Rapid City Limestone 

ASTM C 136. "Standard Test Method for Sieve Analysis of Fine and Coarse Aggregates" 

Test Sample 

Sieve Size 
(in) 

Sieve Wt. 
Only 
(kg) 

Sieve + 
Retained 
Sample 

Wr. 
(kg) 

Retained 
Sample 

Wt. 
(kg) 

Percent 
Retained 
on Sieve 

(%) 

Percent 
Pass ing 
Sieve 

(%) 
I" I 7.24 0 0.00 0.0 100.0 

3/4 11 0.75 7.22 0.00 0.00 0.0 100.0 
1/2" 0.5 7.33 0.00 0.00 0.0 100.0 

3/8" 0.375 7. 17 7. 18 0.0 1 0.3 99.7 

~o. 4 0. 1870079 7.28 10.0 1 2.73 76.7 23.0 

Pan 0 7.28 8. 10 0.82 23.0 0.0 

Total Retained 3.56 100.0 
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Table A.4: ASTM C 29 for Rapid City Sand 

ASTM C29, "Standard Test Method for Bulk Density 
("Unit Weight") and Voids in Aggregate" 

Test sample 
Date 

Fine 

7/20/2007 

Data 

Mass of measure (kg) = 

Mass of measure - water (kg) = 

Mass of water (kg) = 

Water temperature (°F) = 
Water density at this temperature (kg/m ' ) = 

Volume of measure (m3
) = 

Mass of measure (kg) = 
Mass of aggregate + measure (kg) = 
Mass of aggregate sample (kg) = 

1
Bulk density of sample (kg/111 ) = 

Bulk density of sample (lblft3
) = 

Summary of results 

3.53 
10.56 

7.03 
74 

997.4575 

0.007048 

3.53 

14.97 
I 1.44 

1623.174 

101.3314 

Bulk density of sample (kg/rn3
) = 1623.174 

Bulk density of sample (lb/f-l 3
) = IO 1.33 14 
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Table A.5: ASTM C 128 for Rapid City Sand 

ASTM C 128. "Standard Test Method for Density. 
Relative Density (Specilic Gravity), and 
Absorption of Fine Aggregate" 

Test Sample 7.4 
Rapid City Sand 

Data 

Mass oftlask. g = 
Mass of fl ask + water to calibration. g = 

Mass of flask + SSD aggr. - water, g = 

Mass ofSSD aggr.. g = 

Specific gravity ofSSD sample = 

SSD Density, kg/m3 = 

SSD Density, lb/ ft '= 

Mass ofoven dry aggr.. g = 
Mass ofSSD aggr .. g = 
Absorption, % = 

Summary of Results 

188.73 
687.74 

1004. 16 

508.34 

2.65 

2642.09 

164.94 

502.55 
508.34 

1.15 

Specific gravity ofSSD sample = 2.65 
3Dens ity. kg/m = 2642.09 

Density. lb/ft3 = 164.94 

Absorption, % = 1.15 
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Table A.5: ASTM C 128 for Rapid City Sand (continued) 

ASTM C 128, "Standard Test Method for Density. 
Relative Density (Specific Gravity). and 
Absorption of Fine Aggregate" 

Test Sample 7.-

Rapid City Sand 

Data 
Mass of flask, g = 

Mass of flask + water to calibration. g = 
Mass of flask + SSD aggr. -'- water. g = 
Mass ofSSD aggr .. g = 
Specific gravity of SSD sample = 
SSD Density. kglm3 = 
SSD Density. lb/ft'= 

Mass ofoven dry aggr .. g = 

Mass ofSSD aggr.. g = 
Absorpt ion. % = 

Summary of Result 

188.73 
687.74 

1000.10 

504.52 
2.63 

2618.96 

163.49 

498.22 
504.52 

1.26 

Specific gravity ofSSD sample = 2.63 

Dens ity. kg/m3 = 2618.96 

Density. lb/ft
1 

= 163.49 

Absorption. % = 1.26 
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Table A.5: ASTM C 128 for Rapid City Sand (continued) 

ASTM C 128. "Standard Test Method for Density, 
Relative Density (Specific Gravity). and 
Absorption of Fine Aggregate" 

Test Sample 7.6 
Rapid City Sand 

Data 
Mass o f fl ask, g = 

Mass of flask + water to calibration. g = 
Mass of flask + SSD aggr. + water, g = 

Mass ofSSD aggr., g = 
Specific gravity of'SSD sample = 

SS D Density, kg/m' = 
SSD Density, lb/ ft3 = 

Mass o f oven dry aggr.. g = 
Mass o f SSD aggr .. g = 

Absorption. % = 

Summary of Results 

188.73 

687.74 
I 008.93 

5 18.14 

2.63 

2624.24 

163.82 

5 12.24 
5 18.14 

1.15 

Specific gravity of SSD sample= 2.65 
Density, kg/m3 = 2642.09 
Density, lb/ft3 = 164.94 

Absorption, % = I. 15 
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Table A.6: ASTM C 136 for Rapid City Sand 

ASTM C I 36. "Standard fest MeLhod for Sieve Analysis nf Fine and Coarse Aggregates" 

Test Sample 

Rapid Cit) Sand 

Data 

ieve Si7.e 

(µm) 

"icve Wt. 
Only 

{ 1!.) 

Sieve+ Rctainl.'.d 
Sample Wt. 

(e) 

Retained 
Sample Wt. 

(g) 

Percent 
Retained on 

Sieve 

(%) 

Percent 
Passing 
Sieve 

(%) 

Min. SD 
DOT% 
Pass ing 

Rcq't 

(%) 

Ma.x. D 
DOT % 
Passing 
Rcq't 

(%) 

3/8" 9500 0.00 0.0 100.0 100 100 

l\'o. 4 4750 765.03 770.45 5.42 1.3 98.7 95 100 

1'0. 8 2360 687.99 730.37 42.38 10.5 88.2 

]\'o. 16 1180 648.3 1 72 1.40 73.09 IS. I 70. 1 45 85 

t-:o. 30 600 592.69 69 1.01 98.32 24.4 45.7 

]\'o. 50 300 548.94 640.26 91.32 22.6 23.1 10 30 

t-:o. 100 150 522.05 595.55 73.50 18.2 4.9 2 10 

No. 200 75 513.60 529.55 15.95 4.0 0.9 

Pan 0 492.43 493.57 1.14 

0.9 0.0 Wash 0 2.57 

Total Sample Weigh t ___4_0_3_.6_9_ 100.0 

Sample Wt. Before Washing & 'ieving ____4_0:.._l_ 

Percent Di fference Bet\\ een ample Wt. 
Before ieving and Wt. Retained on 

Sieves(%) 0.67 

ieve Si,:e 

(11rn} 

Percent 
Retained on 

ievc 

(%) 

Cumulative 
Percent Retained 

011 icvc 

(%) 

3/8" 9500 0.0 0.0 

No. 4 4750 1.3 1.3 

No. 8 2360 10.5 I 1.8 

No. 16 1180 18.1 29.9 

No. 30 600 24.4 54.3 

No. 50 300 22.6 76.9 

No. 100 150 18.2 95.1 

No. 200 75 4.0 99.1 

Pan 0 

0.9 100.0Wash 0 

0 
0.0134261 

0. 1184077 

0.2994625 

0.5-B0 I S7 

0.7692289 

0.95 12993 

Fineness Modulu~ 2.69 

.\la) 1009 166 Structural Performance ofPrestressed SCC Bridge Gmlers 



APPENDIX B: ADMIXTURE LITERATURE 

P l?O DUC 

ADVA~ Cost 555 is a hii;h 
dficicncr polyc::uboxylmc 1:>ascd 
supcrpl oscicizer. ADVA Case 555 
hos been formulated 10 imp:m 
maximum desired workal:>ilil)· 
without scgrcsotion to concrrtc, 
and to ochicve hish early 
.:ompressivc strength as rrqu,nd 
by the prrcis1 industry. ADVA 
Cas t 555 is op1imittd for the 
production o f Sdf-Consolidacin11, 
Conc rrtc (SCC) in prccastl 
prrstr~d nppli.:a1ions. 

ADVA Cut 555 is formulated to 
comply wich ASH,•! ~ 94 as o 
Type F admixture and meets 
the p rovis,o l\31 requiremen ts. 
OM rear ASThl will be compIm 
in June 1006. 

AD \ 'A Cut 555 is reco mmended 
for use in prccost nnd prcstressed 
production in Sc- If-Conso lidating 
Conc re te and conventio nal 
:1pplic:11ions. 

Sdf-Co~ lidatias Concr<tc 
ApplkmioM: 

Sdf-Consolidacins Connet< 
p roduced with ADVA Case 555 
has unique :1dvanc:1gcs o ver 
convc-ntional fl=·in11, concrc-tc-. 

NF O RMAT 0 N 

ADV/\ Cast 555 
Supcrplasri,izcr for Pro:ast Concrcrc ASTM ( 494. T~·pc F 

• l owc-r SCC 'Yi sc~ity: flow 
propc-rtics of SCC nn c-nhancc-d. 
redu cing SCC ~iscasit:· " i th 
no ch:ini;:c in s t:aJ:,ilit;, or 
5C'Q.regtltion resistanc<-. 

• Sdf Placcmcm: vil:>ration can 
be- diminotcd because SCC is 
highly floll'al:>lc-and v,ill 
dmni;c shape undc-r its O IAO 

weight 10 sdf lcvd and sd f 
consolidate- 11i1hin formwork, 

• Hlgb Cohesion. the windo" · o f 
occeptablc- mix dcsigns 10 
maintain .:o hc-sivc- SCC's is 
increasc-d, nllo 'A·ins for the 
production o f SCC thn1 is 
fioll'nblc- and yc- t hishly 
cohesive. Bkcdins is 
s ignificind:· reducc-d. 

• No Illocking: sec con p:1$S 

frcdr throui;b narrow opc-ninss 
and conscsrc-d rcinfon:cmC'nt 
without oggrc-satC' • t,loc kins· 
be-hind o bstructio ns that stop 
the- tlow of concrccc. 

GRPCE 
CDlwTuclcn~ 
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Sdf-Consolidatini;: Concrete 
produced with ADVA Case 555 
provides the fo llo1rini;: benefits: 

• Reduced laoor and improved 
producti,,il:)· chrough fuscer and 
easier concrect pl:1eement 11·ich 
no vibration 

• Tht hi.i;:hest qualiry surface 
finish, diminacinc/reducing che 
need for surface couch ups 

• Improved labor safrt:·. reduced 
plant noise lc-vds and improved 
work environment 

• Reduced wear and tear on 
forms by eliminating vibmcion 

• Achie~ment of romplete 
consolidacion chroui;:hout 
concrete demcncs, even in thin 
walled. hii;:hlr reinforced units 

• Increased production flexibilit:· 
by enablini;: use of form 
geometry and form oricntacions 
in v.-hich pla.:cmenc of 
conventional concrete mixes 
would be difficult or impassible 

Conventional Coocrcte 
Applk:.Jrions: 

• ADVA Cast 555 superplucicizer 
can produce concrete \\ith 
extremely high le~ls of 
workabilit;' withouc secrei;:ation. 

• ADVA Cast 555 ma:· be used 
to prcxluce concrete with very 
low '11-:ltcr.lcement rntia; while 
maintaining normal l~rels of 
workability. 

• ADVA Cast 555 is ideal for use 
in precast and prescressed 
appl ications where .::oncrete 
needs to achit~ high early 
streni;:th along with high levels 
of work11bilit:·. 

• ADVA Cast 555 provides 
superior concrete surface finish 
.:harac teristics wich reduced 
bugholini;:. 

t 
ADVA Cast 555 is an eas:· m 
disprnse liquid admixture. Dosage 
rates can be adju seed to mc-ct a 
wide spectrum of concrete 
performance rc,:iuirements. 
Addition rates for ADVA Cast 555 
can v:lf)' with the l:)·pe of 
application, bur will normally 
range from 540 to 141)0 mlJlOO!q: 
(8 ro 20 fl o:z/100 lb;;) oi ctmenc. 
Sho uld conditions require usini;: 
more chan the recommended 
addition rote, please consult vour 
Grace Representative. • 

For Self-Consolidating Con.:rett 
applic:itions, pre-placement 
ttscing is recommended to 
determine the optimum admixcure 
addition met and mix design. 
Factors that influence optimum 
addition race include other 
concrete mix componencs. 
ai;:greg;ite gradations, form 
geomet()', and rein forcemen t 
configumcions. Please consult 
your local Crace Conmucrion 
ProdL,cts represemati\'e for 
assistance 11ith developini;: mix 
designs for Sdf-Conso lidacins 
Concrete. 

Nortll Amtrlean custom.r S♦rvlee : H77-0~MIX1 (l°"n-42$+491> 

Vllll our Ml> Ille a1: www.gro<:>K9ni1r11c1ton.eom 

W R. Cract l( Co .. C,,nn. elW~itmnoce An••• C•n1bridg<, !.IA 0~ H 0 

ADVA Cast 555 is compatible in 
a co ncrete mix wich all Gr-.1.:e 
admixcures, includini;: all air 
entraining agents. Ea.:h admixture 
should b,e added stpamtelr inco 
the mix. 

A complece line of a.:rurnte, 
automatic dispensing equipmenl 
is available. 

ADVA Cast 555 is availat->le in 
bulk, deli~rtd by metered trucks, 
in lC4l L ,~-5 i;:al1 tores, and 
210 L (55 gall drums. ADVA Cast 
555 v.ill freezr at approximately 
0°( {31.°F.I but 1\ill return to iull 
functionalit:· after cha\\ing and 
th orough mechanical agita tion. 

I I 

ADVA Cast 555 is supplied as a 
ready to use brown liquid. one 
liter weighs approximartl:· 
1.0- ki;: \O ne ga.llon weighs 
approximately 8_90 lbs). 
ADVA Cas t 555 contains no 
intentionally added d1lorides. 

The superpbsticizer shall be 
AD\IA Cw 555 as manufu.:tured 
by Grace Construction Products, 
Cambridi;:e, ~l~. 

GRPCE 
Canltnlclll,PnxM:11 
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NF OR MAT 0 N 

Daratard~17 
P R ODUCT 

Initial Ser Ret,udcr ASTM C494, Type BandType D 

D I 

Daratard• I7 admixture is a 
ready-ro-use aqueous solution of 
hydroxylated organic compounds. 
[ngredic-nts are factory premiXC'd 
in t'Xttct proportions to minimize 
handling. eliminate mis1:tkes and 
guesswork. Daratard 17' 
admixture wc-ighs approximately 
1.1-k_s,'L ( lO.l lbs/gal ). 

Darntard I7 retards the- initial 
and final sc-t oi concrete. At the­
usual addition rate- o f 1'15 mL' 
100 kg (3 fl oz/ 10) lbs) cc-mc-nl it 
will extc-nd the initial selling time 
of portland cement concrete by 
l to 3 hours or 21°C (70° Fi . 
Darat:1.rd 17 is used \\'hereYer a 
delay inserting rime will insure 
sufficient ddi~ry. placemc-nc. 
vibration orco mpaction time.. 
such as in: 

• Hor Wc-atherConcrC'ling 
• Tr,rn sit ~iix Concrete 

• Prestrcs.sed Concrete 

Darntsrd 17 is a lso used in specinl 
npplications. as in bridge decks 
where i1 extends plas ti c chnm.:ler­
istics of rhe concrete until pro­
gressive deflection resulting from 
increosing loads is complet«I. 

'I 

Along with sc-1 recarduion. 
D:1.ratud l 7 pro,•ides water­
reduction rtTpically 8 to 10% , 
in a conc~te mix. This v.-nter­
reducing :iction o f D:1.rn1:1n:l 17 
produces greater pl:miciry and 
workability in the fresh concrete 
and the strength and pc-rme:1.bilit:, 
o f the hardened concrete- are 
measurably improved. D::iruard 
]'.' is designed for use- on jobs 
whe re high temper:uurc-sor 
c-xtend«I sc-ttins t imes are the 
prime- factors. l1 is recommended 
o nl:- ,.-hen che primary purpose is 
10 delay and control the setting 
time o f concre te. ~'hen time and 

temper3tu.re a~ not m3jor 
cons iderations, Grace Construction 
Product's ,.•,uer-r«lucing 
::idmixtures such as WRDA• with 
HYCOL• should be used. 

! ' 
Da.ra1a.rd 17 is compaciblt in 
concrete ,.·ith all commen:i:il 
a ir- encraining ::idmix tures, such 
as Daranir•. Dut to the slight 
air-entraining properties of 
Daratard 17, itself. 1he addition 
rate of DnraYair m:iy be reduced 
by about 25%. Ea.:h :1dminure 
~ould Ix .id.dtd sc-p:1r:1.1dr 

~ 
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I 

Addition mes for Daut:trd 1-
will mnge from 130 10 520 ml' 
100 kg(.! to 8 A oz/100 lbs) of 
cement, The amount 10 be used 
will depend upon the degree of 
ret:trdatio n required un~r job 
conditions. Longer setting times 
or higher tempi:mtures will 
require higher addition rnccs. 
Convem·ly, the addition mte " ·ill 
be lower for shorter extensions 
of rime. 

A complete line of accurate, auto­
matic dispcming equipment is 
a,·a ilable. Darnt:trd 1- ma~- be 
introduced 10 the mix with the 
sand o r v.·ith the water. 

Duat:trd ,- is available in bulk, 
delivered b:· metered tank t rucks, 
and;>. IO L t55 gul! drums. 
Daratnrd 17 will frecu :tt .1bou1 
-!'C (!S°FI, but will mum 10 full 
5trrngd1 aftrr tb awing and 
thorough asirotion. 

Concrete sh:ill be designed in 
accord:1.ncc v.;th AO St:tnd:1.rd 
Recommended Prncticc for 
Selecting Proportions for 
Concrcte(AQ !l l.l 1. 

The se1-ret:uuinglw:1ter-reducing 
:idmixcurc shall comp!;· v.·ith 
AST~1 Designatio n C494, T;·pe D 
admixture. and shall be Darorard 
1~. as manufu.:tured b;· Groce 
Construcrion Products, o r equ:il. 
Certifica tion oicompli:1.n.:c sha ll 
be made :iva.ilable on request. 
le shall be used in stri.., accord:tnce 
with the manufacturer's 
recommendations. 

The :iddicion rare shall be 
adjusted to produce the specified 
retardatio n o f the con.:rcte mix at 
all tem pcratures. 

NOll!I A/M1lcan CUSl<>m.r S..-vtce: 177--4AD-MJX1 (&77"4~-6491) 

Vlsll our w.t> ,11e at: www.gn1cecon11Tuc11on.com 

Dn•.-o-,,.~~IHM'l'all n ......... ...:au..1ol'li'. 1LCL.-&Ca..O.. 

:1{~;;-=-~1~;:!:\i~r.:~::i:~r:.~:i~.":.;==~,-,:t~=:.~1·.~ 
ll'"LCifl:,~~~2E--.. ~-- ~Ju.-l~l'111C1:Uch:rOua.l.c.:.1"'!cm:1nt.a,.t.1f':t1AfiiC,·cm,{~~ GRPCE 
lWptH.aa,r cc.-:11::1~pr-=u« ftr:.Uf=it19l Cornp st:_ ,r ll.Chc,C..<r. JU.• ,; f'IID'll',ct:.S-. ,'<l,, J-.'t.PIM CGnlhUCl<ln PtoclACh 
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DARACEM,19 
High-range water-reducing admixture 
ASTM C494 Type A and F, and ASTM C l017 Type I 
Product Descnption 
Daracemt 19 is an aqueous solution of a 
modified naphthalene sul fonate. Daracem 19 
is a superior dispersing admixture having a 
marked capacity to disperse the cement 
agglomerates normally found in a cementwater 
suspension. The capability of Daracem 
19, in this respect. exceeds that of nom1al 
water-reducing admixtures. It is a low viscosity 
liquid manufactured for use as received. 
Daracem 19 contains no added chloride. 
Daracem 19 is formulated to comply with 
Specifications for Chemical Admixtures/or 
Concrete, ASTM C494 as a Type A and Type 
F admixture, and ASTM C I O17 as a Type 1 
admixture. One gallon of Daracem 19 weighs 
approximately IO lbs ( 1.2 kg/L). 

l ses 
Daracem 19 produces concrete with 
extreme ly workable characteristics referred to 
as high slump. Daracem 19 also al lows 
concrete to be produced with very low 
water/cement ratios at low or normal slumps. 
Daracem 19 is ideal for use in prestress, 
precast, bridge deck or any concrete where it 
is desired to keep the water/cement ratio to a 
minimum and still achieve the degree of 
workability necessary to provide easy placement 
and consolidation. Daracem 19 will a lso 
fluidize concrete, making it ideal for tremie 
concreting or other applications where high 
slumps are desired. 

Addition Rates 
Addition rates of Daracem 19 can vary with 
type of app lication, but wi ll normally range 
from 6 to 20 fl oz/ I 00 lbs (390 to 1300 mL/ 
100 kg) of cement. In most instances the addition 
of 10 to 16 fl oz/ 100 lbs (650 to 1040 mL/ 
I 00 kg) ofcement will be sufficient. At a 
g iven water/cement ratio, the slump required 
for placement can be controlled by varying 
the addition rate. Should j ob site conditions 
require using more than recommended 
addition rates, please consult your Grace 
representative. 
Product Advantages 

Can produce high slump f1owable 
concrete with no loss in strength 

Can produce low water/cement ratio 
concrete and therefore. high strengths 
• Concrete produced with Type I 
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cement may be substituted for normal 
concrete produced with Type Ill 
cement to achieve early strengths 

At high slump. exhibits no significant 
segregation in comparison to 
concrete without a superplasticizer 
at the same slump 

Campa ibilit)· with Other 
Admixtures and Batch 
Sequencin~ 
Daracem 19 is compatible with most Grace 
admixtures as long as they are added separately 
to the concrete mix. usually through the 
water holding tank discharge line. However. 
Daracem 19 is not recommended for use in 
concrete containing ADVA, superplasticizers 
or MIRA~ 92. In general, it is recommended 
that Daracern 19 be added to the concrete mix 
near the end ofthe batch sequence for 
optimum performance. Different sequencing 
may be used if local testing shows better 
performance. Please see Grace Technical 
Bulletin TB-0 I 10, Admixture Dispenser 
Discharge Line Location and Sequencing/or 
Concrete Batching Operations for fu1ther 
recommendations. Daracem 19 should not 
come in contact with any other admixture 
before or during the batching process. even if 
diluted in mix water. 
Pretesting of the concrete mix should be 
performed before use. and as conditions and 
materials change in order to assure compatibility, 
and to optimize dosage rates. additjon 
times in the batch sequencing and concrete 
perfom1ance. For concrete that requires air 
entrainment, the use of an ASTM C260 airentraining 
agent (such as Daravair" or Darex, 
ll AEA) is recommended to provide suitable 
a ir void parameters for freeze-thaw resistance. 
Darex A EA is not recommended. Please 
consult your Grace representative for guidance. 

Packagmg & Handling 
Daracem 19 is available in bulk. delivered 
by metered tank trucks, and in 55 gal (2 10 L) 
drums. 
It will begin to freeze at approximately 32°F 
(0°C), but will return to full strength after 
thawing and thorough agitation. 
In storage, and for proper dispens ing, 
Daracem 19 should be maintained at 
temperatures above 32°F (0°C). 

Dispensing Zquipmen 
A complete I ine of accurate, automatic 
dispensing equipment is available. 
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DARAVAIR, l 000 
Air-entraining admixture 
ASTM C260 
Produc Descriptio 
Daravair, !000 is a liquid ai r-entraining 
admixture that provides freeze-thaw 
resistance, yield control, and fi nishabiliry 
performance across the full range ofconcrete 
mix designs. Daravair 1000 is a clean. 
light-o range product designed to generate 
specification-quality a ir systems. Based on a 
high-grade saponified rosin fonn ulation, 
Daravair 1000 is chemically s imilar to 
vinsol-based products, but with increased 
purity and supply dependabil ity. Daravair 
I000 weighs approximately 8.5 lbs/gal 
( 1.02 kg/L). Daravair 100 does not contain 
intentionally added chloride. 

Uses 
Daravair I 000 air-entraining admixture may 
be used wherever the purposeful entrainment 
of air is required by concrete specifications. 
Formulated to perform across the entire 
spectrum of production mixes, Darava ir 1000 
generates quality, freeze-thaw resistant air 
systems in concrete conditions that include 
the following: 
• Low slump 
• Paving 
• Central mix 
• Extruded s lip form 
• Mixes containing hot water and accelerators 
• Precast 
• High cement factor 
• Fly ash and slag 
• Superplasticizers 
• Manufactured sands 

Pertormance 
A ir is incorporated into the concrete by the 
mechanics of mixing and stabilized into 
millions of discrete semi-microscopic bubbles 
in the presence ofa specifically designed airenn·aining 
admixture such as Daravair !000. 
These ai r bubbles act much like flexible bal l 
bearings increasing the mobility, or plasticity 
and workability of the concrete. Th is can 
permit a reduction in mixing water with no 
loss of slump. Placeabili ty is improved. 
B leeding, plastic shrinkage and segregation 
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are minimized. 
Through the purposefu l entrainment of air, 
Darava ir I 000 markedly increases the 
durability of concrete to severe exposures 
particularly to freezing and thawing. It has 
also demonstrated a remarkable abili ty to 
impart resistance to the action of frost and 
de-icing salts as well as sulfate. sea and 
alkaline waters. 
Product Advantages 

Rapid air build suitable for sho11 
mix cyc les 
• Can be used in wide spectrum of 
mix designs 

Addition Rates 
There is no standard addition rate for Daravair 
I 000. The amount to be used will depend 
upon the amount ofair required for j ob conditions, 
usually in the range of 4 to 8%. Typical 
factors which might influence the amount of 
air-entraining admixture required are temperature, 
cement sand gradation. and the use of 
extra fine materials such as fly ash and 
micros ilica. Typical Daravair I 000 addition 
rates range from v'2 to 3 fl oz/ I00 lbs (30 to 
200 mL/ I00 kg) of cement. Pretesting of 
concrete should be performed to confirm 
dosage rates required to achieve des ired 
concrete performance. 
The air-entraining capacity of Daravair 1000 
is usually increased when other concrete 
admixtures are contained in the concrete. 
particularly water-reducing admixtures and 
water-reducing retarders. This may a llow up 
to J/3 reduction in the amount of Daravair 
I000 required. 
Mix Adjustment 
Entra ined air will increase the volume of the 
concrete making it necessary to adjust the mix 
proportions to maintain the cement factor and 
yield. This may be accomplished by a reduction 
in water requirement and aggregate 
content. 

Con patibility with Other 
Admixtures and Batch 
~equencrng 
Daravair 1000 is compatible w ith most Grace 
admixtures as long as they are added separately 
to the concrete mix. Jn general. tt is 
recommended that Daravair I000 be added to 
the concrete mix near the beginning of the 
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batch sequence for optimum performance, 
preferably by "dribbling'· on the sand . Different 
seq11enci ng may be used if local testing 
shows better performance. Please see Grace 
Technical Bulletin TB-0110, Admixture 
Dispenser Discharge Line Location and 
Sequencing.for Concrele Batching Operations 
for further recommendations. Darava ir I 000 
should not be added d irectly to heated water. 
Pretesting of the concrete mix should be 
performed before use, and as conditions and 
materials change in order to assure compatibility. 
and to optimize dosage rates, addi tion 
times in the batch sequencing and concrete 
performance. Please consult your Grace 
representative for guidance. 

Packaging & Handling 
Daravair I 000 is available in bulk, delivered 
by metered tank trucks and in 55 gal (210 L) 
drums. Daravair 1000 will freeze at about 
30°F (-1 °C) but its air-entraining properties 
are completely restored by thawing 
and thorough mechanical agitation. 

Dispensing Eqmpment 
A complete I ine ofaccurate automatic 
dispensing equipment is avai lable. These 
dispensers can be located to discharge into the 
water line, the mixer, or on the sand. 

Specifica ions 
Concrete shall be air entrained concrete, 
containing 4 to 8% entrained air. The air 
contents in the concrete shall be determined 
by the pressure method (ASTM Designation 
C23 I) or vo lumetric method (ASTM Designation 
C 173). The air-entraining admixture 
shall be a completely neutralized rosin solution, 
such as Daravair I 000. as manu factured 
by Grace Construction Products. or equal, 
and comply with Standard Specijicalionfor 
Air-Entraining Admixtures (ASTM Designation 
C260). The air-entraining adm ixture shall 
be added at the concrete mixer or batching 
plant at approximately vi to 3 fl oz/100 lbs 
(30 to 200 mL/100 kg) of cement, or in such 
quantities as to give the spec ified air contents. 

,, ww.graceconstruction.com 
~orth American C ustomer Service: 1-877-4AD--'1LX I ( 1-877-423-6491) 
Daravair is a registered trademark of W. R. Grace & Co Conn 
We hope the infomiation here will be helpful. It is based on data and knowledge considered to be tmc and accurate and is onered for the users 
consideration, mvcstigation and verification, bu1 we do nol warrant the resu.lts Lo be obtained, Please read all statements. recommend:mons or 
suggest101is in conjuncuon with our cond1t1ons of sale. which apply to all goods supplied by us. No staterncllt. recommendation or suggestion 1s 
intended for any use which would mfnngc any patent or copyright W R. Grace & Co.-Conn . 62 Whittemore Avenue, Cambridge. M-\ 02140 
Ln Canada. Grace Canada, Inc.. 294 Clements Road. West, Ajax., Ontario. Canada LIS 3C6 
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This producr may be co,crcd b) paknls or parent> pendtnM Copyn11h1 2007 W R. Grace & Co -<:onn 
AIR-•F Primed tn US A 11 '071-,\ I.I I M 
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APPENDIX D: GIRDER INSTRUMENTATION DETAILS 
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DESIGN LOCATION ACTUAL LOCATION 
Number Type X l inl• Y (in)" Z (in)• X (in)" Y (i ni♦ Z l inJ• 

EM-1A-L Embedded 7.5 28.5 0 6.75 28.5 0 
EM-2A-L Embedded 120 3.25 0 120 5.75 0 
EM-3A-L Embedded 120 26 0 120 25.75 0 
EM-4A-L Embedded 120 34 0 120 33.5 0 

EM-5A-L Embedded 120 38 0 120 38 0 
EM-6A-L Embedded 120 44 0 121 .25 42.75 0 
EM-7A-L Embedded 120 44 11 121.25 42.75 11 .5 
EM-8A-L Embedded 240 3.25 0 240 5.75 0 
EM-9A-L Embedded 240 26 0 240 26 0 

EM-10A-L Embedded 240 34 0 240 33.75 0 
EM-11A-L Embedded 240 38 0 240 38 0 
EM-12A-L Embedded 240 44 0 240 42.5 0 
EM-13A-L Embedded 240 44 11 240 42.5 11 .5 

PS-1A-L Strand 120 2 -5 120.25 2 -5 
PS-2A-L Strand 120 4 -1 120 4 -1 
PS-3A-L Strand 120 6 11 120 6 11 
PS-4A-L Strand 120 2 11 120.5 2 11 
PS-5A-L Strand 240 2 -5 240 2 -5 
PS-6A-L Strand 240 4 -1 240.25 4 -1 
PS-7A-L Strand 240 6 11 240.25 6 11 
PS-8A-L Strand 240 2 11 240.25 2 11 
PS-9A-L Strand 2 4 5 2 4 5 

PS-10A-L Strand 14 4 5 14 4 5 
PS-11A-L Strand 26 4 5 26 4 5 
PS-12A-L Strand 38 4 5 38 4 5 
PS-13A-L Strand 2 4 -1 2 4 -1 

PS-14A-L Strand 14 4 -1 14 4 -1 
PS-15A-L Strand 26 4 -1 26 4 -1 
PS-16A-L Strand 38 4 -1 38 4 -1 
PS-17A-L Strand 132 2 -5 132.25 2 -5 
PS-18A-L Strand 132 2 11 132.25 2 11 
PS-19A-L Strand 144 2 -5 144 2 -5 
PS-20A-L Strand 144 2 11 144 2 11 
ST-1A-L Stirruo 22.5 11 2 22.5 11 2 
ST-2A-L Stirruo 22.5 18.75 2 22.5 18.75 2 
ST-3A-L Stirruo 22.5 26.5 2 22.5 26.5 2 
ST-4A-L Stirruo 52.5 11 2 23 11 2 
ST-5A-L Stirruo 52.5 18.75 2 23 18.75 2 
ST-6A-L Stirruo 52.5 26.5 2 23 26.5 2 
ST-7A-L Stirruo 82.5 11 2 83.25 11 2 
ST-8A-L Stirruo 82.5 18.75 2 83.25 18.75 2 
ST-9A-L Stirruo 82.5 26.5 2 83.25 26.5 2 

ST-10A-L Stirruo 112.5 11 2 113 11 2 
ST-11A-L Stirruo 112.5 18.75 2 113 18.75 2 
ST-12A-L Stirruo 112.5 26.5 2 113 26.5 2 

Table D 1 Girder AL Strain Gage Locations 

*Gage location is measured from centerline of bottom ofGirder AL. Positive is right. negat ive is left when looking 
down girder from instrumented end. 
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Table D 2 Girder BL Strain Gaae Locations 
DESIGN LOCATION ACTUAL LOCATION 

Number Tvce X (in)* Y (inl* Z (inl* X (inl* Y (inl* Z(inl* 

EM-1 Embedded 7.5 28.5 0 7.75 28.25 0 

EM-2 Embedded 120 3.25 0 120 6 0 

EM-3 Embedded 120 26 0 120 26 0 

EM-4 Embedded 120 34 0 120 34 0 

EM-5 Embedded 120 38 0 120 38 0 

EM-6 Embedded 120 44 0 121.5 43 0 

EM-7 Embedded 120 44 11 121.5 43 11 

EM-8 Embedded 240 3.25 0 240.5 6 0 

EM-9 Embedded 240 26 0 240.5 26 0 

EM-10 Embedded 240 34 0 240.5 33.5 0 

EM-11 Embedded 240 38 0 240 38 0 

EM-12 Embedded 240 44 0 241 .5 43 0 

EM-13 Embedded 240 44 11 241 .5 43 11 

PS-1 Strand 120 2 -5 120 2 -5 

PS-2 Strand 120 4 -1 120 4 -1 

PS-3 Strand 120 6 11 120.25 6 11 

PS-4 Strand 120 2 11 120.25 2 11 

PS-5 Strand 240 2 -5 239.25 2 -5 

PS-6 Strand 240 4 -1 239.5 4 -1 

PS-7 Strand 240 6 11 239.5 6 11 

PS-8 Strand 240 2 11 239.5 2 11 

PS-9 Strand 2 4 5 2.25 4 5 

PS-10 Strand 14 4 5 14 4 5 

PS-11 Strand 26 4 5 26 4 5 

PS-12 Strand 38 4 5 38 4 5 

PS-13 Strand 2 4 -1 2 4 -1 

PS-14 Strand 14 4 -1 14 4 -1 

PS-15 Strand 26 4 -1 26 4 -1 

PS-16 Strand 38 4 -1 38 4 -1 

PS-17 Strand 132 2 -5 132 2 -5 

PS-18 Strand 132 2 11 132.25 2 11 

PS-19 Strand 144 2 -5 144 2 -5 

PS-20 Strand 144 2 11 144 2 11 

ST-1 Stirrup 22.5 11 2 22 11 2 

ST-2 Stirrup 22.5 18.75 2 22 18.75 2 

ST-3 Stirrup 22.5 26.5 2 22 26.5 2 

ST-4 Stirrup 52.5 11 2 51.25 11 2 

ST-5 Stirrup 52.5 18.75 2 51.25 18.75 2 

ST-6 Stirrup 52.5 26.5 2 51.25 26.5 2 

ST-7 Stirrup 82.5 11 2 81 11 2 

ST-8 Stirrup 82.5 18.75 2 81 18.75 2 

ST-9 Stirrup 82.5 26.5 2 81 26.5 2 

ST-10 Stirrup 112.5 11 2 112 11 2 

ST-11 Stirrup 112.5 18.75 2 112 18.75 2 

ST-12 Stirrup 112.5 26.5 2 112 26.5 2 
*Gage location is measured from centerline of bottom ofG irder BL. Posit ive is right, negative is left when looking 

down girder from instrumented end. 

,'vfay2009 181 Stn1c111ral Performance ofPre stressed SCC Bridge Girders 



Table D 3 Girder CL Strain GaQe Locations 
DESIGN LOCATION ACTUAL LOCATION 

Number Tvoe X (inl* Y (in)* Z (inl* X {inl* Y {in)* Z -{inl* 

EM-1 Embedded 7.5 28.5 0 7.5 28.5 0 
EM-2 Embedded 120 3.25 0 120.25 6 0 
EM-3 Embedded 120 26 0 120.25 25.5 0 
EM-4 Embedded 120 34 0 120.25 33.75 0 
EM-5 Embedded 120 38 0 120 38 0 
EM-6 Embedded 120 44 0 119 42.5 0 
EM-7 Embedded 120 44 11 119 42.5 11 
EM-8 Embedded 240 3.25 0 240 6.25 0 
EM-9 Embedded 240 26 0 240 25.75 0 

EM-10 Embedded 240 34 0 240 34 0 
EM-11 Embedded 240 38 0 240.5 38 0 
EM-12 Embedded 240 44 0 241 43 0 
EM-13 Embedded 240 44 11 241 43 11 
PS-1 Strand 120 2 -5 120 2 -5 
PS-2 Strand 120 4 -1 119.5 4 -1 
PS-3 Strand 120 6 11 120.5 6 11 
PS-4 Strand 120 2 11 120 2 11 
PS-5 Strand 240 2 -5 239.5 2 -5 
PS-6 Strand 240 4 -1 239.5 4 -1 
PS-7 Strand 240 6 11 240 6 11 
PS-8 Strand 240 2 11 240 2 11 
PS-9 Strand 2 4 5 2 4 5 

PS-10 Strand 14 4 5 14 4 5 
PS-11 Strand 26 4 5 26 4 5 
PS-12 Strand 38 4 5 38 4 5 
PS-13 Strand 2 4 -1 2 4 -1 
PS-14 Strand 14 4 -1 13.5 4 -1 
PS-15 Strand 26 4 -1 26 4 -1 
PS-16 Strand 38 4 -1 38 4 -1 
PS-17 Strand 132 2 -5 132 2 -5 
PS-18 Strand 132 2 11 132 2 11 
PS-19 Strand 144 2 -5 144 2 -5 
PS-20 Strand 144 2 11 144 2 11 
ST-1 Stirruo 22.5 11 2 21 11 2 
ST-2 Stirruo 22.5 18.75 2 21 18.75 2 
ST-3 Stirruo 22.5 26.5 2 21 26.5 2 
ST-4 Stirruo 52.5 11 2 50.75 11 2 
ST-5 Stirruo 52.5 18.75 2 50.75 18.75 2 
ST-6 Stirrup 52.5 26.5 2 50.75 26.5 2 
ST-7 Stirruo 82.5 11 2 81 11 2 
ST-8 Stirruo 82.5 18.75 2 81 18.75 2 
ST-9 Stirrup 82.5 26.5 2 81 26.5 2 

ST-10 Stirruo 112.5 11 2 110.25 11 2 
ST-11 Stirruo 112.5 18.75 2 110.25 18.75 2 
ST-12 Stirruo 112.5 26.5 2 110.25 26.5 2 

*Gage location 1s measured from centerline ofbonom of Girder CL. Positive is righr. negative is left when looking 
down girder from instrumented end. 
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APPENDIX E: CRACK MAPS 
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APPENDIX F: SPECIAL PROVISIONS 

STATE OF SOUTH DAKOTA 
DEPARTMENT OF TRANSPORTATION 

SPECIAL PROVISION 
FOR 

SELF-CONSOLIDATING CONCRETE (SCC) 
FOR PRECAST/PRESTRESSED BRIDGE GIRDERS 

November 17th, 2008 

Delete Section 560 from the Standard Specifications in its entirety and replace it with the following 
revised specification: 

560.1 DESCRIPTION 

This work consists of furnishing and installing precast and prestressed self-consolidating concrete 
(SCC) items. 

560.2 MATERIALS 

A. Concrete: 

1. Fine Aggregate: Section 800. 

2. Coarse Aggregate: Course aggregate for sec shall meet the requirements of Section 
820 with the following exceptions: 

Course aggregate used in SCC shall be either quartzite or limestone aggregate 
conforming to the following gradation requirements: 

Percent Passing 
Sieve Size Quartzite Limestone 
5/8 inch (16.0 mm) 100 
1/2 inch (12.5 mm) 90 to 100 100 
3/8 inch (9.50 mm) 70 to 90 90 to 100 
No. 4 (4.75 mm) 0 to 30 0 to 20 
No. 8 (2.36 mm) 0 to 15* 0 to 5* 
• The combined mixture of fine and coarse aggregate shall be such that not more than 
1.5 percent passes the No. 200 (75 µm) sieve. 

3. Water: Section 790. 

4. Admixtures: Section 751 and 752. The Contractor may use viscosity modifying 
admixtures (VMA) to attain the desired sec performance. VMA for use in sec must 
meet the requirements of ASTM C 1017. 
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5. Cement: Section 750. Type 1/11 Portland Cement shall be used for all sec. No 
substitutions will be allowed. 

B. Pretensioning Reinforcement: Section 1010. 

C. Reinforcing Steel: Section 1010. 

D. Drainage Fabric: Section 831.1 - Type A. 

560.3 CONSTRUCTION REQUIREMENTS 

A. General Requirements: The Contractor shall satisfy the following for all precasUprestressed 
sec items. 

1. Fabrication: Fabricators shall be on the approved fabricators list prior to fabricating 
precast and prestressed sec items. 

2. Concrete Mix Requirements: The Contractor shall submit a concrete job mix design for 
approval ten working days prior to fabrication. The mix design shall include all aggregate 
sources, admixtures proposed for use. 

a. Minimum Cementitious Content: The sec shall contain a minimum cementitious 
content of 700 pound per cubic yard (415 Kilograms per cubic meter). 

b. Maximum Water Cementitious Ratio: The mix design shall establish a maximum 
water cementitious ratio for all sec produced. This maximum water cement ratio 
shall never exceed 0.37 

c. Minimum Course Aggregate Content: Minimum course aggregate content shall be 
40 percent of the aggregate content. 

d. Entrained Air Content Range: The sec shall contain an entrained air content of 
between 4.5 and 7.5 percent. The procedure for testing of entrained air content shall 
be performed as described in SD 403 with the following exceptions: 

The air content meter bucket shall be filled in one continuous lift. Rodding of the 
concrete shall not be permitted. Light tamping by hand on the side of the bucket may 
be allowed to remove cavities and large air bubbles. 

e. Slump Flow at Time of Placement: The slump flow at time of placement for SCC 
shall be between twenty and twenty-eight inches (20" - 28'') when tested according to 
ASTM C 1611/C 1611 M - 05, filling procedure B (inverted mold). 

f. Visual Stability Index (VSI) at Time of Placement: The VSI of the SCC at the time 
of placement shall not exceed 1 when tested according to ASTM C 1611/C 1611 M -
05. 

g. Difference between J-Ring Spread and Slump Flow Spread: The difference 
between the J-Ring spread and the slump flow spread shall not be greater than 2.0 
inches. The J-Ring spread shall be tested according to ASTM C 1621/C 1621M - 06. 
The slump flow spread shall be tested according to ASTM C 1611 /C 1611 M - 05, 
filling procedure B (inverted mold). 

h. Minimum 28 Day Compressive Strength: The SCC shall obtain a minimum 28 day 
compressive strength equal to or greater than the minimum compressive strength 
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specified. The procedure for filling molds and beams shall be performed as described 
in SD 405 with the following exceptions: 

The concrete cylinder molds shall be filled in one continuous lift. Rodding of the 
concrete shall not be permitted. Light tamping by hand on the side of the mold may 
be allowed to remove cavities and large air bubbles. 

The absolute volume of mix proportions shall yield 27.0 to 27.25 cubic feet. 
Al l mix designs and any modifications thereto, including changes in admixtures. shall be 
submitted with mix design. Mix design data and test results shall be recorded on a DOT 
Form 24 and submitted to the Engineer. 

Equipment and methods used for batching, mixing, and transporting of concrete shall be 
approved by the Engineer. 

3. Shop Drawings: Fifteen days prior to fabrication, the Contractor shall furnish shop 
drawings for Department review. The shop drawings shall consist of fabrication details 
including reinforcing steel and spacer placement and configurations, total quantities for 
the complete structure, and all information necessary for fabrication and erection. 

Shop drawings for prestressed sec items shall also include the method and sequence of 
stressing. 

4. Forms: The forms shall be designed to withstand the fluid pressure of the concrete 
without distortion. The forms shall be mortar tight and free from warp. 

The form area in contact with the concrete shall be treated with an approved form oil or 
wax before the form is set in position. The forms shall be thoroughly cleaned of all other 
substances. 

5. Concrete Cure: The concrete shall be cured by low pressure steam, radiant heat, or as 
specified in Section 460.3 N. When curing in accordance with Section 460.3 N, the 
concrete temperature requirements of Section 460.3 0 shall apply. 

Low pressure steam or radiant heat curing shall be done under an enclosure to contain 
the live steam or the heat and prevent heat and moisture loss. The concrete shall be 
allowed to attain initial set before application of the steam or heat. The initial application 
of the steam or heat shall be three hours after the final placement of concrete to allow the 
initial set to occur. When retarders are used, the waiting period before application of the 
steam or radiant heat shall be five hours. When the time of initial set is determined by 
ASTM C 403, the time limits described above may be waived. 

During the waiting period, the minimum temperature within the curing chamber shall not 
be less than 50° F (10° C) and live steam or radiant heat may be used to maintain the 
curing chamber between 50° F (10° C) and 80° F (27° C). During the waiting period the 
concrete shall be kept moist. 

Application of live steam shall not be directed on the concrete forms causing localized 
high temperatures. Radiant heat may be applied by pipes circulating steam, hot oil, hot 
water, or by electric heating elements. Moisture loss shall be minimized by covering 
exposed concrete surfaces with plastic sheeting or by applying an approved liquid 
membrane curing compound to exposed concrete surfaces. The top surface of concrete 
members for use in composite construction shall be free of membrane curing compound 
residue unless suitable mechanical means for full bond development are provided. 
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During the initial application of live steam or radiant heat, the concrete temperature shall 
increase at an average rate not exceeding 40° F (22° C) per hour until the curing 
temperature is reached. The maximum concrete temperature shall not exceed 160° F 
(71 ° C). The maximum temperature shall be held until the concrete has reached the 
desired strength. After discontinuing the steam or radiant heat application, the 
temperature of the concrete shall decrease at a rate not to exceed 40° F (22° C) per hour 
until the concrete temperature is within 20° F (11 ° C) of the ambient air temperature. The 
Contractor will not be required to monitor this cool down temperature when the ambient 
air temperature is 20° F (11 ° C) or above. 

The test cylinders shall be cured with the unit, or in a similar manner (similar curing 
method and concrete curing temperature, as approved by the Concrete Engineer) as the 
unit, until minimum compressive strength has been obtained 

6. Surface Finish and Patching: If a precast or prestressed item shows stone pockets, 
honeycomb, delamination or other defects which may be detrimental to the structural 
capacity of the item, it will be subject to rejection at the discretion of the Engineer. Minor 
surface irregularities or cavities, which do not impair the service of the item, and which 
are satisfactorily repaired will not constitute cause for rejection. Repairs shall not be 
made until the Engineer has inspected the extent of the irregularities and has determined 
whether the item can be satisfactorily repaired. If the item is deemed to be repairable. the 
repair method and procedures shall be agreed upon by the Department and fabricator 
prior to the work commencing. 

Depressions resulting from the removal of metal ties or other causes shall be carefully 
pointed with a mortar of sand and cement in the proportions. which are similar to the 
specific class of concrete in the unit. A sack rub finish is required on prestressed beams 
except for the bottom of the bottom flange and the top of the top flange. A sack rub fin ish 
is also required on sloped surfaces of box culvert end sections. 

B. Precast Box Culverts: The following shall apply to box culverts: 

1. Design: Precast concrete box culverts shall conform to AASHTO M 259 or M 273. 
Configurations in variance with those provided by AASHTO will be accepted provided the 
AASHTO materials, design, fabrication specification and the requirements of this Section 
are complied with. 

Box culvert end sections (inlet or outlet) materials, design, and fabrication shall conform 
to AASHTO Standard Specifications for Highway Bridges and Materials Specifications. 

Precast box culverts shall be designed to specified load conditions. The Design Engineer 
of the structure must be registered in the State of South Dakota. The design shall 
conform to the AASHTO design requirements for the depth of fill, including surfacing, 
etc., as well as live load or specified loading. The specified live load shall apply to all 
barrel sections. 

Minimum reinforcing steel clear cover shall be 1 inch (25mm) for all member faces. The 
exception to this is that box culverts covered by a fill of less than 2 feet (0.6 m) shall have 
a minimum reinforcing steel clear cover of 2 inches (50 mm) in the top of the top slab. 

The Contractor shall furnish a checked design with the shop drawings. A checked design 
includes the design calculations, and check design calcu lations performed by an 
independent Engineer. 

A checked design for barrel sections will not be required to be submitted if the proposed 
fabrication dimensions and reinforcement conform to AASHTO M 259M or M 273M. A 
checked design for the end sections and special sections will be required. 

May2009 200 Struct11ra/ Performance ofPrestressed SCC Bridge Girders 



2. Fabrication: The Contractor shall notify the Engineer seven days prior to fabrication. 

Limite vibrating may be allowed when necessary, as approved by the engineer. 

The minimum length of precast section shall be four feet. ( 1200 mm) 

Welding of reinforcing steel will not be permitted. 

Joint ties shall be provided on all sections. 

Steel wire bar supports shall be used to maintain proper reinforcement location and 
concrete cover. Cutting of reinforcement and bending to the form surface, for support, will 
not be permitted. Steel wire bar supports, in contact with the casting forms, shall be 
stainless steel, hot dipped galvanized, or plastic tipped extending at least ½ inch (13 mm) 
from the form surface. 

The surface temperature of forms and reinforcing steel (that come in contact with the 
concrete being placed) shall be raised to a temperature above freezing prior to concrete 
placement. All deleterious material shall be removed from the forms prior to concrete 
placement. 

The dry casting method of fabrication for precast concrete box culverts will not be 
allowed. 

The precast un its shall have sufficient strength to prevent damage to the units during 
removal of the forms and yarding. Precast units shall have a minimum concrete 
compressive strength of 800 psi (5.5 MPa) prior to form removal. Precast units shall have 
a minimum concrete compressive strength of 3000 psi (21 MPa) prior to yarding. The 
Engineer may approve a different minimum concrete strength for form removal and 
yarding, based upon fabricator demonstrated results or as shown on design details 
submitted and approved with the shop plans. 

The fabricator shall make a minimum of one group of test cylinders for each class of 
concrete for each day's production, not to exceed 150 cubic yards (125 cubic meters) per 
group of cylinders. 

At a minimum, a group of test cylinders shall consist of the following: 

a. Two test cylinders are required for the 28 day compression test. 

b. Two additional cylinders will be required for determining concrete strength, when the 
Contractor desires to make delivery and obtain acceptance by the Department prior 
to the 28 day compression test. 

Acceptance of the precast units shall be in accordance with Section 460.3 B. The 
precast units will be accepted when the minimum design concrete compressive 
strength requirements have been met. Accepted precast units represented by that 
test group of cylinders may be delivered to the project and will not require the 28 day 
cylinder test. 

3. Installation: Box culvert installation shall conform to the approved shop drawings and 
the following: 

a. Foundation: Foundation preparation shall be in accordance with Sections 420, 421 , 
and 450. The foundation shall be shaped to provide a satisfactory template section 
and density. 
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b. Transverse Joints: The floor joint between adjacent sections shall be sealed with a 
preformed mastic along the floor to the top of the haunches. Fabric shall be placed 
along the top and walls, to provide a minimum of 2 ½ feet (750 mm) of fabric 
centered on the joint. Transverse joints in the fabric shall be overlapped at least two 
feet (600 mm). Sufficient adhesive shall be required along the edge of the fabric to 
hold it in place while backfilling. The lift holes shall be plugged with an approved non­
shrink grout or as shown on the approved shop drawings. 

The maximum allowable gap at any point between adjacent sections of box culvert 
shall be 1" (25 mm). 

c. Joint Ties: Each section shall be tied to adjacent sections with joint ties as shown 
on the approved shop drawings. 

d. Backfilling: Backfill ing shall conform to Section 450. Hand compaction methods 
may be required for satisfactory compaction under and adjacent to corners with 
radius and between culverts on multiple installations. 

C. Prestressed Concrete: The following shall apply to a ll prestressed sec products: 

1. General: The Contractor shall notify the Engineer at least seven days prior to fabrication 
to permit inspection of the forms and reinforcement by Department personnel. 

The Contractor shall have a PCI Level II Certified technician. skilled in the prestressing 
method used, available to provide assistance and instruction in the use of the 
prestressing equipment and installation of materials. 

Prestressing shall be by the pretensioning method. All common or similar elements shall 
be prestressed using the same method. 

The Contractor shall prevent damage to prestressing steel that weakens the prestressing 
steel or may cause failure under stress. Nicking, kinking , or twisting of the prestressing 
steel will not be permitted. Sparks or pieces of molten metal from welding or burning 
equipment shall not contact any prestressing steel. The use of prestressing steel as a 
ground for welding equipment will not be permitted. The cutting of surplus tendons by 
burning will be permitted providing the burning is done rapidly and neatly. The term 
"prestressing steel" shall be that portion of the prestressing tendons, which will be 
incorporated in the work. 

2. Forms: Forms shall comply with Section 423.3 and the following: 

Joints in sectional forms shall have a tight fit without excessive offset. 

Forms shall be set on a rigid foundation and the soffit form shall be a plane surface at 
right angles to the vertical axis of the beam. 

The beams shall be accurately cast to the dimensions shown in the plans or in the shop 
drawings. Requests for minor shape changes to accommodate the available forms shall 
be accompanied by design calculations. 

3. Steel Units: Reinforcement and tendons shall be placed in the position specified and 
securely held during the placing and setting of the concrete. The distances between the 
forms and steel shall be maintained by metal bar chairs, spacers, hangers. and precast 
mortar or concrete blocks of approved shape and dimensions. Metal devices in contact 
with the forms shall be galvanized. Distances between layers of units shall be maintained 
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by metal spacers, precast mortar, or concrete blocks. Welding of reinforcement or 
tendons will not be allowed. 

Loose rust, dirt, oil, or other foreign substances shall be removed from the prestressing 
tendons before the side forms are erected. 

The hold down devices for deflected strands shall provide for the removal of the device 
for a distance of one inch (25 mm) or more from the exposed face of the concrete and the 
resulting hole patched with mortar. As an alternative, the device shall rest on the bottom 
form and remain in place after concrete placement When the hold down devices are to 
remain in place. the portion of the devices in contact with the forms shall be galvanized 
for a minimum distance of one inch (25 mm). 

4. Tensioning: 

a. Equipment: Equipment, tools, and machinery used in the work shall be adequate for 
the purpose for which they are to be used and shall be appropriately maintained. 

In all methods of tensioning, the stress induced in the prestressing elements shall be 
measured both by jacking gages and by elongation of the elements. The results shall 
check as specified in paragraph two below. Means shall be provided for measuring 
the elongation of reinforcement to the nearest 1/16 inch (whole millimeter). Stressing 
devices, whether hydraulic jacks or screw jacks, shall be equipped with accurate 
calibrated pressure gages, rings, or other devices applicable to the type of jack being 
used. Jacks, gages, and pumps shall be calibrated as a unit by a competent 
laboratory under conditions similar to operating conditions. A dated, certified 
calibration curve shall be furnished for each combination used. Calibration of jacks, 
gages, and load cells shall be repeated annually or after an overhaul. Recalibration 
will be required for all equipment that produces erratic results during tension ing 
operations. 

The sensitivity and accuracy of the gages shall be such that at final elongation the 
total load on the jack(s) can be accurately determined within a tolerance of five 
percent of the total indicated stress at that time. 

b. General Procedures: The tensioning procedure shall be conducted so the indicated 
stress on the tendons based on gage pressures and the indicated stress based on 
the corresponding elongation of the tendons may be measured and compared at any 
time. When the two indicated stresses, corrected for friction loss, differ by five 
percent or less. the tendons shall be stressed so the lower of the two indicated 
stresses is equal to the required tension in the tendon. If the difference exceeds five 
percent, tensioning operations shall cease until the source of the discrepancy has 
been determined and corrected. Alternate stressing procedures shall be approved by 
the Engineer prior to fabrication. 

Tendons shall be tensioned to produce the forces shown in the plans, or on the 
approved working drawings with appropriate allowances for all losses. Losses to be 
provided for shall be as specified in Section 9.16 of Division I, Design, of the 
AASHTO Standard Specifications for Highway Bridges. The maximum temporary 
stress Uacking stress) and the stress in the steel before loss due to creep and 
shrinkage shall not exceed the values allowed in Section 9.1 5 of Division I, Design, of 
the AASHTO Specifications . 

Each strand shall be given an initial tension of such magnitude and shall be 
supported at such intervals that the strand is straightened and the slack removed 
before jacking is started. Strands tensioned as a group shall have the same initial 
tension and all strands in the group shall be from the same manufacturer. 
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The tensioning of deflected strands shall be done so that the final tension in all parts 
of the strand is uniform and means shall be provided to reduce frictional forces at the 
bend points to a minimum. Hold down devices shall contain rollers to aid in 
minimizing the effects of friction. 

Tension elongation measurements shall be corrected for losses as determined in the 
field due to slippage of wedges or anchorages, and friction, to obtain the required 
prestress force in the strands after anchorages are set. 

Appreciable changes in elongation of the strands due to a temperature differential in 
the strands between the tensioning and time of concrete placement shall be 
considered in the final elongation measurements to obtain the required prestress 
force at the time of casting. The change in elongation due to temperature shall be 
based on 1/8 inch per 100 feet (3 mm per 30 meters) of strand length for each 15° F 
(10.0° C) variation in temperature. Temperature corrections shall be performed as 
per PCI standards and details of temperature corrections shall be submitted prior to 
fabrication. 

5. Placement of Concrete: The surface temperature of the forms and reinforcing steel, 
which come into contact with the concrete being placed, shall be raised to a temperature 
above freezing prior to concrete placement. All deleterious material shall be removed 
from the forms prior to concrete placement. 

Beams shall be cast in an upright position and the concrete shall be placed in continuous 
lifts not exceeding one half the depth of the beam. A continuous flow of concrete from 
end to end of the beam may be permitted provided segregation of the concrete is not 
taking place. Cold joints or initial set between lifts will not be allowed. 

The rate of placement shall be maintained at a minimum rate such that no cold joints 
exist in the beam. 

Limited vibrating may be allowed, when necessary, as approved by the Engineer. 

The top surface of the beam shall be float finished to seal the surface and depress the 
coarse aggregate. After finishing and prior to initial set, the top surface shall be given a 
transverse grooving. The grooves shall be approximately ¼ inch (6 mm) deep by ¼ inch 
(6 mm) wide at one inch (25 mm) spaces. The top surface of the outside edges of the top 
flange shall be finished with a concrete edging tool for the full length of the beam. The 
edging tool shall be of sufficient size to produce a smooth finish for approximately the 
outside 3 inches (75 mm) of flange top width. In addition, a smooth spot shall be left at 
the span tenth points. 

6. Form Removal: When side forms are removed from the curing chamber before the 
curing cycle (including temperature cooling process) is complete, only the minimum area 
of the curing chamber enclosure shall be removed and remain uncovered at any one 
time. The open area in the enclosure shall be immediately closed as each form section is 
removed. The enclosure shall not remain open for more than 60 minutes. 

When the Contractor elects to remove the beams from the casting bed during the cooling 
process, appropriate measures shall be taken to keep the beams warm during moving 
operations, and shall immediately resume the cooling process at the storage area. 

7. Curing: The Contractor shall provide all approved continuous recording thermometers 
located in each enclosure and curing chamber. Two recording thermometers shall be 
provided for each casting chamber having a casting bed length of 100 feet (30 meters) or 
less. For each additional 100 feet (30 meters) or less in the length of the casting bed, 

May 2009 204 Srruc111ral Performance ofPresrressed SCC Bndge Girders 



within each chamber, an additional thermometer shall be provided. The thermometers 
shall record temperatures at intervals not to exceed 15 minutes and have an accuracy of 
plus or minus 5° F (3° C). 

Complete temperature recording charts for all cures shall be submitted to the Engineer 
prior to acceptance of the beams. If the records indicate that the specified temperature 
and time element pertaining to the curing are not being complied with , the affected 
beams will be subject to rejection. 

Curing shall be maintained until the concrete has gained sufficient strength for prestress 
transfer. 

8. Prestress Transfer: For pretensioned beams, the prestress transfer shall not be made 
until the control cylinders, cured with the beams, indicate that the concrete has reached 
the compressive strength specified in the plans, or as amended by the approved shop 
drawings. 

Detensioning shall be accomplished after the steam or radiant heat curing has been 
discontinued and before the concrete temperature drops below 65° F (18° C). 

The prestress transfer sequence shall keep the lateral eccentricity of the prestress to a 
minimum and shall prevent cracking in the top flange of the beams. 

In addition, the prestress transfer shall be made in accordance with the following: 

When steam or other added heat is used for cure, the prestress transfer shall be 
made while the concrete in the beams is still warm and moist. 

The prestress transfer may be made by the gradual release of hydraulic jacks, by 
heating exposed portions of individual strands to failure, or shall be completed as 
detailed in approved production procedures. 

When heating of ind ividual strands is employed, it shall be subject to the following: 

Heating of each individual strand shall be done simultaneously on the strand at a 
minimum of two locations along the casting bed. The sequence of heating each 
strand along the bed, the sequence of prestress transfer between individual strands. 
and the sequence of release of the hold downs for deflected strands for the prestress 
transfer shall be such that no deleterious effect will result. A schedule of the 
proposed prestress transfer operations shall be submitted with the shop drawings. 

Heating shall be done with a large. low oxygen flame along the strand for a minimum 
distance of five inches (125 mm). The application of heat shall be controlled so that 
failure of the first wire in the strand does not occur for at least five seconds after heat 
is applied, followed by gradual elongation and failure of the remaining wires. If the 
release is not gradual and damages the beam, this method of release shall be 
discontinued. 

9. Tolerances: Dimensional tolerances of the completed beams shall not exceed the 
dimensional tolerances specified in the current edition of Prestressed Concrete Institute 
Manual for Quality Control for Plants and Production of Precast Prestressed Concrete 
Products. 

10. Handling, Storage, Transportation, and Installation: Pretensioned beams may be 
moved from the casting bed to the storage yard after the prestress transfer strength has 
been reached but shall not be removed from the casting yard or installed until they have 
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reached the specified minimum design compressive strength, as indicated by the test 
cylinders cured with the beams. 

Prestressed beams shall remain in an upright position at all times. The beams shall be 
supported during storage, lifting, and transportation at only two points. During lifting and 
transporting, each point shall be not farther from the end of the beam than the depth of 
the beam. During storage, the points shall not be farther from the end of the beam than 
one third the depth of the beam. 

The prestressed concrete beams shall be installed and fastened in accordance with the 
details shown in the plans. 

D. Frequency of Testing: Sampling and testing by the Department shall be in accordance with 
the Materials Manual with the following exceptions: 

1. First Three Truckloads: The fresh (plastic) concrete tests listed in Section 460.3 T.2 
shall be performed on the concrete from the first three truckloads of any individual 
concrete placement. Sampling of the concrete for this application shall be at the 
beginning of the batch after 5 gallons of concrete has been discharged from the mixing 
drum. The slump flow spread and the J-Ring spread tests shall be performed 
concurrently or subsequently with no more than two minutes elapsed time between the 
slump flow spread and the J-Ring spread tests. 

2. Subsequent Truckloads: After the first three truckloads, fresh (plastic) concrete tests 
shall be performed on the concrete from all subsequent truckloads at the following 
frequency: 

a. Slump Flow Spread: Slump flow spread shall be tested at a rate of every 
conveyance. 

b. J-Ring Spread: J-Ring spread shall be tested at a rate of one out of every two 
conveyances. 

The slump flow spread and the J-Ring spread tests shall be performed on the same 
conveyance. The slump flow spread and the J-Ring spread tests shall be performed 
concurrently or subsequently with no more than two minutes elapsed time between 
the slump flow spread and J-ring spread tests. 

c. Entrained Air Content: Entrained air content shall be tested at a rate of one out of 
every four conveyances. 

d. Unit Weight: Unit weight shall be tested at a rate of one out of every four 
conveyances. 

e. Temperature: Temperature shall be tested at a rate of every conveyance. 

560.4 METHOD OF MEASUREMENT 

A. Prestressed Concrete Beam: Measurement of prestressed beams will not be made. Plans 
quantity will be used for payment. 

B. Furnishing Precast Box Culvert: Measurement for furnishing precast box culverts will not 
be made. Plans quantity shall be used for payment. 
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C. Installing Precast Box Culvert: Measurement for installing precast box culvert will not be 
made. Plans quantity shall be used for payment 

D. Furnishing Precast Box Culvert End Sections: Furnishing precast box culvert end 
sections will be measured per each. One end section will be considered to be all of the 
individual pieces required to construct one end of the box culvert. 

E. Installing Precast Box Culvert End Sections: Installing precast box culvert end sections 
will be measured per each. One end section will be considered to be all of the individual 
pieces required to construct one end of the box culvert. 

560.5 BASIS OF PAYMENT 

A. Prestressed Concrete Beam: Prestressed concrete beams will be paid at the contract unit 
price per foot (meter). Payment will be full compensation for furnishing and installing the 
prestressed concrete beam, and all other incidentals. 

8. Furnishing Precast Box Culvert: Furnish precast box culvert will be paid for at the contract 
unit price per 0.1 foot (0.1 meter). Payment will be full compensation for furnishing the box 
culvert, joint seal mastic, drainage fabric, and joint ties. 

C. Installing Precast Box Culvert: Installing precast box culvert will be paid for at the contract 
unit price per 0.1 foot (0.1 meter). Payment will be fu ll compensation for precast box culvert 
installation and will include compensation for foundation preparation, backfilling, and all other 
incidentals. 

D. Furnishing Precast Box Culvert End Sections: Furnishing precast box culverts will be paid 
for at the contract unit price per each. 

E. Installing Precast Box Culvert End Sections: Installing precast box culvert end sections 
will be paid for at the contract unit price per each . 
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	1 EXECUTIVE SUMMARY 
	Recent studies have shown that the use of self-consolidating concrete (SCC) results in improved fini shed quality, increased production efficiency, and reduced labor cost. Because of the favorable prope,ties that SCC exhibits, the Federal Highway Administration and the precast concrete industry have been promoting the research and development of SCC for structural applications in bridges. 
	The use of SCC for prestressed applications is relatively new to local designers and producers in South Dakota. Because of the lack of data on the performance of SCC using South Dakota aggregates. there is hesitancy by local engineers and producers to design and fabricate prestressed SCC bridge girders. If SCC is properly specified and used, it has the potential to yield more economical and higher quality prestressed concrete products than conventional concrete. To take advantage of this new technology, the
	In 2007 researchers at South Dakota State Un iversity (SDSU) concluded an experimental study on three full-scale prestressed bridge girders. One of the three girders was cast using conventional concrete and served as a control specimen, while the other t\lVO girders were cast using sec. The sec mix was made with quaitzite coarse aggregate that is commonly used in eastern South Dakota. The results of the study showed that the structural performance of the prestressed SCC girders was similar ro that of the co
	Crushed limestone is commonly used for concrete production in western South Dakota. In order to assure the applicability of prestressed SCC concrete statewide, a study was designed to investigate the performance of prestressed SCC bridge girders made with limestone aggregates and to develop draft specifications, acceptance criteria. mix qualifications. and guidelines for use by SDDOT for prestressed SCC applications. The study covered in this report involved material testing of SCC mixtures and structural t
	Three mix designs were developed based on varying the w/c ratio and using different curing methods. The design mix was provided by Cretex Concrete Products West, Inc. The design mix had a w/c ratio of 
	0.33. The three w/c ratios used in this research were 0.33, 0.35. and 0.37. The three mixes were moist cured and the design mix was also heat cured. The fresh prope,t ies of the three SCC mix designs were measured to evaluate the feasibility of producing SCC made with limestone coarse aggregate. The fresh SCC properties that were measured in this study include slump flow. visual stability index (YSI), T20. J­ring spread, L-box. and column segregation. The hardened prope1ties of the SCC mixes were measured t
	Three full-scale prestressed girders were fabricated at Cretex Concrete Products West. Inc. in Rapid City. SO. Two of the girders were cast with SCC and one was cast with conventional concrete to serve as a control specimen. Design of the girders included instrumentation capable of measuring instantaneous and 
	Three full-scale prestressed girders were fabricated at Cretex Concrete Products West. Inc. in Rapid City. SO. Two of the girders were cast with SCC and one was cast with conventional concrete to serve as a control specimen. Design of the girders included instrumentation capable of measuring instantaneous and 
	time-dependent structural responses. The girders were tested until failure. The control specimen and one of the SCC specimens were tested under increasing monotonic load until failure. The other SCC specimen was tested under increasing cyclic loading until failure. The evaluation of SCC for use in prestressed bridge girder applications included analysis of transfer length, presn·ess losses, camber, flexural behavior and strength, flexural rigidity. and shear strength. 

	The results ofthe study can be sLUnmarized in the following main conclusions: 
	1. 
	1. 
	1. 
	SCC mixtures were successfully produced using local South Dakota aggregates. Some of the concrete producers in South Dakota were well equipped to produce SCC on a commercial scale. 

	2. 
	2. 
	The laboratory tests showed that the behavior of SCC was similar to or better than conventional concrete of the same strength. The current code empirical equations for determining the engineering prope1ties of hardened conventional concrete were found to be also applicable to 


	sec. 
	3. 
	3. 
	3. 
	The structural performance of full-scale prestressed SCC bridge girders were similar to that of prestressed concrete girders made with conventional concrete. The current code equations for detem1ining strength and stiffness of prestressed concrete girders were applicable to prestressed SCC girders. 

	4. 
	4. 
	The material cost of SCC was approximately 26% more than that of conventional concrete. However, the enhanced finished quality and the production efficiency of SCC girders made SCC an atn·active choice among concrete producers. This may result in better finished product at no additional cost to the client. 


	Based on the results of this study. the following recommendations are made: 
	I. The South Dakota Department ofTranspo1tation should permit the use of SCC for the production of prestressed bridge girders and probably for other cast-in-place and precast applications. 
	2. 
	2. 
	2. 
	The concrete producer should be responsible for the design of a SCC mix to meet the client's stated performance levels. The special provisions that were developed in this study set performance levels and acceptance criteria for SCC mixtures when used for the fabrication of prestressed/precast elements for bridge sn·uctures in South Dakota. 

	3. 
	3. 
	It is recommended that a showcase bridge be constructed by SDDOT using SCC for paits ofthe substructure and the superstructure. The bridge can be instrumented for data collection over an extended period of time. Monitoring of such a bridge would provide valuable information on the long-term performance ofSCC bridge structures. 


	2 PROBLEM DESCRIPTION 
	ln 2001 it was reported that 29% of the nation's bridges were structurally deficient or functionally obsolete (ASCE 2001). The cost of eliminating all of the repotted deficiencies was estimated at $10.6 billion a year for 20 years. The high cost of replacing and/or upgrading the deficient bridges has prompted engineers to investigate the feasibility of constructing new bridges using innovative materials that possess enhanced engineering properties. 
	Recent studies have shown that the use of self-consolidating concrete (SCC) results in improved finished quality, increased production efficiency, and reduced labor cost (Goodier 2003; PC! 2003). Because of the favorable properties that SCC exhibits, the Federal Highway Administration and the precast concrete industry have been promoting the research and development of SCC for structural applications in bridges (FHWA 2005). 
	ACI committee 237 (2007) defines SCC as "highly flowable. non-segregating concrete that can spread into place. fill the formwork, and encapsulate the reinforcement without any mechanical consolidation." ASTM C 09.91 (2006) defines SCC as ·'concrete that can flow around reinforcement and consolidates under its own weight without additional effo1t and without exceeding specified limits of segregation:· Figure 2.1 shows a comparison between the methods used for measuring the tlowability of conventional concret
	Figure
	(a) Slump Test of Conventional Concrete (b) Slump Spread Test of SCC 
	Figure 2.1: Measurement Methods of Concrete Flowabilty 
	The use of SCC for prestressed applications is relatively new to local designers and producers in South Dakota. Because of the lack of data on the performance of SCC using South Dakota aggregates, there is hesitancy by local engineers and producers to design and fabricate prestressed SCC bridge girders. If SCC is properly specified and used. it has the potential to yield more economical and higher quality prestressed concrete products than conventional concrete. To take advantage of this new technology, the
	The use of SCC for prestressed applications is relatively new to local designers and producers in South Dakota. Because of the lack of data on the performance of SCC using South Dakota aggregates, there is hesitancy by local engineers and producers to design and fabricate prestressed SCC bridge girders. If SCC is properly specified and used. it has the potential to yield more economical and higher quality prestressed concrete products than conventional concrete. To take advantage of this new technology, the
	South Dakota aggregates. Proportioning, behavior, and properties of SCC are highly dependent on the coarse aggregates physical properties. Two types of aggregates, crushed limestone and quattzite, are frequently used in preparing concrete for SDDOT bridges. 

	In 2007 researchers at South Dakota State University (SDSU) concluded an experimental study on three full-scale prestressed bridge girders (Wehbe et al. 2007a). One of the three girders was cast using conventional concrete and used as a control specimen, while the other two girders were cast using SCC. The SCC mix was made with quartzite coarse aggregate that is commonly used in eastern South Dakota. The study was designed to investigate the structural performance of prestressed SCC bridge girders and to co
	ln western South Dakota, limestone aggregate is used in the production of concrete. Previous research effo1ts at SDSU have focused on the structural performance of prestressed sec bridge girders made with quartzite aggregates. In order to assure the applicability of prestressed SCC concrete statewide, a similar fabrication and testing regimen needed to be conducted on girders made with limestone aggregate. Therefore. research was needed to study the performance of prestressed SCC bridge girders made with li
	3 OBJECTIVES AND SCOPE 
	3.1 0BJECTNES 
	The study covered in this report was undertaken to address the following two main objectives. 
	/. Evaluate the feasibility and pe,formance of SCC using limestone coarse aggregate in prestressed concrete products. 
	The work was initiated with a thorough search of the available literature not only within the structural area but in the broader area of materials. This search included results of research projects on SCC mix designs and structural behavior of prestressed bridge girders made with conventional and with self­consolidating concretes. The search for material went beyond the published literature and included contacts and discussions with industry representatives. 
	Once the literature search was completed. trial mix proportions for SCC made with limestone aggregates were developed for use in prestressed concrete applications. The base mix design was first determined in collaboration with the industry partner. Cretex Concrete Products West, lnc .. on this project. Following the development of the base mix, the materials and additives required to produce different SCC mixes were determined. With the acquisition of the mix constituents an experimental study was conducted
	Aner the mixes have been developed. three full-scale prestressed bridge girders (one control specimen and two SCC specimens) were fabricated at Cretex Concrete Products West lnc. fabrication facility in Rapid City. The girders were tested until failure at SDsu·s Lohr Structures Laboratory. The girders were instrumented with an array of embedded strain gages and external sensors to capture prestress losses, transfer length. and the flexural and shear responses of the girders. The information obtained from th
	2. Develop draft specifications. acceptance criteria. mix qualifications. and guidelines for use ofSCC by SDDOT 
	The data gathered through the progress of this project on prestressed limestone sec girders. the data obtained from a previous SDSU study on prestressed quartzite SCC girders, the expected data from the literature search, and the input from the industry representatives and SDDOT personnel were incorporated into the writing of a specifications document. The document covers performance standards for the use of made with either quartzite or limestone coarse aggregates in prestressed SCC girders. The performanc
	sec 

	3.2 SCOPE 
	This study involved material testing of SCC mixtures and structural testing of full-scale prestressed bridge girders. 
	3.2.1 STUDY OF CONCRETE MIXTURES 
	Three mix designs were developed based on varying the w/c ratio and using different curing methods. The design mix was provided by Cretex Concrete Products West. Inc. The design mix had a w/c ratio of 
	0.33. The three w/c ratios used in this research were 0.33, 0.35, and 0.37. The three mixes were moist cured and the design mix was also heat cured. 
	The fresh properties of the three SCC mix designs were measured to evaluate the feasibility of producing SCC made with limestone coarse aggregate. The fresh SCC prope1ties that were measured in this study include slump flow, visual stability index (VS!), T20. J-ring spread. L-box. and column segregation. 
	The hardened properties of the SCC mixes were measured to evaluate the performance of SCC made with limestone coarse aggregate. The hardened SCC properties that were measured in this study include compressive strength, flexural strength, modulus of elasticity, hardened visual stability index (HVSl), and shrinkage. 
	3.2.2 STUD YOFF ULL-SCA LE BRJDGE GIRDERS 
	Three full-scale prestressed girders were fabricated at Cretex Concrete Products West, Inc. in Rapid City, SD. Two of the girders were cast with SCC and one was cast with conventional concrete to serve as a control specimen. Design of the girders included instrumentation capable of measuring instantaneous and time-dependent structural responses. The girders were tested until failure. The control specimen and one of the SCC specimens were tested under increasing monotonic load until failure. The other SCC sp
	The evaluation of SCC for use in prestressed bridge girder applications included analysis of transfer length, prestress losses, camber. flexural behavior and strength, flexural rigidity, and shear strength. The codes that were used to assess the pe1formance of the test specimens include: the American Association ofState and Highway Transportation Officials LRFD Bridge Design Specifications (AASHTO 2007), the AASHTO Standard Specifications for Highway Bridges (AASHTO 2002), the American Concrete Institute Bu
	4 TASK DESCRIPTION 
	In the following text, when reference is made to the standard laboratorv tests that are used to evaluate the fresh properties of an SCC mix. it is understood that the tests performed included slump now with visual stability index (YSI), J-ring. L-box, column segregation evaluation, and the visual examination of cut cylinders to evaluate the distribution of the coarse aggregate in the concrete matrix. When reference is made to the standard acceptance tests that were used to evaluate the fresh properties ofan
	Task 1: Review literature regarding SCC practices for prestressed concrete in other state transportation departments and industJy. 
	Through direct search in the relevant literature, contacts with industry expe1ts and state departments of transportation that have had experience with SCC. and the previous experience of the researchers on SCC material and structural behavior. documents and research papers were located and utilized as the knowledge base for the study covered in this report. (See Chapter 5) 
	Task 2: Develop concrete mixture designs for SCC containing limestone coarse aggregaLe factoring in both release and 28-day compressive strength. 
	The researchers at SDSU. in collaboration with representatives from the concrete admixtures and the precast concrete industries, developed SCC mix designs using sand and limestone aggregates from western South Dakota for the SCC prestressed girders in this study. Refinement of the mix design was done, as needed, in consultation with concrete admixtures and the precast concrete industries to obtain acceptable release and 28-days compressive strengths. (See Chapter 6) 
	Task 3: Conduct concrete testing on selected SCC and control 1nixtures, using borh convenliuna/ and accelerated curing, as appropriate. including compressive and flexural strengths al 16-18 hours. 3. 7. 14, and 28 days, modulus ofelasticity at 16-18 hours. I./ and 28 days, and shrinkage. 
	Small batch mixes were prepared at the concrete materials laboratory at SDSU. Fine and limestone coarse aggregates from western South Dakota were employed in preparing the trial mixes. The trial SCC mixes had water/cement ratios of 0.33. 0.35. and 0.37. Standard 6"xl2" concrete cylinders and 6"x6''x22" concrete beams were made to evaluate the trial mixes. The concrete specimens were divided into two groups. One group was cured using conventional (moist) curing the other was cured using accelerated (heat) cu
	Slu·inkage of the SCC mix with w/c of 0.33 was measured and compared to that of a conventional concrete (conventional) mix having the same w/c ratio. The shrinkage measurements were made on standard 6''x6"x22" beams that were moist cured. The beams were instrumented with embedded strain gages and kept under the same ambient conditions in the Lohr Structures Laboratory at SDSU. Strain measurements were made at short time intervals over the first 24 hours, then at increasingly higher time intervals afterwards
	Task 4: Develop cm i11s1rw11e11((Jlion plan for lhree girders cupahle <>J measuring hmh ins1a111aneous and time-depende111 structural responses. 
	The re earchers developed and implemented an instrumentation plan that con isted of an array of strain gages attached to the prestressing tendons and shear reinforcement. embedded train gages in the concrete. and linear variable differential transformers (LVDTs) to measure the instantaneous and time­dependent strains and deflections of the girders. (See Chapter 7) 
	Task 5: Verifj1 through small barch production the mix designs identified in Task 2 using lump flow with VS! (visual stability index) . .J-RinR, L-Box. column segregarion. and hardened cut cylinders in addition to standard.fresh concrete property tesrs. us suitable.for each mix. 
	The concrete materials laboratory at SDSU was utilized to produce the mall batch mixes that were used to evaluate trial mixes proposed in task 2. Fine and limestone coarse aggregate from western South Dakota were employed in preparing the trial mixes. The physical propcrtie of the aggregates were determined. All of the tandard te t that are routinely performed on CC plastic concrete. including Slump Flow. T. VSI. J-Ring. L-Box. and Column Segregation, were performed in this study. Hardened visual stability 
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	Task 6: Install instrumentation for each ofthe three girders. ttt•o fabricated using SCC and a control. 
	Three 40-ft long Mn/DOT 36M girders were constructed at Crerex Concrete Products West, Inc. fabrication facility in Rapid City. outh Dakota. One of the girders was cast using conventional concrete and served as the control specimen. The other two girders will be ca t using SCC. Composite deck slabs were added to the girder after they were removed from the prestressing bed. The re earch team instal led all of the embedded gages prior to concrete placement. The prestressing strands strain gages were attached 
	Task 7: Conduct slump flow wilh VS! (visual stability index) . .I-Ring. and wet concrete property tests during fabricatio11, as appropriate. demonstrating these procedures to appropriate SDDOT personnel while documenting.fabricatio11 process. 
	During the concrete placement for the three girders, the SDSU research team wa pre ent at Cretex fabrication facility. The team performed and documented the fresh SCC standard acceptance tests (slump flow, To. VSL and J-Ring) provided training on conducting the standard tests to the SDDOT personnel that were present. Still and video images of the fabrication and te ting process were captured and made available to SDDOT per onnel for future reference. (See Chapter 7) 
	5

	11 two girders (one control specimen and one SCC spedmen) and incre111e11tal(J" i11creasi11g cyclic load testing 011 one SCC girder while collecting data on slress-strain responses in both flexure and shear. Meet wilh the Technical Panel ot the Lohr Structural laborat01:v during the testing to discuss imerim results and demonstrate the testing procedures. 
	Task 8: 
	Conduc1 monotonic increasing load testing 
	0 

	The girders were transported from the fabrication facility in Rapid City to the Lohr Structures Laboratory. The control girder and one of the SCC girders were tested under monotonic increasing load until failure. The other SCC girder wa te tcd under incrementally increasing cyclic load until failure. The increasing cyclic load allm,ved for the determination of the effect of the service load level on the girder stiffness. Data collected from the sensors (load cell. strain gages. LVDT ) provided substantial i
	Members of the technical panel and a number of SDDOT engineers attended the testing ofone ofthe SCC girders at the Lohr Structures Laboratory. The attendees were briefed on the testing procedure and the data acquisition process. (See Chapter 7) 
	Task 9: Provide an analysis ofdata for the limestone girder test results along 1l'ith the results obtained with quartzite girders in prior 1es1ing, e.~pecia/ly with respect to shear response. 
	The data were reduced and analyzed to determine strength and erviceability prope1ies of the SCC prestressed girders made with limestone aggregate. The structural behavior of the limestone SCC girders was compared with those of conventional concrete girders and quartzite SCC girders (tested previously). An evaluation of the applicability of currelll code equations for determining nexural and shear strengths of prestressed girders to girders made with SCC was conducted. (See Chapter 7) 
	Task JO: £i,a/uate criteria-including constructahiliry. cost. quality. safety, durability, and other appropriate fac1or -for using SCC in prestressed bridge members in South Dakota and provide a cost/benefit comparison with conventional girder fabrication. 
	The evaluation criteria were obtained from two main sources. One source came through discussion and input from the indu try representatives involved in the project. The other source came from the data collected and experience gained through this and the prior research project on SCC bridge girders.(See Chapter 8) 
	Task 1J: Develop a Special Provision for Prestressed Concrete using SelfC011so/idating Concrete. 
	In collaboration with industry repre entatives and SDDOT personnel. the re earcher developed special provisions for prestres ed CC. The provisions were based on the test results of the small batch production in the lab. the full cale production at the fabrication facility in Rapid City. and the structural performance of the SCC girders. (See Chapter 8) 
	Task 12: Prepare a final report and execwi,·e sw11111a1:v ofthe /i1erature reriew, research methodology, findings. conclusions and recommendations. 
	This task is met through this report. 
	Task 13: Make an executive presentatio11 lo the SDDOT Research Review Board al the conclusio11 ofthe project. 
	An executive presentation wa given on June I0, 2009. 
	5 LITERATURE REVIEW 
	5.1 INTRODUCTION 
	Many studies have been conducted to evaluate the engineering properties of SCC and the performance of SCC structural elements. A large number of recent studies can be found in the proceedings of the first and second I orth American Conference on the Design and Use of SCC (ACBM 2003. 2005). Most of the studies indicate that the engineering properties of SCC are equal to or better than equivalent conventional concrete mi xes. 
	This chapter covers a review of previous literature regarding material performance of sec and conventional concrete, use of SCC for prestressed bridge girders, and code provisions for n·ansfer length, prestress losses. flexural strength. and shear strength ofprestressed girders. 
	A previous study on proportioning SCC mixtures for precast and cast-in-place box culverts in South Dakota was conducted at SDSU and co-funded by SDDOT and the Mountain-Plains Consortium (MPC) University Transpo,tation Center. The study included a comprehensive literature review on the effects of constituent materials on SCC wet and dry properties. testing methods. and previous work done by others. The results of that study can be found in Wehbe et al. (2007b). To avoid duplication in reporting some of the l
	5.2 sec CONSTITUENT MATERIALS AND PROPERTIES 
	5.2.J CONSTITUENT MATERIALS 
	Similar to conventional concrete, the ma111 ingredients of SCC are coarse aggregate, fine aggregate. 
	cement, and water. Admixtures are used to achieve special fresh and hardened performance characteristics. A detailed review of the constituent materials, the different admixtures used to prepare SCC, and the effects of the constituent materials and admixtures on the properties of SCC is presented in Wehbe et al. (2007b). 
	To achieve high flowability, sec typically has larger paste volume. higher sand-to-aggregate ratio (S/A), and smaller maximum coarse aggregate size than conventional concrete. The shape and texture of the coarse aggregate affect the filling ability, passing ability. and stability of Sec. Coarse aggregate having a large maximum size or aggregate with high volume-to-surface ratio are prone to segregation during placement. Spherical coarse aggregate with relatively smooth surface is preferable for SCC mixtures
	Self-consolidating concrete can be produced in one of three main types: powder-type, viscosity modifying admixture (VMA)-type. and combination-type. Powder-type SCC has high powder content. The powder may be cement and fillers such as fly ash, limestone powder, slag, and silica fume. High range water reducing (HRWR) admixtures. also called superplasticizers, are used to achieve high tlowability. Segregation resistance is achieved by using high powder content. VMA, or a combination of the two (Bonen and Shah
	Plasticizers are added to freshly mixed SCC to improve the workability for a short period of time. Plasticizers typically have a workability window of30-60 minutes. Plasticizers are added to decrease the water demand ofconcrete and create fluidity in the mix (Kosmatka et al. 2002). Plasticizers can increase 
	Plasticizers are added to freshly mixed SCC to improve the workability for a short period of time. Plasticizers typically have a workability window of30-60 minutes. Plasticizers are added to decrease the water demand ofconcrete and create fluidity in the mix (Kosmatka et al. 2002). Plasticizers can increase 
	the compressive strength of concrete by 10-25%. Shrinkage may increase slightly due to use of plasticizer. Viscosity modifying admixtures (VMA) raise the viscosity of the mix and increase cohesiveness of freshly mixed concrete. YMA reduce bleeding. segregation, and the pumping pressures for placement using a pump truck (Kosmatka et al. 2002). Air entraining admixtures are added to freshly mixed SCC to raise the air content. The main goal of increasing the air content in concrete is to improve durability. Th

	5.2.2 FRESH PROPERTIES 
	The performance of fresh SCC is evaluated based the on filling ability, passing ability, and stability. Test methods have been developed specifically to evaluate the fresh properties of SCC. Some of those tests are standardized ASTM tests (ASTM 2006). A detailed review of the testing methods used to evaluate the fresh properties ofSec is presented in Wehbe et al. (2007b). 
	The filling ability of sec is the ability to flow and completely fill all spaces under its self weight. The slump spread test is performed to evaluate filling ability. This test is perfon11ed in accordance with ASTM C 1611 and measures the flow distance of the SCC mix when it is discharged from a standard cone under free flow conditions. Figure S. l shows a slump flow test being done. The spread is measured as the average of two orthogonal diameters. Acceptable values are typically in the range of 18 to 30 
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	Figure
	Figure 5.1 : Slump Flow Test 
	The passing abiliry is defined as the ease with which the fresh concrete can pass through various obstacles and spaces without blocking or segregating. The passing ability of freshly mixed SCC can be evaluated by the J-ring test in accordance with ASTM C 1621. The test is similar to the slump spread but the J-ring is placed around the slump cone and the SCC is forced to pass through the legs of the J-ring. Figure 5 .2 shows a J-ring test. The average of two orthogonal diameters is measured as the J-ring spr
	Figure
	.. 
	Figure 5.2: J-Ring Test 
	The L-box test is another way to evaluate the passing ability of SCC. The L-box test is not an ASTM standard test, but is sometimes used in laboratory studies to evaluate blocking potential. The test can be performed in accordance with the PCI interim guidelines (2003). Figure 5.3 shows an L-Box test. The vertical segment of the L-box is filled with concrete then the concrete is allowed to flow through an 
	opening at the bottom and spread into the horizontal trough of the box. The measured L-Box results are expressed in terms of the ratio H2/ HI . where H2 is the height of the concrete at the downstream end and HI is the height of the concrete at the upstream end of the L-Box trough. 
	200 mm (71/,") 100 mm (4"l 
	0 mm {5¼") H2 
	~
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	Sliding Gate _ 800 mm (31 ½"l 
	Figure
	(b) Completed Test 
	(a) Schematic 
	Figure 5.3: L-Box Test 
	Stability is the ability of SCC mix to resist segregation of the coarse aggregate from the paste. The stability characteristic considers the dynamic and static stability of freshly mixed SCC. Dynamic stability would be demonstrated during SCC placement and static stability would be demonstrated after SCC placement. The dynamic stability is evaluated by the visual stability index (VSI). The VSI is performed immediately follovving the slump spread. Once the mix is subjected to the free flow condition from the
	Figure
	Figure 5.4: Column Segregation Test 
	Figure 5.4: Column Segregation Test 


	(a} Test Apparatus (b) Test Set Up 
	The air content and the mix temperature are measured in accordance with ASTM C 231 and ASTM C I 064. respectively. 
	5.2.3 H ARDENED PROPERTIES 
	The hardened SCC prope11ies that are of interest for prestressed concrete applications include compressive strength, flexural strength (modulus of rupture), modulus of elasticity, and shrinkage. In some cases. the Hardened Visual Stability Index (HVSI) is measured to establish the extent of static segregation. The HVSI is evaluated in accordance with AASHTO draft ··Standard Method of Test for Static Segregation of Hardened Self-Consolidating Concrete Cylinders.'· (AASHTO 2005). A detailed review of the HVSI
	Studies by Attiogbe et al. (2005) and Collepardi et al. (2005) concluded that the compressive strength of SCC is comparable to that of conventional concrete of the same w/c ratio. Collepardi et al. (2005) also repo11ed that SCC forms a better bond with reinforcement than conventional concrete. 
	Hegger (2005) and Walraven (2005) reported that the tensile strength of SCC is higher than that for conventional concrete. due to the homogeneous interface between the aggregates and paste. The flexural strength of SCC depends on the w/c ratio and coarse aggregate content (ACl 2007). An accepted theoretical value for the flexural strength of conventional concrete is determined using the following empirical equation (AC! 2008): 
	!~ =7.5 -Jl: 
	(5.1) where 
	f, flexural strength (modulus of rupture). psi 
	J;' 28 day compressive strength. psi 
	Bonen et al. (2005). Hegger et al. (2005). and Walraven (2005) reported that the modulus of elasticity of SCC is lower than that of conventional concrete of the same compressive strength. The ACI empirical code equation for determining the modulus ofelasticity ofconventional concrete is (AC! 2008): 
	E =33wIr
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	t ( Vj L' 
	(5.2) where 
	Figure
	modulus ofelasticity, psi unit weight ofconcrete, pcf 
	28 day compressive strength, psi 
	5.2.4 SHRJNKAGE 
	Shrinkage is a phenomenon that is the result of moisture loss in concrete. A volume change occurs as concrete loses water. Concrete can lose water to its surroundings through evaporation or the pore water may be consumed through the hydration process. When the internal water evaporates, negative capillary pressures are fo1111ed that cause the paste to contract. Shrinkage involves a moisture exchange and depends on the shape and size of the specimen. A volume-to-surface area ratio (V/S) is used in shrinkage 
	Plastic shrinkage occurs as the surface of fresh concrete rapidly loses moisture. The loss of moisture causes volume change while the concrete is still fresh and before hardening begins. Plastic shrinkage appears as tears in the finish offresh concrete. Plastic shrinkage can be slowed or prevented by providing external moist curing to the concrete or by misting/fogging as the surface is being finished (Kosmatka et al. 2002). SCC can be prone to plastic shrinkage because the mixes typically have no surface b
	Autogeneous shrinkage occurs when concrete begins to dry internally and a volume reduction of paste occurs due to the hydration process (Kosmatka et al. 2002). The internal drying is called self-desiccation 
	Autogeneous shrinkage occurs when concrete begins to dry internally and a volume reduction of paste occurs due to the hydration process (Kosmatka et al. 2002). The internal drying is called self-desiccation 
	and causes the drying sections of the specimen to undergo tension while the moist section experiences compression. Autogeneous shrinkage can only occur if the concrete is sealed, when no external water is present, or if low w/c concrete is being used. The autogeneous shrinkage will increase with a decrease in the w/c ratio. Autogeneous shrinkage is most applicable to high performance concretes that utilize low w/c ratios for strength and admixtures for workability (Mindness et al. 2003). For a concrete with

	Drying shrinkage is the strain that is caused by water loss from hardened concrete when it is exposed to the environment. The part of total shrinkage that occurs upon first drying is irreversible (Kosmatka et al. 2002). Lower autogeneous and higher drying shrinkage have been repo1ted for SCC (ACI 2007). 
	A model that had been recommended by ACI committee 209 (ACl 2005) for calculating the shrinkage of concrete is given by Equation 5.3. Due to its relative simplicity, the ACI 209 model is limited in its accuracy. In the ACI 209 model, shrinkage is dependent on the curing method. relative humidity, type of cement, specimen shape. ultimate shrinkage strain. and age of concrete after casting. 
	(5.3) 
	1 

	&, (t ) =--K" K,, (t:,1,)
	1

	b + I ' • II 
	where 
	c .1 (t) = shrinkage strain at time t I age ofconcrete after casting. days b constant in determining shrinkage strain, based on curing method 
	b =3 5 for moist cured concrete. and 55 for heat cured concrete }(,, shape and size correction factor for shrinkage given by Equation 5.4 K,s relative humidity correction factor for shrinkage given by Equation 5.5 (t:sh)u = ultimate shrinkage strain = 780 x Io-in.fin. 
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	(5.4)
	K ,.,. =1.14 -0.0035( ; ) 
	where 
	V volume of specimen. mm
	3 

	. )
	area of specimen, mm-K ,1, = 1.40 -0.0IH (5.5) where 
	s 

	H relative humidity.% 
	5.3 SCC PROVISIONS BY DEPARTMENTS OF TRANSPORTATIO. ' 
	Some departments oftransportation (DOT). including SDDOT, have developed special provisions for the use of SCC in their states. This section presents a summary of some of such special provisions. Most of the following information was repo1ted by Wehbe et al. (2007). 
	5.3. I NORTH CAROLINA DOT 
	Following is a listing of the North Carolina DOT requirements for materials used to produce SCC (No1th Carolina 2005): 
	• 
	• 
	• 
	Cement -Use a minimum of639 lb/yd3 and a maximum of 850 lb/yd3. 

	• 
	• 
	Pozzola□ -A pozzolan such as fly ash, ground granulated blast furnace slag. silica fume or limestone powder may be substituted for a portion of the cement. 

	• 
	• 
	Coarse and fine aggregate -Use a fine aggregate content of 40% to 60% of the combined coarse and fine aggregate weight. 

	• 
	• 
	Water -(for precast concrete) Use a quantity of water such that w/cm is no greater than 0.48. 

	• 
	• 
	Admixtures -Use ofa VMA is recommended to enhance homogeneity. 


	• 
	The North Carolina DOT requires a slump spread of 24 inches to 30 inches using an inve1ted cone, a difference in spread between slump flow and J-ring tests not to exceed 2 inches. and, an L-Box ratio of H2/H I between 0.8 and 1.0. The North Carol ina DOT requires also that concrete delive1y be timed such that consecutive lifts will combine without segregation. the time between consecutive lifts not to exceed 20 minutes, the horizontal flow distance not to exceed 30 feet, and the vertical free fall distance 
	5.3.2 ILLINOIS DOT 
	The Tllinois DOT requires that the maximum VSI value be I, the maxim um Hardened Visual Stability Index (1-IVSJ by the cut cylinder method) be 1, the maximum J-ring value be 4 inches. the L-box blocking ratio be a minimum of 60%, and the slump flow be between 20 and 28 inches (Illinois 2004). 
	5.3.3 M ICHIGAN DOT 
	The Michigan DOT specifies the following SCC fresh prope,ties requirements (Michigan 2005): 
	• 
	• 
	• 
	:r: 1.0 in 
	Slump flow equal to 27 in 


	• 
	• 
	VS! rating equal to or less than 1 

	• 
	• 
	J-ring value bet'l-veen 0.5 in and 0.6 in (procedure from PC!) 

	• 
	• 
	L-box ratio greater than 0.8 (80%) 


	5.3.4 SOUTH D AKOTA DOT 
	South Dakota DOT developed the following SCC mix guidelines for use in box culverts (Wehbe et al. 2007). 
	• 
	• 
	• 
	Minimum cement content of700 lb/yd3 

	• 
	• 
	Maximum w/c of0.46 

	• 
	• 
	Minimum coarse aggregate content of 40% 


	• Entrained air range of 5 to 7.5% The acceptance criteria for use of SCC in box culverts are as follows 
	• 
	• 
	• 
	Slump flow range of22 to 28 in. 

	• 
	• 
	VS! range ofO to I 

	• 
	• 
	J-ring spread maximum difference of2 in. 

	• 
	• 
	28 day compressive strength of at least 4500 psi 


	5.4 TR.\NSFER LENGTH OF PRESTRESSING STRANDS 
	Transfer length is defined by the ACI code (ACI 2008) as the ''length of embedded pretensioned strand required to transfer the effective prestress to the concrete.·· Various models are available for determining the required transfer length of embedded strands. Following is a presentation of the various models. 
	5.4. I CODE PROVISIONS FOR TRANSFER LENGTH 
	The American Concrete lnstitute's Building Code (ACI 2008) provides two methods for determining the transfer length of prestressing strands. When determining the concrete web-shear strength, V, . .,. , Section 
	11 .3.5 of the AC] code defines the transfer length, L,, in terms of the given strand diameter. dh, as 
	(5.6) where L, and dh are of the same length units. 
	Figure

	When detennining the development length of prestressing seven-wire strands. Section 12.9. l of the ACI code defines the transfer length, L, . in terms of strand diameter. dh , and the effective stress in the prestressing strand,};~, as is shown in Equation 5. 7. 
	L == (fse )d 
	(5.7) 

	I ,, h 
	.) 
	where L, and dh are of the same length units and J;e is in ksi units. The transfer length in Equation 5. 7 reduces to approximately 50 strand diameters when Grade 270 strands are prestressed to 75% of ultimate strength and 25% prestress loss is assumed. 
	The American Association of State Highway and Transponation Officials (AASHTO) Standard Specifications for Highway Bridges (AASHTO 2002) specifies a transfer length similar to that given by Equation 5.6. AASHTO LRFD Bridge Design Specifications (AASHTO 2007) specifies a transfer length. l ,. in terms of strand diameter, dh. as 
	(5,8) where L, and dh are ofthe same length units. 
	Figure

	5.4.2 BUCKNER 
	In 1988, the Federal Highway Administration (FHWA) issued a memorandum (FHWA I 988) that placed restrictions on the use of seven-wire strands in bridge applications. The restrictions were placed in response to researcb at No11h Carolina State University which found development lengths to be significantly longer than those required by ACl and AASHTO. The FHWA prohibited the use of0.6 in.­diameter prestressing strands, required a minimum strand spacing of 4d,, and introduced a factor of 1.6 on the AC! and AAS
	1

	Buckner (I995) conducted a study sponsored by the FHWA to resolve conflicting design recommendations from numerous research studies. The goal of this study was to review literature. 
	rationalize differences among conclusions from recent studies. and recommend de ign criteria for strand transfer and development length . Buckner recommended a 20% increa e (from 50d,. to 60d1>) in the required transfer length. He al o recommended the following expression for determining the transfer length 
	L =(Id (5.9)
	111 

	I b
	3 ) 
	where L, and d,, are of the same lcng1h units and/,, is the initial strand stress in ksi units. Equation 5.6 is similar to the AC] expression with the exception that!,, is used in place of/,.. Buckner reported that the use of the term f, is more rational because transfer length is establ i hed at release of the prestress and does not change significantly with time. The recommendations apply to prestre sed members with normal weight concrete having a minimum release strength of3500 psi. a minimum compressive
	5.4.3 R USSELL A 'DBURNS 
	A study by Russell and Burns ( 1997) in estigated the ability of 0.6 in.-diameter even wire strands to transfer prestress forces within a reliable transfer length. For thi study. 18 ingle-strand prestressed specimens were prepared using Grade 270, seven-wire. low relaxation strand . The specified release strength and 28-day strength were 4000 psi and 6000 psi. respectively. The trands were tensioned to about 75% off,,where/,m is the specified tensile strength of the prestressing strands. or approximately
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	• 
	202.5 ksi. The strands were detensioned after two days and transfer length mea urements were recorded. 
	Concrete surface strains. end slip, and strnnd strain were measured during this study to determine the transfer length for each specimen. Concrete surface strains were measured with detachable mechanical strain gages (demec gage ). The strand end slip was determined by placing a tape marker on the strand 
	outside the concrete specimen and measuring the distance the tape slipped toward the concrete during release of the strand. Electrical resi tance strain gages were attached to the trands Lo monitor strains. but were reported to be ineffective due to multiple problems. 
	Transfer lengths were determined by evaluating the concrete strain profile and using the 95% average maximum strain (95% AM ) method. According to Russell and Burns. the procedure for the 95% AMS method is as follow 
	• 
	• 
	• 
	Plot the strain profile against the potential transfer length of the strand. 

	• 
	• 
	Determine the AMS for the specimen by computing the numerical average ofall the strains contained within the strain plateau of the fully effective prestress force. 

	• 
	• 
	Scale Lhe AMS value by 0.95 and construct a line on the plot conesponding to 0.95AMS. 

	• 
	• 
	The transfer length is detenninecl as the length between zero strain and the intersection of the strain profile with the 0.95AMS line. 


	The repoited average transfer length for fully bonded 0.5 in.-diameter strand was 33.6 in. with a standard deviation of 8.66 in. The reported average transfer length for fully bonded 0.6 in.-diameter strands wa 
	39.7 in. with a standard deviation of 7.95 in. Data from this study suggests that longer transfer lengths are required for 0.6 in.-diameter trands than those required for 0.5 in. strands. The results also show that the ratio of the strand diameter is approximately equal to the ratio of the two average transfer lengths. Therefore. the results suggest that the transfer lengths can be repre enred a a linear function of the strand diameters . 
	The average transfer length for all data obtained from this stud was equal to 66.6d,. with a standard deviation of 14.1 d~. The transfer length provision of 50d,. is considerably les than the average of 66.6dn measured by Russell and Burns. The re earchers recommended the following tran fer length expression 
	L =(!,e J d 
	(5.10)

	h 
	/ 2 

	For an effective prestress of 160 k i, the transfer length become 80dh which is approximately equal to the mean value of the measured transfer length plus one standard deviation. An 80d1, requirement would be much more conservative than current code provisions (Russel I and Burns I 997) 
	5.4.4 BARNES, GROVE, AND B URNS 
	Barnes. Grove, and Burns (2003) studied transfer length in 36 plant-cast AA HTO Type I girders with 
	0.6 in.-diameter strands at 2 in. spacing. One third of the specimens featured fully bonded strands. The remaining two thirds of the trands were ubjected to varying debonding lengths. A total of 192 different transfer zones were created. Transfer length were determined for 184 of the 192 total transfer zones. 
	The researchers investigated several factors that influence tran fer length including concrete strength. time, strand surface condition, and the pre tress release method. Three concrete mixture designs were used and designated as L. M. and H. Mix L had a target release strength of 4000 p i and a target range of 5000 to 7000 psi for 28 day strength. Mix M had a target release strength of 7000 psi and a target range of 9500 to 11.500 psi for 28 day rrength. Mi, H had a target release strength of 9000 psi and 
	According to results of thi study. all transfer lengths were less than the AASHTO LRFD value of 60dh and only three ofthe 184 transfer length exceeded 50d1,. Based on their measured re ults, the re earchers developed the following tran fer length expression 
	/µ, l (5.11)
	L, = a rr, d1,
	( 
	v.fc, 
	where L, and dh are of the same length units. a. is a proportionality constant in units of (ksi)--0 , f,,, is the stress in the prestressing strand after re lea e in ksi units, and f'u is the initial compressive strength of concrete in ksi units. 
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	Equation 5.1 I indicates that the transfer length is inversely proportional to the qua re root of the concrete compressive strength. Ba ed on the experimental results, upper and lower values for a were set such that approximately 95% of the data v ould fall within the upper and lower bounds of Equation 5.11. The upper-and the lower-bound lines corresponded to a.= 0.57 (ksi)"and r1. = 0.17 (ksi)". respectively. The results also indicated that the tran fer length increased \ivith time. The average ratio of lo
	05 
	05

	length to initial transfer length was 1. 13 and 1.17 for bright strands and rusted strands. respectively. A majority of this increase occurred within 28 days of prestress release. The strand surface condition did affect the measured transfer length. In concrete with lower compressive strengths. the transfer length of weathered strands was 13% sho1ter than that of bright strands. in higher strength concretes. the effect of the surface condition was negligible as the weathered strand transfer lengths varied a
	5.4.5 GIRGIS AND TUAN 
	Girgis and Tuan (2005) studied the bond strength of SCC with 0.6 in.-diameter prestressing strands. The transfer lengths of three prestressed bridge girders were measured. Two of the test specimens were cast with SCC and the third was cast with a conventional concrete mix. 
	This study consisted of three projects, each consisting of a different girder shape and concrete mixture. The girder tested in Project I was cast with an sec mix. had a depth of 43.3 in., a web width of 5.9 in.. and was 72.5 ft long. Fou1teen 0.6 in.-diameter straight strands at 2 in. spacing, two harped strands. and four top strands were placed in the girder tested in Project I. For Project ll, the bridge girder was also cast with an SCC mix, but had a depth of 35.4 in., a web width of 5.9 in., and was 90.
	0.6 in.-diameter straight strands at 2 in. spacing, eight harped strands. and four top strands were placed in the girder tested in Project 11. The bridge girder of Project lJl was cast with a conventional concrete mix, had a depth of 53.6 in .. a web width of 5.9 in., and was 124.0 ft long. A total of 44, 0.5 in.-diameter straight strands at 2 in. spacing, ten harped strands. and four top strands were placed in the girder tested in Project Ill. The one-day concrete compressive strengths for Project T. Proje
	Demec point measurements were taken with a caliper gage and recorded at release and at 3. 7, 14, and 28 days after casting the concrete. The 95% average maximum strain method was used to determine transfer lengths. Average measured transfer lengths of Projects I, lL and UJ were determined to be 36, 43. and 20 in., respectively. Due to the difference in compressive strengths of each girder. transfer lengths were normalized with respect to compressive strength using Equation 5.8 as recommended by Barnes et al
	sec 

	5.5 PRESTRESS LOSSES 
	Prestress losses occur in pretensioned concrete elements due to several sources including prestressing steel seating at transfer. elastic shortening of concrete, creep of concrete, shrinkage of concrete. and relaxation of prestressing steel. 
	Several methods are available for calculating prestress losses. Some methods provide simplified lump sum estimates while others provide a more detailed time step estimate. AASHTO Standard Specifications for Highway Bridges (2002) and the PCl Design Handbook (2004) provide simplified estimates. AASHTO LRFD Bridge Design Specifications (2007) provides two methods for determining time­dependent prestress losses. One method is an approximate estimate while the other provides a refined estimate based on a time s
	5.5.1 AASHTO STANDARD SPECIFICATIONS FOR HIGHWAY BRIDGES METHODS 
	The AASHTO Standard Specifications for Highway Bridges (2002) uses a simplified method to estimate prestress losses. In this method, the total prestress loss, t,,.J; . is equal to the sum of four prestress loss components as is shown in Equation 5. I 2. 
	4fs =SH+ ES +CRc +CRs (5.12) where 
	t,,.f = total loss excluding friction, psi 
	SH= loss due to concrete shrinkage. psi 
	ES = loss due to elastic shortening, psi 
	CRc.= loss due to creep of concrete. psi 
	CR_,= loss due to relaxation ofprestressing steel, psi 
	The fol lowing are the methods used to compute each of the prestress loss components. 
	5.5.1.1 Concrete Shrinkage, SH 
	SH= 17,000 -RH (5.13) where 
	RH = mean ambient relative humidity (%) 
	5.5.1.2 Elastic Shortening, ES 
	E, 
	= -fcir (5.14) 
	ES 

	E l'I 
	where 
	E,. = modulus ofelasticity of prestressing steel strand, which can be taken as 28 x I 0psi Eu modulus of elasticity ofconcrete at stress transfer, psi J;,,. concrete stress at the center of gravity of the prestressing steel due to the prestressing 
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	force and dead load of the beam immediately a~er transfer, psi 
	5.5.1.3 Creep of Concrete, CRc 
	CRc = 12/cir -7 f eds (5.15) where 
	I 

	J;..,,. concrete stress at the center of gravity of the prestressing steel due to the prestressing force and dead load of the beam immediately after transfer. psi 
	/4,1:, concrete stress at the center of gravity of the prestressing steel due to all dead loads except the dead load present at the time the prestressing force is applied, psi 
	5.5.1.4 Steel Relaxation, CRs 
	CRs =sooo-0.1 oEs -o.os(sH + CRC) (5.16) 
	where 
	SH= loss due to concrete shrinkage. psi ES = loss due to elastic shortening, psi CK.= loss due to creep ofconcrete, psi 
	5.5.2 AASHTO LRFD A PPROXIMATEMETHOD 
	The AASHTO LRFD Bridge Design Specifications (2007) prescribes two methods for detennining prestress loss: an approximate method and a refined time step method. Only the approximate method of time-dependent losses will be discussed in this study. In the approximate method. prestress losses are divided into: (I) initial losses due to elastic shortening and (2) long-term losses due to shrinkage of concrete, creep of concrete, and relaxation of prestressing steel. Ln pretensioned members, the total prestress l
	(5. 17) 
	4fpr =4f pr:s + !';./pu where 
	/';.f,,1 total loss, ksi /';.};1:s sum of all losses due to elastic sho1tening. ksi /';.f,,u loss due to long-term concrete shrinkage, creep ofconcrete, and relaxation ofsteel, ksi 
	The prestress loss due to elastic shortening is detennined as 
	(5. 18) where 
	Figure

	Ep = modulus of elasticity of the prestressing steel, ksi Eu = modulus of elasticity ofconcrete at transfer or time of load application, ksi ./4gp = concrete stress at the center of gravity of the prestressing tendons due to the prestressing 
	force immediately after transfer and the self-weight of the member at the section of ma,"<imum moment, ksi 
	The change in the prestressing steel stress due to time-dependent prestress losses, ti.fr,,.r, is determined as 
	A./' = 10.0/p, A ps 120 Ar (5.19)
	t..:y pl.T A Y1, Ys1 + · Y1, Y . ., + ~ /,R 
	/!. 
	rh= l.7 -0.0lH (5.20) 5 
	(5.21) 
	Y.11 = 
	where 
	(1 + f.'.,) 

	J;, prestressing steel stress immediately prior to transfer. ksi Ap., area ofprestressing steel. inAg = gross area of concrete section, iny,, correction factor for relative humidity ofambient air y,, correction factor for specified concrete strength at time of prestress transfer H average annual ambient relative humidity. % 
	2 
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	.f'c, initial concrete compressive strength, ksi 11J;,n= an estimate of relaxation loss taken as 2.4 ksi for low relaxation strand, lO.O ksi for stress relieved strand, and in accordance with manufacturers recommendation for other types of 
	strands, ksi The estimate of time-dependent losses given by Equation 5.16 was derived from approximations of the refined method prescribed by AASHTO. The terms in the approximate method were developed for members of common shapes. This method was calibrated with full-scale test results and results of the refined method. The first. second. and third terms of Equation 5. 16 represent creep losses. shrinkage losses, and relaxation losses. respectively (AASHTO 2007). 
	5.5.3 PC/ DESIGN HANDBOOK METHOD 
	The prestress losses in the PCJ Design Handbook (2004) method are based on a report of a task group sponsored by Joint ACI-ASCE Committee 423, Prestressed Concrete. Using this method. the total prestress loss, TL, is equal to the sum offour prestress loss components as follows. 
	TL= ES TCR +SH +RE 
	(5.22) where 
	TL = total loss. psi 
	ES = loss due to elastic shortening. psi CR = loss due to creep ofconcrete, psi SH = loss due to shrinkage ofconcrete, psi RE= loss due to relaxation oftendons. psi 
	The following equations are used to compute each ofthe prestress loss components in Equation 5.22. 
	5.5.3.1 Elastic Shortening, ES 
	ES= K.,_, fcir E <I 
	•
	[E
	p,
	J 
	(5.23) 

	where 
	Kes = I .0 for pretensioned members Ep, = modulus ofelasticity of prestressing tendons. which can be taken as 28.5 x I 0psi Ee, = modulus ofelasticity ofconcrete at the time the prestress force is applied, psi 
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	/ ~11· = net compressive stress in concrete at the center of gravity of prestressing force immediately after the prestress has been applied to the concrete, psi 
	(5.24) 
	Figure
	where 
	where 
	where 

	TR
	Kc,,= 
	0.9 for pretensioned members 

	TR
	P1 
	initial prestress force (after seating and before release), lb 

	TR
	e 
	eccentricity of center of gravity of tendons with 
	respect 
	to center of gravity of the 

	TR
	concrete section, in. 

	TR
	A g 
	area ofgross concrete section, in2 

	TR
	l g 
	moment of inertia of the gross concrete section, in4 

	TR
	M g 
	= 
	bending moment due to self weight of member and any other permanent loads in place at 

	TR
	time ofprestressing, lb-in 


	5.5.3.2 Creep of Concrete, CR 
	£ /1-') ( • ) (5 .25) 
	CR= Ker E, hu· -f ct1.,
	[ 
	where 
	Kc, = 2.0 for normal weight concrete E, = modulus ofelasticity ofconcrete at 28 days, psi Ec1 = modulus ofelasticity ofconcrete at the time the prestress force is applied, psi 
	.fc:cl, = compressive stress in concrete at the center of gravity of the prestressing steel due to all dead loads applied to the member after it has been prestressed, psi 
	fct.1.,· = M,.d e (5.26) Jg 
	where 
	M.,.J = moment due to superimposed permanent dead loads applied after prestressing, lb-in 
	5.5.3.3 Shrinkage of Concrete, SH 
	SH = (8.2 x l0-)K.-h E ps ( 1-0.06 ; )(100 -RH) (5.27) 
	6 

	where 
	K,h = 1.0 for pretensioned members VIS = volume to surface area, in. RH= mean ambient relative humidity. % 
	5.5.3.4 Steel Relaxation, RE 
	RE = [Kre -.!(SH + CR + ES)]c (5.28) 
	where K,e and J are dependent on the type of the prestressing tendon, and C is dependent on the ratio of the prestressing steel stress immediately prior to transfer.f,,• to the ultimate stress of the tendon. J,,. The values ofK,., and J are given in Table 5.1. and the values of C are given in Table 5.2. 
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	Table 5.1: PCI Values for K,e and J 
	Table 5.1: PCI Values for K,e and J 
	Table 5.1: PCI Values for K,e and J 

	Type of Tendon 
	Type of Tendon 
	K,e 
	J 

	270Grade stress-relieved strand or wire 
	270Grade stress-relieved strand or wire 
	20,000 
	0.1 5 

	250Grade stress-relieved strand or wire 
	250Grade stress-relieved strand or wire 
	18,500 
	0.1 4 

	240or 235Grade stress-relieved wire 
	240or 235Grade stress-relieved wire 
	17,600 
	0.13 

	270 Grade low-relaxation strand 
	270 Grade low-relaxation strand 
	5,000 
	0.040 

	250Gradelow-relaxation wire 
	250Gradelow-relaxation wire 
	4,630 
	0.037 

	240 or 235 Grade low-relaxation wire 
	240 or 235 Grade low-relaxation wire 
	4,400 
	0.035 

	145 or 160 Grade stress-relieved bar 
	145 or 160 Grade stress-relieved bar 
	6,000 
	0.050 


	Table 5.2: PCI Values for C 
	fp,I fpu 
	fp,I fpu 
	fp,I fpu 
	Stress-Relieved Stand or Wire 
	Stress-Relieved Bar or Low-Relaxation Strand or Wire 

	0.80 
	0.80 
	1.28 

	0.79 
	0.79 
	-
	1.22 

	0.78 
	0.78 
	-
	1.16 

	0.77 
	0.77 
	-
	1.1 1 

	0.76 
	0.76 
	105 

	0.75 
	0.75 
	1.45 
	1.00 

	0.74 
	0.74 
	1.36 
	0.95 

	0.73 
	0.73 
	1.27 
	0.90 

	0.72 
	0.72 
	1.1 8 
	085 

	0.71 
	0.71 
	1.09 
	0.80 

	0.70 
	0.70 
	1.00 
	0.75 

	0.69 
	0.69 
	0.94 
	0.70 

	0.68 
	0.68 
	0.89 
	0.66 

	0.67 
	0.67 
	0.83 
	0.61 

	0.66 
	0.66 
	0.78 
	0.57 

	0.65 
	0.65 
	0 73 
	0.53 

	0.64 
	0.64 
	0.68 
	0.49 

	0.63 
	0.63 
	0.63 
	0.45 

	0.62 
	0.62 
	0.58 
	0.41 

	0.61 
	0.61 
	0.53 
	0.37 

	0.60 
	0.60 
	0.49 
	0.33 


	The PCJ Design Handbook recommends the use of its prestress loss model for practical design applications and indicates that the model provides realistic values for normal design conditions. A more detailed analysis may be necessary for unusual design applications and special structures (PCl 2004). 
	5.5.4 PCJ COMMITTEE ON PR£STR£SS LOSSES METHOD 
	The PCI Committee on Prestress Losses ( 1975) prescribes a time-dependent method to estimate prestress losses. Although this method is over thirty years old, the ACl building code (2008) still recognizes it as 
	The PCI Committee on Prestress Losses ( 1975) prescribes a time-dependent method to estimate prestress losses. Although this method is over thirty years old, the ACl building code (2008) still recognizes it as 
	an acceptable method for estimating prestress losses. In this model, the total prestress loss, TL. is equal to the sum of four prestress loss components including elastic shortening, concrete creep. concrete shrinkage, and steel relaxation as shown in Equation 5.29 (PCI 1975). 

	I 
	Tl=ES+ I_(CR+SH +RET) (5.29) 
	ti 
	where 
	TL 
	TL 
	TL 
	= 
	total loss, psi 

	ES 
	ES 
	loss due to elastic shortening. psi 

	CR 
	CR 
	loss due to creep ofconcrete. psi 


	RET = compressive stress in concrete at the center of gravity of the prestressing steel due to all dead loads applied to the member after it has been prestressed, psi ti = beginning time, days end time, days The prestress loss components in Equation 5.29 are dete1mined as follows. 
	5.5.4.1 Elastic Shortening, ES 
	(5.30) 
	ES=/· er [~ )Ee, 
	where 
	.fc, concrete stress at center ofgravity of the prestressing force immediately after transfer. psi E., modulus ofelasticity of prestressing tendons. psi Ee, modulus ofelasticity ofconcrete at the time the prestress for<.:e is applied, psi 
	5.5.4.2 Creep of Concrete, CR 
	CR = (UCR)(SCF)(MCF)(PCR)(Jc) (5.31) where 
	UCR = 63 -20Ec /10: UC R 2: 1I for normal weight accelerated cured concrete SCF = member size and shape factor MCF = age at prestress and length ofcure factor PCR (AUC), -(A UC)11 = portion of ultimate creep over the time interval I l to/ in which A UC 
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	is the estimated variation ofcreep with time .fc. net concrete compressive stress at prestress centroid at time ti , taking into account the loss of prestress force occurring over the preceding time interval, psi Values for SCF and A UC are given Table 5.3 and Table 5.4, respectively. 
	Table 5.3: Values of SCF for Various Volume-to-Surface Ratios 
	Table 5.3: Values of SCF for Various Volume-to-Surface Ratios 
	Table 5.3: Values of SCF for Various Volume-to-Surface Ratios 

	Volume-to-Surface Ratio 
	Volume-to-Surface Ratio 
	SCF 

	2 3 4 
	2 3 4 
	1.05 0.96 0.87 0.77 0.68 


	Table 5.4: Values of AUC for Various Prestress Durations 
	Time after Prestress 
	Time after Prestress 
	Time after Prestress 
	AUC 

	(Days) 
	(Days) 

	1 
	1 
	0.08 

	2 
	2 
	0.15 

	5 
	5 
	0.18 

	7 
	7 
	0.23 

	10 
	10 
	0.24 

	20 
	20 
	0.30 

	30 
	30 
	0.35 

	60 
	60 
	0.45 

	90 
	90 
	0.51 

	180 
	180 
	0.61 

	365 
	365 
	0 74 

	End of Service Life 
	End of Service Life 
	1.00 


	5.5.4.3 Shrinkage of Concrete, SH 
	SH = (USH)(SSF)(PSH) (5 .32) where 
	USH = ultimate shrinkage loss in normal weight concrete, psi 
	= 27.000-3000Ecll02: 12,000psl 
	6 

	SSF = member size and shape factor 
	MCF = age at prestress and length ofcure factor 
	PSH = (AUS), -(AUS),, = po11ion of ultimate shrinkage over the time interval tl tot in which 
	A US is the estimated variation of shrinkage with time 
	Values for SSF and AUS are given Table 5.5 and Table 5.6, respectively. 
	Table 5.5: Values of SSFfor Various Volume-to-Surface Ratios 
	Volume-to-Surface Ratio SSF 
	1 
	1 
	1 
	1.04 

	2 
	2 
	0,96 

	3 
	3 
	0.86 

	4 
	4 
	0,77 

	5 
	5 
	0.69 

	6 
	6 
	0.60 


	Table 5.6: Values of AUS for Various Prestress Durations 
	Time after Prestress 
	AUS
	(Days) 
	1 
	1 
	1 
	0.08 

	2 
	2 
	0.15 

	5 
	5 
	0.20 

	7 
	7 
	0.22 

	10 
	10 
	0.27 

	20 
	20 
	0.36 

	30 
	30 
	0.42 

	60 
	60 
	0.55 

	90 
	90 
	0.62 

	180 
	180 
	0.68 

	365 
	365 
	0.86 

	End of Service Life 
	End of Service Life 
	1.00 


	5.5.4.4 Steel Relaxation, RET 
	RET = f sr ( log(24 t) -log(24 ti))( f" _ _] (5.33) 45 !py 
	0
	55

	where 
	fr,11 = guaranteed ultimate tensile strength of prestressing steel, psi 
	J;,_, stress at I% elongation of prestressing steel. psi. may be taken as 0.90 J;,. 
	f,, stress in prestressing steel at time t 1. psi 
	J;JJ~y-0.55 ~ 0.05 
	5.6 CAMBER 
	Camber is a net upward deflection due to the eccentric compression applied to prestressed concrete members. A significant amount of camber often occurs after release of the prestressing force. Many variables affect camber including concrete mix proportions, time of prestress release, placement of superimposed loads, and relative humidity. Therefore, long-term values are only estimates and should not be specified. but should instead be recognized (PCI 2004). 
	The PCI Design Handbook (2004) provides methods for estimating the both initial and long-term camber. The equation used for detem1ining the initial camber includes the effects of the prestTessing force and the self weight as follows 
	P. e/5w/
	2 
	4 

	!), =_o__ -----(5.34) 8 Ec, I 384Ec, I 
	where 
	!), mid-span deflection, in. 
	P0 = prestress force at transfer, kips 
	e eccentricity of prestressing force, in. 
	/ span length. in. 
	Ee, modulus of elasticity at time of initial prestress, ksi 
	moment of inertia of the beam section, in
	4 

	w self weight per unit length, kip/in. 
	Long-term camber estimates are more complex than initial estimates due to the effect of prestress loss over time and increase in concrete strength after release of prestress. The PC! Design Handbook (PCl 2004) suggests that long-term camber be determined by multiplying the initial calculated deflections by a given multiplier. The PCI Design Handbook recommended multipliers are given in Table 5.7. 
	Table 5.7: PCI Simple Span Multipliers for Lon Deflection (downward) due to member weight at release 2.70 2.40 Camber (upward) due to prestress release 2.45 2.20 Deflection {downward) due to superimposed dead load 3.00 3.00 Deflection (downward) due to composite topping 2.30 
	5.7 FLEXURAL STRENGTH OF PRESTRESSED CONCRETE GIRDERS 
	The nominal flexural strength of a section can be determined using strain compatibility and static equilibrium (ACI 2005). 
	For a rectangular section or a T-section where the equivalent rectangular stress block falls within the flange, and assuming the compression steel, if any, to be yielding at the strength limit state, the nominal flexural strength ofa prestressed concrete member can be determined using Equation 5.35 (Nawy 2006). 
	(5.35)
	Mn = Aps i ~s ( d p -1) + A, j~ ( d -1 )-A: Jy (1-d ') 
	where 
	where 
	where 

	M,, Ap, fr,,. 
	M,, Ap, fr,,. 
	= 
	nominal flexural strength, lb-in. area of prestressed reinforcement, in2 stress in prestressing steel at nominal flexural strength, psi 


	dP 
	dP 
	dP 
	= 
	depth from extreme compression fiber ofconcrete to centroid of prestre sing steel. in. 

	a 
	a 
	depth of compre sive stres 
	block. in. 

	A , 
	A , 
	area of tension reinforcement, in2 

	f. 
	f. 
	= 
	yield strength ofnon-prestressed reinforcement. psi 

	d 
	d 
	depth from extreme compression fiber of concrete to centroi
	d of tension reinforcement. 

	TR
	111. 

	A', 
	A', 
	area ofcompression reinforcement, in" 

	d' 
	d' 
	= 
	depth 
	from 
	extreme 
	compression 
	fiber 
	of 
	concrete 
	to 
	centroid 
	of 
	compression 

	5. 
	5. 
	5. 
	7.1 ACJ CODE PROVISIONS FOR FLEXURAL STRENGTH 



	reinforcement (d' ~ 0.1 Sdp)-in. 
	AC! (2008) defines the pre tres ing steel stress at nominal flexural trength, J,,.,. based on strain compatibility using the following expres ion for fully bonded strand 
	-I {1 -~[ / fl" + !!__((I.) -(J.)')l} 
	(5 .36)

	I 
	ps -flll fJ1 pI' /,.' dfl J 
	Figure
	where 
	J;,, = stress in prestressing steel at nominal flexural strength. p 
	J;,11 = ultimate stress of prestrcssing steel, psi 
	;Ip factor for type ofprestressing steel 
	/31 factor relating depth of equivalent rectangular compressive stress block to neutral axis 
	depth 
	/Jp Ap.lhdp 
	fc = 28-day concrete compressive strength. psi 
	d = depth from extreme compression fiber of concrete to centroid of tension reinforcement. 
	111. 
	d" depth from extreme cornpres ion fiber of concrete to centroid of prestressing steel. in. 
	w tension reinforcement index = pf.. f, 
	w' compression reinforcement index = p'/J f, 
	p non-prestre ed tension reinforcement ratio = A, I bd 
	p' compression reinforcement ratio = A'J be/ 
	b = section width in the compression zone 
	The value of 'Ip used in Equation 5.36 is dependent on the type of prestre sing steel. AC! (2008) prescribes values of YP based on the ratiof,,/ J;,.. Values ofyf' are shown in Table 5.8. 
	Table 5 8· ACI Values for~ 
	Type of Tendon fw fp,, 
	Type of Tendon fw fp,, 
	Type of Tendon fw fp,, 
	YP 

	Low Relaxation Strand I 
	Low Relaxation Strand I 
	0.90 
	0.28 

	Stress-Relieved Strand 
	Stress-Relieved Strand 
	0.85 
	0.40 

	High.Strength Prestressing Bar 
	High.Strength Prestressing Bar 
	0.80 
	0.55 


	5. 7.2 AASHTO-LRFD PROVISIONS FOR FLEXURAL S TREi'VGTH 
	Figure
	AASHTO-LRFD (2007) prescribes the ame method as ACI for determining nominal flexural strength of a prestressed member. However. AASHTO uses the following expression for detem1ining the stress in the prestressing steeLJ~, . 
	Figure
	(5.37) 
	where 
	where 
	where 

	J,,., f,,,, k c dP 
	J,,., f,,,, k c dP 
	= 
	stress in prestressing steel at nominal flexural strength, psi ultimate stress of pre tressing steel. psi factor for type ofprestressing steel distance of outerrno t compressive fiber to the neutral axi depth from e, treme compression fiber ofconcrete to centroid of prestressing steel. in. 


	The value of k used in Equation 2.33 is dependent on the type of prestressing steel. Similar to ACI, AASHTO prescribe value ofk ba ed on the ratios off,,/ (,,,, . Values ofk are hown in Table 5.9. 
	Table 5.9: AASHTO Values for k 
	Type of Tendon 
	Type of Tendon 
	Type of Tendon 
	f,,.,v'fp,; 
	VP 

	Low Relaxation Strand 
	Low Relaxation Strand 
	0.90 
	0.28 

	Stress-Relieved Strand 
	Stress-Relieved Strand 
	0.85 
	0.38 

	Type 1 High-Strength Bar 
	Type 1 High-Strength Bar 
	0.85 
	0.38 

	Type 2 High-Strength Bar 
	Type 2 High-Strength Bar 
	0.80 
	0.48 


	5.8 SHEAR STRENGTH OF PRESTRESSED CONCRETE G IRDERS 
	This section present a brief review of code provisions regarding shear strength of prestressed concrete girders. 
	5.8.1 AC/ CODE PROVIS/0 S 
	In the ACJ code (2008). the nominal shear strength of a concrete member to be equal to the sum of the nominal shear trength provided by concrete and the nominal shear trength provided by shear reinforcement as hown in Equation 5.38. 
	( 5 .38) 
	Figure

	where 
	V,, nominal shear strength 
	V, nominal shear strength pro ided by concrete 
	V, nominal shear strength provided by shear reinforcement 
	Section I 1.3 of the AC! Code (2008) provides detailed expressions for determining the nominal shear strength provided by concrete for prestressed members. V, is taken as the les er of V" and V, ... where V,, is the shear strength provided by concrete when flexure-shear cracking results from combined shear and 
	moment, and V,11 is the shear trength provided by concrete when web-hear cracking results from principal tensile stres es in the web. 
	V,, is determined using Equation 5.39. 
	V -O 6. 7!•b d V V, lvf.u (5.39) 
	., -• A. " .I' \I' ,, + ti + 
	"13\ 
	1\lf

	with Ve, ~ I . 7..jf..'. b., cl,, 
	where 
	Vu = nominal shear trength provided by concrete when diagonal cracking results from combined hear and moment. lb f, concrete compressive strength. psi A = modification factor for lightweight concrete= I for normal weight concrete bw ,,.,eb width. in d,, depth from extreme compression fiber of concrete to centroid of prestressing steel where d,, =:::_ 0.80h . in. h section depth V, = maximum factored hear force at section due to externally applied loads. lb A,f,_.r,, = moment causing flexural cracking at sec
	M" , is determined as follows. 
	(5.40) 
	where 
	/ moment of inertia of ection about centroidal axis, iri"y, = di tance from centroidal axis to tension face. in. f, concrete compressive strength. psi 
	1 

	compre sive tres in concrete due to effective prestress forces only at extreme tensile fiber of ection. psi ft1 stres due to unfactored dead load at extreme tensile fiber of section. p i 
	V,-. is determined using Equation 5.4 I . 
	V,w =(3.5 fl:+ 0 3 .f,,Jb.,. clr + JI" 
	(5.4 I) wh ere 
	v .... nominal shear strength provided by concrete when diagonal cracking results from high 
	principal ten ile stress in the web. lb 
	principal ten ile stress in the web. lb 
	principal ten ile stress in the web. lb 

	f , 
	f , 
	concrete compressive 
	trength. psi 

	J;x 
	J;x 
	resultant 
	compressive 
	stress 
	at 
	centroid 
	of 
	composite 
	ection 
	due 
	to 
	prestress 
	and 

	TR
	moments re i ted by precast member alone. psi 

	h~ 
	h~ 
	= 
	web \\ idth. in. 


	Figure
	dp 
	dp 
	dp 
	= 
	depth from extreme compression fiber of concrete to centroid of prestressing steel \ here 

	TR
	d,, "?.. 0.80h. in. 

	h 
	h 
	= 
	section depth. in. 

	VP 
	VP 
	vertical component of effecti 
	e prestress fo rce at section. lb 


	The ACI Code (2008) pro ide expression for determining the nominal shear trength provided by the shear reinforcement. When V• the factored shear force at a section. exceed ¢ V,. where ¢ is the strength reduction factor. shear reinforcement is required to satisfy Equation 5.38. When the shear reinforcement is placed perpendicular to the axis of the member. the shear strength provided by the reinforcement may be determined using Equation 5.42 (ACI 2005). 
	11

	V =A,./., cl 
	(5.42)
	' s with V,. s 8.fl:b,. d where 
	V. = nominal shear strength pro ided by the shear reinforcement. lb A, area of shear reinforcement within spacings. in. Ji, = yield strength of tran verse reinforcement. psi d depth from extreme compression fiber of concrete to centroid of longitudinal tension 
	reinforcement. where d ?:_ 0.80h. in. s center-to-center spacing of transverse reinforcement, in. 
	5.8.2 AASHTO-LRFD PROVISIONS FORSHEAR STRENGTH 
	The AASHTO-LRFD (2007) provisions indicate that the nominal shear strength of a prestressed concrete member, V,,. be equal to the lesser of the two expressions given by Equation 5.43 and Equation 5.44. 
	V,, = Ve -V, + V,, (5 .43) where 
	Ve nominal hear strength provided by concrete 
	V, nominal shear strength provided by the transverse reinforcement 
	VP vertical component ofeffecti\e prestress force at the section 
	V,, =0.25 /,_' b,. d ,. -v,, (5.44) where 
	effective web width 
	1 
	h

	dJ = effective hear depth AASHTO-LRFD Bridge Design Specifications Article 5.8.3.4.3. "Simplified Procedure for Prestressed and Nonpresrressed Secrio11s... prov ides a simplified method for determining the nominal shear strength of a prestressed concrete member. The concepts of this procedure are similar to those pre cribed by the ACI Code and AASHTO Standard pecifications for Highway Bridges. With thi method. VP in Equations 5.39 and 5.40 shall be taken a zero and Ve shall be taken as the lesser of V,, and
	Figure
	Figure
	(5.45) 
	where 
	where 
	where 

	V0 
	V0 
	shear resistance provided by concrete 
	when diagonal cracking results from combined 

	TR
	shear and moment. kip 

	f 0 
	f 0 
	concrete compressive strength. ksi 

	b, 
	b, 
	effecti ve web width. in 

	d, 
	d, 
	= 
	effecti ve depth. in . 

	h 
	h 
	section depth 

	V,1 
	V,1 
	shear force al the section due lo unfactored dead load. lb 

	V, 
	V, 
	= 
	maximum fac tored shear force at section due lo externally applied loads. kip 

	Mue 
	Mue 
	moment cau ing flexural cracking at section due to externally appl ied loads. ki p-in. 

	Al ma., 
	Al ma., 
	maximum factored moment at section due to externally applied load 
	. kip-in. 


	M,re is determined as fo llows. 
	(5.46) 
	where 
	f, = modulus of ruptu re ofconcrete. ksi fcP" = compressive stress in concrete due to effective prestress forces only at extreme tensile fiber of section. ksi 
	lvl,"" total unfactored dead load moment acting on the non-composite section. kip-.in S, section modulus for the extreme tensile fiber of the composite section. in~ 110 section modulus for the extreme tensile fiber of the non-composite ection. in
	S
	3 

	v,,. = (0.06 ff 4-0.30 J,, .. )b,.d ,. + v,, (5.47) 
	where 
	v, ... nominal shear strength provided by concrete when diagonal cracking results from high principal ten ile stress in the "veb. kip f, concrete compressive strength, ksi fp. = resultant compres ive stress al centroid of composite section due to prestre s and moment re isted by precast member alone, ksi b_1 effective web width, in. d; effective shear depth. in. VP = vertical component of effective prestress force at section. lb 
	The shear strength prov ided by 1he shear reinforcement is given by Equation 5.48. 
	A,. f, d,, (cot 0 +cot a) sin a 
	V, = . 
	s 
	where 
	Y, shear resistance provided by the shear reinforcement. kip A,. area of shear reinforcement within spacings. in~ 
	J; yield strength oftransverse reinforcement. k i effective shear depth. i.
	11 

	1 
	d

	0 = angle of inclination of diagonal compressive stre ses 
	a. angle of inclination of transverse reinforcement to longitudinal axi 
	s center-to-center spacing of transver e reinforcement. in. When V0 < V",. cot 0 shal l be taken as 1.0. However. if Vu > V,,, .. then (AASHTO 2007) 
	s center-to-center spacing of transver e reinforcement. in. When V0 < V",. cot 0 shal l be taken as 1.0. However. if Vu > V,,, .. then (AASHTO 2007) 
	(5 .49) 

	cot0 ~1.0 + 3( ii)< 1.8 
	5.9 PREVIOUS TESTS OF FULL-SCALE PRESTRESSED sec GIRDERS 
	A summary of previou investigations regarding full-scale prestressed CC girders is presented in this section. Although research regarding the use of SCC for prestressed application exist . very few studies analyze the perfonnance of full-cale pecimen . 
	5.9.J 
	Hamilton. Labonte. and Ansley (2005) conducted a study comparing the strucwral performance of AASHTO Type II bridge girder con tructed with SCC with tho e ca t wirh a standard concrete mix. The objectives of the research were to compare the fresh and hardened material propertie . construction process. transfer length. camber. and shear and flexural structural behavior. After optimizing trial mix designs, six 42 ft prestres ed AASHTO Type 11 bridge girders were constructed. Three of the girders were cast wit
	Shear tests were performed on each end of two girders for a total of four tests. Two different test setups were used on each end of the girders. The test results of the first test setup indicated that the girder cast with standard concrete carried 8. 7% more load and deflected about 22% more than that cast with SCC concrete. The test results of the second test setup indicated that the girder cast with tandard concrete and that cast with SCC concrete had nearly identical failure loads and deflections. 
	Shear-flexure test were performed on each end of t\-vo girders to compare the flexural performance of v.ith that of tandard concrete. In all four shear-flexure tests. failure occurred in the composite cap due to flexural compressive stresses. The researchers concluded that the flexural capacity of the SCC and standard concrete girders were similar. but the ductility of the standard concrete girder was greater than that ofthe sec girder. 
	sec 
	1

	The final two girders were tested for shear-slip on both ends. During the test, failure in the SCC girder was due to premature strand lip at the end of the girder. The strands at that particular end of the girder were torch cut abruptly during prestress transfer. The researchers believe the abrupt prestress transfer may have contributed to the early trand lip and resulted in reduced load capacity (Hamilton et al. 2005). 
	5.9.2 NAITO, P ARENT, AND BRU NS 
	Naito, Parent. and Brunn (2006) studied the performance of full-scale SCC girders. Four 35 ~ prestressed bulb-tee girders were constructed. Two of the girders were cast ,vith SCC and two were cast with a conventional high-early strength concrete (HESC). Three failure modes were addres ed during this study: compressive-flexural failure. shear-flexural failure. and ten ·ile-f7exural failure. To achieve the desired failure mode . the girders were tested in two different simply supported arrangement . 
	All test specimens reached theoretical flexural and shear capacities calculated with actual material properties. HESC girders achieved between IO I% and I04% of the theoretical moment capacities. The SCC girders achieved beMeen 10 I% and I 02% of the theoretical moment capacitie . The results also indicated that the measured shear capacity of the SCC and HESC girders exceeded the shear strength estimates by 6% and 7%. respectively. In all cases. the SCC girder were more ductile than the HESC girders. The re
	Figure
	6 EVALUATION OF sec MIXTURES WITH LIMESTONE AGGREGATE 
	This chapter covers the experimental and analytical study that was carried out to evaluate the performance of SCC mixtures made with limestone aggregate. The limestone aggregate u ed in this study was obtained from Rapid City. SD. The purpose ofthis study was to asses the CC mix properties for use in prestressed bridge girder fabrication in western South Dakota and to prepare pecial provisions for use by SDDOT when specifying CC for prestre sed girders. Standard tests were performed to measure the aggregate
	6.1 AGGREGATES M EASURED PROPERTIES 
	The coarse aggregate used in the SCC mix was a ½'' limestone chip from Rapid City. SD. The coarse aggregate is shown in Figure 6.1. The fine aggregate used in the SCC mix wa Pete Lein Sand from Rapid City. SD. 
	The aggregates used for the SCC in this research were received at die laboratory in large bins. Aggregate samples were then reduced and tested. The aggregate sampling and testing were done in accordance with ASTM standards (A TM 2007). Sampling of the aggregate was perforn1ed according to ASTM C 702
	-

	98: --standard Practice for Reducing Samples of Aggregate to Testing Size." The aggregate testing data can be found in Appendix A. Following are summaries ofthe measured results. 
	Figure
	Figure 6.1: 3/a" Limestone Chip Coarse Aggregate 
	6.1.J SIEVE ANAL YSIS 
	The aggregate gradation was determined in accordance with ASTM C I 17: •• tandard Test Method for Materials Finer than 75-~1111 (No. 200) Sieve by Washing"' and ASTM C 136: ··Standard Test Method for Sieve Analysis of Fine and Coarse Aggregates... The grain size distributions for the coarse and fine aggregates are presented in Figure 6.2 and 6.3. respectively. The sieve analysis howed that the grain size 
	The aggregate gradation was determined in accordance with ASTM C I 17: •• tandard Test Method for Materials Finer than 75-~1111 (No. 200) Sieve by Washing"' and ASTM C 136: ··Standard Test Method for Sieve Analysis of Fine and Coarse Aggregates... The grain size distributions for the coarse and fine aggregates are presented in Figure 6.2 and 6.3. respectively. The sieve analysis howed that the grain size 
	distributions were within the SDDOT acceptable upper and lower limits. The finenes modulus of the fine aggregate is given in Table 6.1. 
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	gregate 
	6.1.2 DENSITY, SPECIFIC GRAVITY, AND ABSORPTJON 
	Three samples of each aggregate were tested for saturated surface dry (SSD) density. SSD specific gravity. and absorption. The tests were performed according to ASTM C 127-04: ··Standard Test Method for Density. Relative Density (Specific Gravity). and Absorption of Coarse Aggregate'· and ASTM C I 28-04a: '· tandard Test Method for Density. Relati e Density (Specific Gravity). and 
	Three samples of each aggregate were tested for saturated surface dry (SSD) density. SSD specific gravity. and absorption. The tests were performed according to ASTM C 127-04: ··Standard Test Method for Density. Relative Density (Specific Gravity). and Absorption of Coarse Aggregate'· and ASTM C I 28-04a: '· tandard Test Method for Density. Relati e Density (Specific Gravity). and 
	Absorption of Fine Aggregate"': The average measured SSD densities. SD specific gravities. and absorptions for the coarse and fine aggregate are presented in Table 6.2. The values fell within the expected ranges for the aggregate properties. Typically. the specific gra ity of aggregate is between 2.4 and 2.9. The absorption of coarse aggregate normally ranges between 0.2% and 4%. and that of fine aggregates ranges between 0.2% and 2% (Kosmatka et al. 2002). 

	ate SSD Density, SSD Specific Gravity, and Absorption Rapid City Limestone 158.2 2.54 0.66 Rapid City Sand 164.1 2.64 1 19 
	6.1.3 B ULKDENSITY 
	The bulk density was measured according to ASTM C 29-97: "Standard Te t Method for Bulk Density ('·Unit Weighf') and Voids in Aggregate:· The values for each test were a eraged and recorded. The measured bulk densities of the oven dried aggregates are listed in Table 6.3. The measured values were reasonable and within expected re ults. 
	Table 6.3: Ag 
	Figure
	96.7 
	Rapid City Limestone 
	Rapid City Sand 
	101 3 
	6.2 LABORATORY CONCRETE MIXTURES 
	6.2.1 MIX D ESIGN 
	One conventional concrete and four SCC mixtures were studied in thi re earch. The main variables among the sec mixtures were the w/c ratio and the method of curing. A w/c ratio of 0.33 was used for the conventional concrete mix and for the control sec mix. The conventional concrete and the control sec mix designs were prepared by e retex Concrete Products West in Rapid City. SD. Three w/c ratios were implemented in the SCC mixtures: 0.33. 0.35. and 0.37. All of the concrete mixtures were moist cured. Specim
	Mix ID w/c Ratio Concrete Type 
	Coarse Aggregate 
	Fine Aggregate Curing Method 
	Table 6.4: Mix Desi n Matrix 
	Table 6.4: Mix Desi n Matrix 
	Table 6.4: Mix Desi n Matrix 

	S33 
	S33 
	S35 
	S37 
	S33-A 
	CC33 

	0.33 
	0.33 
	0.35 
	0.37 
	0.33 
	0.33 

	sec 
	sec 
	sec 
	sec 
	sec 
	Conventional 

	Rapid City 
	Rapid City 
	Rapid City 
	Rapid City 
	Rapid City 
	Rapid City 

	Limestone 
	Limestone 
	Limestone 
	Limestone 
	Limestone 
	Limestone 

	Rapid City 
	Rapid City 
	Rapid City 
	Rapid City 
	Rapid City 
	Rapid City 

	Sand 
	Sand 
	Sand 
	Sand 
	Sand 
	Sand 

	Moist 
	Moist 
	Moist 
	Moist 
	Heat 
	Moist 


	The cement used to produce the concrete mixtures was GCC Dacotah Type VII. Three admixtures were added to the SCC mixtures: Daravair® M air entrainer, ADV A® Cast 555 superplasticizer, and Daratard® 17 set retardant. The ADVA® Cast 555 superplasticizer contains a viscosity modifying agent. -w Cast 555 was use as superplasticizer. Grace Construction Products developed and provided all of the admixtures. Literature on the admixtures can be found in Appendix B. The mix design proportions are shown in Table 6.5
	For the conventional concrete mix, Daracem® 19 instead of ADVA
	1

	Table 6.5: Mix Desi n Matrix 
	Mix Designation Coarse (lb/cu yd) Fine (lb/cu yd) Cement (lb/cu yd) W/C Ratio Water (lb/cu yd) Daravaif!l M(oz/cwt) Daratard®17 (oz/cwt) ADVA®555 (oz/cwt) 
	Daracem®19 (oz/cwt) 
	S33 1499 1343 832 0.33 274.6 
	1.76 3.01 29.10 
	S35 1499 1343 795.6 0.35 278.5 1.76 3.01 29.10 
	S37 1499 1343 772.4 0.37 285.8 1.76 3.01 29.10 
	CC33 1875 1200 667.0 0.33 220.0 1.43 2.00 
	18.57 
	Table 6.6: Desi n and Actual Superplasticizer and Air Entrainer Quantities ADVA 555 (oz/cwt) Daravair M (oz/cwt) Design Actual Design Actual 
	S33 
	S33 
	S33 

	S35 
	S35 
	29.1 
	21 .25 
	1.76 
	1.57 

	S37 
	S37 
	29.1 
	20.81 
	1.76 
	1.40 


	6.2.2 MIXING AND BATCJ-1/NG 
	The mixer used to produce the concrete was a portable tilt-drnm mixer. The mixer had a rotating drum with three interior paddles. The angle of the mixer drum was adjustable. The mixer capacity was one third of a cubic yard. However. the batch size was limited to one tenth of a cubic yard due to the fluidity of the SCC mixtures. By limiting the batch size, the drum could be tilted so the SCC would mix well without spilling. 
	The same mixing regimen was used for all the mixes developed in this research. First. the drum of the mixer was moistened to prevent any absorption of water from the mix to the drum. All of the dry ingredients (coarse aggregate. fine aggregate. and cement) were added and well mixed before adding the water. The batch quantity of water was split into 80% and 20%. The air entrainer was added to the 80% of the batch quantity water. The 80% water and air entrainer were mixed with the dry ingredients. The set ret
	6.2.3 CURI GMETHODS 
	Concrete specimens consi ting of standard 6"x 12" cylinders and 6"x6"x22" beams were cast and cured in the Materials Laboratory at SDSU. Specimens from S33. S35. S37. and CC33 were moist cured in a moisture room for the intended specimen age. Additional specimens from the CC mix ,-vith w/c ratio of 33% were heat cured for accelerated curing (high early strength). The mix corresponding to the heat cured specimens was labeled S33-A. 
	Two heat curing boxes were used to cure the S33-A concrete cylinders and beams. The exterior and interior views of one of the curing boxes are shown in Figure 6.4. The curing box had a single beating element installed beneath a raised wire grid floor. A fan circulated the heated air in ide the curing box. The interior temperature was monitored by a thennocouple. The heating element was controlled by a microprocessor on the outside of the box. The microprocessor was programmable to control the temperature le
	Figure
	(a) Exterior View (b) Interior View Figure 6.4: Heat (Accelerated) Curing Box 
	The heating program that was used to cure the specimens in this study is listed in Table 6.7 and shown in Figure 6.5. The three types of functions used in the heat program were '·Step-Up'·, ·'Soak ... and '·End­Hold'·. A Step-Up function raises the temperature to the set point in the programmed amount of time. The Soak function holds the temperature constant for the programmed amount of time. The End-Hold function ends the program and holds the final temperature until the processor is switched off. The micr
	Figure
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	6.3 
	6.3 
	FRESH PROPERTIES 

	The 
	The 
	fresh 
	SCC 
	was 
	discharged 
	from 
	the 
	mixer 
	into 
	a 
	wheelbarrow. Test 
	samples 
	were 
	made 
	for 


	measuring the fresh and hardened properties of the SCC and mixtures. The fresh concrete was sampled according to ASTM C 172-04: ·'Standard Practice for Sampling Freshly Mixed Concrete" (ASTM 2006). The results of the SCC fresh properties are summarized in Table 6.8. 
	6.3.J SLUMP FLOW 
	The flowability of the SCC mix was measured according to ASTM C 161 1: ·'Standard Test Method for Slump Flow of Self-Consolidating Concrete". ln this study, the slump now was measured for every SCC 
	The flowability of the SCC mix was measured according to ASTM C 161 1: ·'Standard Test Method for Slump Flow of Self-Consolidating Concrete". ln this study, the slump now was measured for every SCC 
	batch. The average measured slump spread values versus the w/c ratio and the amount ofsuperplasticizer are shown in Figure 6.6. The average slump spread values were approximately 25. 1 ", 24.2". and 23.5" for S33, S35, and S37, respectively. These values were well within the nonnally accepted slump spread range of20" to 28". 

	Table 6.8: Measured Fresh Properties 
	sec 

	Mix ID RC-PS-S33-1 RC-PS-S3 3-2 RC·PS·S33-3 RC-PS-533· RC-PS-S33-4 RC-F5-533-S RC-P5-S33-6 RC-P5-S33-7 RC-PS-533-8 RC-P5-533-9 
	Mix ID RC-PS-S33-1 RC-PS-S3 3-2 RC·PS·S33-3 RC-PS-533· RC-PS-S33-4 RC-F5-533-S RC-P5-S33-6 RC-P5-S33-7 RC-PS-533-8 RC-P5-533-9 
	Mix ID RC-PS-S33-1 RC-PS-S3 3-2 RC·PS·S33-3 RC-PS-533· RC-PS-S33-4 RC-F5-533-S RC-P5-S33-6 RC-P5-S33-7 RC-PS-533-8 RC-P5-533-9 
	Slump Flow (in) 27.7S 21..50 24.00 24.00 27 50 27.50 26.00 22.50 
	J-Rint Spread (in) ---Failed Sl umo Flow ( >28"1···27 -----Failed 51umo Flow (=18") 
	-

	T20lsec) 2.35 3.27 2.23 2.66 1.76 1.77 2.03 2.08 
	VSI 0 0 0 0 0 0 1 0 
	Hl s 
	l•Box HZ 1.5 
	H2/Hl 0.30 
	Unit Wei•ht !pd) 138 S 
	Air Content(%) 7 4()'/4 
	Temoerature l'F) 77 


	Mi•ID 
	Mi•ID 
	Mi•ID 
	Slump Flow lin) 
	J-Rine Spread (in) 
	T20(sec) 
	VSI 
	l-Bo• 
	Unit Wei•ht (ncf) 
	Air Content(%) 
	Temperature ('F)

	Hl 
	Hl 
	H2 
	H2/Hl 

	RC-P5-535-l 
	RC-P5-535-l 
	22 00 
	2.58 
	0 

	RC-PS-535-2 
	RC-PS-535-2 
	24.00 
	22.5 
	1.19 
	0 
	4 
	2.5 
	0.63 
	141.1 
	6.20% 
	77 

	RC-PS-535-3 
	RC-PS-535-3 
	24.50 
	1.67 
	0 

	RC-PS-535-4 
	RC-PS-535-4 
	28.00 
	1.01 
	1 

	RC-PS-535-5 
	RC-PS-535-5 
	28.00 
	1.91 
	1 
	7.80% 

	RC-PS-535-6 
	RC-PS-535-6 
	24 00 
	1.76 
	0 

	RC-P5-535-7 
	RC-P5-535-7 
	22.00 
	2.1 
	0 

	RC-P5-535-8 
	RC-P5-535-8 
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	Figure 6.6: Measured Average Slump Spread versus W/C and Amount of Superplasticizer 
	Figure 6.6 indicates that the slump spread increased with an increase in the amount of the superplasticizer, but decreased with an increase in the w/c ratio. Since the ratio of the superplasticizer to the w/c was not kept the same for all of the mixes, the trend of the slump spread relative to the change in the w/c ratio would be misleading in this case. A better parameter to gauge the variation of the slump spread would be a normalized value of the amount of superplasticizer with respect to w/c. Figure 6. 
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	6.3.2 VISUAL STABILITY INDEX (VS/) AND T,o 
	The VS! test was performed immediately following the slump flow test according to ASTM C 161 1: "'Standard Test Method for Slump Flow of Self-Consolidating Concrete_·, The YSI was evaluated for every batch of SCC. All three mixe were rated an average YSI of 0. A rating of O indicates high dynamic stability and absence ofsegregation. 
	The T20 test results varied between I and 3.3 seconds with an average of approximately 2 seconds. The T20 measurement are plotted against the normalized amount of superplasticizer in Figure 6.8. owak et al. (2005) suggested an acceptable T20 range of2 to 5 seconds. However. the T20 results are seldom used as acceptance criteria. A previous tudy on the performance of SCC materials showed that SCC batches with T20 less than 2 seconds were still robust and acceptable (Wehbe et al. 2007b). The T20 results in th
	tudy were too scanered to be able to draw any ignificant correlations. 
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	Figure 6.8: To versus Normalized Amount of Superplasticizer 
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	6.3.3 J-RING SPREAD 
	The blocking potential was measured using the J-ring rest. The test was performed according to ASTM C 1621: ··Standard Test Method for Passing Ability of Self-Consolidating Concrete by J-Ring". The blocking potential is evaluated a the difference in spread between the lump flow and J-ring tests. A difference of le than I" indicates no \ i ible blocking. A difference between I" and 2" indicates minimal to noticeable blocking. A difference of more than 2" indicate noticeable to extreme blocking. The average m
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	Figure 6.9: Measured Blocking Potential 
	The blocking potential was plotted versus the amount of superplasticizer and the w/c ratio. The plots are shown in Figure 6.10. Similar to the trends exhibited by the slump spread (Section 6.3. l ), the blocking potential increased with an increase in the amount of the superplasticizer. but decreased with an increase in the w/c ratio. A better parameter to gauge the variation of the blocking potential would be the normalized value of the amount of superplasticizer with respect to w/c ratio. Figure 6. 11 sho
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	It is clear from Figure 6.1 I that, for the data range and mix propo1tions considered in this study, the blocking potential varied approximately linearly with the normalized amount of superplasticizer. The measured results indicate that for a I oz/cwt increase in the normalized amount of superplasticizer. the blocking potential decreases by 0.17". 
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	6.3.4 L-Box 
	The fill ing ability was measured using the L-Box test. The test was performed in accordance with the PCT interim guidelines (2003). The measured L-Box results were expressed in tetms of the ratio H2/ H, where H2 is the height of the concrete at the downstream end and H1 is the height of the concrete at the upstream end of the L-Box trough. Figure 6.12 shows the averaged test results. The average L-Box ratios were 0.62, 0.61 , and 0.63 for S33, S35, and S37, respectively. EFNARC (2002) recommends the L-Box 
	1 

	0.7 ..... 0.6 ::c c-:i 0.5::c 0 :.:; 0.4"'0::: )( 0 0.3al I -' 0.2 0.1 0 
	S 33 S 35 S 37 
	Figure 6.12: Measured L-Box Ratios 
	Figure 6.13 shows a plot of the L-Box ratios versus the amount of the superplasticizer and the w/c ratio. The plots indicate that the L-Box ratio was insensitive to both the w/c ratio and the amount of 
	superplasticizer. Therefore, the L-Box ratio will also be insensitive to the ratio of tbe amount of 
	superplasticizer to the w/c ratio. 
	superplasticizer to the w/c ratio. 
	superplasticizer to the w/c ratio. 
	Hence, no conclusive trends could be established. 
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	6.3.5 COLUMN SEGREGATION 
	The static stability of the SCC mixes was measured using the column segregation test. The test was performed according to ASTM C 16 I0: ··Standard Test Method for Static Segregation of Self­Consolidating Concrete Using Column Technique." The column segregation test result is expressed as the percentage ratio of the difference of aggregate mass between the bottom and the top segments of the column to the total aggregate mass in the two segments. For the mixes considered in this study, the 
	colwnn segregation was 6.5% for the S37 mix. and nonexistent for the S33 and S35 mixes. The results indicate that the columns segregation of the SCC mixes was insignificant. The column segregation test results are shown in Figure 6.14. 
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	7 
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	S 33 S 35 S 37 Figure 6.14: Measured Column Segregation 
	6.3.6 AIR CONTENT 
	The air content was measured according to ASTM C 23 I: '·Standard Test Method for Air Content of Freshly Mixed Concrete by the Pressure Method.'. The amount of air entrainer was altered from the mix design for each mix in order to achieve acceptable air content between 6% and 8%. The averaged measured air content was 7.4%, 7.8%. and 7.8% for S33, S35. and S37. respectively. The measured values are shown in Figure 6.15. 
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	The measured air content was practically the same for all three SCC mixes. Therefore, the results were used to determine a parametric relationship between the amount of air entrainer and the normalized amount of superplasticizer for a constant air content value. For all practical purposes, the average measured air content was approximately 7.6%. Figure 6.16 shows the measured amount of air entrainer versus the normalized amount of superplasticizer for an air content of approximately 7.6%. The figure also sh
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	Figure 6.16: Amount of Air Entrainer versus Normalized Amount of Superplasticizer for Air Content= 7.6% 
	6.3. 7 MIX T EMPERATURE 
	The mix temperatures were 77'F, 77'F, and 79°F for S33, S35, and S37. respectively. These values were 
	within the SDDOT acceptable temperature range of50-80 °F (Wehbe et al. 2007). 
	6.4 HARDENED PROPERTIES 
	Standard 6"x I 2" cylinders and 6"x6"x22" beams were prepared according to ASTM C 192-06 ·'Standard 
	Practice for Making and Curing Concrete Test Specimens in the Laboratoiy '· with two exceptions: the SCC specimens were not rodded and they were filled in one lift when possible. This section covers the measured hardened properties ofthe concrete mixes considered in this study. 
	6.4.J COMPRESSIVE STRENGTH 
	The concrete compression tests were performed according to ASTM C 39. Compressive strength 
	measurements were done at 18 hours and at 3. 7. 14. and 28 days. Each measurement consisted of the average of at least three compression tests. The compression test results are summarized in Table 6.9 and plotted in Figure 6. L7. In general. the measured compressive strength followed expected trends. The compressive strength increased with time. decreased with increasing w/c ratio. and had earlier gains under heat curing conditions. At 18 hours. the compressive strength of the heat cured mix (S33-A) was 80%
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	Figure 6.17: Compressive Strength versus Age of Concrete 
	The rate of strength gain was anaJyzed using a model that was developed for conventional concrete. The concrete strength at a given age/. where t is in days, is given by (Nawy 2006) 
	I'' t I'' (6. 1) 
	J er -J,
	/J
	a+ r 
	where 
	f 'er = compressive strength at time r 
	f 'u 28-day compressive strength 
	a = factor based on cement type and curing method 
	/J factor based on curing method and curing method 
	For moist-cured Type I cement, a is 4.0 and the /J is 0.85. For steam-cured Type I cement, a is 1.0 and the /3 is 0.95. The calculated compressive strength results are summarized in Table 6.10. The theoretical and measured (experimental) results for S33. S35. S37, and S33-A are presented in Figures 6.18, 6. 19. 6.20, and 6.21, respectively. The plots show a generally good agreement between the experimental and the theoretical results for both S33 and S33-A. However, the theoretical model seems to underestim
	Table 6.10: Theoretical Concrete Compressive Stren 
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	Figure 6.18: Measured and Theoretical Strength Gain for S33 
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	Figure 6.19: Measured and Theoretical Strength Gain for S35 
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	Figure 6.20: Measured and Theoretical Strength Gain for S37 
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	Figure 6.21 : Measured and Theoretical Strength Gain for S33-A 
	6.4.2 FLEXURAL STRENGTH (MODULUS OF RUPTURE) 
	The concrete flexural tests were performed according to ASTM C 78. Flexural strength measurements \:vere done at 18 hours and at 3, 7. 14, and 28 days. Each measurement consisted of the average ofat least three flexural tests. The flexural test results are summarized in Table 6.1 1 and plotted in Figure 6.22. 
	Some ofthe measurements did not follow the expected trends. For S33. the 3 days measured flexural was 67% higher than the 7 days flexural strength. and the 7 days flexural strength was 53% higher than the 14 days flexural strength. Moreover, the flexural strength of S37 was higher than that of S35 at 7, 14. and 28 days and higher than that of S 33 at 7 and 28 days. The reason for such unpredictable results was unknown at the time of writing of this report. 
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	Figure 6.22: Measured Flexural Strength versus Age of Concrete 
	Table 6.12 presents a summary of the mean and standard deviation of the measured flexural strength values in terms of .flZ. The measured flexural strength values at 18 hours, 3 days, 7 days, 14 days, and 28 days are plotted versus .J7Z in Figures 6.23, 6.24. 6.29, 6.26, and 6.27, respectively. The plots also show the mean and the standard deviation of the measurements as functions of .flZ. The line labeled 7.5 J1Z represents the empirical code equation for determining the modulus of rupture (Equation 5.1 ).
	cases, the measurements had a wide scatter (e.g. at 18 hours), while in other cases the measurement scatter was tight (e.g. at 3 days). The mean varied benveen a lower value of 9.8 .J7Z (at 18 hours) and an upper value of9.27 .J7Z (at 3 days). 
	The entire flexural strength data set is plotted in Figure 6.28. When all of the measurements are combined. the overall mean is 7.49 JlZ. Although the overall mean is practically equal to the value obtained from the code empirical equation. the standard deviation of 1.85 .J7Z indicates a wide scatter. However, the flexural strength of concrete has been repo1ted to vary between 7 ff and 13 .J7Z (Park and Paulay 1975). 
	Table 6.12: Mean and Standard Deviation of Measured Flexural Strength 
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	Figure 6.25: Measured Flexural Strength at 7 Days 
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	Figure 6.26: Measured Flexural Strength at 14 Days 
	C S35 t. S37 X 533A --·-1 Std. Dev Mean --•+lStd.Dev 
	Figure
	800 
	700 
	=-

	"' 
	.!: 600 
	Cl/ ;! 500 
	..

	Q.
	::, a: 400 
	0 
	300
	"' 

	::, "5 
	-c 200
	0 
	~ 
	100 
	0 
	.:, ;;-r;;' -1 ") ~G
	~-------~~~/ . , .
	28 Days 

	, . 
	-1 
	---~ 
	.J,,,;..,,•i ,, -~ 4",, 

	...... 
	+-------------,,, ---­
	, ....
	,, 

	--1Mean = 7.73 ..jf; 
	1.19 J: 
	---+---~StdDeviation = 

	0 20 40 60 80 100 
	/P 
	v 'c 
	Figure 6.27: Measured Flexural Strength at 28 Days 
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	measurements were done at 18 hours. 14 days, and 28 days. Each measurement consisted of the average ofat least tlu-ee flexural tests. The flexural test results are summarized in Table 6.13 and plotted in Figure 
	6.29. In general, the measured modulus of elasticity was in agreement with the expected trend; it increased with an increa e in compres ive strength. 
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	Figure 6.29: Measured Modulus of Elasticity versus Age of Concrete 
	Table 6.14 presents a summary of calculated (theoretical) and the mean and standard deviation of the measured elastic modulus values in terms of fJZ. The calculated values were based on the ACI empirical equation (Equation 5.2). The results show excellent agreement between the experimental measurements and the empirical code equation. The ratio of the measured to the calculated elastic modulus varied 
	between 0.94 and 1.0 I . 
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	The measured rnodulu ofela ticity values for S33. S35. S37. and S33-A are plotted versus JR in Figures 6.30, 6.3 1. 6.32. and 6.33. re pecrively. The plots also show the mean and the standard deviation of the measurements and the calculated elastic modu lus as functions of ffJ. 
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	Figure 6.30: Measured and Theoretical Modulus of Elasticity for S33 
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	Figure 6.31 : Measured and Theoretical Modulus of Elasticity for S35 
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	Figure 6.32: Measured and Theoretical Modulus of Elasticity for S37 
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	Figure 6.33: Measured and Theoretical Modulus of Elasticity for S33-A 
	The entire measured modulus of elasticity data set is plotted against the calculated values in Figure 6.34. A perfect agreement between measured and calculated value would be represented by points on the 1: 1 line labeled ·'Em = Ef'. The data points had a mean of 0.98. a standard deviation of 0.059, and a correlation coefficient of 0.99. The results indicate excellent agreement between the mea ured values and the code empirical equation (Equation 5.2). 
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	Figure 6.34: Modulus of Elasticity versus Age of Concrete 
	6.4.4 HARDENED VISUAL STABILITYINDEX (HVSD 
	The hardened visual tability index (HVSI) was evaluated according to AASHTO draft ··Standard \.1ethod of Test for Static Segregation of Hardened Self-Consolidating Concrete Cylinders·' (AASHTO 2005). Two cylinders from each SCC mix were sawn in half longitudinally. The sawn cylinders were visually inspected for the distribution of aggregate throughout the height of the cylinders. All of the mixes had a HVSI rating of0. A typical cut cylinder is shown in Figure 6.35. 
	TOP Mix: RC-PS-S35-2 w/c:0.35 Cylinder: 1 BOTTOM 
	Figure 6.35: Sawn Cylinder for HVSI Evaluation 
	6.5 SHRINKAGE 
	Shrinkage tests were perfom1ed according to ASTM C 426-07 ·'Standard Te t Method for Linear Drying Shrinkage of Concrete Masonry Units." Shrinkage measurements were made on concrete beam specimens that were sampled from all three SCC mixes (S33. S35. S37) and the conventional concrete mix (CC33). 
	The shrinkage specimens consisted of standard 6"x6"x22" beams. An embedded concrete train gauge was placed at the center of the beam. The strain gauge was held in place using wires tied to the beam mold. Figure 6.36 shows a beam specimen mold with a strain gage in place. Three beam specimens were cast from each mix. 
	Figure
	Figure 6.36: Shrinkage Beam Mold 
	Figure 6.36: Shrinkage Beam Mold 


	The molds were stripped after 24 hours and the shrinkage beams were carefully transferred to a cart. The beams were not lifted from the mold but rather slid onto the ca11 o that the beam experienced no significant flexure during the transfer. Each beam was placed on ¼" wooden dowels to prevent the development of frictional forces between the beam and the cart that may hinder the shrinkage of the beam. The beam specimens were stored for 90 days in a controlled environment. Strain readings were recorded perio
	lnitially after casting. the strain was measured at approximately I hour intervals for about 4 hours. 4 hours intervals for the next 8 hours. and 6 hours intervals for next 12 hours. After the first 24 hours, the strain measurement interval was increased to approximately 24 hours, and eventually to 7 day until at least 90 days had elapsed since casting. 
	The measured hrinkage strain versus time is shown in Figures 6.37. 6.38. 6.39, and 6.40 for S33. S35. 37, and CC33, respectively. Each figure shows the strain measurements of three beam pecimens and a plot of the theoretical hrinkage strain as calculated by Equation 5.4. Figure 6.41 shows plots of the average measured shrinkage strain for all four mixes. While the strain measurements did continue until the ultimate strain. the collected data was sufficient to capture most of the shrinkage strain in the spec
	6.15. It shou Id be noted that no reading were taken for CC3 3 after the age of 94 day . 
	The experimental re ult indicate the fo llowing: 
	I. The shrinkage strain of the SCC mixes increased with an increase in the w/c ratio. At 24 hours. the average shrinkage strain of SJ7 was 88% and 122% higher than those of S33 and S35, respectively. At 115 days, the shrinkage strain ofSJ7 was 23% and 3% higher than those ofS33 and S35, respectively. 
	2. 
	2. 
	2. 
	The conventional concrete mix (CC33) exhibited significant shrinkage during the first 24 hours. The measured shrinkage strain at 24 hours was 42% of the total measured shrinkage strain at 94 days. The significant initial shrinkage may be attributed to autogenous shrinkage which normally occurs in concrete mixtures with w/c ratios below that required for complete hydration (Mindness et al. 2003). Normally. a w/c of0.42 is considered to be the minimum ratio for complete hydration. The high fluidity and set re

	3. 
	3. 
	At a w/c ratio of0.33, the conventional concrete mix (CC33) exhibited higher shrinkage strain than the SCC mix (S33). The main difference was the result ofthe initial strains during the first 24 hours. However. at higher ages, the rates ofstrain increase with time for the two mixtures were practically similar. 

	4. 
	4. 
	The ACl 209 shrinkage model (Equation 5.4) was generally in good agreement with the measured shrinkage strain of the SCC mixes. However. it underestimated the strains of S35 and S37 during the initial 24 hours. For CC33. the model resulted in significant underestimation of the initial shrinkage strains, but was in good agreement with the measured strain at 94 days . 
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	Figure 6.40: Measured and Calculated Shrinkage Strain for CC33 
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	7 STRUCTURAL PERFORMANCE OF PRESTRESSED sec GIRDERS 
	7.1 I TRODUCTION 
	This chapter covers the experimental and analytical work that was under1aken in this study to assess the structural performance of full-scale prestressed SCC bridge girders made with limestone coarse aggregate. The subsequent sections contain information on the design. instrumentation, fabrication, testing, and analy is of three 40'-long full-scale prestressed concrete bridge girder specimens. Two of the girders were cast using SCC. The third girder \.vas cast with conventional concrete and used as a contro
	The girder specimens were loaded at their mid-spans until failure. The collected data, which included load. deflection. and strain measurements. allowed for the evaluation of tran fer length. prestress losses. flexural strength and tiffness. and shear trength ofthe girder specimens. The experimental results were compared to current code provision and ome analyiical models to a sess the applicability of those provisions and models to prestres ed sec girders. 
	7.2 D ESIGN OF TEST SPECIMENS 
	The girder design in this study was similar to that of a previous study that had been perfonned on prestressed sec bridge girders using quartzite coarse aggregate (Wehbe et al. 2007a). Only a minor difference pertaining to the di tribution of the prestressing strands existed between the cross sections used in the previous and the current studies. 
	In selecting the cross-section for the test specimens. the vertical clearance of the Lohr Structures Laboratory and the I ifting capacity of the overhead crane inside the laboratory had to be taken into consideration. The cross-section also had to be selected from standard sections that the SDDOT normally uses for short to medium pan bridges. Therefore. a MnDOT 36M section was selected. This cross section allowed for sufficient clearance beneath the girder during the test. and the weight ofthe specimen was 
	A hypothetical two lanes bridge was considered for the girder de ign. The girders were assumed to have a span of 40 feet and a center-to-center pacing of 8 feet. A chematic cro s sectional view of the hypothetical bridge is shown in Figure 7.1. The minimum compo ite deck thicknes of 8/4" required by the SDDOT was assumed for the hypothetical bridge. 
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	Figure
	Figure 7 .1: Schematic Cross Section of the Hypothetical Bridge 
	Figure 7 .1: Schematic Cross Section of the Hypothetical Bridge 


	The girder design wa performed according to the 17th Edition of the AASHTO Standard Specifications for High"vay Bridges (AA HTO. 2002). The AASHTO Standard Specification were in u e by SDDOT at the time the previous study wa tarted. Unshared construction was assumed. Therefore. the deck self weight was con idered as a non-composite load. 
	The final girder design resulted in a MnDOT 36M section containing 12-0.6" diameter. even-wire. low­relaxation prestressing strand that were distributed within the bottom flange of the girder. The specified jacking force per strand was 40.500 lbs. for a total initial jacking force of 486.000 lbs. The relatively short span allowed the prestressing strands to be straight. The theoretical tensile tre s in the top of the girder at strand release was 520 psi. This exceeded the allowable tensile stress of502 psi 
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	Figure 7.2: Girder Cross Section and Strand layout 
	Shear reinforcement. consisting of #5 Grade 60 U-stirrups. was provided along the entire girder span. The stirrups were 3'-4" long and extended 5" into the composite deck. providing continuity between the girder and the composite deck. The stirrups were placed at a center-to-center spacing of 7 .5 ". Transverse reinforcement was also placed in the top and bottom flanges. A minimum of I" concrete cover was provided around all reinforcement. The transverse reinforcement details are shown in Figure 7.3 . 
	S' l #4 Longitudinal Bars (Typ.) #4@ 22.5" c/c #4@ 7.5" c/c 
	Figure 7.3: Details of Transverse and non-prestressed Longitudinal Reinforcement 
	Figure 7.3: Details of Transverse and non-prestressed Longitudinal Reinforcement 


	For this study. a total of three girders were fabricated. One girder was cast with a conventional concrete mix used by the SDDOT for prestressed bridge girders while the other two were cast with an SCC mix. The girder cast with the conventional concrete served as the control specimen. Both concrete mixes used for casting the girders had a specified minimum compressive strength of 6,500 psi at strand release and a specified minimum 28-day compressive trength of 7.000 psi. The control concrete mix and SCC mix
	.. . .. . I • • 
	GCC Dacotah Type 1/11 Cement (lbs) 
	Fine Aggregate (lbs) 
	'le" Limestone (lbs) 
	3/," Limestone (lb) 
	Water (Gal.) 
	Daravair® M (oz) 
	Daracem®19 (oz) 
	Daratard®17 (oz) 
	ADVA 555 (oz) 
	Water/Cement Ratio 
	Control Mix 
	Control Mix 
	Control Mix 
	sec Mix 

	II 
	II 
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	1200 
	1343 

	TR
	1454 
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	1875 

	26.4 
	26.4 
	28.7 

	10 
	10 
	15 

	130 
	130 

	14 
	14 
	24 

	TR
	224 

	034 
	034 
	0.33 


	The hypothetical bridge girder had an 8' wide by 8¼" thick effective composite deck. To simulate the effect of the composite deck, a 36" wide by IO" thick equivalent concrete deck was cast on top of each girder specimen. The width ofthe equivalent deck was selected to simplify the construction and handling of the test specimen . The depth of the equivalent deck was determined so that the theoretical nominal flexural strength of the test specimen would be equal to that of the hypothetical girder. Figure 7.4 
	Deck
	2'-6" 
	2'-6" 
	Type 270K Lo Lax Strands 

	3'-0'' 2'-2" 12-0.6" Dia. 
	Figure 7.4: Cross Section of the Test Specimens 
	The deck was reinforced with the minimum amount of steel required by the AC! code for shrinkage and temperature effects (ACI 2008). The reinforcement was placed in two layers within the deck. The top layer was placed 7" above the top of the girder and consisted of DI I standard wire reinforcement with a center-to-center spacing of 4". For the bottom layer, four #4 longitudinal bar were placed 2" above the top of the girder. Individual bars. instead of steel mesh, were used in the bottom layer because a stee
	Table 7.2: Deck Concrete Mix Design 
	GCC Dacotah Type 1/11 Cement (lbs) Class F Flyash (lbs) Fine Aggregate (lbs) 
	3
	/,' Limestone (lb) Water (Gal.) Daravair~ M (oz) Daracem® 19 (oz) 
	Water/Cement Ratio 
	Deck Mix 96 
	Deck Mix 96 
	Deck Mix 96 

	1150 
	1150 

	1873 
	1873 

	27.5 
	27.5 

	8 
	8 

	100 
	100 

	0.35 
	0.35 


	All three girders were cast on the same prestressing bed. The prestressing bed used for fabrication was oriented in the east-west direction. Each girder was marked on its west end with an identification label. The girders were labeled ·'A'', ··w·. and ··c· followed b_ the letter"L... The letter'·L .. was included in the label to indicate that the specimen were cast with limestone aggregate . Thi was necessary to distinguish the specimens from those in a prior study that were cast with quartzite aggregates. 
	7.3 L~STRUMENT A TIO:X 
	The girder specimen were instrumented with a variety of strain gage . detachable mechanical (demec) points. linear variable differential transformers (LVDTs). and cable-extension tran ducers. The strain gages were installed during the fabrication of the girder specimens. Due to the limited capacity of data acquisition equipment, only one half of each specimen was instrumented with train gages. Details regarding the instrumentation and the data acquisition equipment used in this study are provided in the fol
	7.3.J STRAIN GAGES 
	The specimens were instrumented with surface mounted and embedded re i tance strain gages. The surface mounted strain gage were used to measure strain in the prestressing tendon and the shear reinforcement, while the embedded gage were used to measure strain in the concrete. In order to identify the location of each train gage after fabrication. each lead wire wa labeled with an identification tag. The first portion of the identification label represented the type of strain gage. The strain gage type was gi
	Following the placement of the strain gages. the exact location of each gage was measured and recorded prior to casting the girder. A three-dimensional coordinate system was adopted for recording the gage location. The origin of the coordinate system was located at the bottom of the cross-section centerline on the west end of the girder. The positive X-axis extended longitudinally along the girder length, the positive Y-axis extended vertically upward from the bottom of the girder, and the positive Z-axis f
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	Figure 7.5: Coordinate System and Strand Numbering Method 
	A total of twenty strain gages were attached to the prestressing trands at predetermined locations to monitor the strain in the strand before and during testing. The strand gage was only 2 mm long to allow for mounting of the gage on one of the strand wires. Figure 7.6 how one of the mounted strand strain 
	A total of twenty strain gages were attached to the prestressing trands at predetermined locations to monitor the strain in the strand before and during testing. The strand gage was only 2 mm long to allow for mounting of the gage on one of the strand wires. Figure 7.6 how one of the mounted strand strain 
	gages. T\ o sets of four strain gage were mounted on four strand with one set placed at quaiter-span and the other set at placed mid-pan. The use of multiple gages at the same location provided redundancy and allowed for the comparison of train between different prestressing lrands at the same location. Four strain gages were used to instrument the strands at two additional sections. The sections were located between the quarter span and the mid-span at 12" intervals from the quarter-span. At each section, 

	Figure
	Figure 7.6: Strand Strain Gage 
	For measuring the transfer length. two strands were each instrumented with four strain gages along the potential transfer length. The first strain gage was placed at 2" from the end of the girder and the remaining strain gages were placed at 12" intervals along the strand. The purpose of these strain gages was to measure the change in strain that occurred during release. The measured strains would then be used to calculate the transfer length for each girder. Figure 7.7 shows a series of strain gages that w
	Figure
	Figure 7.7: Transfer Length Strain Gages 
	The shear reinforcement wa instrumented using 6 mm long strain gages. Four stirrups were instrumented in each girder. The first instrumented stirrup was located at 22.5" from the girder end while the other three were placed at 30" intervals thereafter (at 52.5", 82.5". and 1 12.5" from the girder end). 
	Each instrumented tirrup wa fitted , ith three gages placed on one leg. The top train gage v as placed atthe level where the girder's top nange intersects the web. The middle train gage was positioned at the web's mid-height. The bottom strain gage was placed at the level where the girder's bottom flange intersects the web. The primary purpose for srinup strain gages wa to measure the strain in the shear reinforcement at different locations along the span ofeach girder. The reason for using three strain gag
	Thirteen 60 mm long embedded strain gages were placed in each girder. Each strain gage was suspended in place 24 gauge steel wire as shown in Figure 7 .8. The sections at the quarter span and at the mid-span were each instrumented with six embedded gages. Three of the six gages were placed at three different elevations within the girder and remaining three gages were placed within the composite deck. The purpose for these embedded gages was to measure strain in the concrete and to determine the strain gradi
	hrinkage strain in the concrete where the flexural stresses are approximately equal to zero. 
	Figure
	Figure 7.8: Embedded Strain Gage 
	7.3.2 D ETACHABLE M ECIIANICAL POI TS 
	Detachable mechanical points (demec points) were used in this study to measure concrete strain along the potential transfer length. A demec point consists of a small brass insert with a threaded hole. A fast­sening two-part epoxy was u ed to mount the brass inserts to the surface of the bottom flange of each girder. Seven demcc points were mounted on each side at the west end of each girder. The first point was placed at 2" from the end of the girder and the remaining points were placed at 6" intervals. The
	Figure
	Figure 7.9: Line of Demec Points 
	Figure 7.9: Line of Demec Points 


	After mounting the line of demec points. contact seats were threaded into place in each brass insert. A Whittemore gage wa used to measure the distance between successive demec points. Initial measurements were taken prior to release of the prestressing strands. After release of prestress. the distance benveen consecutive demecs was measured again to determine concrete surface strains. The concrete surface strain were then used to calculate the transfer length. The Whittemore gage. brass inserts, contact se
	Figure
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	May1009 73 S1ruc111ral Performance ofPre.1·tressed SCC Bridge Girders 


	Figure
	Figure 7.10: Whittemore Gage, Brass Insert, Contact Seat, and Contact Point 
	7.3.3 EXTENSOMETERS 
	Mid-span deflections were measured using a combination of two linear variable differential transducers (LVDTs) and two cable-exten ion transducers. The LVDTs had ± 1.0" range and were used to measure pre-cracking deflections. The cable-extension transducers had a working range of 30" and were used to measure post-cracking deflection . Prior to flexural cracking. the girder specimens were relatively stiff and the deflections were relatively mall. Hence. the sho11-range LVDTs with high resolution were needed 
	Mid-span deflections were measured using a combination of two linear variable differential transducers (LVDTs) and two cable-exten ion transducers. The LVDTs had ± 1.0" range and were used to measure pre-cracking deflections. The cable-extension transducers had a working range of 30" and were used to measure post-cracking deflection . Prior to flexural cracking. the girder specimens were relatively stiff and the deflections were relatively mall. Hence. the sho11-range LVDTs with high resolution were needed 
	used in order to eliminate inaccuracie that could be caused by girder rotation during loading. A deflection LVDT is shown in position be ide the actuator in Figure 7. I I. The long-range cable-extension transducers were placed on each side of the girder at mid-pan. Similar to the LVDT deflection measurements, the average of the two cable-extension deflection measurements was considered as the measured mid-span deflection. The cable-extension transducer units were mounted to side braces while the cables were

	Figure
	Figure 7.11: LVDT for Deflection Measurement at Mid-Span 
	Figure
	Figure 7.12: Cable-Extension Transducer 
	Figure 7.12: Cable-Extension Transducer 


	Top and bottom concrete strains at the girder's mid-span were measured using a pair of LVDTs. The LVDTs had a working range of :?:0.5". Each LVDT was mounted to the girder \.vith screws that were tapped into the concrete. A ½'' threaded rod was used to provide the required gage length. Due to the location of other instrumentation within each girder. the gage length were not alway the same for each 
	Top and bottom concrete strains at the girder's mid-span were measured using a pair of LVDTs. The LVDTs had a working range of :?:0.5". Each LVDT was mounted to the girder \.vith screws that were tapped into the concrete. A ½'' threaded rod was used to provide the required gage length. Due to the location of other instrumentation within each girder. the gage length were not alway the same for each 
	test. Prior to each test, the gage length for each threaded rod was measured and recorded. During the test. changes in length measured by each LVDT were used in conjunction with the initial gage length to determine the strain in the concrete. Strain readings could then be used to determine the strain profile of the mid-span section. The LVDTs u ed to monitor concrete strains are shown in Figure 7 .13. 

	Figure
	Figure 7.13: Strain Measurement LVDTs 
	7.4 SPECIMEN FABRICATlO A 'D DELIVERY 
	The girder specimens were fabricated in August of 2007 at Cretex Concrete Products West, Inc. fabrication facility in Rapid City, SD. The construction activities were performed by Cretex West employees and South Dakota State University staff. This section provides an overview of the fabrication process and transportation of the girders to the Lohr Structure Laboratory. 
	Prior to the installation of the strain gages, the strands were laid on the prestressing bed. On August 13. 2007 the strands were each tensioned to 4000 lbs to remove ome of the slack and to allow for the installation of the strain gages. The strain gages were attached to the strands by SDSU personnel. On August 14. 2007. the installation of the trand strain gage was completed and each strand was then tensioned to 44.300 lbs. Strand strain gage readings were recorded before and after full tensioning. Follow
	F 
	(a) Prestressing Bed (b) Marking Strain Gage Locations 
	Figure
	(c) Recording Strain Gage Readings (d) Installation of Shear Reinforcement 
	(e) Installation of Formwork (f) Casting of Girders 
	Figure 7.14: Fabrication of the Girder Specimens 
	Concrete cylinders were tested on August 16, 2007 to determine the concrete strength. The cylinder breaks showed that Girders AL and BL had met the release strength, but Girder CL had not. De­tensioning was delayed until August 17, 2007 due to the low concrete strength for Girder CL. Prior to de­tensioning, the formwork was removed and the demec points were installed. Measurements between demec points and the initial strain in the strain gages were recorded prior to prestress transfer. The 
	Concrete cylinders were tested on August 16, 2007 to determine the concrete strength. The cylinder breaks showed that Girders AL and BL had met the release strength, but Girder CL had not. De­tensioning was delayed until August 17, 2007 due to the low concrete strength for Girder CL. Prior to de­tensioning, the formwork was removed and the demec points were installed. Measurements between demec points and the initial strain in the strain gages were recorded prior to prestress transfer. The 
	prestress transfer to the girders was accomplished by torch cutting the strands simultaneously between the three girders. Immediately after de-tensioning. the girders were lifted slightly and then placed back on the prestressing bed to release the friction between the girders and the bed. The distance between the demec points were then measured again in order to detennine the transfer length for each girder. Strains in the concrete-embedded strain gage and strand strain gages were also recorded. Camber in e

	Following the completion of the measurements at de-tensioning, the forrnwork, reinforcement, and instrumentation of the deck were installed. The deck instrumentation consisted ofembedded strain gages. The same concrete mix was used for casting the decks of all three girder specimens. SDSU personnel tested the fresh concrete prope11ies and cast standard concrete cylinders. The deck formwork and reinforcement is shown in Figure 7.15. 
	Figure
	Figure 7.15: Deck Formwork and Reinforcement 
	Figure 7.15: Deck Formwork and Reinforcement 


	On August 27, 2007. the three girder pecimens were transported on semi-truck trailers to the Lohr Structures Laboratory (LSL) at SDSU. Each girder specimen weighed in exce s of 18 tons. Since the capacity of the overhead crane in the LSL is I imited to 15 tons, a I 0-ton chain hoi t was also used to help unload the girders. The chain hoist was suspended from the loading teel frame that wa positioned in the middle of the laboratory floor. Each girder was lifted off of the trailer using the overhead crane on 
	(a) Delivery (b) Unloading 
	Figure 7.16: Girder Delivery and Unloading 
	Figure 7.16: Girder Delivery and Unloading 


	7.5 TEST SET UP AND PROCEDURE 
	The structural testing for this study was performed at the Lohr Structures Laboratory (LSL) at South Dakota State University in Brookings. SD. The LSL is furnished with a loading teel frame. hydraulic actuators. hydraulic control system. and a data acquisition system. This section discusses the experimental set up and procedures. 
	7.5.1 TEST SET UP 
	The test setup was the same for all three girders. Each girder was tested as a simply supported beam with a point load applied at mid-span. The load was applied by means of an MTS hydraulic actuator having a load capacity of328 kips in compression and a stroke of 30". The actuator was suspended from the cross beam of the steel loading frame which was securely anchored to the strong floor. The pecimen was supported at its ends b. means of two 24" tall x 30" wide x 36" long concrete reaction blocks. A 4" diam
	upport. The shaft wa positioned at 6" from the face of the girder directly beneath a steel bearing plate that was built into the girders at the time of fabrication. Thus, the clear span was approximately equal to 38.5'. Figure 7.17 shovvs a schematic of the test set up. Figure 7.18 shows a picture of specimen immediately before testing. Prior to the day of testing, a 2" thick steel plate was centered on top of the girder at the mid-pan and embedded in plaster of Paris. The purpose of the steel plate was to 
	7.5.2 TEST PROCEDURE 
	Although the test setup was identical for all three girders. the test procedure was not the same for the SCC specimens. The control girder (Girder AL) and one of the SCC girders (Girder BL) were tested under increasing 11101101onic load until failure. The other SCC specimen (Girder CL) was tested under increasing cyclic load until failure. The loading was load-controlled during the elastic re ponse range. and displacement controlled afterwards. 
	Load Frame Girder ~ Reac11on Block 40' Side View 2'-0" 
	J' -1 0'" 
	Steel Shaft 
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	Figure 7.17: Schematic of Test Set Up 
	Figure
	Front View 
	Front View 


	Figure
	Figure 7.18: Test Set Up of a Girder Specimen 
	Figure
	Figure 7.19: Steel Seating Plate 
	Figure 7.19: Steel Seating Plate 


	After each load increment. data readings from the strain gages. LVDTs. cable-extension transducers. actuator load cell. and actuator displacement transducer were recorded. Data acqui ition was done using a MEGADAC 341 SAC/DC that wa manufactured by the currently defunct OPTIM Electronics Corporation ofGerrnantown. MO. The data acquisition system was set to scan the sensors at a rate oftwo sets of readings per econd. The data was recorded only at the end of each load increment. Recording was maintained for a
	During the tests. the girders were visually monitored for cracking. Crack propagation was traced on the specimen using permanent markers. The end of each crack trace was marked with a number indicating the load number at which the crack tracing was being done. Figure 7.20 shows an example of the crack marking on the surface of the girder. The cracks of each girder were mapped Fol lowing the end of the test. The crack maps for the three girders are presented in Appendix E. 
	Figure
	Figure 7.20: Crack Marking 
	7.6 MEASURED MATERIAL PROPERTIES 
	This section presents the measured fre h and hardened properties of the concrete and the stress-strain relationship of the strands used for the construction of the girder test specimens .. 
	7.6.1 FRESH COiVCRETE PROPERTIES 
	The fresh concrete properties were measured at the fabrication facility for the concrete used to cast the girders and the decks. The conventional concrete used to cast Girder AL wa te ted for temperature. air content. unit weight. and slump. The SCC used to cast Girders BL and CL was tested for temperature. air content. unit weight. slump now. J-ring. T, and Visual Stability Index (VSI). Conventional concrete was also used to cast the decks on top of the girders. The conventional concrete used for the decks
	20

	Table 7.3: Measured Properties of Fresh Concrete Used for the Test S 
	90 4.7 145.6 NA 25.5 21 5 257 0 88 5.0 146.d 
	NA 24.5 22 75 606 0 83 5.3 146.4 
	7,5 N.A. NA. .A. N.A. 
	50 147.2 
	7.5 
	7.5 
	7.5 
	N.A. NA NA NA

	8.0 
	8.0 
	NA NA N.A N.A.


	85 
	5 1 146.4
	83 
	7.6.2 CONCRETE COMPRESS/VE STRENGTH 
	The specified minimum concrete lrength for the girder specimens was 6,500 psi at release and 7,000 psi at 28 days. During con truction of the specimens, concrete cylinders were cast for each of the girders and each composite deck. The concrete cylinders that were made from the girder concrete were heat-cured for 24 hours to be representative of the curing procedures used for the girders. One cylinder for each girder was tested 24 hour after casting to determine ifthe release strength had been met. At 24 hou
	Three cylinders were tested for each girder at 7 days, 28 days. and on the day of testing ofthe girder. The 7-day cylinders were standard 4" x 8cylinders while the remaining cylinders were tandard 6" x 12". The average 7-day strengths were 9,072 psi. 8.051 psi, and 9,019 psi for Girder AL, Girder BL. and Girder CL. respectively. The average 28-day strengths were 9.455 psi. 7.492 p i. and 9.803 psi for Girder AL. Girder BL and Girder CL. respectively. The average compres ive trengths on the day of testing we
	11 

	9,072 9,455 8,051 9,019 7,492 9,803 8,099' 10,41 0" 
	t Tested 24 hours before release 1 Tested 83 days after casting 
	• Tested 48 days aftercasting •• Tested 69 days after casting 
	The deck concrete for each specimen was measured at 28 day and on the day of testing. Each measurement consisted of the average strength obtained from testing two standard 6" x 12" cylinders. The measured 28-day strengths were 6,367 psi. 6,747 psi, and 6,570 psi for the composite deck of Girder AL, Girder BL. and Girder CL, respectively. The measured strengths on the day of testing of the girder specimens were 7.392 psi. 7.171 psi. and 7,578 psi for the composite deck of Girder AL. Girder BL and Girder CL. 
	7.5. 
	Figure
	1 Tested 81 days after casting t Tested 46 days after casting 
	• Tested 67 days after casting 
	7.6.3 PRESTRESS/NG STRANDS 
	The prestressing strands used in constructing the girder specimens were 0.6" -diameter, seven-wire. Grade 
	270. low relaxation strands. The engineering properties of the trands were not measured in this study. However. the properties were obtained from the mill ce,tificate that was provided by the strand manufacturer. lnsteel Wire Products of Gallatin. TN. Figure 7.2 1 shovv·s the load versus strain diagram as provided in the mill ce,tificate. Based on the information provided on the mill certificate, the strand had an area of 0.2169 in, an average modulu of elasticity of 29.000 ksi. a yield force of 54.057 lbs 
	2

	elongation. and an ultimate breaking force of 59.880 lbs at 6. 75% elongation. The corresponding yield stress and ultimate stre s were 246.225 p i and 276.072 psi. re pectively. 
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	Figure 7 .21: Prestressing Strand Load versus Strain 
	7.7 TRANSFER LENGTH 
	7. 7. 1 MEASURED TRA1 'SFER LENGTH 
	As discussed in Sections 7.3.1 and 7.3.2, each girder was instrumented in two different ways to measure the transfer length. The first method used demec points attached to the urface of the concrete along the potential transfer length. The second method u ed strain gages attached to the prestre ing strands near the end ofeach girder. 
	The attempt to measure strain along the concrete surface was not successful. Figure 7.22 shows the measured strain ver us the distance from the girder end for all three girders. It is clear that the readings were en-atic. The hock induced by and the une en sequence of prestress transfer may have affected the demec adhesion to the concrete surface. Therefore. the demec points measurement were not used to draw any conclusions regarding the transfer length. 
	The measured strand strain versus the disr.ance from the girder end for Girder AL. Girder BL, and Girder CL are shown in Figures 7.23. 7.24. and 7.25. respectively. Al o shown are the 95% AMS lines as explained by Russell and Bums ( 1997) and presented in ection 5.4.3 of this repo11. In this study, the strain gages were not placed far enough from the end of each specimen to clearly identify the strain plateau. Therefore. strain measurement from quarter-span and mid-span ,vere used to identify the strain mea
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	Figure 7.24: Measured Transfer Length for Girder BL 
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	Figure 7.25: Measured Transfer Length for Girder CL 
	The measured transfer lengths of the SCC specimens are comparable to that of the control specimen. Girder BL had a 15% longer transfer length and Girder CL had a 15% sho11er transfer length than that of the control specimen. Although transfer lengths differ by 15%, the average transfer length of the SCC girders is equal to that of the control girder. Therefore. the transfer length in SCC is not sign ificantly different from that in conventional concrete. 
	7. 7.2 COMPARISON OF MEASURED AND CALCULATED TRANSFER LENGTH 
	Several methods provide minimum transfer length requ irements. These methods were di cussed in details in Section 5.4. The measured and calculated transfer lengths for all three specimens are summarized in Table 7.6 . 
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	30.0 
	30.0 

	35.2 
	35.2 
	32.8 
	35.0 

	37.9 
	37.9 
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	38.3 
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	49.1 
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	40.0 
	40.0 
	36.8 
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	When computing the theoretical transfer lengths. the average strand ·tre wa determined using the measured strain in the prestressing strands at the time of pre tres transfer. For models requiring the initial strand stress. the strain values recorded just prior to release were used. For model requiring the effective strand stress. the strain values recorded immediately after release were used. 
	The measured transfer length in each of the three specimens was le s than that required by AASHTO LR.FD Bridge Design Specifications. Only Girder BL had a measured transfer length greater than that required by AASHTO Standard pecifications for Highway Bridges and ACI 318. The measured transfer lengths for all three specimens were less than the transfer lengths estimated by the models developed by Buckner et al. and Barnes et al. Based on the test results in this study, it appears that the AASHTO LRFD Bridge
	7.8 PRESTR.ESS LOSSES 
	[n this study. the instantaneous and the time-dependent prestress losses were both measured. This section discusses the measured pre tres lo es and compares the measured and the calculated values. The theoretical models for prestre s losses were discussed in details in Section 5.5 ofthi report. 
	7.8.1 MEASURED PRESTRESS LOSSES 
	Prestress losses were measured for each specimen by monitoring and recording strain in the prestressing strands prior to load testing. Since Girder BL was the first girder to be tested. only a limited amount of long-term prestress loss data was collected from Girder BL. The average mea ured prestress losses versus time for Girder AL. Girder BL, and Girder CL are shown in Figure 7.26, Figure 7.27. and Figure 7 .28, respectively. The two plot on each figure represent the average prestrcss losses recorded from
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	Figure 7.26: Measured Prestress Losses for Girder AL 
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	Figure 7.27: Measured Prestress Losses for Girder BL 
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	Figure 7.28: Measured Prestress Losses for Girder Cl 
	For Girder AL. the mea ured average instantaneous prestress losses due to elastic shortening were 12.65 ksi and 14.22 ksi at quarter-span and mid-span, respectively. and the measured average total prestress losses were 20.36 ksi and 23.04 ksi at quarter-span and mid-span. respectively. 
	For Girder BL. the measured average in tantaneous prestress los es due to elastic shortening were 25.55 ksi and 25.07 k i at quarter-span and mid-span. respectively. and the measured average total prestress losses were 27.21 ksi and 26.06 ksi at quarter-span and mid-span. respecti ely. 
	For Girder CL, the measured average instantaneous prestre s losse due to elastic shortening were 15.85 ksi and 16.61 ksi at qua1ter-span and mid-span. respectively, and the measured average total prestress losses were 22.50 I ksi and 22. 77 ksi at quarter-span and mid-span. respectively. 
	Due to the limited amount oftime-dependent prestress loss data obtained for Girder BL, only the prestress losses of Girder AL and Girder CL are compared. The averages of all strand strain gage readings are plotted for Girder AL and Girder CL in Figure 7.29. The nearly parallel curve suggest that the time­dependent losses are nearly identical for Girder AL and Girder CL. The main difference in the total prcstress losses is due to instantaneous losses. The average instantaneous losses were 13.55 ksi and 16.23
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	A summary of the average instantaneou and time-dependent prestress losses is shown in Table 7.7. Girder AL. Girder BL. and Girder CL had rime-dependent losses based on time span of80 days. 14 days. and 66 days. re pectively. Girder AL experienced the lea t amount of prestress lo. s due to elastic sho1tening. The prestress losses in Girder BL and Girder CL due to elastic shortening were 86.8% and I9.8%. respectively. greater than that for Girder AL. The time-dependent prestress losses. however, were lower in
	Table 7.7: Average Measured Prestress Losses 
	Prestress Loss (ksi) Girder AL Girder BL Girder CL 
	Instantaneous Loss 
	Instantaneous Loss 
	Instantaneous Loss 
	13.55 
	25 31 
	16.23 

	Time-Dependent Losses 
	Time-Dependent Losses 
	1322 
	6.403 

	Total Losses 
	Total Losses 
	21.89 
	26.63 
	22.63 

	1 @80 days after prestress transfer 2 @ 14 days after prestress transfer 3 @66 days after prestress transfer 
	1 @80 days after prestress transfer 2 @ 14 days after prestress transfer 3 @66 days after prestress transfer 


	The jacking stress, fPJ· and the initial prestress. t~ • were determined from measured strand strain before and after prestress release, respectively. The effecti e prestres . fµe, was then determined by subtracting the time-dependent losses from the initial prestress. Based on the prestress las es in Table 7.7, the prestressing strand tresses at fPr fp,-and fpc• are shown in Table 7.8. 
	1

	Jacking Stress, fpi Initial Prestress, fp; Effective Prestress, fpe 
	Table 7.8: Average Measured Strand Stress Girder AL 189.5 176.0 167 61 Strand Stress (ksi) Girder BL 189 1 163.8 162.52 Girder CL 191.4 175.2 168.83 
	@80 days after prestress transfer @14 days after prestress transfer @66 days after preslress transfer 
	1 
	2 
	3 

	7.8.2 THEORETICA L PRESTRESS LOSSES 
	In this section, the theoretical prestress losses are calculated and compared to the experimental prestre s losses. The prestre s loss models considered in thi study were discussed in details in Section 5.5 of this report. 
	For this study, the measured material properties were used to determine the theoretical prestress losses. Since relative humidity was not monitored during this study. a relative humidity of 60% was used for determining the theoretical prestres lo es as recommended by AASI-ITO Standard pecifications for Highway Bridges (2002). When applicable. the age of each specimen at load testing wa used to determine time-dependent prestress losse . The calculated prestress losses were used for determining the theoretica
	7.8.2.1 AASHTO Standard Specifications for Highway Bridges (2002) 
	Table 7.9 summarizes the itemized and the total prestress losses as determined by the AASHTO Standard Specifications method. Table 7.10 shows the calculated initial and effective prestress corresponding to the prestress losses presented in Table 7.9. 
	. . .. . . . .. . .. 
	Prestress Loss (ksi) 
	Girder AL1 
	Girder AL1 
	Girder AL1 
	Girder BL2 
	Girder CL" 

	Elastic Shortening (ES) 
	Elastic Shortening (ES) 
	10.80 
	10.64 
	10.09 

	Concrete Shrinkage (SH) 
	Concrete Shrinkage (SH) 
	: .. 
	: .. 
	8.00 

	Concrete Creep (CRc) 
	Concrete Creep (CRc) 
	20.44 
	20.39 
	20.68 

	Strand Relaxation (CRs) 
	Strand Relaxation (CRs) 
	2.50 
	2.52 
	2.56 

	Total (Ms) 
	Total (Ms) 
	41.74 
	41.55 
	41.33 


	Age at testing = 83 days. Prestress transfer @ 3 days Age at testing =48 days. Prestress transfer @ 3 days Age at testing =69 days. Prestress transfer @ 3 days 
	1 
	2
	3 

	Table 7.10: Calculated Initial and Effective Prestress-AASHTO Standard Specifications Girder AL 189 5 178.7 147 8 Strand Stress (ksi) Girder BL 189.1 178 5 147.6 Girder CL . ' 181.3 150.1 
	Jacking Stress, fpi (measured) f pi Effective Prestress, fpe 
	Initial Prestress, 

	7.8.2.2 AASHTO LRFD Bridge Design Specifications (2007) 
	The AASHTO LRFD Bridge Design Specifications prescribes an approximate estimate and a refined time step method for determining prestress losses. Only the approximate estimate of the time-dependent losses is discussed in this study. Table 7. 11 summarizes the calculated prestress losse . Table 7.12 shows the calculated initial and effective prestress corresponding to the prestress loss values presented in Table 7. 1 l . 
	Table 7.11 : Calculated Prestress Losses-AASHTO LRFD •Age at testing =83 days. Prestress transfer@ 3days 
	Age at testing = 118 days. Prestress transfer@ 3 days Age at testing = 69 days. Prestress transfer@ 3 days 
	2 
	3

	Table 7 .12: Calculated Initial and Effective Prestress-AASHTO LRFD Strand Stress (ksi) Girder AL Girder BL Girder CL 
	Jacking Stress, fp1 (measured) Initial Prestress, fpi Effective Prestress, fpe 189.5 178.7 162.1 1891 178.3 162.0 191.4 180.5 165.8 
	7.8.2.3 PCI Design Handbook (2004) 
	Table 7.13 summarizes the calculated prestress losses based on the PCI Design Handbook method. Table 
	7.14 shows the calculated initial and effective prestress corresponding to the pre tre s loss values presented in Table 7. 13. 
	... . -.. . 
	I • • • • • • • 
	Prestress Loss (ksi) 
	Girder AL1 
	Girder AL1 
	Girder AL1 

	Elastic Shortening (ES) 
	Elastic Shortening (ES) 
	10.28 

	Concrete Creep (CR) 
	Concrete Creep (CR) 
	16.41 

	Concrete Shrinkage (SH) 
	Concrete Shrinkage (SH) 
	7.51 

	Strand Relaxation (RE) 
	Strand Relaxation (RE) 
	2.54 

	Total (TL) 
	Total (TL) 
	36.74 


	, Age at testing=83 days. Prestress transfer@ 3days Age at testing =48 days. Prestress transfer @3days Age at testing =69 days. Prestress transfer @3 days 
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	Girder BL
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	10.12 
	18.39 
	7.51 
	2.49 
	38.51 
	Girder CL; 
	9.60 
	16.31 
	7.51 
	2.56 
	35.98 
	Figure
	7.8.2.4 PCI Committee on Prestress Losses (1975) 
	Table 7.15 summarizes the calculated prestress losses based on the repo1 by the PC! comminee on Prestress Losses. Table 7.16 shows the calculated initial and effective pre tress corresponding to the prestress loss values pre ented in Table 7. 15. 
	Table 7.15: Calculated Prestress Losses-PC! Committee on Prestress Losses 
	Prestress Loss (ksi) Girder ALGirder BLGirder CL
	1 
	2 
	3 

	Elastic Shortening (ES) 10.80 
	Elastic Shortening (ES) 10.80 
	Elastic Shortening (ES) 10.80 
	10.64 
	10.09 

	Concrete Creep (CR) 7.40 
	Concrete Creep (CR) 7.40 
	6.10 
	7.07 

	Concrete Shrinkage (SH) 5.91 
	Concrete Shrinkage (SH) 5.91 
	4.95 
	5.58 

	Cone. Comp. Stress (RET) 1.72 
	Cone. Comp. Stress (RET) 1.72 
	1.51 
	1.65 

	Total (TL) 25.83 
	Total (TL) 25.83 
	23.20 
	24 39 

	1 Age at testing = 83 days. Prestress transfer@ 3days 
	1 Age at testing = 83 days. Prestress transfer@ 3days 

	2 Age at testing = 48 days. Prestress transfer@ 3days 
	2 Age at testing = 48 days. Prestress transfer@ 3days 

	3 Age at testing = 69 days Prestress transfer @3 days 
	3 Age at testing = 69 days Prestress transfer @3 days 


	Table 7.16: Calculated Initial and Effective Prestress-PCI Committee on Prestress Losses 
	Figure
	7.8.3 COMPARISON OFMEASURED AND CALCULATED PRESTRESS LOSSES 
	The calculated prestress loss values varied amongst the four prestress loss models. Depending on the method used. the calculated total prestres loss varied between 12.3% and 22.0% of the jacking stress. The AASHTO tandard Specifications for Highway Bridge and the PCI Design Handbook methods resulted in similar pre tress loss values. with variations of no more than 2.8% of the jacking stress between the two models. On the other hand, the AASHTO LRFD Bridge Design Specifications and the 1975 PC[ Committee on 
	The measured and calculated effective prestress values are compared. The compari on i al o illusn·ated in Figure 7.30. The ratio of the measured effective prestress to the calculated effective prestress varied berv,een 0.98 and 1.13. All four model resulted in reasonable estimates of the total prestress losses. However, the calculated prestress lo ses based on the AASHTO LR.FD Bridge De ign Specifications and the 1975 PCI Committee on Prestress Los es were vi1tually identical to the measured prestress lo se
	Table 7.17: Ratio of Measured to Calculated Effective Prestress 
	Figure
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	Figure 7.30: Comparison of Measured and Calculated Effective Prestress 
	7.9 CAMBER 
	The initial camber was measured in each girder following the release of the prestressing strands. Immediately after release. each specimen was lifted slightly off the prestressing bed in order to relieve the friction between the bottom of the specimen and the prestressing bed. A surveyor·s level and a ruler graduated with decimal inches were used to measure the camber in each specimen. Elevations were measured on both sides at both ends and at mid-span of each specimen to determine the camber. The camber wa
	Table 7.18: Camber Measurements 
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	81 days after release 46 days after release J 67 days after release 
	1 
	2 

	The measured camber was larger in the SCC specimens than in the control pecimen. Girder BL had the largest measured camber and Girder AL had the smallest measured camber. Camber measurements in all three specimens were consistent with the instantaneous prestress losses due to elastic shortening. The largest amount of camber occurred in the member with the largest amount of prestress loss due to elastic shortening. As the elastic shortening increases. the member experiences an increase in camber. 
	Using the PCL Design Handbook (2004) methods as described in Section 5.6. the initial and final camber values were calculated for each girder. The measured material propertie were u ed in the calculation . Table 7.19 shows the calculated camber values for the three girders. 
	Figure
	The ratios of the mea ured to the calculated camber are shown in Figure 7.31. The initial camber ratios for Girder AL. Girder BL, and Girder CL were 0.46. 1.56. and 0.96. respectively. The final camber ratios for Girder AL, Girder BL, and Girder CL were 0.4 I, 0.85. and 0.69, respectively. The results indicate that there is a significant difference between the measured and the calculated re ult . Except for the initial camber of Girder BL. the calculated always exceeded the measured camber. The method for d
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	Figure 7.31 : Comparison of Measured and Calculated Camber 
	7.10 LOAD TESTING RESULTS 
	This section pre ents the experimental results that were obtained from load testing of the girder specimens. The repolied experimental results include general observations. development of concrete cracks. measured load-deflection relationship . and measured strain in the prestres ing stands. concrete, and shear reinforcement. 
	7. 10.1 GIRDER AL EXPERIMENTAL R ESUL TS 
	Girder AL was cast with conventional concrete and served as the control specimen. The load testing of Girder AL was perfo1111ed on ovember 6. 2007. Figure 7.32 hows Girder AL at different stages during the test. The first flexural tension crack occurred at mid-span at a load of 156.9 Kip and mid-span deflection of 0.346". The corresponding cracking moment wa 1540 Kip-ft. As the load was increa ed. additional flexural and flexural-shear cracks developed within approximately the middle third of the girder. ca
	of 2.90", shear cracks were detected in the girder web. The shear cracks were located between 2 and 10 feet from the north end of the pecimen. Girder AL failed in flexure at an ultimate load of243.6 Kips and a corresponding mid-span deflection of 5.46". The flexural failure wa manifested by crushing of the 
	compression concrete at mid-span. Following the conclusion of the test. the crack were surveyed and mapped. The crack maps ofGirder AL are provided in Appendix E. 
	Figure
	(a) 
	(a) 
	(a) 
	Before Loading (b) First Flexural Crack at Load= 157 Kips 

	(c) 
	(c) 
	Flexural and Flexural-Shear Cracks (d) Diagonal Shear Cracks at Load= 235 Kips 

	(e) 
	(e) 
	Girder AL Shortly before Failure (f) Crushing of Compression Concrete at Failure Figure 7.32: Girder AL at Different Stages during the Test 


	Figure
	Figure
	Figure
	7. 10.1.1 Measured Load-Deflection 
	Figure 7.33 shows the measured load-deflection plot. The load-deflection response was almost linear up to the point corresponding to the first flexural crack. As the load was increa ed. the additional flexural and flexural-shear cracks caused significant reduction in stiffness. Past the point of first flexural crack. the load-deflection response became non-linear. 
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	7.10.1.2 Measured Strand Strain 
	Strand strains were measured at mid-span and at quarter-span. Figure 7.34 hows a plot of the measured scrand strain at mid-span resulting from the externally applied load only. The plot does not include strain due to the prestressing force. the girder dead load. or the composite deck dead load. Prior to initiation of the first crack. the strand strain increased approximately linearly with an increase in the applied moment. 
	At the cracking moment of 1540 Kip-ft. the measured strand strain increased significantly. 
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	Figure 7.34: Measured Strand Strain at Mid-Span Resulting from External Load -Girder AL 
	Prior to the application of the actuator·s load, the average measured train in the prestressing strands was 53 78 micro-strain. Therefore. the measured strain values hown in Figure 7.34 were increased by 5378 micro-strain to account for the strain due to prestressing and self-weight. Figure 7.35 shows a plot of the external!_ applied moment ver us the mea ured strand strain at mid-span, includ ing the strain due to 
	prestressing and self-weight at. The prestressing strands had a yield train of I% or I 0.000 micro-strain. As shown in Figure 7.35. the strain in ome of the prestres ing strands reached the yield strain at a moment of 2125 Kip-ft. corresponding to an actuator load of approximately 217 Kips. 
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	Figure 7.35: Measured Strand Strain at Mid-Span Resulting from All Loads -Girder AL 
	The strain gages at quarter-span were placed on the same four strands that were in trumented at mid-spa11. Figure 7.36 shows a plot of the mea ured strand strain at quarter-span resulting from the externally applied moment only. This plot does not include strain due to the prestressing force. the girder dead load. or the compos ite deck dead load. The measured results indicate the following 
	I. The strain increased approximately linearly with an increase in the bending moment. 
	2. 
	2. 
	2. 
	Gage PS-I exhibited erratic readings above a moment of760 Kip-ft. Since no cracks had developed across the location of PS-I. the erratic readings may have been the result of a gage malfunction. 

	3. 
	3. 
	The measured strain values were consistent with the location of the strands relative to the bottom of the girder. For the same load. higher train values were exhibited by the strands that were located closer to the outermost tensile fiber. 

	4. 
	4. 
	At a moment ofapproximately I157 Kip-ft. corresponding to an actuator load of235 Kips. the strands at quarter-span experienced a sudden increase in strain. This increase in the strain coincided with the formation of the diagonal shear cracks at and close to the quarter-span. The increase in the tensile strain reflects the shear­flexure interaction. Park and Paulay ( 1975) showed that the formation ofdiagonal shear cracks increase the tension in the flexural reinforcement. 
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	Figure 7.36: Measured Strand Strain at Quarter-Span Resulting from External Load -Girder AL 
	Figure 7.37 shows the measured strand strain at quarter span after the initial strain due to prestress and the specimen·s self-weight are added to the strain resulting from the externally applied load. The maximum strain at quarter-span was approximately 5720 micro-strain which indicates that the strand at quarter­span remained significantly below the yield train during the test. 
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	Figure 7.37: Measured Strand Strain at Quarter-Span Resulting from All Loads -Girder AL 
	7.10.1.3 Measured Concrete Strain 
	Figure 7.38 shows a plot of the measured concrete strain at mid-span resulting from the externally applied moment only. Figure 7.39 shows the measured concrete strain after the initial strains due co prestressing and self-weight were calculated and added to the measured strain. The concrete strains due to prestressing and self-weight were relatively small compared to the strains due to the applied moment at mid-span. At the first flexural crack, which occurred at a load of 157 Kips (or moment of 1540 Kip-ft
	Figure 7.38 shows a plot of the measured concrete strain at mid-span resulting from the externally applied moment only. Figure 7.39 shows the measured concrete strain after the initial strains due co prestressing and self-weight were calculated and added to the measured strain. The concrete strains due to prestressing and self-weight were relatively small compared to the strains due to the applied moment at mid-span. At the first flexural crack, which occurred at a load of 157 Kips (or moment of 1540 Kip-ft
	moved upward and the tensile strains in EM-8. EM-9, EM-I 0, and EM-I I increased. Gages EM-12 and EM-13, which were placed at 3.5" below the top of the deck. remained in compression throughout the te t. 
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	The embedded strain gages at quarter-span were placed at the same relative locations as the embedded strain gages at mid-pan. Figure 7.40 hows a plot of the measured concrete strain at quarter-span resulting from the externally applied moment only. Figure 7.41 shows the measured concrete strain after the initial strains due to prestressing and self-weight were calculated and added to the measured strain. The measured strain increased approximately linearly with an increase in the moment. This suggests that 
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	Figure 7.40: Measured Concrete Strain at Quarter-Span Resulting from External Load -Girder AL 
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	Figure 7.41 : Measured Concrete Strain at Quarter-Span Resulting from All Loads -Girder AL 
	7.10.1.4 Measured Top and Bottom Strains at Mid-Span 
	Girder AL was instrumented with LVDTs attached horizontally to the top and bottom of the girder at mid-span. The measurements obtained from the LYDTs were used to evaluate the section curvature. monitor the outermost compressive concrete strain. and detect the first flexural crack at the bottom of the section. Figure 7.42 and Figure 7.43 show the applied moment versus the strain at the top and the bottom LVDT locations. respecrively. Both curve show approximately linear Moment-Strain relationships until the
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	Figure 7.43: Measured Tensile Strain along Bottom Horizontal LVDT at Mid-Span -Girder AL 
	7.10.1.5 Measured Strain in the Shear Reinforcement 
	The plots of applied shear force versus stirrup strain are shown in Figure 7.44. Figure 7.45. Figure 7.46, and Figure 7.4 7 for the stirrups at 22.5". 52.5". 82.5". and I 12.5" from the no1th end of the girder, respectively. The applied shear force does not include the hear due to self-weight of the specimen. For each stimtp, readings from three strain gages were collected. A sharp increase in at least one strain gage indicates the development of a web-shear crack that crosses the stirrup. All four plots in
	hear cracking occurred near the end of load testing at an applied shear of approximately 118 Kips . 
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	Figure 7.44: Measured Strain along Stirrup@ 22.5" -Girder AL 
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	Figure 7.45: Measured Strain along Stirrup@ 52.5" -Girder AL 
	140 120 
	r_l____ ______ ~ ~ ir:.AL
	__ , 
	v, 100 
	C. 
	~ 
	If 
	~ 80 
	QI 
	.c 
	V) 
	-o 60 
	.!!! 
	Figure
	ci. 
	C. 
	<t 40 
	-~ 
	-

	20 
	4

	0 
	~sr-7 
	Figure
	Stirrup @ 82.S" 
	r-
	I ST-9 _ sT-8 _ ST-7 
	.-~ 

	0 oc -0 
	-150 0 150 300 450 600 750 Stirrup Strain (µStrain) Figure 7 .46: Measured Strain along Stirrup@ 82.5" -Girder AL 
	140 
	120 
	Figure
	vi' 100 Girder AL 
	C. 
	~ Stirrup@ 112.5" 
	r 
	"' QI ii 
	.. 
	80 

	.c 
	V) ~sT-10 
	l· 
	-0 
	60

	.!!! 
	C. 
	~

	ci. I ~ sr-11 40 !&
	ct 
	-

	~2 
	~ 
	20 
	Co~n 
	0 -150 0 150 300 450 600 750 Stirrup Strain (µ Strain) 
	Figure 7-47: Measured Strain along Stirrup@ 112.5" -Girder AL 
	7.10.2 GIRDER BL EXPERIMENTAL R ESULTS 
	Girder BL was cast with SCC and tested under monotonic increasing load. The load testing of Girder BL was perfonned on October 2. 2007. Figure 7.48 shows Girder BL at different stages during the test. The response of Girder BL was similar to that of Girder AL. Therefore, many of the ob ervation and conclusions made during the testing of Girder AL were equally applicable to the testing of Girder BL. The first flexural tension crack occutTed at mid-span at a load of 161.1 Kips and mid-span deflection of 0.367
	ST-10 
	5.09". The flexural failure was manifested by crushing of the compression concrete at mid-span. Following the conclusion of the test. the cracks were surveyed and mapped. The crack maps of Girder BL are provided in Appendix E. 
	Figure
	(a) Before Loading (b) First Flexural Cracks at Load= 161 Kips 
	Figure
	(c) 
	(c) 
	(c) 
	Flexural and Flexural-Shear Cracks (d) Diagonal Shear Cracks at Load = 245 Kips 

	(e) 
	(e) 
	Girder BL Shortly before Failure (f) Crushing of Compression Concrete at Failure Figure 7.48: Girder BL at Different Stages during the Test 


	Figure
	7.10.2.1 Measured Load-Deflection 
	Figure 7.49 shows the measured load-deflection plot. The load-deflection response was almost linear up to the point corresponding to the first flexural crack. As the load was increased. the additional flexural and flexural-shear cracks caused significant reduction in stiffness. Pa t the point of first flexural crack. the load-deflection response became non-linear. 
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	7.10.2.2 Measured Strand Strain 
	Strand strains were measured at mid-span and at quarter-span. Figure 7.50 shows a plot ofthe measured strand strain at mid-span resulting from the externally applied load only. The plot does not include strain due to the prestre ing force. the girder dead load. or the compo ite deck dead load. Prior to initiation of the first crack. the strand strain increased approximately linearly with an increase in the applied moment. At the cracking moment of 1581 Kip-ft. the measured strand strain increased significan
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	Figure 7.50: Measured Strand Strain at Mid-Span Resulting from External Load -Girder BL 
	Prior to the application of the actuator· load. the average measured train in the prestressing strands was 5658 micro-strain. Therefore. the measured strain values shown in Figure 7.51 were increased by 5658 micro-strain to account for the strain due to prestressing and sci f-weight. Figure 7 .5 I shows a plot of the externally applied moment versus the mea ured strand strain at mid-span. including the strain due to prestressing and self-weight at. The prestressing strands had a yield strain of 1% or 10.000
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	Figure 7.51: Measured Strand Strain at Mid-Span Resulting from All Loads -Girder BL 
	The strain gages at quarter-span were placed on the same four strands that were instrumented at mid-span. Figure 7.52 shows a plot of the measured strand strain at quarter-span resulting from the externally applied moment only. This plot doe not include strain due to the prestressing force, the girder dead load, or the composite deck dead load. The measured results indicate the following 
	I. The strain increased approximately linearly with an increase in the bending moment. 
	2. 
	2. 
	2. 
	The measured strain values were consistent with the location of the strands relative to the bottom of the girder. For the same load. higher strain values were exhibited by the strands that were located closer to the outermost tensile fiber. 

	3. 
	3. 
	lO an actuator load of 245. • Kips, the strands at quarter-span experienced a sudden increase in train. This increase in the strain coincided with the formation of the diagonal shear cracks at and close to the quarter-span. The increase in the tensile strain reflects the shear­flexure interaction. Park and Paulay ( I 975) showed that the formation ofdiagonal shear cracks increase the tension in the flexural reinforcement. 
	At a moment ofapproximately 1205 Kip-ft. corresponding 
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	Figure 7.53 shows the measured strand strain at quarter span after Lhe initial strain due to prestress and the 
	pecimen·s self-weight are added to the strain resulting from the externally applied load. The maximum strain at quarter-pan was approximaLely 6000 micro-strain which indicates that the trands at quarter­span remained significantly belO\ the yield strain during the test. 
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	7.10.2.3 Measured Concrete Strain 
	Figure 7.54 shows a plot of the measured concrete strain at mid-span resulting from the externally applied moment only. Figure 7.55 shows the measured concrete strain after the initial strains due to prestressing and self-weight were calculated and added to the measured strain. The concrete strain due to prestressing and self-weight were relatively mall compared to the strains due to the applied moment at mid-span. At the first flexural crack. which occu1Ted at a load of 161.1 Kips (or moment of 1581 Kip-ft
	Figure 7.54 shows a plot of the measured concrete strain at mid-span resulting from the externally applied moment only. Figure 7.55 shows the measured concrete strain after the initial strains due to prestressing and self-weight were calculated and added to the measured strain. The concrete strain due to prestressing and self-weight were relatively mall compared to the strains due to the applied moment at mid-span. At the first flexural crack. which occu1Ted at a load of 161.1 Kips (or moment of 1581 Kip-ft
	could be the fact that a crack did not intersect and engage gages EM-8 and EM-9. but rather occurred on 111 sequence. Gages EM-12 and EM-13 remained in compression throughout the load test. 
	either side of them. The crack propagated upward as they engaged strain gages E:vl-10 and EM-I I 
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	The embedded strain gages al quarter-span were placed at the same relative locations as the embedded strain gages at mid-span. Figure 7 .56 shows a plot of the mea ured concrete strain at qua1ter-span resulting from the externally applied moment only. Figure 7.57 shows the measured concrete strain after the initial strains due to prestressing and self-weight were calculated and added to the measured strain. The measured strain increased approximately linearly with an increase in the moment. This suggests th
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	Figure 7.57: Measured Concrete Strain at Quarter-Span Resulting from All Loads -Girder BL 
	7.10.2.4 Measured Top and Bottom Strains at Mid-Span 
	Girder BL was in trumented with a longitudinal LVDT attached to the bottom flange of the girder. The purpose of the LVOT was to detect the fir t flexural crack at 111 id-span. Girder BL was tested before Girder AL. The decision to add a longitudinal LVDT along the top flange was made after Girder BL was tested. Without the top LVDT, a strain profile could only be constructed using the strain from the bottom LVDT and the concrete-embedded strain gages. Figure 7.58 shows the applied moment versus the strain a
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	7.10.2.5 Measured Strain in the Shear Reinforcement Plots of the applied shear force versu stirrup strain are shown in Figure 7.59, Figure 7.60. Figure 7.6 I. and Figure 7.62 for the stirrup at 22.5". 52.5", 82.5", and 112.5" from the north end of the girder. respectively. The applied shear force does not include the shear due to self-weight of the specimen. For each stirrup. readings from three strain gages were collected. A sharp increase in at least one strain gage indicates the development of a web-shea
	developed and intersected the stirrup located at 112.5" at an applied shear of approximately 123 Kips. This result is also consistent with the crack map shown in Appendix E. 
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	7.10.3 GIRDER CL EXP£RIM£ 'TAL RESULTS 
	Girder CL was cast with SCC and tested under increasing cyclic loads. The purpose for the cyclic loading was to investigate the effect of load cycling on stiffness degradation and strength of the girder. The load testing of Girder CL was performed on October 23. 2007. The pecimen was subjected to eight load cycles. Load cycles 1, 2. and 3 were load-controlled and reached load maxima of approximately 50 Kips. I 00 Kips. and 150 Kip , respectively. The remaining cycles were displacement-controlled and reached
	0.3 17". The cracking load corresponded to a mid-span moment of 1499 Kip-ft. As the load was increased, additional flexural and flexural-shear cracks developed within approximately the middle third ofthe girder. causing igniftcant reduction in stiffness. It was observed that the flexural cracks occurred at the locations of the transver e reinforcement. At a load of 219 Kips and a corresponding mid-span deflection of I .47". the first diagonal shear cracks were detected in the girder web , ithin 6 feet from 
	Figure
	(a) Before Loading (b) First Flexural Cracks at Load = 153 Kips 
	Figure
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	(c) 
	Flexural and Flexural-Shear Cracks (d) Diagonal Shear Cracks at Load= 219 Kips 

	(e) 
	(e) 
	Diagonal Shear Cracks at Load = 232 Kips (f) Crushing of Compression Concrete at Failure Figure 7.63: Girder CL at Different Stages during the Test 


	Figure
	7.10.3.1 Measured Load-Deflection 
	Figure 7.64 shows the measured cyclic load-deflection plot. The envelope of the cyclic respon e curve is shown in Figure 7.65. The load-deflection response was almost linear up to the point corresponding to the first flexural crack. As the load was increased, the additional flexural and flexural-shear crack 
	caused significant reduction in stiffness. Past the point of first flexural crack. the load-deflection response became non-linear. 
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	7.10.3.2 Measured Strand Strain 
	Strand strains were measured at mid-span and at quarter-span. Figure 7.66 shows a plot of the measured 
	trand strain at mid-span re ulting from the externally applied load only. The plot does not include strain due to the prestressing force, the girder dead load. or the composite deck dead load. Prior to initiation of the first crack. the strand strain increased approximately linearly with an increase in the applied moment. At the cracking moment of 1565 Kip-ft. the measured strand train increased significantly. 
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	Figure 7.66: Measured Strand Strain at Mid-Span Resulting from External Load -Girder CL 
	Prior to the application of the actuator·s load. the average measured strain in the prestressing strands was 5730 micro-strain. Therefore, the measured strain values shown in Figure 7.66 were increased by 5730 micro-strain to account for the strain due to pre tressing and self-weight. Figure 7.67 shows a plot of the externally applied moment versus the mea ured strand strain at mid-span. including the strain due to prestressing and self-weight at. The pre tressing strands had a yield strain of I% or 10,000 
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	Figure 7.67: Measured Strand Strain at Mid-Span Resulting from All Loads -Girder CL 
	The strain gage at qua1ter-span were placed on the same four trand that were instrumented at mid-span. Figure 7.68 shows a plot of the mea ured strand strain at quarter-span resulting from the externally applied moment only. This plot does not include strain due to the pre tressing force, the girder dead load. or the composite deck dead load. The measured results indicate the following 
	I. The strain increased approximately linearly with an increase in the bending moment. 
	2. 
	2. 
	2. 
	The mea ured strain values were consistent with rhe location of the strands relative to the bottom of the girder. For the same load, higher strain values were exhibited by the strands that were located closer to the outermost tensile fiber. 

	3. 
	3. 
	At a moment of approximately 1140 Kip-ft. corresponding to an actuator load ofapproximately 234 Kips. the strands at quarter-span experienced a sudden increase in strain. This increase in the strain coincided with the formation of the diagonal shear cracks at and close to the quarter-span. The increase in the tensile strain reflects the shear-flexure interaction. Park and Paulay (1975) showed that the fonnation of diagonal shear cracks increase the tension in the flexural reinforcement. 
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	Figure 7.69 shows the mea ured strand strain at quarter span after the initial strain due to prestress and the specimen·s self-weight are added to the strain resulting from the externally applied load. The maximum strain at quarter-span was approximately 6085 micro-strain which indicates that the strands at quarter­span remained significantly below the yie ld strain during the test. 
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	Figure 7.69: Measured Strand Strain at Quarter-Span Resulting from All Loads -Girder CL 
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	7.10.3.3 Measured Concrete Strain 
	Figure 7.70 shows a plot of the measured concrete strain at mid-span resulting from the externally applied moment only. Figure 7. 71 how the measured concrete strain after the initial strains due to pre tressing and self-weight were calculated and added to the measured strain. Figure 7.71 indicates that gages EM-8 and EM-9 experienced initial compressive strains and gage EM-IO experienced initial tensile strain. Contrary to what was expected. the initial section cracking did not cause substantial change in 
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	12 and EM-13 at a load of 236.8 kips indicates the in.itiation of concrete crushing in the deck. 
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	The embedded strain gage at quarter-span were placed at the same relative location as the embedded strain gages at mid-span. Figure 7.72 shows a plot of the mea ured concrete strain at quarter-span 
	resulting from the externally applied moment only. Figure 7.73 shows the measured concrete strain after the initial strains due to prestressing and self-weight were calculated and added to the measured strain. The measured strain increased approximately linearly with an increase in the moment. This suggests that flexural cracking did not occur at quarter-span. The variation among the strain gage readings was consistent with the locations of the gages. Gages EM-6 and EM-7, which were located at the same dept
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	7.10.3.4 Measured Top and Bottom Strains at Mid-Span 
	Girder CL was instrumented with LVDTs attached horizontally to the top and bottom of the girder at mid­span. The measurements obtained from the LVDTs were used to evaluate the section curvature. monitor the outermost compressive concrete strain, and detect the first flexural crack at the bottom of the section. Figure 7.74 and Figure 7.75 show the applied moment versus the strain at the top and the bottom LVDT locations, respectively. The top LVDT showed few erratic data points which may have been due to 
	Girder CL was instrumented with LVDTs attached horizontally to the top and bottom of the girder at mid­span. The measurements obtained from the LVDTs were used to evaluate the section curvature. monitor the outermost compressive concrete strain, and detect the first flexural crack at the bottom of the section. Figure 7.74 and Figure 7.75 show the applied moment versus the strain at the top and the bottom LVDT locations, respectively. The top LVDT showed few erratic data points which may have been due to 
	momentary sticking of the LVDT plunger. The plots in Figure 7.74 and Figure 7. 75 show approximately linear Moment-Strain relationships until the point offirst flexural crack. 
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	7.10.3.5 Measured Strain in the Shear Reinforcement 
	The plots of applied shear force versus stirrup strain are shown in Figure 7.76, Figure 7.77, Figure 7.78, and Figure 7.79 for the stirrups at 22.5", 52.5". 82.5", and 112.5" from the north end of the girder. respectively. The applied shear force does not include the shear due to self-weight of the specimen. For each stirrup, readings from three strain gages were collected. A sharp increase in at least one strain gage indicates the development of a web shear crack that crosses the stirrup. The lack of sudde
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	7.11 ANALYSIS OF FLEXURAL B EHAVIOR AND STRENGTH 
	This section presents an analysis of the flexural behavior of the girders. The analysis includes a comparison of the load-deflection characteristics of the three specimens, the effect of cyclic loading on the effective stiffness. and analytical evaluation of the flexural response. cracking moment. flexural strength, and flexural rigidity. 
	7.11.J MEASURED LOAD-DEFLECTION CHARACTERISTICS 
	A comparison of the load-deflection test results indicates a significant similarity among the three specimens despite the small variation in concrete strength from one specimen to another. Table 7.20 presents a summary of the measured cracking moment, flexural strength, and the corresponding mid-span deflections. Figure 7.80 shows the measured load-deflection curves for the three girders plotted together 
	on the same graph. The plots clearly show that the differences in stiffness, strength, and ductility among the three specimens were relatively small. 
	The pre-cracking effective stiffness. defined as the ratio of the load at fir t flexural crack to the corresponding mid-span deflection. wa 453 Kip/in, 439 Kip/in. and 415 Kip/in for Girder AL, Girder BL, and Girder CL. re pectively. Therefore. the measured pre-cracking effective tiffness of Girder BL was only 3.1 percent lower than that of control girder (Girder AL). However, the measured pre-cracking stiffness of Girder CL was 8.4 percent lower than that of Girder AL. It should be noted that Girder CL was
	The load carrying capacities of the three girders were nearly identical. The mea ured ultimate load of Girder BL was l.5 percent higher, while the measured ultimate load of Girder CL was I. I percent lower, than that of Girder AL. 
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	Figure 7.80: Comparison of Measured Load-Deflection Relationships 
	7.11.2 EFFECTIVE STIFFNESS UNDER CYCLIC LOADING 
	The effect of the maximum applied load on the stiffness of the girder was determined based on the measured load-deflection envelope shown in Figure 7.57. For each load cycle. the effective stiffness was determined as the slope of the secant joining the origin to the point at the end of the load cycle segment. Table 7.21 presents a summary of the measured effective stiffness. The re ults how that the effective stiffness decrea ed with an increase in the maximum applied load. It is well known that flexural cr
	decreased with an increase in the maximum load reached during the load cycle. The reduction in stiffness at the pre-cracking condition may be the result ofconcrete internal micro-cracking and/or slippage of the prestressing strands. Table 7.21 also shO\vs the rate of effective tiffness degradation. which was determined as the ratio of the change in stiffness to the change in the maximum load reached between successive cycles. For the pre-cracking load c, cles. the rate of stiffness degradation increased wit
	Table 7.21 : Measured Effective Stiffness 
	Load Cycle 
	Load Cycle 
	Load Cycle 
	Effective Stiffness, Ke (Kip/in) 
	Effective Stiffness Degradation Rate (Kip/in/Kip) 

	100 Kips* 
	100 Kips* 
	508.6 
	0.398 

	150 Kips* 
	150 Kips* 
	482.1 
	0.530 

	0.5 in. 
	0.5 in. 
	349.7 
	510 

	0.9 in. 
	0.9 in. 
	I 
	224.5 
	5 21 

	1.3 in. 
	1.3 in. 
	166.6 
	3.62 

	2.0 in. 
	2.0 in. 
	114.8 
	3.70 

	Failure 
	Failure 
	40.5 
	5.71 


	*Pre-cracking load cycles 
	*Pre-cracking load cycles 

	7. I1.3 ANAL YT/CAL E VALUATION OF FLEXURAL BEHAVIOR The analytical flexural response was obtained using the computer program Response-2000 (Bentz and Collins 2000). The program input includes the cross-sectional dimensions, material properties for concrete. reinforcement. and prestre sing strands. and the amount and location of reinforcement. Response-2000 also allows the u er to define a composite deck by applying a strain discontinuity to the section. After specifying the required inputs. the user may so
	the type of supports. Solving the member response yields a ful l load-deflection plot as well as the deflection and curvature distribution along the length of the member. 
	7.11.3.1 Load-Deflection Relationships 
	The analytical load-deflection relationships were calculated and compared to the mea ured values. The analytical and experimental results are plotted in Figure 7.81. 7.82, and 7.83 for Girder AL. BL, and CL respectively. 
	In all three girders. the theoretical pre-cracking effective stiffness wa lower than the respective measured effective stiffness. Table 7.22 presents a comparison between the theoretical and measured values. The ratio oftbe theoretical co the mea ured pre-cracking effective stiffness was 0.75. 0.71. and 0.84 for Girder AL. Girder BL, and Girder CL, re pectively. After the point of first flexural crack. the analytical model resulted in instantaneous stiffne values higher than the respective experimental valu
	The theoretical ultimate loads obtained from Response-2000 were in excellent agreement with the measured values. Table 7.23 presents a comparison between the theoretical and measured values. The theoretical and the respective measured ultimate loads were nearly identical for all three specimens. 
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	Figure 7.82: Analytical and Experimental Load-Deflection -Girder BL 
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	313 
	313 
	313 
	0.71 

	347 
	347 
	415 
	0.84 


	t As determined by Response-2000 
	t As determined by Response-2000 

	arison of Theoreticalt and Measured Ultimate Loads 246.0 247.3 0.99 247.3 241 .0 1.03 
	-As determined by Response-2000 
	-As determined by Response-2000 

	7.11 .3.2 Moment-Curvature Relationships 
	The analytical moment-curvature relationships were calculated and compared to the measured values. The analytical relation hips were determined using Response-2000. The experimental relationships were determined using measured strain . Knowing the measured strain values t 1 and t:2 at two different elevations along the section height and the distance h between these two elevations. the experimental curvature (() can be determined as (() = (P.1 -c)/ h. The experimental strain values were obtained from the to
	2

	LVDTs at high deformations, they were removed from the te t et up prior to the end of the test. Thus. the experimental measurement hown in the moment-curvature plot were terminated prematurely. 
	For Girder AL and Girder CL, the experimental and analytical moment-curvature relationships were in excellent agreement. However, the experimental curvature of Girder BL was ignificantly lower than the analytical curvature for most of the experimental data range. lt is believed that the horizontal LVDTs provided a more realistic average strain than the embedded gages. This is due to the fact tlrnt the gage length of the LVDT spanned across several flexural cracks. whereas the embedded gage readings may have
	The theoretical ultimate moment obtained from Response-2000 wa 2,420 Kip-ft, 2.414 Kip-ft. and 2,427 
	Kip-ft for Girder AL, Girder BL. and Girder CL. respectively. A comparison of analytical and experimental flexural strength is covered in Section 7.1 1.3.4. 
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	7.11.3.3 Cracking Moment 
	The cracking moment, Mer . wa determined analytically according to the ACI 318 code (2008) and the AASHTO LRFD Bridge Design Specifications (2007) methods. The equations for the cracking moment were presented by Equation 5.40 and Equation 5.46. The measured concrete strength was used for detem,ining the analytical cracking moment. The measured and the theoretical cracking moments are summarized in Table 7 .24. The results show an excellent agreement between the measured and the analytical values. Girder AL 
	1578 1528 1582 1540 1581 1499 0.97 1.03 0 94 0.98 1.04 0 95 
	7.11 .3.4 Flexural Strength 
	The nominal flexural strengths of the girders were determined using the ACI 3 18 (2008) and the AASHTO LR.FD Bridge Design Specifications (2007). The method for determining the nominal flexural strength were covered in ection 5.7. Table 7.25 summarizes the calculated nominal flexural strengths. the calculated ultimate moment by Response-2000, and the measured ultimate moments. The measured results were in excellent agreement with the analytical value obtained from the code methods 
	and the computer program. The ratio of the measured to the analytical flexural trength varied between 
	0.94 and 1.03. 
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	7.11 .3.5 Flexural Rigidity for Deflection Calculations 
	Flexural rigidity is defined as the product of the modulus of elastic it , £. and the moment of inertia./. In this study. the experimental flexural rigidity of the test specimens was determined indirectly using the measured load-deflection , alues. The experimental rigidities were then compared to the analytical flexural rigidities calculated using the ACI code prescribed I and E. 
	For the purpose of calculating the deflection of simply supported reinforced concrete beams, the ACI code (2008) permits the use of the concrete elastic modulus and the effective moment of inertia at mid­span. The concrete elastic modulus is given by Equation 5.2. The effective moment or ine11ia is given in the ACI code by the following equation. 
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	Figure
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	where 
	le = effective moment of inertia. in.i 
	le = effective moment of inertia. in.i 
	Figure

	cracki ng moment. Kip-in (or lb-in) 
	maximum moment in a member at the stage deflection i computed, Kip-in (or lb-in) gross moment of inertia. inmoment of inertia of the cracked section, in
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	4 

	Thus, for an applied moment of les than or equal to the cracking moment, the effective moment of inertia would be equal to the gros moment of ine,tia of the concrete section. When the applied moment is greater than the cracking moment. the effective moment of inertia is reduced below the gross moment of inettia in accordance with Equation 7.1. AASHTO (2007) adopted the ACI method for the effective moment of inertia. 
	The experimental flexural rigidities were obtained using the measured load-deflection and the theoretical deflection of elastic beams. For a simply upported beam with a point load applied at mid-span. the mid­span deflection can be obtained using the following equation . 
	p L3 
	p L3 

	ll=--(7.2) 48£[ 
	where 
	!::,. mid-span deflection. in p = applied load. Kips (or lb ) L = pan length of the member. in El = flexural rigidity, Kip-in" (or lb-in) 
	1

	Rearranging Equation 7.2 for El. the following equation is obtained. 
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	The experimental and analytical effective rigidities are shown in Figure 4.87. Figure 4.88, and Figure 4.89 for Girder AL, Girder BL. and Girder CL. respectively. Unlike the code model which assumes constant pre-cracking rigidity. the experimental pre-cracking rigidity decreased with an increa e in the moment at the mid-span. Ln all three specimens. the pre-cracking measured rigidity was higher than the respective analytical effective rigidity. Therefore. the code model provides a con ervative estimate of t
	For moments higher than the ervice load moments. the flexural re ponse become non-linear and. therefore. the code approach for calculating beam deflections would not be applicable. For service load moments that are greater than the cracking moment, the experimental rigidity wa similar to the analytical rigidity for Girder AL. slightly higher than the analytical rigidity for Girder BL. and slightly lower than the analytical rigidity for Girder CL. In general, the code approach provided an acceptable and cons
	To assess the effect of the mid-pan moment on the experimental effective rigidity. the trends of the pre­cracking and the post-cracking experimental rigidity data points were uperimpo ed on each of the effective rigidity plots. The trend lines £/1and Eh correspond to the pre-cracking and the post-cracking experimental effective rigidities. re pectively. El1 was developed for the data point within a moment of 500 Kip-ft and the cracking moment, while Eh was developed for the data points between the cracking 
	rates for both un-cracked and cracked sections. The effect of cracking on the rigidity change rate was similar among the three girders. 
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	Figure
	7.12 ANALYSIS OF CONCRETE SHEAR STRENGTH 
	In this study. the experimental concrete shear strength was evaluaLed and compared to the analytical concrete shear trength obtained using the provisions of the A Cl code (2008) and the simplified procedure of the AASHTO LRFD (2007). The code provisions were covered in Section 5.8 of this report. This 
	ection covers the evaluation of the experimental and analytical shear strength value and compares the experimental and analytical results. 
	7.12.J EXPERIMENTAL E VALUA TJON OF CONCRETE SHEAR STRENGTH 
	The measured strain in the stirrups before and after the development of the inclined shear cracks were used to determine the concrete experimental shear strength. llv The measured stitTup strains were presented in Section 7 .10 of this report. 
	As mentioned before, each instrumented tirrup was titted with three strain gages. When an inclined shear crack develops and inter ects a stirrup. the strain gage on the stirrup leg that is closest to the shear crack wil I most likely register the highest strain among the three gages. Therefore. the largest of the three strain values that occurred immediately after cracking was used to determine the axial stress in the stitTup. The number of stirnrps that intercept a shear crack was determined experimentally
	As mentioned before, each instrumented tirrup was titted with three strain gages. When an inclined shear crack develops and inter ects a stirrup. the strain gage on the stirrup leg that is closest to the shear crack wil I most likely register the highest strain among the three gages. Therefore. the largest of the three strain values that occurred immediately after cracking was used to determine the axial stress in the stitTup. The number of stirnrps that intercept a shear crack was determined experimentally
	1

	carries by the shear reinforcement was determined. The concrete shear capacity was then determined at the location ofeach instrumented stirrup by subtracting the force carried by the stirrups from the applied shear force at the time of cracking. 

	Figure
	Figure 7.90: Inclination Angle of a Shear Crack 
	The experimental evaluation of the concrete shear capacity is presented in Table 7.27. Table 7.28, and Table 7.29 for Girder AL. Girder BL. and Girder CL, respectively. The applied shear forces shown in the tables include the shear due to the self-weight of the specimen. In some cases, the specimen failed in flexure prior to the development of the shear cracks at all instrumented stirrup locations. For such cases, the measured shear strain in the stirrups was negligible since the shear reinforcement was not
	62.5 504.5 625.8 3.3 16.3 26.3 32.7 130.5 115.3 103.1 94 5 r Measured from the end of the girder 
	241.7 601 .0 378.4 12.6 31.4 19.8 135.3 120.5 99.5 108.9 
	t Measured from the end of the girder 
	t Measured from the end of the girder 

	Following the development of inclined shear cracks. the stirrups experienced increased strain with an increase in the applied shear. The change in the applied shear and the corresponding measured change in the force carried by the shear reinforcement are summarized in Table 7 .30. Table 7.3 I, and Table 7.32 for Girder AL, Girder BL, and Girder CL, respectively. The results show that. in mo t of the cases, the increase in the force carried by the shear reinforcement was higher than the corresponding increa 
	Figure
	r Measured from the end of the girder 
	r Measured from the end of the girder 

	Figure
	Figure
	t Measured from the end of the girder 
	t Measured from the end of the girder 


	Figure
	t Measured from the endof the girder 
	t Measured from the endof the girder 

	7. I2.2 COMPARISON OF EXPERIMENTAL AND ANALYT/CAL CONCRE7E SHEAR STRENGTH 
	The nominal shear strength of the concrete was calculated using the provi ions of the ACI code (2008) and the simplified procedure or the AASHTO LRFD (2007). The experimental results obtained above and the analytical results are summarized and compared in Table 7.33. The experimental values reported in the highlighted cells are lower bound estimates of the shear strength since no hear cracks had developed at the respective locations. 
	The results indicate that the AASHTO implified method resulted in highly conservative estimates of the concrete nominal shear trength. The ratio of the experimental to the AASHTO nominal shear strength 
	The results indicate that the AASHTO implified method resulted in highly conservative estimates of the concrete nominal shear trength. The ratio of the experimental to the AASHTO nominal shear strength 
	varied between 1.44 and 2.40. On the other hand. the ACI method resulted in overestimation of the nominal shear strength in some cases. The ratio of the experimental to the ACI nominal shear strength varied between 0.86 and 1.42. It should be noted that when a strength reduction factor cp of 0.75 is applied to the ACI nominal hear trength values. all of the design shear trength (cpVc) values would be well below the corresponding experimental shear strength values. 

	Table 7.33: Comparison of Experimentalt and Analytical Shear Stren 
	Table 7.33: Comparison of Experimentalt and Analytical Shear Stren 
	Table 7.33: Comparison of Experimentalt and Analytical Shear Stren 

	Locationt Experimental AASHTOi (in) Vc(Kips) Ve (Kips) 
	Locationt Experimental AASHTOi (in) Vc(Kips) Ve (Kips) 
	ACI Ve (Kips) 
	Exp. Ve/AASHTO Ve 
	Exp. Ve/ACI Ve 

	130.5 
	130.5 
	107 4 
	2.07 
	1.22 

	52.5 115.3 64.0 AL 
	52.5 115.3 64.0 AL 
	108.3 
	1.80 
	1.06 

	82.5 103.1 64.8 
	82.5 103.1 64.8 
	109.2 
	1.59 
	0.94 

	112.5 94.5 65.5 
	112.5 94.5 65.5 
	109.9 
	1.44 
	0.86 

	22.5 138.T 57.9 
	22.5 138.T 57.9 
	97.5 
	2.40 
	1.42 

	52.5 136.5" 58.8 BL 
	52.5 136.5" 58.8 BL 
	98 4 
	2.32 
	1.39 

	82.5 134.J 59.6 
	82.5 134.J 59.6 
	99 3 
	2.25 
	1.35 

	112.5 120 3 60.3 
	112.5 120 3 60.3 
	100.0 
	2.00 
	1.20 

	22.5 135.3" 63.6 
	22.5 135.3" 63.6 
	108.2 
	2.13 
	1.25 

	52.5 120.5 64.6 CL 
	52.5 120.5 64.6 CL 
	109.2 
	187 
	1.10 

	82.5 99 5 65.4 
	82.5 99 5 65.4 
	110.1 
	1.52 
	0.90 

	112.5 108.9 66.0 
	112.5 108.9 66.0 
	110.8 
	1.65 
	0.98 


	r Measured from girder end t AASHTO LRFD simplified method 
	r Measured from girder end t AASHTO LRFD simplified method 
	•Lower bound estimate of experimental Ve 

	8 PRESTRESSED QUARTZITE-AGGREGATE sec GIRDERS 
	8.1 INTRODUCTIO 
	In 2006-2007 the primary investigators of this study performed load testing or three ful I-scale prestressed girders made with quartzite aggregate. One of the girders was cast with conventional concrete, while the other two were cast with SCC. For ease of reference, those three girders will be refen-ed to as the quartzite-aggregate girders, while the three specimens covered in Chapter 7 will be referred to as the limestone-aggregate girders. The testing of the quartzite-aggregate girders was part ofa separa
	The experimental data that have been generated on the performance of the quartzite-aggregate and the limestone-aggregate SCC girder will enable SDDOT to assess the structural performance of prestressed SCC bridge girders made with the two main coarse aggregate types u ed in the state. The final report on the quartzite-aggregate girders was not complete at the time of writing of this report. However. it will be made available to SDDOT upon it completion. This chapter presents a brief de cription of the test 
	8.2 SPECIMEN DESCRJPTION, INSTRUMENTATION, AND T EST SET U P 
	The quartzite-aggregate girder specimens were almost identical in cross section . . pan, instrumentation, and test set up to the limestone-aggregate girder specimens covered in Chapter 7. Similar to the I imestone-aggregate girder specimens, the cross section used for the quartzite-aggregate girder specimens was a MnDOT 36M and the span length was 40'. The two main difference between the limestone-and the quartzite-aggregate girder were the shear reinforcement spacing and the distribution and location of th
	A total of three quartzite-aggregate girders were fabricated. One girder was cast with a conventional concrete mix used by the SDDOT for bridge girder . This girder was labeled Girder A and served as the control specimen. The other two girders were cast with an SCC concrete mix and were labeled Girder B and Girder C. The control girder concrete mix and the SCC mix proportions are shown in Table 8.1. Type C Flyash was u ed in the SCC mix due to a cement shortage in 2006. 
	The concrete decks were reinforced with two mats of WWF4x4-WSxWS welded wire fabric. The bottom mat was located 2" above the top of the girder. while the top mat was located 5" above the top of the 
	girder. The deck concrete had a specified 28-day concrete strength of 5.000 psi. The mix design 1s 
	shown in Table 8.2. 
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	Figure 8.1: Cross Section of the Quartzite-Aggregate Girder 
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	31 .4 
	31 .4 
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	90 
	115 

	15 
	15 
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	Table 8.2: Deck Concrete Mix Proportions 
	SD Type Ill Cement (lb) 
	SD Type Ill Cement (lb) 
	Type CFlyash (lb) 
	Concrete Sand (lb) 
	¾" x 4 Quartzite (lb) 
	Water (Gal) 
	W/C Ratio 
	Yield (yd) 
	3


	Deck Mix 105 
	Deck Mix 105 
	Deck Mix 105 

	1240 
	1240 

	1650 
	1650 

	30 
	30 

	DARACEM 19 (oz) 118 
	DARACEM 19 (oz) 118 


	Sect
	Table
	0.34 
	0.34 

	1.00 
	1.00 



	The instrumentation plan was almo t similar to that used for the limestone-aggregate girders covered in Section 7.3. Surface-mounted strain gages were placed on the prestressing tendon and the steel stim1ps. and embedment strain gages were placed in the concrete. Once in place for testing, the girder specimen were also instrumented with several LVDTs and wire displacement rran ducers. 
	The girders were fabricated at the Gage Bothers Concrete Products Inc. facility in Sioux Falls. SD. Fabrication of the three girders was done simultaneously on the same prestressing bed between July 18 and July 25, 2006. The strands were tensioned on July 18. the girder concrete wa placed on July 20, and the prestress transfer was done on July 25. The decks were constructed between July 28 and July 30. 2006. All three girders were delivered to the Lohr Structures Laboratory on August 7. 2006. 
	The test set up was similar to that used for the lime tone-aggregate girders and described in Section 7.5.1. Girder A (control specimen) and Girder C were tested under increa ing monotonic load until failure. Girder B wa subjected to fatigue cyclic loading for a total of 1.500.000 load cycles before it wa 
	ubjected to an increasing monotonic load until failure. 
	8.3 EXPERIMENT AL RESULTS 
	This section presents the experimental data including measured material properiies, transfer length. load­deflection characteristics, flexural strength. and behavior under shear stresses. 
	8.3.J M EASURED MATERIAL PROPERTIES 
	The compressive strength of the girder concrete was tested on the day of prestres release. at 28 days. and on the day of testing of the girder specimen. Table 8.3 presents a summary of the measured girder concrete strength. The compressive trength ofthe deck concrete was tested at 28 days and on the day of testing ofthe girder specimens. Table 8.4 shows the deck concrete compressive strength. 
	Table 8.3: Measured Gir 7,853 9.130* 7,480 8,230' 
	t Tested 99 days after casting I Tested 141days after casting at the start of fatigue loading 
	t Tested 99 days after casting I Tested 141days after casting at the start of fatigue loading 
	• Tested 130 days after casting 


	t Tested 99 days after casting 
	I Tested 141 days after casting at the start of fatigue loading 
	• Tested 130 days after casting 
	• Tested 130 days after casting 

	The prestressing strands were 7-wire, 0.6"-diameter. 270 Ksi low relaxation type strands. The strand tensile properties were obtained from the mill certificate and were the same as those u ed for the strands in the limestone-aggregate girders study. The strand load versus strain relation hip is shown in Figure 
	7.21. The strand had a cros ectional area of 0.218 inand a modulus of elasticity of 29.000 Ksi. Yielding of the strand was a umed to occur at I% elongation. The load at yield was 54.972 lbs. The ultimate load was 60.828 lb and occurred at 8% elongation. 
	2 

	8.3.2 TRA SFER LENGTH 
	1

	Similar to the method presented in Section 7.7.1. the strand strain measurements at pre tress transfer were used to determine the experimental transfer length. The strain gages along the potential transfer length of Girder C malfunctioned. Therefore, only the measurements from Girder A and Girder 8 were used to establish the experimental transfer length. The measured strand strain versus the distance from the girder end for Girder A and Girder Bare shown in Figures 8.2 and 8.3. respectively. Also shown are 
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	Figure 8.3: Measured Transfer Length for Girder B 
	8.3.3 LOAD TESTING RESULTS 
	The experimental results presented 111 this section include general description of the behavior of the 
	specimens during the load tests, the load-deflection characteristics of the girder specimens. the effect of 
	cyclic loading on stiffness degradation. and evaluation of the load-deflection responses of the quartzite­aggregate girders as compared to the limestone-aggregate girders. 
	8.3.3.1 Girder A (Control Specimen) 
	Prior to the day oftesting, Girder A was preloaded to I 03.6 Kips. The corresponding mid-span deflection was 0.256". The girder was then immediately unloaded. The purpose for the preloading cycle was to verify the stability ofthe test set up and the adequacy ofthe loading system. The full load test of Girder A was performed on October 25, 2006. The loading was applied under displacement-controlled 
	conditions. 
	Figure 8.4 shows Girder A at different stages during the test. Figure 8.5 presents the measured load­deflection relationship. The first flexural tension crack at mid-span was noticed at a load of 141 Kips and mid-span deflection of 0.338". The cotTesponding moment at mid-span was 1393 Kip-ft. However, it was later observed from the measured load-deflection curve that the girder experienced a reduction in stiffness at a lower load of 135 Kips and a corresponding mid-span deflection of 0.338". Therefore, the 
	The first visible diagonal shear crack was observed at a load of 190 Kips. The crack was located at 9' from north end of the girder. At higher loads. additional diagonal shear cracks were developing in the 
	girder within a distance ofapproximately 12' from each end. 
	Girder A failed in flexure at a load of 251.6 Kips and mid-span deflection of 6.690''. The failure was initiated by crushing ofthe compression concrete at the top ofthe deck. 
	Figure
	(a) First Flexural Crack at Load:::: 141 Kips (b) Development of Flexural-Shear Cracks 
	(c) Development of Diagonal Shear Cracks (d) Crushing of Compression Concrete at Failure 
	Figure 8.4: Girder A at Different Stages during the Test 
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	0 2 4 6 8 10 Mid-Span Deflection (in) Figure 8.5: Measured Load-Deflection -Girder A 
	8.3.3.2 Girder C 
	Girder C was tested on 'ovember 28, 2006. The loading was monotonic and was applied under displacement controlled conditions. 
	Figure 8.6 shows Girder C at different stages during the test. Figure 8.7 present the measured load­deflection relationship. The first flexural tension crack at mid-span was occurred at a load of 143 Kips and mid-span deflection of0.323". The corresponding moment at mid-pan was 1417 Kip-ft. As the load was increased. additional flexural and flexural-shear cracks developed in the girder. In general, the location of the flexural cracks coincided with the location of the transverse reinforcement in the bottom 
	Multiple diagonal shear cracks appeared at a load of 188 Kips. The cracks were located between 6' and 
	12' from each end of the girder. At higher loads. additional diagonal shear cracks developed in the girder and extended longitudinally along the web-top flange interface. 
	Girder C failed in flexure at a load of 251.5 Kips and mid-span deflection of 7.02". The failure was initiated by crushing of the compression concrete at the top of the deck. 
	Figure
	(a) 
	(a) 
	(a) 
	First Flexural Crack at Load= 143 Kips (b) Development of Flexural-Shear Cracks 

	(c) 
	(c) 
	Development of Diagonal Shear Cracks (d) Crushing of Compression Concrete at Failure Figure 8.6: Girder C at Different Stages during the Test 
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	Figure 8.7: Measured Load-Deflection -Girder C 
	8.3.3.3 Girder B Girder B was subjected to fatigue loading for a total of 1.500.000 load cycles before it was subjected to increasing monotonic load until failure. The purpose for the fatigue loading was to examine the effects of repeated loads on the stiffness and strength of the girder. The fatigue testing sta1ted on December 15. 2006 and was completed on February 6. 2007. The loading was performed at a rate of one cycle per second. The load cycles were divided into four groups. For each group. the load o
	the corresponding load limits. nominal stre level target at the bottom of the girder, and the measured change in the outermost strand tensile stres due to the applied load range. 
	T bl 8 5 F f . L d' .P t dC d' .St d St 
	Load Limit (Kips) Nominal Tensile Measured Change in
	Load Limit (Kips) Nominal Tensile Measured Change in
	Load Cycle 

	Stresst Strand Stress (psi) 9.0-44.9 
	(Range) 

	(x 1000) 
	(x 1000) 
	2,345
	0-300 
	Compression
	(35.9) 
	I 
	57.7 -94.5 
	300-600 
	0 
	2.330
	(36.8) 77.9-1139
	600-1,100 
	2,730
	3 m
	(36.0) 96.2-131 1 
	3,950
	1,100-1,500 
	6 ff::
	(34.9) 
	1 At the bottom of the girder 

	The first two group of load cycles were selected so that no tensile stresses would develop at the bottom ofthe girder. The last two groups of load cycles were designed to induce tensile stresses at the bottom of the girder. The first group represented service load level at which the stress at the bottom fiber would be compressive. The upper load in the second group would result in approximately zero-tress at the bottom 
	fiber. The upper load in the third group would induce a maximum ten ile stress of approximately 3 .ffl in 
	Figure
	the bottom fiber of the girder. This stress level corresponds to one-half the maximum tensile stress for bonded reinforcement allowed by AASHTO Standard Specifications (AASHTO 2002). The final group would induce a maximum tensile tres ofapproximately 3 ff) in the bottom fiber of the girder. 
	The measured change in the strand sn-ess for the first two groups of cycles wa nearly equal. This was expected as the load ranges for the first two groups were nearly the same and the ection was still un­cracked. Prior to the tart of the third group of cycles (600,000-1.100.000) a hairline flexural crack appeared at the bottom tlange of the girder. This crack was likely caused by a spike in the load during the set up for the third group of load cycles (600,000-1, I 00,000). During the application of the fin
	During the fatigue testing. the girder stiffness was measured after eve1y 36.000 load cycles. The stiffness tests were performed under monotonic loads reaching the upper load limit of the load group under consideration. Figure 8.8 presents the monotonic load tests that were performed to measure the stiffness of the girder. The four cluster of lines correspond to the four cyclic load groups. Figure 8.8 indicates that the stiffness of the girder reduced as the upper load limit within a load group increased. H
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	140 
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	Figure 8.8: Measured Stiffness under Fatigue Loading -Girder C 
	The measured stiffness values are plotted in Figure 8.9 against the number of load cycles. Also shown in the figure are the trend straight line for each load cycle cluster. The change in the average stiffness from one cluster to another reflect the effect of the upper load limit on the girder stiffness. while the change in the slope of the trend lines demonstrates the effect of the upper load limit on the stiffness degradation rate. The average stiffness and stiffness degradation for the four load groups ar
	8.6. The results demonstrate that 
	I. the average stiffness decreased with an increase in the upper load limit. 
	2. 
	2. 
	2. 
	the change in the average stiffness per unit load increment in the upper load limit decreased with an increase in the upper load limit, and 

	3. 
	3. 
	the stiffness degradation with the number of applied load cycles increased witb an increase in the upper load limit. 
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	Following the fatigue load le ting, Girder B was subjected on March 20. 2007 to increasing monotonic load until failure. The load was applied under displacement-controlled conditions. 
	Figure 8.10 shows Girder B at different stages during the monotonic load test. Figure 8.1 1 presents the measured load-deflection relationship. Prior to applying the monotonic load. the fatigue loading had already caused few flexural and flexural shear cracks to develop close to the mid-span. However. it was possible to determine from the measured strain at the girder bottom the load at which the flexural crack at mid-span started to open. The load at the beginning of crack opening was approximately 115 Kip
	At a load of approximately 157 Kips and a co1Tesponding di placement of 0.552. multiple flexural-shear and web-shear cracks developed in the girder. In general, the location of the flexural cracks coincided with the location of the transver e reinforcement in the bottom flange. It was also observed that a crack 111 Girder C. 
	had developed longitudinally along the web-top flange interface. similar to the crack that developed 

	Girder B failed in flexure at a load of 257.9 Kips and mid-span deflection of 8.93". The failure was initiated by crushing of the compression concrete at the top of the deck. 
	Figure
	(a) Flexural Crack prior to Loading (b) Development of Flexural-Shear Cracks 
	Figure
	(c) Development of Diagonal Shear Cracks (d) Crushing of Compression Concrete at Failure Figure 8.10: Girder Bat Different Stages during the Monotonic Load Test 
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	0 2 4 6 8 10 Mid-Span Deflection (in) Figure 8.11: Measured Load-Deflection -Girder B 
	8.3.3.4 Performance Assessment ofthe Quartzite-Aggregate Girders 
	The measured load-deflection curves for the three girder specimens are plotted in Figure 8.12. All three specimens exhibited similar load-deflection characteristics in terms of stiffness and strength. Girder B displayed a slightly lower ..elastic .. tiffness than the other two specimens. The lower tiffness was due to the fatigue loading that was applied to the girder. Table 8.7 presents a summary of the measured cracking moments, flexural strength and shear force at first observed web-hear crack. The test r
	A more detailed analysis will be available upon the completion of the report on the quartzite-aggregate girders study. 
	250 .. 
	250 .. 
	200 ~ 150 
	Figure

	~ 
	~ 
	~ 

	"C Ill _g 
	"C Ill _g 
	100 
	-
	A (Control) 

	TR
	-c 

	TR
	50 
	-
	B (Fatigue) 


	0 0 2 4 6 8 10 Mid-Span Deflection (in) Figure 8.12: Measured Load-Deflection -Quartzite-Aggregate Girders 
	Table 8.7: Measured Cracking Moment, Flexural Stren th, and Shear Force at First Web-Shear Crack 
	2484 2546 2484 95 78.5 94 
	t Based on observed stiffness change in the monotonic load-deflect,on curve 
	8.3.3.5 Comparative Evaluation of Quartzite-and Limestone-Aggregate Girders 
	The load-deflection curves for the three qua1tzite-aggregate and three lime tone-aggregate girders are plotted in Figure 8.13. The result show that the two types of girders exhibited similar "elastic·· stiffness and ultimate strength. The main difference between the t\.vo types wa the lower stiffness that the quartzite-aggregate girders exhibited in the middle segment of the load-deflection curve between the end of the ·'elastic·· segment and the beginning of the '"plastic'· segment. 
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	Figure
	9 EVALUATION OF sec FOR PRESTRESSED BRIDGE GIRDERS 
	This chapter presents an evaluation of self-consolidating concrete (SCC) for use in prestressed bridge girder applications. Topics discussed in this chapter include constructability. finish quality. structural performance. and economic evaluation of SCC prestressed girders, and development of special provisions for use ofSCC in prestressed applications. 
	9.1 CONSTRUCTABILITY 
	One of the advantages to using SCC for prestressed structural applications is the increased production efficiency and ease of placement and consolidation. During this study. the placement of each SCC girder required a crew of two workers and one vibrator. Although SCC does not require vibration to consolidate, the past experience gained by primary investigators of this study suggest that a ·'burst'· of vibration (approximately two seconds) at each girder end might be necessary to ensure the release of any t
	SCC may be very sensitive to variations in constituent materials. Therefore, greater care must be taken when producing SCC than that required for conventional concrete. During this study. segregation was not an issue. However, four SCC batches were rejected due to low air content. 
	During the construction of the test specimens, concrete was transported from the batch plant to the prestressing bed using a 2-ydhopper. Each girder required approximately 6 ydof concrete. Due to the limited capacity of the hopper, multiple batches were required to cast each girder. The casting process would have been more efficient if concrete was discharged into the form directly from the drum of a concrete mixer truck. The truck's capacity would eliminate the need for multiple batching and would allow fo
	3 
	3 

	9.2 FINISHED PRODUCT 
	A superior finished product is often achieved with SCC. When conventional concrete is used, "bugholes" and other surface imperfections often occur. Such imperfections require finishing and patching of a member after removal of the forms. During this study. minor surface blemishes were repaired in all three girders. The imperfections, which occurred mainly at the interface between successive concrete lifts, were the result of the delay in transport ing successive batches to the prestressing bed. Casting each
	In general, it was observed that the SCC girders were of a better finished surface quality than the conventional concrete girders. This observation was consistent with a previous study on SCC girders made with quartzite aggregates (Wehbe et al. 2007a). 
	9.3 MATERIAL AND STRUCTURAL PERFORMANCE 
	The performance of the SCC material and the SCC girders were covered 111 details in Chapter 6 and Chapter 7. re pecrively. Following is a brief evaluation of the suitability of CC for prestressed applications in outh Dakota. 
	The work performed in this study has demonstrated the ability to produce stable SCC mixtures in the laboratory and at the batch plant using South Dakota local aggregates. The hardened SCC properties followed trends similar to those of conventional concrete. Thus. strength grO\vth, modulus ofrupture. and modulus of elasticity of SCC can be determined using the empirical equations that are commonly used with conventional concrete. The shrinkage of SCC was found to be lower than that of conventional concrete o
	The strand transfer lengths in the SCC specimens were found to be comparable to that of the control specimen. The AASHTO transfer length requirement of 60 times the strand diameter wa determined to be adequate for use with prestressed SCC girders. 
	The calculated and measured effective prestress values for the SCC and the conventional concrete girders were in excellent agreement. The calculated effective prestress wa performed in accordance with four different methods. The ratio of the mea ured effective prestre s to the calculated effective prestress varied between 0.98 and 1.13. All four models resulted in reasonable estimates of the total prestress losses. Howe er. the calculated prestress losses based on the AASHTO LRFD Bridge Design Specification
	The sec and the conventional concrete girders exhibited identical stiffness and strength characteristics. The current code equations and methods re ulted in highly accurate estimates of the cracking moments 
	and flexural strength of the SCC and the conventional concrete girder . The measured concrete shear strengths of the SCC specimens were higher than that of the control specimen. The simplified method used by AASHTO for calculating the shear strength of concrete resulted in conservative e ti mates for the shear strength of the SCC and the conventional concrete girder . 
	Ln conclusion. the u e of SCC did not compromise the performance and strength of the prestressed girders. Therefore. SCC similar to that u ed in this study can be specified for prestres ed bridge girders. 
	9.4 Eco oMrc EVALUATJO 
	1 

	The economic evaluation of using SCC for prestressed applications can be separated into three main categories: raw material costs, production co ts. and finished product improvement costs. Since only three girders were constructed in this study, the generated economic data were limited in scope which did not allow for detailed comparison of the production costs of conventional and SCC prcstressed girders. However. a preliminary economic evaluation was performed ba ed on discussion with industry personnel an
	Typically. a SCC mix requires select aggregate size and shape. high cement content. and some specialty admixtures such as high-range water-reducing (HRWR) admixtures and viscosity-modifying admixtures (YMA). These requirements increase the unit cost ofa SCC mix. sec mixes often require mailer. more 
	Typically. a SCC mix requires select aggregate size and shape. high cement content. and some specialty admixtures such as high-range water-reducing (HRWR) admixtures and viscosity-modifying admixtures (YMA). These requirements increase the unit cost ofa SCC mix. sec mixes often require mailer. more 
	rounded coarse aggregates and additional fine aggregates. To obtain the specific aggregate necessary to produce SCC. producers may have to pay an average of 8-12% more for raw materials. The use of a YMA can increase the cost of a concrete mix by approximately 2%. but also can result in some savings by allowing a larger variety of aggregates to be used and minimizing the impact of varying aggregate moisture contents (Martin 2003). A previous study reported that the production of CC in South Dakota can incre

	The increase in the cost of raw materials is partially offset by improved production efficiency. reduced equipment cost, and increased worker safety. One particular case study reported a 20% reduction in concrete placing time and a 32% reduction in labor required to cast a double-tee member when compared to using conventional concrete. An average reduction in labor has been estimated to be about 30% when using SCC. regardless ofthe application (Martin 2003). 
	In addition lo the benefits associated with production costs. SCC has been proven to reduce the number of surface imperfections on the finished concrete urface. uch imperfection require fi nishing and patching of a member which can lead to added production cost. An improved finished product is consistently achieved with SCC, thus reducing the finishing and patching expenses. 
	In conclusion. there are cases where the member geometry or reinforcement congestion may render SCC as the only viable choice de pite the added material nominal cost while in other cases the choice to use SCC may be based on expediency and the ability of the contractor or the pre-caster to meet production rate demands. Irrespective of the ca e. allowing the contractor or producer the freedom to select SCC may result in co t savings for the client. 
	9.5 SPECIAL PROVISIONS 
	9.5 SPECIAL PROVISIONS 

	Based on the work perfonned in this study. the ,vork perfonned in previous studies (Boushek 2007. Wehbe et al. 2007a). and discussions with SDDOT and indu try personnel. special provisions for the use of SCC for precast/prestressed bridge girders have been developed. Those provi ions are presented in Appendix F of this report. 
	10 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
	10.1 SL'MMARY 
	10.1 SL'MMARY 

	Recent studies have shown that the use of self-consolidating concrete ( CC) result in improved finished quality. increased production efficiency. and reduced labor cost. Because of the favorable prope11ies that SCC exhibits. the Federal Highway Administration and the preca t concrete industry have been promoting the research and development of SCC for structural applications in bridge . 
	The use of SCC for prestressed applications is relatively new to local de igners and producer in South Dakota. Because ofthe lack of data on the performance of •CC using South Dakota aggregates. there is hesitancy by local engineers and producers to design and fabricate prestressed SCC bridge girders. tr 
	CC is properly specified and used. it has the potential to yield more economical and higher quality prestressed concrete products than conventional concrete. To take advantage of this new technology. there was a need to study production feasibility and structural performance of prestressed SCC bridge girders made with South Dakota aggregates. Propo1tioning, behavior. and properties of SCC are highly dependent on the coarse aggregates physical properties. Two types of aggregates. crushed limestone and quartz
	In 2007 researchers at South Dakota State University (SDSU) concluded an experimental study on three full-scale prestressed bridge girders. One of the three girders was cast using conventional concrete and u ed as a control specimen. while the other two girders were cast using sec. The SCC mix was made with quartzite coarse aggregate that is commonly used in eastern South Dakota. The results of the study showed that the structural performance ofthe prestressed SCC girders was similar to that of the control 
	Crushed limestone is commonly used for concrete production in western South Dakota. [n order to assure the applicability of prestressed SCC concrete tatewide. a study v as designed to investigate the performance of prestressed SCC bridge girders made with limestone aggregates and to develop draft specifications. acceptance criteria. mix qualifications, and guidelines for use by SDDOT for prestressed SCC applications. The study covered in this report involved material testing of sec mixtures and structural t
	Three mix designs were developed based on varying the w/c ratio and using different curing methods. The design mix was provided by Cretex Concrete Products West. Inc. The design mix had a w/c ratio of 
	0.33. The three w/c ratios used in thi research were 0.33. 0.35. and 0.37. The three mixes were moist cured and the design mix was also heat cured. The fresh properties of the three SCC mix designs were measured to evaluate the feasibility of producing SCC made with lime tone coarse aggregate. The fresh 
	CC prope1ties that were measured in this study include lump flow. visual stability index (VSI). T20. J­ring spread, L-box. and column segregation. The hardened properties of the SCC mixes were measured to evaluate the performance of SCC made with limestone coarse aggregate. The hardened SCC properties that were measured in this study include compressive strength. flexural strength. modulus of elasticity. hardened vi ual stability index (HY I), and shrinkage. 
	Three full-scale prestressed girder were fabricated at Cretex Concrete Products West, Inc. in Rapid City, SD. Two of the girders were cast with SCC and one was cast with conventional concrete to serve as a control specimen. Design of the girders included instrumentation capable of measuring instantaneous and time-dependent structural respon es. The girders \.Vere te ted until failure. The control specimen and one of the SCC specimens were tested under increasing monotonic load until failure. The other SCC s
	10.2 CONCLUSIONS 
	Based on the experimental and analytical studies covered in this report. the following conclusions can be drawn. 
	sec Material Behavior 
	I . The laboratory tests and the large-scale batches prepared by South Dakota concrete producers showed that stable SCC mixtures can be produced using SouLh Dakota local aggregates. 
	2. 
	2. 
	2. 
	A new parameter named the normalized amount of superplasticizer and defined as the ratio of the amount of superplasticizer to the w/c ratio was introduced in this srudy. The normalized amount ofsuperplasticizer wa found to be a parameter that affects the slump spread, blocking potential. and air content of SCC mixrures. For the SCC mixtures included in this study. it was found that an increase in the normalized amount of superplasticizer resulted in linear increase in slump flow. linear decrease in blocking

	3. 
	3. 
	The effects of the w/c ratio on strength and strength growth of SCC are similar to those of conventional concrete. 

	4. 
	4. 
	The effect of heat curing on the srrength growLh ofSCC is similar to that ofconventional concrete. 

	5. 
	5. 
	The modulus of rupture and the modulus or elasticity of SCC can be determined using the AC! code empirical equations used for conventional concrete. 

	6. 
	6. 
	Similar to conventional concrete. the ·hrinkage strain of the SCC mixes increased with an increase in the w/c ratio. 

	7. 
	7. 
	The conventional concrete mix with w/c ratio of 33% exhibited significant shrinkage during the first 24 hours. The measured shrinkage strain at 24 hours was 42% of the total measured shrinkage strain at 94 days. The significant initial shrinkage may be attributed to autogenous shrinkage which normally occurs in concrete mixtures with w/c ratios below that required for complete hydration. Normally. a w/c of 0.42 is considered to be the minjmum ratio for complete hydration. The high nuidity and set retarding 

	8. 
	8. 
	At a w/c ratio of 0.33. the conventional concrete mix exhibited higher shrinkage srrain than the SCC mix. This was mainly due to the higher initial shrinkage strains that the conventional mix exhibited during the first 2-l hours. However. at higher ages. the rates of train increase with time for the two mixtures were practically similar. 

	9. 
	9. 
	The AC! 209 shrinkage model was generally in good agreement with the measured shrinkage strain of the SCC mixes. However. it underestimated the strains of the SCC mixes with w/c ratios of 35% and 37% during the initial 24 hours. For the conventional concrete mix. the model resulted in significant underestimation of the initial shrinkage strains. but was in good agreement with the measured strain at 94 days. 


	sec Girders Behavior 
	sec Girders Behavior 

	I 0. A transfer length of 60 times the strand diameter (60 db) is adequate for prestressing strands in SCC girders. 
	Sect
	Figure

	t:52 Stmcrurul Perfor111a11ce ofPres tressed SCC Br1dge Girders 
	I I. The prestress losses in the SCC girders were similar 10 those in the conventional concrete girder. Current code methods for determining prestress losses can be used for prestressed SCC girders. 
	12. 
	12. 
	12. 
	The load-deflection response of the SCC girders were extremely similar 10 that of the conventional concrete girder. The specimens exhibited similar flexural stiffness. cracking strength. and nominal strength. 

	13. 
	13. 
	The code methods for determining flexural stiffness. cracking strength. and nominal strength of prestressed concrete girders can be used for SCC girders. 

	14. 
	14. 
	The effective flexural stiffness of prestressed girders decrease with an increase in the maximum applied load even at pre-cracking loads. 

	15. 
	15. 
	The AASHTO-LRFD simplified method for determining the nominal shear capacity of prestressed girders resulted in conservative estimates ofthe shear strength for both SCC and conventional concrete girders. 


	General 
	16. 
	16. 
	16. 
	The surface finish of the SCC girders was in general better than that of the conventional concrete girder. 

	17. 
	17. 
	The large concrete production facilities in Sioux Fall and Rapid City possess the capabilities and expertise to supply SCC on a commercial scale. 


	10.3 lMPLEME TATION AND RECOMMENDATIONS 
	In this study it was shown that the fabrication of prestres ed SCC in South Dakota i feasible and that the performance of SCC bridge girders using South Dakota local aggregates is similar to that of conventional concrete. SCC has the added advantage of enhanced finished quality and increased production efficiency. Given the option of using SCC. the precast industry may select SCC over conventional concrete for the fabrication of prestressed bridge girder, or other precast element . at no additional cost to 
	are made. 
	I. The South Dakota Department of Tran po,tation should pennit the use ofSCC for the production of prestressed bridge girder and probably for other cast-in-place and preca t applications. 
	2. The concrete producer should be responsible for the design of a SCC mix to meet the client" 
	stated performance levels. The special provisions that were developed in thi study set 
	perfonnance levels and acceptance criteria for SCC mixtures when u ed for the fabrication of 
	prestres ed/precast elements for bridge structures in • outh Dakota. 
	3. It is recommended that a showcase bridge be constructed by DDOT using SCC for parts of the substructure and the super tructure. The bridge can be instrumented for data collection over an extended period of time. Monitoring of uch a bridge would provide valuable information on the 
	long-term performance of SCC bridge structures. 
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	APPENDIX A: AGGREGATE TESTING DATA 
	Table A.I: ASTM C 29 for Rapid City Limestone 
	ASTM C29, ''Standard Test Method for Bulk Density ("Unit 
	Weight") and Voids in Aggregate" 
	Weight") and Voids in Aggregate" 
	Weight") and Voids in Aggregate" 

	Test sample Dace 
	Test sample Dace 
	Coarse 711 9i2007 

	Data 
	Data 


	Mass of measure (kg) = Mass of measure + water (kg)= Mass of water (kg) = Water temperature (°F) = Water density at this temperature (kglm) = Volume of measure (m) = 
	Mass of measure (kg) = Mass of measure + water (kg)= Mass of water (kg) = Water temperature (°F) = Water density at this temperature (kglm) = Volume of measure (m) = 
	3
	3

	Mass of measure (kg) = Mas of aggregate .,.. measure (kg) = Mass of aggregate sample (kg) = Bulk density ofsample (kg/m) = Bulk density ofsample (lb/ft) = 
	3
	3

	Summary of results 
	3.53 
	10.56 
	7.03 
	74 

	997.4575 
	0.007048 3.53 
	14.45 
	14.45 
	10.92 

	1549.393 
	96. 72547 
	Bulk density ofsample (kg/m) = 1549.393 Bulk density ofsample (lb/ft) = 96.72547 
	3
	3

	Table A.2: AST:VI C 127 for Rapid City Limestone 
	ASTM C 127. "Standard Test Method for Densit). Relative Density (Specific Gravity). and Ab orption ofCoarse Aggregate" 
	Test Sample 7.1 Rapid City Limestone 
	Data 
	Data 
	Mass of bowl, g = Mass of bowl + SSD aggr .. g = Mass of SSD aggr., g = Mass of oven dry aggr .. g = Absorption, % = 
	Mass ofoven dry sample in air. g = Mass ofSSD sample in air. g = Apparent mass ofsaturated sample in water. g = Specific gravity ofSSD sample = Density. kg/m3 = 
	Density, lb/ft3 = 
	Summary of Results 
	336.57 2456.32 2119.75 2104.96 
	0.70 
	2104.96 2119.75 744.00 1.54 
	1536.94 95.95 

	Specific gravity of SSD sample = 
	Specific gravity of SSD sample = 
	Specific gravity of SSD sample = 
	2.54 

	Density (SSD), kg/m3 = 
	Density (SSD), kg/m3 = 
	1536.94 

	Density (SSD). lb/ft3 = 
	Density (SSD). lb/ft3 = 
	95.95 

	Absorption, % = 
	Absorption, % = 
	0.70 


	Table A.2: A TM C 127 for Rapid City Limestone (continued) 
	AST~ C 127. ''Standard Test Method for Density. Relative Density (Specific Gravity), and Absorption ofCoarse Aggregate'' 
	AST~ C 127. ''Standard Test Method for Density. Relative Density (Specific Gravity), and Absorption ofCoarse Aggregate'' 

	Test Sample 7.2 Rapid City Limestone 
	Data 
	Data 
	Mass of bowl. g = Mass of bowl+ SSD aggr .. g = Mass of SSD aggr., g = Mass ofoven dry aggr .. g = Absorption, % = 
	Mass of oven dry sample in air. g = Mass of SSD sample in air. g = Apparent mass ofsa1ura1ed sample in water. g = Specific gravity ofSSD sample = Density. kgim= Density. lb/rr3 = 
	3 

	Summary of Results 
	282.72 1953.30 1670.58 1659.5 1 
	0.67 
	1659.5 1 1670.58 587.00 1.54 
	1537.87 96.00 

	Specific gravity of SSD sample = 
	Specific gravity of SSD sample = 
	Specific gravity of SSD sample = 
	2.54 

	Density (SSD), kg/m3 = 
	Density (SSD), kg/m3 = 
	1537.87 

	Density (SSD), lb/fr' = 
	Density (SSD), lb/fr' = 
	96.00 

	Absorption, % = 
	Absorption, % = 
	0.67 


	Table A.2: A TM C 127 for Rapid City Limestone (continued) 
	ASTM C 127, "Standard Test Method for Density. Relative Density (Specific Gravity). and Absorption ofCoarse Aggregate·• 
	Test Sample 7.3 Rapid City Limestone 
	Data 
	Data 
	Mass of bowl, g = Mass of bowl + SSD aggr .. g = Mass ofSSD aggr. , g = Mass ofoven dry aggr.. g = Absorption. % = 
	Mass ofoven dry sample in air, g = Mass of SSD sample in air. g = Apparent mass of saturated sample in water. g = Specific gravity ofSSD sample = 
	Density. kg/m= Density. lb/fr3 = 
	3 

	Summary of Results 
	237.21 
	2335.54 2098.33 2085.48 0.62 
	2085.48 2098.33 735.00 1.54 
	1535.27 95.84 

	Specific gravity of SSD sample = 
	Specific gravity of SSD sample = 
	Specific gravity of SSD sample = 
	2.54 

	Density (SSD). kg/111 ' = 
	Density (SSD). kg/111 ' = 
	1535.27 

	Density (SSD), lb/fr3 = 
	Density (SSD), lb/fr3 = 
	95.84 

	Absorption. % = 
	Absorption. % = 
	0.62 


	Sect
	Figure

	Table A.3: ASTM C 136 for Rapid City Limestone ASTM C 136. "Standard Test Method for Sieve Analysis of Fine and Coarse Aggregates" Test Sample 
	Table A.3: ASTM C 136 for Rapid City Limestone ASTM C 136. "Standard Test Method for Sieve Analysis of Fine and Coarse Aggregates" Test Sample 
	Table A.3: ASTM C 136 for Rapid City Limestone ASTM C 136. "Standard Test Method for Sieve Analysis of Fine and Coarse Aggregates" Test Sample 

	Sieve 
	Sieve 
	Size (in) 
	Sieve Wt. Only (kg) 
	Sieve + Retained Sample Wr. (kg) 
	Retained Sample Wt. (kg) 
	Percent Retained on Sieve (%) 
	Percent Pass ing Sieve (%) 

	I" 
	I" 
	I 
	7.24 
	0 
	0.00 
	0.0 
	100.0 

	3/411 
	3/411 
	0.75 
	7.22 
	0.00 
	0.00 
	0.0 
	100.0 

	1/2" 
	1/2" 
	0.5 
	7.33 
	0.00 
	0.00 
	0.0 
	100.0 

	3/8" 
	3/8" 
	0.375 
	7. 17 
	7. 18 
	0.0 1 
	0.3 
	99.7 

	~o. 4 
	~o. 4 
	0. 1870079 
	7.28 
	10.0 1 
	2.73 
	76.7 
	23.0 

	Pan 
	Pan 
	0 
	7.28 
	8. 10 
	0.82 
	23.0 
	0.0 


	Total Retained 3.56 100.0 
	Table A.4: ASTM C 29 for Rapid City Sand ASTM C29, "Standard Test Method for Bulk Density 
	Table A.4: ASTM C 29 for Rapid City Sand ASTM C29, "Standard Test Method for Bulk Density 
	Table A.4: ASTM C 29 for Rapid City Sand ASTM C29, "Standard Test Method for Bulk Density 

	("Unit Weight") and Voids in Aggregate" 
	("Unit Weight") and Voids in Aggregate" 

	Test sample Date 
	Test sample Date 
	Fine 7/20/2007 

	Data 
	Data 


	Mass of measure (kg)= Mass of measure -water (kg) = Mass ofwater (kg) = Water temperature (°F) = 
	Mass of measure (kg)= Mass of measure -water (kg) = Mass ofwater (kg) = Water temperature (°F) = 
	Water density at this temperature (kg/m ' ) = 
	Volume of measure (m) = 
	3

	Mass of measure (kg) = Mass ofaggregate + measure (kg) = Mass ofaggregate sample (kg) = 
	1
	Bulk density of sample (kg/111 ) = 
	Bulk density of sample (lblft) = 
	3

	Summary of results 
	3.53 
	10.56 
	7.03 
	74 

	997.4575 0.007048 
	3.53 
	3.53 
	14.97 
	I 1.44 

	1623.174 101.3314 
	Bulk density of sample (kg/rn) = 1623.174 Bulk density of sample (lb/f-l) = IO 1.33 14 
	3
	3

	Table A.5: ASTM C 128 for Rapid City Sand 
	ASTM C 128. "Standard Test Method for Density. Relative Density (Specilic Gravity), and Absorption of Fine Aggregate" 
	ASTM C 128. "Standard Test Method for Density. Relative Density (Specilic Gravity), and Absorption of Fine Aggregate" 

	Test Sample 7.4 Rapid City Sand 
	Data 
	Data 
	Mass oftlask. g = Mass of flask + water to calibration. g = Mass of flask + SSD aggr. -water, g = Mass ofSSD aggr.. g = Specific gravity ofSSD sample = 
	SSD Density, kg/m= SSD Density, lb/ft'= 
	3 

	Mass ofoven dry aggr.. g = Mass ofSSD aggr .. g = Absorption, % = 
	Summary of Results 
	188.73 687.74 1004. 16 508.34 2.65 
	2642.09 164.94 
	502.55 508.34 1.15 

	Specific gravity ofSSD sample = 
	Specific gravity ofSSD sample = 
	Specific gravity ofSSD sample = 
	2.65 

	3Density. kg/m= 
	3Density. kg/m= 
	2642.09 

	Density. lb/ft3 = 
	Density. lb/ft3 = 
	164.94 

	Absorption, % = 
	Absorption, % = 
	1.15 


	Table A.5: ASTM C 128 for Rapid City Sand (continued) 
	ASTM C 128, "Standard Test Method for Density. Relative Density (Specific Gravity). and Absorption of Fine Aggregate" 
	ASTM C 128, "Standard Test Method for Density. Relative Density (Specific Gravity). and Absorption of Fine Aggregate" 

	Test Sample 7.Rapid City Sand 
	-

	Data 
	Data 
	Mass of flask, g = Mass of flask + water to calibration. g = Mass of flask + SSD aggr. -'-water. g = Mass ofSSD aggr .. g = Specific gravity of SSD sample = 
	SSD Density. kglm= SSD Density. lb/ft'= 
	3 

	Mass ofoven dry aggr .. g = Mass ofSSD aggr.. g = Absorption. % = 
	Summary of Result 
	188.73 687.74 1000.10 504.52 2.63 
	2618.96 163.49 
	498.22 504.52 1.26 

	Specific gravity ofSSD sample = 
	Specific gravity ofSSD sample = 
	Specific gravity ofSSD sample = 
	2.63 

	Density. kg/m3 = 
	Density. kg/m3 = 
	2618.96 

	Density. lb/ft1 = 
	Density. lb/ft1 = 
	163.49 

	Absorption. % = 
	Absorption. % = 
	1.26 


	Table A.5: ASTM C 128 for Rapid City Sand (continued) 
	ASTM C 128. "Standard Test Method for Density, Relative Density (Specific Gravity). and Absorption of Fine Aggregate" 
	ASTM C 128. "Standard Test Method for Density, Relative Density (Specific Gravity). and Absorption of Fine Aggregate" 

	Test Sample 7.6 Rapid City Sand 
	Data 
	Data 
	Mass of flask, g = Mass of flask + water to calibration. g = Mass of flask + SSD aggr. + water, g = Mass ofSSD aggr., g = Specific gravity of'SSD sample = 
	SS D Density, kg/m' = SSD Density, lb/ft= 
	3 

	Mass of oven dry aggr.. g = Mass of SSD aggr .. g = Absorption. % = 
	Summary of Results 
	188.73 687.74 I 008.93 5 18.14 2.63 
	2624.24 163.82 
	5 12.24 5 18.14 1.15 

	Specific gravity of SSD sample= 
	Specific gravity of SSD sample= 
	Specific gravity of SSD sample= 
	2.65 

	Density, kg/m3 = 
	Density, kg/m3 = 
	2642.09 

	Density, lb/ft3 = 
	Density, lb/ft3 = 
	164.94 

	Absorption, % = 
	Absorption, % = 
	I. 15 


	Table A.6: ASTM C 136 for Rapid City Sand 
	ASTM C I 36. "Standard fest MeLhod for Sieve Analysis nf Fine and Coarse Aggregates" Test Sample Rapid Cit) Sand 
	Data 
	Data 

	ieve 
	ieve 
	ieve 
	Si7.e (µm) 
	"icve Wt. Only {1!.) 
	Sieve+ Rctainl.'.d Sample Wt. (e) 
	Retained Sample Wt. (g) 
	Percent Retained on Sieve (%) 
	Percent Passing Sieve (%) 
	Min. SD DOT% Pass ing Rcq't (%) 
	Ma.x. D DOT % Passing Rcq't (%) 

	3/8" 
	3/8" 
	9500 
	0.00 
	0.0 
	100.0 
	100 
	100 

	l\'o. 4 
	l\'o. 4 
	4750 
	765.03 
	770.45 
	5.42 
	1.3 
	98.7 
	95 
	100 

	1'0. 8 
	1'0. 8 
	2360 
	687.99 
	730.37 
	42.38 
	10.5 
	88.2 

	]\'o. 16 
	]\'o. 16 
	1180 
	648.3 1 
	72 1.40 
	73.09 
	IS. I 
	70. 1 
	45 
	85 

	t-:o. 30 
	t-:o. 30 
	600 
	592.69 
	69 1.01 
	98.32 
	24.4 
	45.7 

	]\'o. 50 
	]\'o. 50 
	300 
	548.94 
	640.26 
	91.32 
	22.6 
	23.1 
	10 
	30 

	t-:o. 100 
	t-:o. 100 
	150 
	522.05 
	595.55 
	73.50 
	18.2 
	4.9 
	2 
	10 

	No. 200 
	No. 200 
	75 
	513.60 
	529.55 
	15.95 
	4.0 
	0.9 

	Pan 
	Pan 
	0 
	492.43 
	493.57 
	1.14 
	0.9 
	0.0 

	Wash 
	Wash 
	0 
	2.57 


	Total Sample Weight ___4_0_3_.6_9_ 100.0 Sample Wt. Before Washing & 'ieving ____4_0:.._l_ 
	Percent Di fference Bet\\ een ample Wt. Before ieving and Wt. Retained on Sieves(%) 0.67 
	ieve 
	ieve 
	ieve 
	Si,:e (11rn} 
	Percent Retained on ievc (%) 
	Cumulative Percent Retained 011 icvc (%) 

	3/8" 
	3/8" 
	9500 
	0.0 
	0.0 

	No. 4 
	No. 4 
	4750 
	1.3 
	1.3 

	No. 8 
	No. 8 
	2360 
	10.5 
	I 1.8 

	No. 16 
	No. 16 
	1180 
	18.1 
	29.9 

	No. 30 
	No. 30 
	600 
	24.4 
	54.3 

	No. 50 
	No. 50 
	300 
	22.6 
	76.9 

	No. 100 
	No. 100 
	150 
	18.2 
	95.1 

	No. 200 
	No. 200 
	75 
	4.0 
	99.1 

	Pan 
	Pan 
	0 
	0.9 
	100.0

	Wash 
	Wash 
	0 
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	Fineness Modulu~ 2.69 
	P l?O DUC 
	P l?O DUC 
	Figure
	ADVA~ Cost 555 is a hii;h dficicncr polyc::uboxylmc 1:>ascd supcrploscicizer. ADVA Case 555 
	hos been formulated 10 imp:m 
	maximum desired workal:>ilil)· without scgrcsotion to concrrtc, and to ochicve hish early .:ompressivc strength as rrqu,nd by the prrcis1 industry. ADVA Cast 555 is op1imittd for the production of Sdf-Consolidacin11, Concrrtc (SCC) in prccastl 
	prrstr~d nppli.:a1ions. 
	ADVA Cut 555 is formulated to comply wich ASH,•! ~ 94 as o Type Fadmixture and meets 
	the provis,o l\31 requirements. OM rear ASThl will be compIm 
	in June 1006. 
	AD\ 'A Cut 555 is reco mmended for use in prccost nnd prcstressed production in Sc-If-Consolidating Conc re te and conventio nal :1pplic:11ions. 
	Sdf-Co~ lidatias Concr<tc ApplkmioM: 
	Sdf-Consolidacins Connet< produced with ADVA Case 555 has unique :1dvanc:1gcs o ver convc-ntional fl=·in11, concrc-tc-. 

	NF O RMAT 0 N ADV/\ Cast 555 
	APPENDIX B: ADMIXTURE LITERATURE 
	APPENDIX B: ADMIXTURE LITERATURE 


	Supcrplasri,izcr for Pro:ast Concrcrc ASTM ( 494. T~·pc F 
	Figure
	• l owc-r SCC 'Yisc~ity: flow propc-rtics of SCC nn c-nhancc-d. reducing SCC ~iscasit:· "i th no ch:ini;:c in st:aJ:,ilit;, or 
	5C'Q.regtltion resistanc<-. 
	• Sdf Placcmcm: vil:>ration can be-diminotcd because SCC is highly floll'al:>lc-and v,ill dmni;c shape undc-r its O IAO weight 10 sdflcvd and sd f consolidate-11i1hin formwork, 
	• 
	• 
	• 
	• 
	Hlgb Cohesion. the windo"· of occeptablc-mix dcsigns 10 maintain .:ohc-sivc-SCC's is increasc-d, nllo'A·ins for the production of SCC thn1 is fioll'nblc-and yc-t hishly cohesive. Bkcdins is significind:· reducc-d. 

	• 
	• 
	No Illocking: seccon p:1$S frcdr throui;b narrow opc-ninss and conscsrc-d rcinfon:cmC'nt without oggrc-satC' • t,lockins· be-hind o bstructio ns that stop the-tlow of concrccc. 



	GRPCE 
	GRPCE 
	GRPCE 
	CDlwTuclcn~ 

	Sdf-Consolidatini;: Concrete produced with ADVA Case 555 provides the fo llo1rini;: benefits: 
	Sdf-Consolidatini;: Concrete produced with ADVA Case 555 provides the fo llo1rini;: benefits: 
	• 
	• 
	• 
	Reduced laoor and improved producti,,il:)· chrough fuscer and easier concrect pl:1eement 11·ich no vibration 

	• 
	• 
	Tht hi.i;:hest qualiry surface finish, diminacinc/reducing che need for surface couch ups 

	• 
	• 
	Improved labor safrt:·. reduced plant noise lc-vds and improved work environment 

	• 
	• 
	Reduced wear and tear on forms by eliminating vibmcion 

	• 
	• 
	Achie~ment of romplete consolidacion chroui;:hout concrete demcncs, even in thin walled. hii;:hlr reinforced units 

	• 
	• 
	Increased production flexibilit:· by enablini;: use of form geometry and form oricntacions in v.-hich pla.:cmenc of conventional concrete mixes would be difficult or impassible 


	Conventional Coocrcte Applk:.Jrions: 
	• 
	• 
	• 
	ADVA Cast 555 superplucicizer can produce concrete \\ith extremely high le~ls of workabilit;' withouc secrei;:ation. 

	• 
	• 
	ADVA Cast 555 ma:· be used to prcxluce concrete with very low '11-:ltcr.lcement rntia; while maintaining normal l~rels of workability. 



	• 
	• 
	• 
	ADVA Cast 555 is ideal for use in precast and prescressed appl ications where .::oncrete needs to achit~ high early streni;:th along with high levels of work11bilit:·. 

	• 
	• 
	ADVA Cast 555 provides superior concrete surface finish .:harac teristics wich reduced bugholini;:. 


	t 
	t 

	ADVA Cast 555 is an eas:· m disprnse liquid admixture. Dosage rates can be adju seed to mc-ct a wide spectrum of concrete performance rc,:iuirements. 
	Addition rates for ADVA Cast 555 can v:lf)' with the l:)·pe of application, bur will normally range from 540 to 141)0 mlJlOO!q: (8 ro 20 fl o:z/100 lb;;) oi ctmenc. Sho uld conditions require usini;: 
	more chan the recommended addition rote, please consult vour Grace Representative. • 
	For Self-Consolidating Con.:rett applic:itions, pre-placement ttscing is recommended to determine the optimum admixcure addition met and mix design. Factors that influence optimum addition race include other concrete mix componencs. ai;:greg;ite gradations, form geomet()', and rein forcemen t configumcions. Please consult your local Crace Conmucrion ProdL,cts represemati\'e for assistance 11ith developini;: mix designs for Sdf-Conso lidacins 
	Concrete. 
	Concrete. 

	Nortll Amtrlean custom.r S♦rvlee : H77-0~MIX1 (l°"n-42$+491> 
	Vllll our Ml> Ille a1: W R. Cract l( Co .. C,,nn. elW~itmnoce An••• C•n1bridg<, !.IA 0~H0 
	www.gro<:>K9ni1r11c1ton.eom 

	Figure
	ADVA Cast 555 is compatible in a co ncrete mix wich all Gr-.1.:e admixcures, includini;: all air entraining agents. Ea.:h admixture should b,e added stpamtelr inco 
	ADVA Cast 555 is compatible in a co ncrete mix wich all Gr-.1.:e admixcures, includini;: all air entraining agents. Ea.:h admixture should b,e added stpamtelr inco 
	the mix. 
	A complece line of a.:rurnte, automatic dispensing equipmenl is available. 
	ADVA Cast 555 is availat->le in bulk, deli~rtd by metered trucks, in lC4l L,~-5 i;:al1 tores, and 210 L (55 gall drums. ADVA Cast 555 v.ill freezr at approximately 0°( {31.°F.I but 1\ill return to iull functionalit:· after cha\\ing and thorough mechanical agitation. 
	I I 
	ADVA Cast 555 is supplied as a ready to use brown liquid. one liter weighs approximartl:· 
	1.0-ki;: \O ne ga.llon weighs approximately 8_90 lbs). 
	ADVA Cas t 555 contains no intentionally added d1lorides. 
	The superpbsticizer shall be 
	AD\IA Cw 555 as manufu.:tured by Grace Construction Products, Cambridi;:e, ~l~. 


	GRPCE 
	GRPCE 
	GRPCE 
	Canltnlclll,PnxM:11 

	NF OR MAT 0 N Daratard~17 
	P R ODUCT 
	P R ODUCT 

	Initial Ser Ret,udcr ASTM C494, Type BandType D 
	D I 
	D I 
	Daratard• I7 admixture is a 
	ready-ro-use aqueous solution of hydroxylated organic compounds. [ngredic-nts are factory premiXC'd in t'Xttct proportions to minimize 
	handling. eliminate mis1:tkes and guesswork. Daratard 17' admixture wc-ighs approximately 
	1.1-k_s,'L( lO.l lbs/gal). 
	Darntard I7 retards the-initial and final sc-t oi concrete. At the­
	usual addition rate-of 1'15 mL' 
	100 kg (3 fl oz/10) lbs) cc-mc-nl it will extc-nd the initial selling time of portland cement concrete by l to 3 hours or 21°C (70°Fi. 17 is used \\'hereYer a delay inserting rime will insure sufficient ddi~ry. placemc-nc. 
	Darat:1.rd 

	vibration orcompaction time.. 
	such as in: 
	• 
	• 
	• 
	Hor Wc-atherConcrC'ling 

	• 
	• 
	Tr,rnsit ~iix Concrete 

	• 
	• 
	Prestrcs.sed Concrete 


	Darntsrd 17 is also used in specinl npplications. as in bridge decks where i1 extends plastic chnm.:ler­istics of rhe concrete until pro­gressive deflection resulting from increosing loads is complet«I. 

	Figure
	'I 
	'I 

	Along with sc-1 recarduion. D:1.ratud l 7 pro,•ides water­reduction rtTpically 8 to 10%, 
	in a conc~te mix. This v.-nter­
	reducing :iction of D:1.rn1:1n:l 17 
	produces greater pl:miciry and workability in the fresh concrete and the strength and pc-rme:1.bilit:, of the hardened concrete-are 
	measurably improved. D::iruard 
	]'.' is designed for use-on jobs whe re high temper:uurc-sor c-xtend«I sc-ttins times are the prime-factors. l1 is recommended 
	o nl:-,.-hen che primary purpose is 10 delay and control the setting time of concrete. ~'hen time and 
	a~ not m3jor considerations, Grace Construction 
	a~ not m3jor considerations, Grace Construction 
	temper3tu.re 

	Product's ,.•,uer-r«lucing ::idmixtures such as WRDA• with 
	HYCOL• should be used. 
	! ' 
	17 is compaciblt in concrete ,.·ith all commen:i:il air-encraining ::idmixtures, such as Daranir•. Dut to the slight air-entraining properties of 
	Da.ra1a.rd 

	Daratard 17, itself. 1he addition 
	rate of DnraYair m:iy be reduced 
	by about 25%. Ea.:h :1dminure ~ould Ix .id.dtd sc-p:1r:1.1dr 
	~ 

	I Addition mes for Daut:trd 1will mnge from 130 10 520 ml' 100 kg(.! to 8 A oz/100 lbs) of cement,The amount 10 be used will depend upon the degree of ret:trdatio n required un~r job conditions. Longer setting times or higher tempi:mtures will require higher addition rnccs. Convem·ly, the addition mte "·ill be lower for shorter extensions of rime. 
	I Addition mes for Daut:trd 1will mnge from 130 10 520 ml' 100 kg(.! to 8 A oz/100 lbs) of cement,The amount 10 be used will depend upon the degree of ret:trdatio n required un~r job conditions. Longer setting times or higher tempi:mtures will require higher addition rnccs. Convem·ly, the addition mte "·ill be lower for shorter extensions of rime. 
	-

	A complete line of accurate, auto­
	matic dispcming equipment is a,·ailable. Darnt:trd 1-ma~-be 
	introduced 10 the mix with the sand o r v.·ith the water. 

	Duat:trd ,-is available in bulk, delivered b:· metered tank trucks, and;>. IO L t55 gul! drums. 
	Daratnrd 17 will frecu :tt .1bou1 -!'C (!S°FI, but will mum 10 full 5trrngd1 aftrr tbawing and thorough asirotion. 
	Figure
	Concrete sh:ill be designed in accord:1.ncc v.;th AO 
	St:tnd:1.rd 

	Recommended Prncticc for Selecting Proportions for Concrcte(AQ !l l.l 1. 
	The se1-ret:uuinglw:1ter-reducing :idmixcurc shall comp!;· v.·ith AST~1 Designatio n C494, T;·pe D admixture. and shall be Darorard 
	The se1-ret:uuinglw:1ter-reducing :idmixcurc shall comp!;· v.·ith AST~1 Designatio n C494, T;·pe D admixture. and shall be Darorard 
	1~. as manufu.:tured b;· Groce 
	Construcrion Products, or equ:il. 
	Certification oicompli:1.n.:c shall 
	be made :iva.ilable on request. 
	le shall be used in stri.., accord:tnce with the manufacturer's 
	recommendations. 
	The :iddicion rare shall be adjusted to produce the specified retardation of the con.:rcte mix at all tem pcratures. 

	NOll!I A/M1lcan CUSl<>m.r S..-vtce: 177--4AD-MJX1 (&77"4~-6491) Vlsll our w.t> ,11e at: 
	www.gn1cecon11Tuc11on.com 

	Dn•.-o-,,.~~IHM'l'all n ............:au..1ol'li'. 1LCL.-&Ca..O.. 
	Dn•.-o-,,.~~IHM'l'all n ............:au..1ol'li'. 1LCL.-&Ca..O.. 

	:1{~;;-=-~1~;:!:\i~r.:~::i:~r:.~:i~.":.;==~,-,:t~=:.~1·.~ 
	ll'"LCifl:,~~~2E--.. ~--~Ju.-l~l'111C1:Uch:rOua.l.c.:.1"'!cm:1nt.a,.t.1f':t1AfiiC,·cm,{~~ 

	GRPCE 
	GRPCE 
	GRPCE 

	lWptH.aa,r cc.-:11::1~pr-=u« ftr:.Uf=it19l Cornp st:_,r ll.Chc,C..<r. JU.•,; f'IID'll',ct:.S-. ,'<l,, J-.'t.PIM CGnlhUCl<ln PtoclACh 
	DARACEM,19 High-range water-reducing admixture 
	DARACEM,19 High-range water-reducing admixture 
	ASTM C494 Type A and F, and ASTM C l017 Type I 
	Product Descnption 
	Daracemt 19 is an aqueous solution of a modified naphthalene sul fonate. Daracem 19 is a superior dispersing admixture having a marked capacity to disperse the cement agglomerates normally found in a cementwater suspension. The capability of Daracem 19, in this respect. exceeds that ofnom1al water-reducing admixtures. It is a low viscosity liquid manufactured for use as received. Daracem 19 contains no added chloride. Daracem 19 is formulated to comply with 
	Specifications for Chemical Admixtures/or Concrete, ASTM C494 as a Type A and Type F admixture, and ASTM C I O17 as a Type 1 admixture. One gallon ofDaracem 19 weighs approximately IO lbs ( 1.2 kg/L). 
	l ses 
	Daracem 19 produces concrete with extremely workable characteristics referred to as high slump. Daracem 19 also allows concrete to be produced with very low water/cement ratios at low or normal slumps. Daracem 19 is ideal for use in prestress, precast, bridge deck or any concrete where it is desired to keep the water/cement ratio to a minimum and still achieve the degree of workability necessary to provide easy placement and consolidation. Daracem 19 will also fluidize concrete, making it ideal for tremie c
	Addition Rates 
	Addition rates ofDaracem 19 can vary with type of application, but will normally range from 6 to 20 fl oz/ I 00 lbs (390 to 1300 mL/ 100 kg) ofcement. In most instances the addition of 10 to 16 fl oz/100 lbs (650 to 1040 mL/ I 00 kg) ofcement will be sufficient. At a given water/cement ratio, the slump required for placement can be controlled by varying the addition rate. Should job site conditions require using more than recommended addition rates, please consult your Grace representative. 
	Product Advantages 
	Can produce high slump f1owable concrete with no loss in strength Can produce low water/cement ratio concrete and therefore. high strengths 
	• Concrete produced with Type I 
	• Concrete produced with Type I 
	cement may be substituted for normal concrete produced with Type Ill cement to achieve early strengths 

	At high slump. exhibits no significant segregation in comparison to concrete without a superplasticizer at the same slump 
	Campa ibilit)· with Other Admixtures and Batch Sequencin~ 
	Daracem 19 is compatible with most Grace admixtures as long as they are added separately to the concrete mix. usually through the water holding tank discharge line. However. Daracem 19 is not recommended for use in concrete containing ADVA, superplasticizers or MIRA~ 92. In general, it is recommended that Daracern 19 be added to the concrete mix near the end ofthe batch sequence for optimum performance. Different sequencing may be used if local testing shows better performance. Please see Grace Technical Bu
	Packagmg & Handling 
	Daracem 19 is available in bulk. delivered by metered tank trucks, and in 55 gal (2 10 L) drums. It will begin to freeze at approximately 32°F (0°C), but will return to full strength after thawing and thorough agitation. In storage, and for proper dispensing, Daracem 19 should be maintained at temperatures above 32°F (0°C). 
	Dispensing Zquipmen 
	A complete I ine ofaccurate, automatic dispensing equipment is available. 
	DARAVAIR, l 000 Air-entraining admixture 
	ASTM C260 
	Produc Descriptio 
	Daravair, !000 is a liquid air-entraining admixture that provides freeze-thaw resistance, yield control, and finishabiliry performance across the full range ofconcrete mix designs. Daravair 1000 is a clean. light-orange product designed to generate specification-quality air systems. Based on a high-grade saponified rosin fonnulation, Daravair 1000 is chemically similar to vinsol-based products, but with increased purity and supply dependability. Daravair 
	I000 weighs approximately 8.5 lbs/gal 
	(1.02 kg/L). Daravair 100 does not contain intentionally added chloride. 
	Uses 
	Daravair I 000 air-entraining admixture may be used wherever the purposeful entrainment of air is required by concrete specifications. Formulated to perform across the entire spectrum of production mixes, Daravair 1000 generates quality, freeze-thaw resistant air systems in concrete conditions that include the following: 
	• 
	• 
	• 
	Low slump 

	• 
	• 
	Paving 

	• 
	• 
	Central mix 

	• 
	• 
	Extruded slip form 

	• 
	• 
	Mixes containing hot water and accelerators 

	• 
	• 
	Precast 

	• 
	• 
	High cement factor 

	• 
	• 
	Fly ash and slag 

	• 
	• 
	Superplasticizers 

	• 
	• 
	Manufactured sands 


	Pertormance 
	Air is incorporated into the concrete by the mechanics of mixing and stabilized into millions of discrete semi-microscopic bubbles in the presence ofa specifically designed airenn·aining admixture such as Daravair !000. These air bubbles act much like flexible ball bearings increasing the mobility, or plasticity and workability ofthe concrete. Th is can permit a reduction in mixing water with no loss ofslump. Placeability is improved. Bleeding, plastic shrinkage and segregation 
	Air is incorporated into the concrete by the mechanics of mixing and stabilized into millions of discrete semi-microscopic bubbles in the presence ofa specifically designed airenn·aining admixture such as Daravair !000. These air bubbles act much like flexible ball bearings increasing the mobility, or plasticity and workability ofthe concrete. Th is can permit a reduction in mixing water with no loss ofslump. Placeability is improved. Bleeding, plastic shrinkage and segregation 
	are minimized. Through the purposeful entrainment ofair, Daravair I 000 markedly increases the durability ofconcrete to severe exposures particularly to freezing and thawing. It has also demonstrated a remarkable ability to impart resistance to the action of frost and de-icing salts as well as sulfate. sea and alkaline waters. 

	Product Advantages 
	Rapid air build suitable for sho11 mix cycles 
	• Can be used in wide spectrum of mix designs 
	Addition Rates 
	There is no standard addition rate for Daravair I 000. The amount to be used will depend upon the amount ofair required for job conditions, usually in the range of 4 to 8%. Typical factors which might influence the amount of air-entraining admixture required are temperature, cement sand gradation. and the use of extra fine materials such as fly ash and microsilica. Typical Daravair I 000 addition rates range from v'2 to 3 fl oz/I00 lbs (30 to 200 mL/ I00 kg) ofcement. Pretesting of concrete should be perfor
	I000 required. 
	Mix Adjustment 
	Entrained air will increase the volume of the concrete making it necessary to adjust the mix proportions to maintain the cement factor and yield. This may be accomplished by a reduction in water requirement and aggregate content. 
	Con patibility with Other Admixtures and Batch 
	~equencrng 
	Daravair 1000 is compatible with most Grace admixtures as long as they are added separately to the concrete mix. Jn general. tt is recommended that Daravair I000 be added to the concrete mix near the beginning ofthe 
	Daravair 1000 is compatible with most Grace admixtures as long as they are added separately to the concrete mix. Jn general. tt is recommended that Daravair I000 be added to the concrete mix near the beginning ofthe 
	batch sequence for optimum performance, preferably by "dribbling'· on the sand. Different seq11encing may be used if local testing shows better performance. Please see Grace Technical Bulletin TB-0110, Admixture Dispenser Discharge Line Location and Sequencing.for Concrele Batching Operations 

	for further recommendations. Daravair I 000 should not be added directly to heated water. Pretesting ofthe concrete mix should be performed before use, and as conditions and materials change in order to assure compatibility. and to optimize dosage rates, addition times in the batch sequencing and concrete performance. Please consult your Grace representative for guidance. 
	Packaging & Handling 
	Daravair I 000 is available in bulk, delivered 
	by metered tank trucks and in 55 gal (210 L) drums. Daravair 1000 will freeze at about 30°F (-1 °C) but its air-entraining properties are completely restored by thawing 
	and thorough mechanical agitation. 
	Dispensing Eqmpment 
	A complete I ine ofaccurate automatic 
	dispensing equipment is available. These 
	dispensers can be located to discharge into the 
	water line, the mixer, or on the sand. 
	Specifica ions 
	Concrete shall be air entrained concrete, containing 4 to 8% entrained air. The air contents in the concrete shall be determined by the pressure method (ASTM Designation C23 I) or volumetric method (ASTM Designation C 173). The air-entraining admixture shall be a completely neutralized rosin solution, such as Daravair I 000. as manufactured by Grace Construction Products. or equal, and comply with Standard Specijicalionfor Air-Entraining Admixtures (ASTM Designation C260). The air-entraining admixture shall
	,, 
	ww.graceconstruction.com 

	~orth American Customer Service: 1-877-4AD--'1LX I (1-877-423-6491) 
	Daravair is a registered trademark of W. R. Grace & Co Conn We hope the infomiation here will be helpful. It is based on data and knowledge considered to be tmc and accurate and is onered for the users consideration, mvcstigation and verification, bu1 we do nol warrant the resu.lts Lo be obtained, Please read all statements. recommend:mons or suggest101is in conjuncuon with our cond1t1ons of sale. which apply to all goods supplied by us. No staterncllt. recommendation or suggestion 1s intended for any use w
	Daravair is a registered trademark of W. R. Grace & Co Conn We hope the infomiation here will be helpful. It is based on data and knowledge considered to be tmc and accurate and is onered for the users consideration, mvcstigation and verification, bu1 we do nol warrant the resu.lts Lo be obtained, Please read all statements. recommend:mons or suggest101is in conjuncuon with our cond1t1ons of sale. which apply to all goods supplied by us. No staterncllt. recommendation or suggestion 1s intended for any use w
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	APPENDIX D: GIRDER INSTRUMENTATION DETAILS 
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	DESIGN LOCATION ACTUAL LOCATION Number Type X l inl• Y (in)" Z (in)• X (in)" Y (i ni♦ Z l inJ• EM-1A-L Embedded 7.5 28.5 0 6.75 28.5 0 EM-2A-L Embedded 120 3.25 0 120 5.75 0 EM-3A-L Embedded 120 26 0 120 25.75 0 EM-4A-L Embedded 120 34 0 120 33.5 0 EM-5A-L Embedded 120 38 0 120 38 0 EM-6A-L Embedded 120 44 0 121 .25 42.75 0 EM-7A-L Embedded 120 44 11 121.25 42.75 11 .5 EM-8A-L Embedded 240 3.25 0 240 5.75 0 EM-9A-L Embedded 240 26 0 240 26 0 EM-10A-L Embedded 240 34 0 240 33.75 0 EM-11A-L Embedded 240 38 0 
	Table D 1 Girder AL Strain Gage Locations 
	*Gage location is measured from centerline of bottom ofGirder AL. Positive is right. negative is left when looking down girder from instrumented end. 
	Table D 2 Girder BL Strain Gaae Locations 
	DESIGN LOCATION ACTUAL LOCATION Number Tvce X (in)* Y (inl* Z (inl* X (inl* Y (inl* Z(inl* EM-1 Embedded 7.5 28.5 0 7.75 28.25 0 EM-2 Embedded 120 3.25 0 120 6 0 EM-3 Embedded 120 26 0 120 26 0 EM-4 Embedded 120 34 0 120 34 0 EM-5 Embedded 120 38 0 120 38 0 EM-6 Embedded 120 44 0 121.5 43 0 EM-7 Embedded 120 44 11 121.5 43 11 EM-8 Embedded 240 3.25 0 240.5 6 0 EM-9 Embedded 240 26 0 240.5 26 0 EM-10 Embedded 240 34 0 240.5 33.5 0 EM-11 Embedded 240 38 0 240 38 0 EM-12 Embedded 240 44 0 241 .5 43 0 EM-13 Emb
	*Gage location is measured from centerline of bottom ofGirder BL. Positive is right, negative is left when looking down girder from instrumented end. 
	Table D 3 Girder CL Strain GaQe Locations 
	DESIGN LOCATION ACTUAL LOCATION Number Tvoe X (inl* Y (in)* Z (inl* X {inl* Y {in)* Z -{inl* EM-1 Embedded 7.5 28.5 0 7.5 28.5 0 EM-2 Embedded 120 3.25 0 120.25 6 0 EM-3 Embedded 120 26 0 120.25 25.5 0 EM-4 Embedded 120 34 0 120.25 33.75 0 EM-5 Embedded 120 38 0 120 38 0 EM-6 Embedded 120 44 0 119 42.5 0 EM-7 Embedded 120 44 11 119 42.5 11 EM-8 Embedded 240 3.25 0 240 6.25 0 EM-9 Embedded 240 26 0 240 25.75 0 EM-10 Embedded 240 34 0 240 34 0 EM-11 Embedded 240 38 0 240.5 38 0 EM-12 Embedded 240 44 0 241 43 
	*Gage location 1s measured from centerline ofbonom of Girder CL. Positive is righr. negative is left when looking down girder from instrumented end. 
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	APPENDIX F: SPECIAL PROVISIONS 
	STATE OF SOUTH DAKOTA DEPARTMENT OF TRANSPORTATION 
	SPECIAL PROVISION FOR SELF-CONSOLIDATING CONCRETE (SCC) FOR PRECAST/PRESTRESSED BRIDGE GIRDERS 
	November 17th, 2008 
	Delete Section 560 from the Standard Specifications in its entirety and replace it with the following revised specification: 
	560.1 DESCRIPTION 
	This work consists of furnishing and installing precast and prestressed self-consolidating concrete (SCC) items. 
	560.2 MATERIALS 
	A. Concrete: 
	A. Concrete: 
	1. Fine Aggregate: Section 800. 

	2. Coarse Aggregate: Course aggregate for sec shall meet the requirements of Section 820 with the following exceptions: 
	Course aggregate used in SCC shall be either quartzite or limestone aggregate conforming to the following gradation requirements: 
	Percent Passing Sieve Size Quartzite Limestone 
	5/8 inch (16.0 mm) 100 1/2 inch (12.5 mm) 90 to 100 100 3/8 inch (9.50 mm) 70 to 90 90 to 100 No. 4 (4.75 mm) 0 to 30 0 to 20 No. 8 (2.36 mm) 0 to 15* 0 to 5* 
	• The combined mixture of fine and coarse aggregate shall be such that not more than 
	1.5 percent passes the No. 200 (75 µm) sieve. 
	3. 
	3. 
	3. 
	3. 
	Water: Section 790. 


	4. 
	4. 
	Admixtures: Section 751 and 752. The Contractor may use viscosity modifying admixtures (VMA) to attain the desired sec performance. VMA for use in sec must meet the requirements of ASTM C 1017. 

	5. 
	5. 
	Cement: Section 750. Type 1/11 Portland Cement shall be used for all sec. No substitutions will be allowed. 


	B. Pretensioning Reinforcement: Section 1010. 
	C. Reinforcing Steel: Section 1010. 
	C. Reinforcing Steel: Section 1010. 

	D. Drainage Fabric: Section 831.1 -Type A. 
	560.3 CONSTRUCTION REQUIREMENTS 
	A. General Requirements: The Contractor shall satisfy the following for all precasUprestressed sec items. 
	1. 
	1. 
	1. 
	Fabrication: Fabricators shall be on the approved fabricators list prior to fabricating precast and prestressed sec items. 

	2. 
	2. 
	2. 
	Concrete Mix Requirements: The Contractor shall submit a concrete job mix design for approval ten working days prior to fabrication. The mix design shall include all aggregate sources, admixtures proposed for use. 

	a. 
	a. 
	a. 
	Minimum Cementitious Content: The sec shall contain a minimum cementitious content of 700 pound per cubic yard (415 Kilograms per cubic meter). 

	b. 
	b. 
	Maximum Water Cementitious Ratio: The mix design shall establish a maximum water cementitious ratio for all sec produced. This maximum water cement ratio shall never exceed 0.37 

	c. 
	c. 
	Minimum Course Aggregate Content: Minimum course aggregate content shall be 40 percent of the aggregate content. 

	d. 
	d. 
	Entrained Air Content Range: The sec shall contain an entrained air content of between 4.5 and 7.5 percent. The procedure for testing of entrained air content shall be performed as described in SD 403 with the following exceptions: 




	The air content meter bucket shall be filled in one continuous lift. Rodding of the concrete shall not be permitted. Light tamping by hand on the side of the bucket may be allowed to remove cavities and large air bubbles. 
	e. 
	e. 
	e. 
	Slump Flow at Time of Placement: The slump flow at time of placement for SCC shall be between twenty and twenty-eight inches (20" -28'') when tested according to ASTM C 1611/C 1611 M -05, filling procedure B (inverted mold). 

	f. 
	f. 
	Visual Stability Index (VSI) at Time of Placement: The VSI of the SCC at the time of placement shall not exceed 1 when tested according to ASTM C 1611/C 1611M 05. 
	-


	g. 
	g. 
	Difference between J-Ring Spread and Slump Flow Spread: The difference between the J-Ring spread and the slump flow spread shall not be greater than 2.0 inches. The J-Ring spread shall be tested according to ASTM C 1621/C 1621M -06. The slump flow spread shall be tested according to ASTM C 1611 /C 1611 M -05, filling procedure B (inverted mold). 

	h. 
	h. 
	Minimum 28 Day Compressive Strength: The SCC shall obtain a minimum 28 day compressive strength equal to or greater than the minimum compressive strength 


	specified. The procedure for filling molds and beams shall be performed as described 
	in SD 405 with the following exceptions: 
	The concrete cylinder molds shall be filled in one continuous lift. Rodding of the concrete shall not be permitted. Light tamping by hand on the side of the mold may be allowed to remove cavities and large air bubbles. 
	The absolute volume of mix proportions shall yield 27.0 to 27.25 cubic feet. 
	All mix designs and any modifications thereto, including changes in admixtures. shall be 
	submitted with mix design. Mix design data and test results shall be recorded on a DOT 
	Form 24 and submitted to the Engineer. 
	Equipment and methods used for batching, mixing, and transporting of concrete shall be approved by the Engineer. 
	3. 
	3. 
	3. 
	3. 
	Shop Drawings: Fifteen days prior to fabrication, the Contractor shall furnish shop drawings for Department review. The shop drawings shall consist of fabrication details including reinforcing steel and spacer placement and configurations, total quantities for the complete structure, and all information necessary for fabrication and erection. 

	Shop drawings for prestressed sec items shall also include the method and sequence of stressing. 

	4. 
	4. 
	Forms: The forms shall be designed to withstand the fluid pressure of the concrete without distortion. The forms shall be mortar tight and free from warp. 


	The form area in contact with the concrete shall be treated with an approved form oil or wax before the form is set in position. The forms shall be thoroughly cleaned of all other substances. 
	5. Concrete Cure: The concrete shall be cured by low pressure steam, radiant heat, or as specified in Section 460.3 N. When curing in accordance with Section 460.3 N, the concrete temperature requirements of Section 460.3 0 shall apply. 
	Low pressure steam or radiant heat curing shall be done under an enclosure to contain the live steam or the heat and prevent heat and moisture loss. The concrete shall be allowed to attain initial set before application of the steam or heat. The initial application of the steam or heat shall be three hours after the final placement of concrete to allow the initial set to occur. When retarders are used, the waiting period before application of the steam or radiant heat shall be five hours. When the time of i
	During the waiting period, the minimum temperature within the curing chamber shall not be less than 50° F (10° C) and live steam or radiant heat may be used to maintain the curing chamber between 50° F (10° C) and 80° F (27° C). During the waiting period the concrete shall be kept moist. 
	Application of live steam shall not be directed on the concrete forms causing localized high temperatures. Radiant heat may be applied by pipes circulating steam, hot oil, hot water, or by electric heating elements. Moisture loss shall be minimized by covering exposed concrete surfaces with plastic sheeting or by applying an approved liquid membrane curing compound to exposed concrete surfaces. The top surface of concrete members for use in composite construction shall be free of membrane curing compound re
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	During the initial application of live steam or radiant heat, the concrete temperature shall increase at an average rate not exceeding 40° F (22° C) per hour until the curing temperature is reached. The maximum concrete temperature shall not exceed 160° F (71 ° C). The maximum temperature shall be held until the concrete has reached the desired strength. After discontinuing the steam or radiant heat application, the temperature of the concrete shall decrease at a rate not to exceed 40° F (22° C) per hour un
	The test cylinders shall be cured with the unit, or in a similar manner (similar curing method and concrete curing temperature, as approved by the Concrete Engineer) as the unit, until minimum compressive strength has been obtained 
	6. Surface Finish and Patching: If a precast or prestressed item shows stone pockets, honeycomb, delamination or other defects which may be detrimental to the structural capacity of the item, it will be subject to rejection at the discretion of the Engineer. Minor surface irregularities or cavities, which do not impair the service of the item, and which are satisfactorily repaired will not constitute cause for rejection. Repairs shall not be made until the Engineer has inspected the extent of the irregulari
	Depressions resulting from the removal of metal ties or other causes shall be carefully pointed with a mortar of sand and cement in the proportions. which are similar to the specific class of concrete in the unit. A sack rub finish is required on prestressed beams except for the bottom of the bottom flange and the top of the top flange. A sack rub finish is also required on sloped surfaces of box culvert end sections. 
	B. Precast Box Culverts: The following shall apply to box culverts: 
	1. Design: Precast concrete box culverts shall conform to AASHTO M 259 or M 273. Configurations in variance with those provided by AASHTO will be accepted provided the AASHTO materials, design, fabrication specification and the requirements of this Section are complied with. 
	Box culvert end sections (inlet or outlet) materials, design, and fabrication shall conform to AASHTO Standard Specifications for Highway Bridges and Materials Specifications. 
	Precast box culverts shall be designed to specified load conditions. The Design Engineer of the structure must be registered in the State of South Dakota. The design shall conform to the AASHTO design requirements for the depth of fill, including surfacing, etc., as well as live load or specified loading. The specified live load shall apply to all barrel sections. 
	Minimum reinforcing steel clear cover shall be 1 inch (25mm) for all member faces. The exception to this is that box culverts covered by a fill of less than 2 feet (0.6 m) shall have a minimum reinforcing steel clear cover of 2 inches (50 mm) in the top of the top slab. 
	The Contractor shall furnish a checked design with the shop drawings. A checked design includes the design calculations, and check design calculations performed by an independent Engineer. 
	A checked design for barrel sections will not be required to be submitted if the proposed fabrication dimensions and reinforcement conform to AASHTO M 259M or M 273M. A checked design for the end sections and special sections will be required. 
	2. Fabrication: The Contractor shall notify the Engineer seven days prior to fabrication. 
	Limite vibrating may be allowed when necessary, as approved by the engineer. 
	The minimum length of precast section shall be four feet. ( 1200 mm) 
	Welding of reinforcing steel will not be permitted. 
	Joint ties shall be provided on all sections. 
	Steel wire bar supports shall be used to maintain proper reinforcement location and concrete cover. Cutting of reinforcement and bending to the form surface, for support, will not be permitted. Steel wire bar supports, in contact with the casting forms, shall be stainless steel, hot dipped galvanized, or plastic tipped extending at least ½ inch (13 mm) from the form surface. 
	The surface temperature of forms and reinforcing steel (that come in contact with the concrete being placed) shall be raised to a temperature above freezing prior to concrete placement. All deleterious material shall be removed from the forms prior to concrete placement. 
	The dry casting method of fabrication for precast concrete box culverts will not be allowed. 
	The precast units shall have sufficient strength to prevent damage to the units during removal of the forms and yarding. Precast units shall have a minimum concrete compressive strength of 800 psi (5.5 MPa) prior to form removal. Precast units shall have a minimum concrete compressive strength of 3000 psi (21 MPa) prior to yarding. The Engineer may approve a different minimum concrete strength for form removal and yarding, based upon fabricator demonstrated results or as shown on design details submitted an
	The fabricator shall make a minimum of one group of test cylinders for each class of concrete for each day's production, not to exceed 150 cubic yards (125 cubic meters) per group of cylinders. 
	At a minimum, a group of test cylinders shall consist of the following: 
	a. 
	a. 
	a. 
	Two test cylinders are required for the 28 day compression test. 

	b. 
	b. 
	Two additional cylinders will be required for determining concrete strength, when the Contractor desires to make delivery and obtain acceptance by the Department prior to the 28 day compression test. 


	Acceptance of the precast units shall be in accordance with Section 460.3 B. The precast units will be accepted when the minimum design concrete compressive strength requirements have been met. Accepted precast units represented by that test group of cylinders may be delivered to the project and will not require the 28 day cylinder test. 
	3. Installation: Box culvert installation shall conform to the approved shop drawings and the following: 
	a. 
	a. 
	a. 
	Foundation: Foundation preparation shall be in accordance with Sections 420, 421 , and 450. The foundation shall be shaped to provide a satisfactory template section and density. 

	b. 
	b. 
	Transverse Joints: The floor joint between adjacent sections shall be sealed with a preformed mastic along the floor to the top of the haunches. Fabric shall be placed along the top and walls, to provide a minimum of 2 ½ feet (750 mm) of fabric centered on the joint. Transverse joints in the fabric shall be overlapped at least two feet (600 mm). Sufficient adhesive shall be required along the edge of the fabric to hold it in place while backfilling. The lift holes shall be plugged with an approved non­shrin


	The maximum allowable gap at any point between adjacent sections of box culvert 
	shall be 1" (25 mm). 
	shall be 1" (25 mm). 

	c. 
	c. 
	c. 
	Joint Ties: Each section shall be tied to adjacent sections with joint ties as shown on the approved shop drawings. 

	d. 
	d. 
	Backfilling: Backfilling shall conform to Section 450. Hand compaction methods may be required for satisfactory compaction under and adjacent to corners with radius and between culverts on multiple installations. 


	C. Prestressed Concrete: The following shall apply to all prestressed sec products: 
	1. General: The Contractor shall notify the Engineer at least seven days prior to fabrication to permit inspection of the forms and reinforcement by Department personnel. 
	The Contractor shall have a PCI Level II Certified technician. skilled in the prestressing 
	method used, available to provide assistance and instruction in the use of the 
	prestressing equipment and installation of materials. 
	Prestressing shall be by the pretensioning method. All common or similar elements shall be prestressed using the same method. 
	The Contractor shall prevent damage to prestressing steel that weakens the prestressing steel or may cause failure under stress. Nicking, kinking, or twisting of the prestressing steel will not be permitted. Sparks or pieces of molten metal from welding or burning equipment shall not contact any prestressing steel. The use of prestressing steel as a ground for welding equipment will not be permitted. The cutting of surplus tendons by burning will be permitted providing the burning is done rapidly and neatly
	2. Forms: Forms shall comply with Section 423.3 and the following: 
	Joints in sectional forms shall have a tight fit without excessive offset. 
	Forms shall be set on a rigid foundation and the soffit form shall be a plane surface at right angles to the vertical axis of the beam. 
	The beams shall be accurately cast to the dimensions shown in the plans or in the shop drawings. Requests for minor shape changes to accommodate the available forms shall be accompanied by design calculations. 
	3. Steel Units: Reinforcement and tendons shall be placed in the position specified and securely held during the placing and setting of the concrete. The distances between the forms and steel shall be maintained by metal bar chairs, spacers, hangers. and precast mortar or concrete blocks of approved shape and dimensions. Metal devices in contact with the forms shall be galvanized. Distances between layers of units shall be maintained 
	by metal spacers, precast mortar, or concrete blocks. Welding of reinforcement or tendons will not be allowed. 
	Loose rust, dirt, oil, or other foreign substances shall be removed from the prestressing tendons before the side forms are erected. 
	The hold down devices for deflected strands shall provide for the removal of the device for a distance of one inch (25 mm) or more from the exposed face of the concrete and the resulting hole patched with mortar. As an alternative, the device shall rest on the bottom form and remain in place after concrete placement When the hold down devices are to remain in place. the portion of the devices in contact with the forms shall be galvanized for a minimum distance of one inch (25 mm). 
	4. Tensioning: 
	4. Tensioning: 

	a. Equipment: Equipment, tools, and machinery used in the work shall be adequate for the purpose for which they are to be used and shall be appropriately maintained. 
	In all methods of tensioning, the stress induced in the prestressing elements shall be measured both by jacking gages and by elongation of the elements. The results shall check as specified in paragraph two below. Means shall be provided for measuring the elongation of reinforcement to the nearest 1/16 inch (whole millimeter). Stressing devices, whether hydraulic jacks or screw jacks, shall be equipped with accurate calibrated pressure gages, rings, or other devices applicable to the type of jack being used
	The sensitivity and accuracy of the gages shall be such that at final elongation the total load on the jack(s) can be accurately determined within a tolerance of five percent of the total indicated stress at that time. 
	b. General Procedures: The tensioning procedure shall be conducted so the indicated stress on the tendons based on gage pressures and the indicated stress based on the corresponding elongation of the tendons may be measured and compared at any time. When the two indicated stresses, corrected for friction loss, differ by five percent or less. the tendons shall be stressed so the lower of the two indicated stresses is equal to the required tension in the tendon. If the difference exceeds five percent, tension
	Tendons shall be tensioned to produce the forces shown in the plans, or on the approved working drawings with appropriate allowances for all losses. Losses to be provided for shall be as specified in Section 9.16 of Division I, Design, of the AASHTO Standard Specifications for Highway Bridges. The maximum temporary stress Uacking stress) and the stress in the steel before loss due to creep and shrinkage shall not exceed the values allowed in Section 9.15 of Division I, Design, of the AASHTO Specifications. 
	Each strand shall be given an initial tension of such magnitude and shall be supported at such intervals that the strand is straightened and the slack removed before jacking is started. Strands tensioned as a group shall have the same initial tension and all strands in the group shall be from the same manufacturer. 
	The tensioning of deflected strands shall be done so that the final tension in all parts of the strand is uniform and means shall be provided to reduce frictional forces at the bend points to a minimum. Hold down devices shall contain rollers to aid in minimizing the effects of friction. 
	Tension elongation measurements shall be corrected for losses as determined in the field due to slippage of wedges or anchorages, and friction, to obtain the required prestress force in the strands after anchorages are set. 
	Appreciable changes in elongation of the strands due to a temperature differential in the strands between the tensioning and time of concrete placement shall be considered in the final elongation measurements to obtain the required prestress force at the time of casting. The change in elongation due to temperature shall be based on 1/8 inch per 100 feet (3 mm per 30 meters) of strand length for each 15° F (10.0° C) variation in temperature. Temperature corrections shall be performed as per PCI standards and
	5. Placement of Concrete: The surface temperature of the forms and reinforcing steel, which come into contact with the concrete being placed, shall be raised to a temperature above freezing prior to concrete placement. All deleterious material shall be removed from the forms prior to concrete placement. 
	Beams shall be cast in an upright position and the concrete shall be placed in continuous lifts not exceeding one half the depth of the beam. A continuous flow of concrete from end to end of the beam may be permitted provided segregation of the concrete is not taking place. Cold joints or initial set between lifts will not be allowed. 
	The rate of placement shall be maintained at a minimum rate such that no cold joints exist in the beam. 
	Limited vibrating may be allowed, when necessary, as approved by the Engineer. 
	The top surface of the beam shall be float finished to seal the surface and depress the coarse aggregate. After finishing and prior to initial set, the top surface shall be given a transverse grooving. The grooves shall be approximately ¼ inch (6 mm) deep by ¼ inch (6 mm) wide at one inch (25 mm) spaces. The top surface of the outside edges of the top flange shall be finished with a concrete edging tool for the full length of the beam. The edging tool shall be of sufficient size to produce a smooth finish f
	6. 
	6. 
	6. 
	6. 
	Form Removal: When side forms are removed from the curing chamber before the curing cycle (including temperature cooling process) is complete, only the minimum area of the curing chamber enclosure shall be removed and remain uncovered at any one time. The open area in the enclosure shall be immediately closed as each form section is removed. The enclosure shall not remain open for more than 60 minutes. 

	When the Contractor elects to remove the beams from the casting bed during the cooling process, appropriate measures shall be taken to keep the beams warm during moving operations, and shall immediately resume the cooling process at the storage area. 

	7. 
	7. 
	Curing: The Contractor shall provide all approved continuous recording thermometers located in each enclosure and curing chamber. Two recording thermometers shall be provided for each casting chamber having a casting bed length of 100 feet (30 meters) or less. For each additional 100 feet (30 meters) or less in the length of the casting bed, 


	within each chamber, an additional thermometer shall be provided. The thermometers shall record temperatures at intervals not to exceed 15 minutes and have an accuracy of plus or minus 5° F (3° C). 
	Complete temperature recording charts for all cures shall be submitted to the Engineer 
	prior to acceptance of the beams. If the records indicate that the specified temperature 
	and time element pertaining to the curing are not being complied with, the affected 
	beams will be subject to rejection. 
	beams will be subject to rejection. 

	Curing shall be maintained until the concrete has gained sufficient strength for prestress transfer. 
	8. Prestress Transfer: For pretensioned beams, the prestress transfer shall not be made until the control cylinders, cured with the beams, indicate that the concrete has reached the compressive strength specified in the plans, or as amended by the approved shop drawings. 
	Detensioning shall be accomplished after the steam or radiant heat curing has been discontinued and before the concrete temperature drops below 65° F (18° C). 
	The prestress transfer sequence shall keep the lateral eccentricity of the prestress to a minimum and shall prevent cracking in the top flange of the beams. 
	In addition, the prestress transfer shall be made in accordance with the following: 
	When steam or other added heat is used for cure, the prestress transfer shall be made while the concrete in the beams is still warm and moist. 
	The prestress transfer may be made by the gradual release of hydraulic jacks, by heating exposed portions of individual strands to failure, or shall be completed as detailed in approved production procedures. 
	When heating of individual strands is employed, it shall be subject to the following: 
	Heating of each individual strand shall be done simultaneously on the strand at a minimum of two locations along the casting bed. The sequence of heating each strand along the bed, the sequence of prestress transfer between individual strands. and the sequence of release of the hold downs for deflected strands for the prestress transfer shall be such that no deleterious effect will result. A schedule of the proposed prestress transfer operations shall be submitted with the shop drawings. 
	Heating shall be done with a large. low oxygen flame along the strand for a minimum distance of five inches (125 mm). The application of heat shall be controlled so that failure of the first wire in the strand does not occur for at least five seconds after heat is applied, followed by gradual elongation and failure of the remaining wires. If the release is not gradual and damages the beam, this method of release shall be 
	discontinued. 
	discontinued. 

	9. 
	9. 
	9. 
	Tolerances: Dimensional tolerances of the completed beams shall not exceed the dimensional tolerances specified in the current edition of Prestressed Concrete Institute Manual for Quality Control for Plants and Production of Precast Prestressed Concrete Products. 

	10. 
	10. 
	Handling, Storage, Transportation, and Installation: Pretensioned beams may be moved from the casting bed to the storage yard after the prestress transfer strength has been reached but shall not be removed from the casting yard or installed until they have 


	reached the specified minimum design compressive strength, as indicated by the test cylinders cured with the beams. 
	Prestressed beams shall remain in an upright position at all times. The beams shall be supported during storage, lifting, and transportation at only two points. During lifting and transporting, each point shall be not farther from the end of the beam than the depth of the beam. During storage, the points shall not be farther from the end of the beam than one third the depth of the beam. 
	The prestressed concrete beams shall be installed and fastened in accordance with the details shown in the plans. 
	D. Frequency of Testing: Sampling and testing by the Department shall be in accordance with the Materials Manual with the following exceptions: 
	1. 
	1. 
	1. 
	First Three Truckloads: The fresh (plastic) concrete tests listed in Section 460.3 T.2 shall be performed on the concrete from the first three truckloads of any individual concrete placement. Sampling of the concrete for this application shall be at the beginning of the batch after 5 gallons of concrete has been discharged from the mixing drum. The slump flow spread and the J-Ring spread tests shall be performed concurrently or subsequently with no more than two minutes elapsed time between the slump flow s

	2. 
	2. 
	2. 
	Subsequent Truckloads: After the first three truckloads, fresh (plastic) concrete tests shall be performed on the concrete from all subsequent truckloads at the following frequency: 

	a. 
	a. 
	a. 
	Slump Flow Spread: Slump flow spread shall be tested at a rate of every conveyance. 

	b. 
	b. 
	J-Ring Spread: J-Ring spread shall be tested at a rate of one out of every two conveyances. 




	The slump flow spread and the J-Ring spread tests shall be performed on the same conveyance. The slump flow spread and the J-Ring spread tests shall be performed concurrently or subsequently with no more than two minutes elapsed time between the slump flow spread and J-ring spread tests. 
	c. 
	c. 
	c. 
	Entrained Air Content: Entrained air content shall be tested at a rate of one out of every four conveyances. 

	d. 
	d. 
	Unit Weight: Unit weight shall be tested at a rate of one out of every four conveyances. 

	e. 
	e. 
	Temperature: Temperature shall be tested at a rate of every conveyance. 


	560.4 METHOD OF MEASUREMENT 
	A. Prestressed Concrete Beam: Measurement of prestressed beams will not be made. Plans quantity will be used for payment. 
	B. Furnishing Precast Box Culvert: Measurement for furnishing precast box culverts will not be made. Plans quantity shall be used for payment. 
	C. Installing Precast Box Culvert: Measurement for installing precast box culvert will not be made. Plans quantity shall be used for payment 
	D. Furnishing Precast Box Culvert End Sections: Furnishing precast box culvert end sections will be measured per each. One end section will be considered to be all of the individual pieces required to construct one end of the box culvert. 
	E. Installing Precast Box Culvert End Sections: Installing precast box culvert end sections will be measured per each. One end section will be considered to be all of the individual pieces required to construct one end of the box culvert. 
	560.5 BASIS OF PAYMENT 
	A. Prestressed Concrete Beam: Prestressed concrete beams will be paid at the contract unit price per foot (meter). Payment will be full compensation for furnishing and installing the prestressed concrete beam, and all other incidentals. 
	8. Furnishing Precast Box Culvert: Furnish precast box culvert will be paid for at the contract unit price per 0.1 foot (0.1 meter). Payment will be full compensation for furnishing the box culvert, joint seal mastic, drainage fabric, and joint ties. 
	C. Installing Precast Box Culvert: Installing precast box culvert will be paid for at the contract unit price per 0.1 foot (0.1 meter). Payment will be full compensation for precast box culvert installation and will include compensation for foundation preparation, backfilling, and all other incidentals. 
	D. Furnishing Precast Box Culvert End Sections: Furnishing precast box culverts will be paid for at the contract unit price per each. 
	E. Installing Precast Box Culvert End Sections: Installing precast box culvert end sections will be paid for at the contract unit price per each . 
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