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Tensile Stresses in the End Regions of Pretensioned I-Beams at 
Release 

 

An experimental study was conducted at the Phil M. Ferguson Structural 
Engineering Laboratory at the University of Texas at Austin to investigate the 
cracking in end regions of pretensioned I-beams at prestress transfer.  This 
horizontal cracking near the end face of the girder is caused by the tensile forces 
that develop perpendicular to the line of action of the prestressing force after it 
has been applied.  After seeing this cracking occur in multiple girders throughout 
the state of Texas and in the process of developing design standards for a new 
family of prestressed concrete I-beams (Tx family of beams), the Texas 
Department of Transportation sponsored this project to investigate this end region 
cracking problem.  The goals of this project were to: 

i. Ensure that the cracks forming in the end regions of new I-Beams are 
comparable to or less severe than those in conventional AASHTO 
girders or TxDOT beams. 

ii. Quantify the amount of end region reinforcement that should be used in 
the new I-Beams to ensure that the quality of the new I-Beams, that 
have larger bottom flanges and greater prestressing force, is comparable 
to or better than the conventional AASHTO girders or TxDOT beams. 

To achieve these objectives, four full scale beams from the new Tx family 
of girders were fabricated.  More specifically, two 28”, one 46”, and one 70” deep 
girders were tested to examine transverse stresses in the end regions of 
pretensioned beams. The testing of four 30-ft-long full-scale beams resulted in 8 
test regions.  The test regions at the two ends of each girder had different 
transverse reinforcement details.  Each end region was comprehensively 
instrumented by strain gauges to capture the most critical strains.  The strain 
gauge data collected at the release of the prestressing strands was used to prepare 
new reinforcement details to control the widths of the cracks that form in the end 
regions of pretensioned I-girders at release.  
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CHAPTER 1 
Introduction 

1.1 BACKGROUND 

In the process of developing design standards for a new family of 
pretensioned concrete I-beams, the Texas Department of Transportation noticed 
some inconsistencies between research results and code provisions for spalling 
and bursting reinforcement.   In addition, they recognized the fact that the current 
end region reinforcement used in the TxDOT standard I-beams was based on 
experimental research.  With these facts and impetus, an interagency testing 
contract was established between the University of Texas at Austin and the Texas 
Department of Transportation to investigate end region stresses and to arrive at 
simple details that can be used in the new TxDOT I-Beams.   

In modern pretensioned concrete highway girder designs, higher strength 
concretes are being used in conjunction with larger diameter strands.  These two 
adjustments allow designers to optimize beams to accommodate longer spans and 
fewer beam lines in bridges.  The better optimization of modern I-beams, 
including the new TxDOT I-Beams, has raised the level of prestress force that is 
being applied to pretensioned beams and has therefore increased the level of 
transverse tensile stresses.  It will be revealed in the next few sections that this 
problem is not just limited to the state of Texas, but rather is a problem 
throughout the United States. 

1.1.1 FLORIDA DOT 

The Florida Department of Transportation experienced bursting and 
spalling cracks in numerous pretensioned I-girders and Bulb Tees throughout the 
state of Florida.  An example of some of the end region cracking is shown in 
Figure 1-1. 

 



2 

 

 

Figure 1-1: Bursting and Spalling Cracks in Florida Bulb Tees: Jensen Beach 
(Courtesy of Jonathan Van Hook, Florida DOT) 

The widths of the cracks shown in Figure 1-1 are somewhere between 0.003” and 
0.005”.  Some of these cracks extend to just over 3 feet into the beam from its end 
face.  There are numerous memorandums that have been issued by the Florida 
DOT discussing this issue and how best to resolve it.  One of those 
memorandums, written by William N. Nickas on February 3, 2004, is included 
below: 

Cracking in the ends of AASHTO and Florida Bulb-Tee beams has been 
observed with vertical bursting reinforcing designed to 20 ksi stress, based on 4% 
of the bonded prestressing force and distributed over a distance of h/5, in 
accordance with the LRFD (2001) Section 5.10.10.1. To minimize these cracks 
and accommodate the longer distribution length (h/4) adopted by LRFD in 2002, 
the maximum prestressing force in the ends of these beams has been limited. 

Additionally the maximum design concrete strength at release has been 
limited to 6000 psi to control the amount of prestress in the ends of these beams. 
The maximum prestressing force is based on 13 ksi bursting steel stress for 
AASHTO and Florida Bulb-Tee beams. This is approximately equivalent to a 20% 
decrease in allowable stress from the LRFD (2001) requirements. Florida-U 
beams and Inverted-T beams have not shown similar problems, so the maximum 
prestress force is based on 18 ksi and 20 ksi bursting steel stress respectively, 
which provides equivalent resistance to the previous LRFD (2001) requirements.” 

As is seen in the above memorandum the cracks that form in the end 
regions of pretensioned beams at release have drawn some interest and caused 
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Florida DOT to limit stresses in this region above and beyond that of the 
requirements of AASHTO LRFD Bridge Design Specifications (2007). 

1.1.2 WASHINGTON DOT  

In the state of Washington, end zone cracking has become an issue as 
well.  A technical memorandum authored by Bijan Khaleghi of Washington State 
DOT on December 23, 2006 shows the state of bursting and spalling (what is 
defined as splitting within this memorandum) stresses in the state of Washington:  

…“The provisions of LRFD Article 5.10.10.1 are to resist “splitting” of 
pretensioned members rather than “bursting”. LRFD article 5.10.10.1 requires 
the vertical splitting reinforcement uniformly distributed within the distance h/4 
from end of the girder, where “h” is the overall depth of precast member. To 
satisfy this requirement some designers tend to use #6 bars or bundled bars for 
vertical splitting reinforcement, that is not practical for girder fabrication and 
bridge deck construction. For ease of fabrication and deck construction, it is 
acceptable to place the remaining splitting reinforcement beyond the code 
prescribed h/4 zone. Please note that the h/4 zone is an approximation of the 
extent of the splitting zone apprehended from the stress contours of finite element 
analysis or other refined methods. It is therefore safe and reasonable to extend 
the splitting zone beyond the code prescribed h/4 zone if required for girder 
fabrication and bridge deck construction.  The current reinforcement requirement 
is defined for pretensioned members with vertical webs.  However, splitting 
reinforcement is clearly required in other pretensioned members such as slabs, 
double tees, tri-beams, tubs and box girders, where the primary splitting 
reinforcement may not be vertical. For pretensioned slab members, the width of 
the member is greater than the depth. A tensile zone is then formed in the 
horizontal direction perpendicular to the centerline of the member. For tub and 
box girders, prestressing strands are located in both the bottom flange and webs. 
Tensile zones are then formed in both the vertical and horizontal directions in the 
webs and flanges. Reinforcement is required in both directions to resist the 
splitting forces.”… 

This memorandum shows the concerns that many state DOTs are dealing 
with in relation to transverse tensile (bursting and spalling) stresses and associated 
provisions in AASHTO LRFD Bridge Design Specifications. 
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1.1.3 TEXAS DOT 

Similar to other states discussed above, within the state of Texas the 
formation of bursting and spalling cracks at release is of concern as well. Beams 
with horizontal or inclined end region cracks are not typically rejected provided 
that the widths of the cracks that form in the end regions are small enough (w < 
0.01”).  If the crack widths get to be larger, epoxy injection is typically required.  
If a large number of wide end region cracks form at release (Figure 1-2) the beam 
is typically rejected by TxDOT inspectors. 

  

 

Figure 1-2: Bursting and Spalling Cracks in AASHTO Type VI Beams:  
Galveston Causeway Expansion Project 

Considering the facts outlined above, the investigation of bursting and 
spalling cracks for the new TxDOT I-Beams (Tx-family of beams) is of 
significance to ensure that: 
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i. The cracks forming in the end regions of new I-Beams are 
comparable to those that formed in conventional AASHTO 
girders or TxDOT beams (e.g. Type IV beams, Type VI beams, 
C-Beams, A-beams etc.). 

ii. A sufficient amount of end region reinforcement is used in the 
new I-Beam standards to ensure that the quality of the new I-
Beams that have larger bottom flanges and greater amounts of 
prestressing force is comparable to or better than the 
conventional AASHTO girders or TxDOT beams. 

1.2 OBJECTIVES 

To address the cracking problems in the end zones of pretensioned beams 
at release, an experimental investigation project was funded by the Texas 
Department of Transportation.  The experimental investigation was performed at 
the University of Texas Phil M. Ferguson Structural Engineering Laboratory.  The 
main goals of this project were a) to investigate the causes of the end region 
cracks and b) to optimize the end region reinforcement such that the widths of the 
end region cracks can be minimized without creating congestion that may result in 
concrete consolidation problems.    

1.3 SCOPE 

A literature review and an experimental program on full-scale girders were 
completed to more fully address end region cracking in pretensioned girders.  The 
experimental program involved the construction of a pretensioning bed frame 
within Ferguson Lab as well as the construction of four full scale pretensioned 
beams.  Referred to as the Tx family of beams, these girders were designed by 
TxDOT.  The new girders were optimized to ensure that the compressive and 
tensile stresses in the end regions were near the maximum allowable release 
stresses as per AASHTO LRFD Bridge Design Specifications (2007).  This 
helped ensure that bursting and spalling stresses were maximized at release, 
representing the most critical field conditions.   

1.4 OVERVIEW: CHAPTER OUTLINE 

Chapter 2 includes a thorough review of research done in the area of 
pretensioned anchorage zone tensile stresses.  While there are significantly more 
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works that have been done on post-tensioning anchorage zone stresses, primarily 
pretensioned works are reviewed because they more closely relate to the 
investigation being done.  In addition the relevant provisions of AASHTO LRFD 
Bridge Design Specifications (2007), PCI Design Handbook (6th Edition), and the 
CEB-FIP Model Code 1990 were also reviewed. 

Chapter 3 covers the experimental program and includes details of the test 
specimens and typical concrete and reinforcing steel properties.  A brief 
explanation of the design and construction of the high-capacity pretensioning 
facility is also provided.  The three section sizes tested from the Tx-family of 
beams were 28”, 46”, and 70” deep girders.  These beam specimens were each 
extensively instrumented to capture the strain state in the end regions of each 
specimen.   

The results for each end of each girder are presented and discussed in 
Chapter 4.  Cracks that formed due to bursting stresses and spalling stresses are 
examined.  Transverse reinforcing bar stresses arresting bursting cracks and 
spalling cracks are presented and examined in relation to the provisions of 
AASHTO LRFD Bridge Design Specifications (2007).  A simple bursting 
reinforcement design recommendation to complement AASHTO LRFD 
provisions for spalling reinforcement is presented.  

A summary of the work completed during the course of this investigation 
and primary conclusions of the study are presented in Chapter 5.  
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CHAPTER 2 
Literature Review 

2.1 OVERVIEW 

Since the inception of prestressed technology, engineers have been aware 
of the concept of prestressed anchorage zone tensile stresses.  In 1961, Professor 
Fritz Leonhardt of the Technological University of Stuttgart published the second 
edition of his book titled “Prestressed Concrete Design and Construction”.  
Although the first edition of the book was published in 1954, it was never 
translated to English.  In 1964 the second edition was translated to English.  In 
this textbook, prior to expressing his views on the state-of-the-art of prestressed 
concrete, Professor Leonhardt summarized the most important principles of 
prestressed concrete in a section titled “Ten Commandments for the prestressed 
concrete engineer”.  This section preceded the main text.  Item number 5 of that 
section reads: 

…  “   5. Provide non-tensioned reinforcement preferably in a direction 
transverse to the prestressing direction and, more particularly, in 
those regions of the member where the prestressing forces are 
transmitted to the concrete   ”… 

As evidenced by the fifth principle given above, the need to provide 
reinforcement in the end regions of prestressed concrete beams was understood 
since the introduction of prestressing technology in Europe.  One of the earliest 
U.S. recommendations on this subject appeared in the Journal of the American 
Concrete Institute in its January 1958 proceedings.  These tentative 
recommendations for prestressed concrete read: 

“Reinforcing is necessary to resist tensile and spalling forces 
induced by the concentrated loads of the prestressing steel… 
Closely spaced reinforcement should be placed both vertically 
and horizontally throughout the length of the end block to resist 
tensile forces” (567). 

Several years before this paper was published, some theoretical models 
were developed to explain the stresses that develop in the end regions of 
prestressed concrete beams during the transfer of prestressing force.  In late 1950s 
and early 1960s much of the practical research was completed and published to 



8 

 

establish code recommendations for the tensile stresses that developed in the end 
regions of pretensioned concrete beams at release.  

Much of the early theoretical work was completed overseas by a number 
of researchers including Guyon (1953), Iyengar (1962), and Sievers (1956).  
Guyon’s work is heavily referenced in many of the other research papers 
reviewed during the course of this study and hence it will not be reviewed as a 
stand alone reference.  Iyengar (1962) and Sievers’ (1956) work are very 
theoretical and are considered to be beyond the scope of this investigation.  Once 
initial conclusions were reached based on the extensive analytical work conducted 
primarily in Europe by Mörsch (1924), Guyon (1953), Sievers (1956), and 
Christodoulides (1956), and Iyengar (1962), papers discussing code provisions 
began to appear.  Marshall and Mattock (1962) published one of the first U.S. 
papers on anchorage zone stresses in pretensioned girders.  Gergely, Sozen, and 
Seiss (1963) conducted in-depth experimental and analytical research on the 
tensile stresses that develop in the end regions of prestressed concrete beams.  
Their work offers some of the background theory as well as the technical data that 
supports the data generated during the course of this study.  The CEB-FIP Model 
Code (1990) and Bulletins are extensively referenced and used in interpreting the 
experimental data.  CEB-FIP MC 90, and the background research supporting it, 
offers a detailed and up-to-date perspective on anchorage zone stresses in 
pretensioned concrete beams and how to control them.  Before beginning the 
historical review of anchorage zone stresses, some terms and basic concepts 
associated with these stresses must first be understood. 

In many early research studies (Guyon (1953), Iyengar (1962), Bleich 
(1923)) it was assumed that an elastic analysis could best predict the distribution 
of stresses in the end region.  Some researchers (Gergely et al. (1963), Magnel 
(1949)) dispelled this idea and attempted other approaches.  With the 
development of computers more advanced analytical work was done using lattice 
analogies (Ramaswamy, 1957), and finite element models (Uijl (1983), Breen et 
al. (1994)).    

Gergely, Sozen, and Seiss (1963) conducted a thorough review of the 
early research on prestressed anchorage zone stresses.  Breen et al. (1994) 
provided a more up to date review of the research conducted on post-tensioned 
anchorage zones between 1963 and 1994.  The summary of the literature provided 
herein focuses on the most pertinent research work conducted since 1962 relating 
to the current experimental program.   
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In some of the early research there was not the distinction between 
pretensioned and post-tensioned beams (Gergely et al. (1963), Magnel (1949)), 
they were often both called prestressed beams.  Pretensioned beams involve 
pretensioning groups of strands and then releasing those strands after they have 
bonded to concrete.  Post-tensioned applications involve unbonded strands being 
stressed after the concrete has set around some post-tensioning duct.  

Guyon analyzed the end regions of both pretensioned and post-tensioned 
I-girders.  He used Airy stress functions to model the end region of prestressed 
beams.  In his pioneering work, Guyon (1953) devoted a section to pretensioned 
concrete beams.  The importance of designating a difference between the 
pretensioned and post-tensioned beams relates to the application of the 
prestressing load onto the beam.  In post-tensioned beams the load is applied 
directly to the face of the girder.  In pretensioned beams the load is applied due to 
the bond between 7-wire strands and surrounding concrete.  The prestressing 
force does not fully develop until after the transfer length, i.e. first few feet of the 
girder.  U.S. building codes, ACI 318-05 and AASHTO LRFD Bridge Design 
Specifications (2007), use 60 times the diameter of the strand as the transfer 
length.   

In Guyon’s prestressed beam analysis he calls out two types of end region 
stresses:  Bursting stresses and spalling stresses.  It is important to understand 
what is being discussed when bursting and spalling stresses are referenced 
throughout the remainder of this text.  Figure 2-1 clearly illustrates these forces.  
While the location of the bursting cracks follow through the location of the 
strands, spalling cracks occur due to the complicated nature of the stresses (and 
hence compatibility of strains) in the anchorage zone of a typical pretensioned 
beam.   In a slightly more intuitive manner, Lenschow and Sozen (1965) 
illustrated the physical analog of the bursting and spalling phenomena in the end 
region of a post-tensioned beam as illustrated in Figure 2-2. 
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Figure 2-1: Transverse stresses in the anchorage zone of a pretensioned 
member (CEB-FIP, 1998). 

 

Figure 2-2: Exaggerated deformations of end block with fictitious 
discontinuities (Lenschow and Sozen, 1965). 

2.2 HISTORICAL REVIEW OF PRETENSIONED ANCHORAGE ZONE RESEARCH 

In order to put the data generated during the course of this study in 
perspective, the research papers reviewed in this section predominately focus on 
the experimental work as opposed to purely theoretical work.   
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2.2.1 U.S. RESEARCH 

2.2.1.1 Marshall and Mattock, 1962 

Marshall and Mattock (1962) reported on their work that focused on 
controlling the horizontal cracks in pretensioned concrete girders.  They 
investigated the stresses in the end regions of the pretensioned beams at transfer 
as well as the stresses that developed in the vertical steel when cracking occurred.  
An equation was developed to help facilitate design of the end regions of these 
girders that will be shown later in this review.  

The authors completed a survey of the pretensioned concrete bridge beams 
in the United States and found that over half had some level of horizontal end 
cracking.  They acknowledged that these cracks were forming due to the large 
tensile stresses that develop from the application of the prestress force.  It is also 
important to note that the authors saw no benefit in casting end blocks on 
pretensioned girders as the end blocks had horizontal cracking as well.  Their 
belief was that the end blocks on girders did not prevent cracking and also did not 
restrict the growth of the cracks once they had formed.  Their suggestion was to 
remove these end blocks and replace them with vertical stirrups to control the end 
cracking.  The main goal of Mattock and Marshall (1962) was to develop some 
design criteria for these vertical stirrups. 

Marshall and Mattock’s (1962) investigation into previous research 
revealed that no research had been conducted directly related to horizontal 
cracking or anchorage zone design in pretensioned girders.  The only 
investigation that had some results of significance was done by G.D. Base (1958) 
of the Portland Cement Association.  Base’s 1958 research was on the transfer 
length of wires in pretensioned concrete beams, but he also measured strains due 
to vertical tension in the end zones of the pretensioned beams that were tested.   In 
Base’s tests it was noted that high tensile stresses occurred near the bottom of the 
web of inverted T beams close to the face of the beam.  It is also important to note 
that stresses in transverse reinforcement did not diminish until at least 20 inches 
into the beam.  Marshall and Mattock (1962) concluded from this report that 
higher tensile stresses resulted from concentrated groups of strands and the 
magnitude of these stresses was affected by the transfer length.   

Marshall and Mattock tested two series of beams: One to investigate 
concrete stresses at the time of prestress transfer, the other to investigate the 
stresses in the vertical reinforcement at prestress transfer.  The first test series 
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involved the construction of ten short girders to establish the strain distribution at 
the end face of the girder.  Strand diameter as well as arrangement of the strands 
in the beam was varied.  The results of the tests are shown in Figure 2-3 and 
Figure 2-4. 

Figure 2-3 shows that the tensile strains varied over the depth of the beam 
at its end face, reaching a maximum near the centroid of the beam.  In Figure 2-4 
the strain values are shown at the centroidal axis over varying distances from the 
face of the beam.  The stages shown in these figures are simply points where the 
release process was stopped to take measurements from the girder.  Stage 5 
represents full release.  The maximum strain values occur near the face of the 
beam (Figure 2-4) thus supporting Base’s conclusion. 
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Figure 2-3: Distribution of vertical tension strains over the depth of the web at 
the end face of a typical A-series girder (Marshall and Mattock, 1962). 
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Figure 2-4: Distribution of vertical tension strain at the level of the centroidal 
axis in the end zone of a typical A-series girder (Marshall and Mattock, 1962). 

Within the second phase of this research, 25 specimens with end 
reinforcement were tested.  The resulting strain values supported the conclusions 
reached while unreinforced beams were tested.  The highest stress levels occurred 
near the face of the girder and dissipated quickly further into the beam.  Figure 
2-5 shows typical results from these girders.  The results shown are strains that 
occur at the centroidal axis of the beam. 
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Figure 2-5: Typical variation of stirrup strains with distance from end face of 
girder (Marshall and Mattock, 1962). 

Their test results indicated that the magnitude of the vertical stirrup 
stresses was a function of the transfer length of the strand as well as the total 
prestressing force applied.  Using these results as a base, the authors formulated a 
design equation to help designers provide adequate quantities of steel in the end 
regions of pretensioned girders to reduce horizontal cracking.  The resulting 
equation shown below includes total prestressing force, depth of the girder, 
transfer length, and an allowable stress in the vertical reinforcement: 
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where: 

S   =  total force resisted by stirrups 

fs   =  maximum allowable stress in the stirrups 

T   = Total prestressing force 

h    =   height of beam 

lt    = transfer length 

 

Marshall and Mattock (1962) recommended that the amount of steel 
calculated should be evenly spread out over a length of one fifth of the girder 
depth or h/5.  The authors concluded their paper by reminding readers that the use 
of end blocks in pretensioned concrete girders was not necessary. Instead, a 
minimal amount of vertical reinforcement could be used to limit the crack widths.  

2.2.1.2 Gergely, Sozen, and Siess, 1963 

One of the more thorough early research studies on transverse stresses in 
the end regions of prestressed I-girders was conducted by Gergely, Sozen, and 
Siess (1963).  Before examining their research and its results some terminology 
must be clarified.  Gergely, Sozen, and Siess (1963) often refer to their beams as 
prestressed beams.  It should be noted that what they generally define as 
prestressed beams, were more specifically post-tensioned beams.  While the 
primary focus of the current project is not on post-tensioned beams, Gergely et al. 
lay important ground work and theory that must be understood, if the transverse 
stresses in the end regions of pretensioned I-girders are to be understood as well. 

The main goal of Gergely et al.’s 1963 work was to investigate the 
behavior of the anchorage zones of post-tensioned beams after the formation of 
the first crack.  The focus of this summary will be on the research associated with 
reinforced end regions.  Gergely et al. (1963) used a finite difference solution to 
analyze the end region of their post-tensioned girders to establish the correct 
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stress distribution in this region.  The stress contours obtained in their analyses are 
shown in Figure 2-6 and Figure 2-7.  
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Figure 2-6: Contours of equal transverse stress (Gergely et al., 1963). 
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Figure 2-7: Magnitudes and points of action of tensile forces on longitudinal 
sections in the tension zone (Gergely et al., 1963). 

Figures 2-6 and 2-7 show an eccentrically loaded post-tensioned beam.  
Gergely et al. (1963) defined the bursting and spalling stresses shown in Figure 2-
7 as follows: 

”…The tensile stresses under the load occur at a distance from the end 
face and are called bursting stresses while the tensile stresses at the top of the 
region are called spalling stresses…” (9).  

This definition agrees with the earlier definition from Guyon’s (1953) 
work.  For their research, the expected spalling stresses were higher than bursting 
stresses and the first cracks formed near the centerline of the beam at the surface 
of the end region.  It was also noted that as eccentricity decreased, bursting 
stresses became the controlling transverse stress.  When comparing their 
analytical results from the finite difference solution to other earlier researchers, 
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Gergely, Sozen, and Siess (1963) most closely identified with Guyon (1953) as 
having the most accurate analytical results up to the time when their research was 
conducted.  It was noted that the boundary conditions used by Guyon better 
quantified the actual stress conditions in a typical post-tensioned beam than most 
other early works.  The inconsistencies between the analytical results in Gergely, 
Sozen, and Siess’ (1963) work and Guyon’s (1953) were attributed to the loading 
conditions and inability to accurately interpolate (or extrapolate) the maximum 
values from the published stress values for Guyon’s results. Guyon’s method for 
calculating tensile stresses using a “symmetrical prism” cut from the end block, 
led to the simplified method for transverse stress calculation discussed below. 

To gain a better understanding of how the tensile stresses could best be 
arrested by reinforcement in the end regions of post-tensioned beams, Gergely et 
al. (1963) developed a simplified method for estimating the location of the first 
crack as well as the internal forces that must be resisted by the reinforcement.  
Most of the early research (Iyengar (1962), Bleich (1923), Guyon (1953)) 
examined by Gergely, Sozen, and Siess (1963) used elastic solutions to calculate 
tensile stresses and then offered reinforcement patterns based on these solutions.  
Gergely, Sozen, and Siess pointed out the fact that the reinforcement did not act 
until a crack formed in the beam.  Once a crack formed in the beam the end region 
was no longer elastic and an elastic solution was not appropriate.  To 
accommodate the fact that a crack existed in the beam and the reinforcement was 
acting to keep the tensile stresses from splitting the beam apart, a free body 
diagram of the end region bounded by the face of the girder and the longitudinal 
crack gave the researchers a starting point to begin a simplified analysis of the end 
region.  This prism is somewhat similar to Guyon’s symmetrical prism cut from 
the center of a concentrically loaded beam, but is different because it is based on a 
cracked beam assumption.  The forces acting on the free body are shown in 
Figure 2-8. 
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Figure 2-8: Forces on free body (Gergely et al., 1963). 

The applied force P produces a linear stress distribution on the free body 
at a distance L from the end.  The tensile force T in the stirrups and the 
compression force C in the concrete counteract the moment created by the 
aforementioned stress distribution.  The height of the free body is determined by 
the position of the crack.  This means that T and C will change as the position of 
the crack changes.  This also means that the maximum moment can be calculated 
that will have to be offset by a maximum tensile force T in the stirrups.   

To check the analytical model they had developed, the researchers tested 
14 rectangular beams and 11 I-beams with reinforcement in their end regions.  
Since the work on the 11 I-beams most closely correlate to the I-beams tested 
during the course of this study, the results of those tests will be examined further.  
In the I-beams tested by Gergely et al. (1963) reinforcement was placed at varying 
locations from the end face of the girder.  Strains in the reinforcement were 
measured using strain gauges placed directly onto the reinforcement, while strains 
in the concrete were measured using mechanical gauges placed on the outside of 
the beam.  Testing was done by gradually applying load to an unbonded steel rod 
within the concrete beam until the beam failed.  Crack lengths, crack widths, and 
steel stresses were monitored throughout this loading process.  The detailed 
results of these tests can be found in the Gergely, Sozen, and Siess (1963) report.  
After testing, the authors compared their original analytical model to their 
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empirical results from testing.  Using the free body model to calculate the location 
of maximum moment the most likely crack location was found. Of the original 11 
tests that were conducted, only 9 of these proved to provide valid results.  The 
results matched the actual crack locations on the I-beams in 7 of the 9 valid tests.  
This location on the beam is related to spalling stresses and is the maximum 
tensile stress in the end region as mentioned earlier in this review.  Using the free 
body model as a basis and assuming a maximum crack length for ease of 
calculations and to serve as a conservative lower bound, a design method was 
developed. 

This design method used the free body diagram explained above as well as 
the experimental bond slip relationship developed by Gergely, Sozen, and Siess 
(1963).  Using the experimental evidence and the theoretical model a design 
guideline was developed.  The design guideline reported by Gergely, Sozen, and 
Siess (1963) is as follows:   

Total force FT given within h/2 that must be resisted by transverse 
reinforcement:  

zh
M

F m
T −
=  Equation 2-2 

and the stress in the steel shall be: 

s
s A

wf 510≤  but not greater than 30,000 psi    Equation 2-3 

where:   

As = Area of one stirrup 

FT = Total stirrup force 

h   = height of beam 

z   = distance from end of beam to centroid of the areas of the 
stirrups that are within h/2 from the end. 

w  = permissible nominal crack width, in. 



21 

 

Mm = maximum unbalanced moment caused by forces acting on 
the free body bounded by a transverse section and a 
longitudinal section within the member considered. 

Gergely, Sozen, and Siess (1963) recommended that the maximum 
moment Mm found in I-girders must be calculated by trial and error using the free 
body diagram described above. 

Using these equations Gergely, Sozen, and Siess (1963) suggested that this 
method was best applied to anchorage zones with large eccentricities.  In such 
cases the conditions of the anchorage zone do not affect spalling stresses.  
Anchorage zones with smaller eccentricities are influenced by the size of loading 
plate.  Nonetheless, Gergely, Sozen, and Siess (1963) reported that their equations 
would give a conservative estimate of forces for those cases as well. 

2.2.1.3 Breen, Burdet, Roberts, Sanders, and Wollmann, 1994 

A more recent research study was completed in 1994 by Breen et al. in the 
area of post-tensioned anchorage zone reinforcement.  This thorough review of 
post-tensioned anchorage zones yielded valuable, up-to-date insights into 
anchorage zone detailing that carry over well into the review of pretensioned 
anchorage zones.  While a complete review of this study will be avoided for sake 
of brevity, key points that help establish the state-of-the-art in the anchorage zone 
detailing of post-tensioned beams will be drawn out.  

Breen et al. (1994) summarized the early research studies (e.g. Guyon 
(1953), Mörsch (1924)) on the analysis of post-tensioned anchorage zones.  The 
authors then reported on the recent nonlinear finite element analysis that was 
conducted to estimate the state of stress for the anchorage region (Adeghe and 
Collins (1986), Fenwick and Lee (1986)).  Breen et al. (1994) concluded that most 
of the research reviewed lacked a general design method that would support a 
variety of post-tensioned anchorage zone problems.  With that motivation, a 
comprehensive research into the reinforcing bar detailing in post-tensioned 
anchorage zones was conducted. 

Two main anchorage zone areas were researched within this NCHRP 
report: (i) the local zone, “the region of very highly compressive stresses 
immediately ahead of the anchorage zone”, and (ii) the general zone, “the region 
subjected to tensile stresses due to spreading of the concentrated tendon force in 
the structure.”  Stress conditions in the local zone, or the zone adjacent to the 
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post-tensioning anchorage, are uniquely associated with post-tensioning and they 
are not reviewed here since their applicability to pretensioned beams is not 
obvious.  On the other hand, a brief look into the analysis and tests conducted on 
the general zone provide a good background for similar stresses in pretensioned 
beams.   

Breen et al. (1994) described three types of tensile stresses in the general 
zone: longitudinal edge tension stresses, spalling stresses, and bursting stresses.  
The spalling and bursting stresses are identical to those described in Gergely et al. 
(1963), while the edge tension stresses are the stresses that develop due to the 
eccentricity of the load.  Figure 2-9 shows these stresses and their locations in the 
end region of a post-tensioned beam.  36 specimens were tested to investigate 
each of these stresses in relation to first crack prediction and ultimate strength 
prediction.  The primary method used to design the specimens and predict 
ultimate capacity was the strut-and-tie model.  A typical strut and tie model for an 
eccentrically loaded post-tensioned beam is shown in Figure 2-10 (c).  Note that 
each of the forces shown in Figure 2-9 are related to a tie force shown in Figure 
2-10: T1 = spalling force; T2 = edge tensile force; and T3 = bursting force.  This 
correlation revealed that STM was an advanced method for calculating bursting 
and spalling forces.  This understanding helped the authors develop a 
comprehensive research study by using STM to show how tensile forces could be 
analyzed and how reinforcement can be detailed in a more generalized fashion to 
accommodate all problems associated with post-tensioned anchorage zones. 

  The primary test variables included the eccentricity of post-tensioning 
load, the inclination of post-tensioning load, anchor types and single versus 
multiple loads.  STM was used to design each of the specimens and then each test 
specimen was loaded to failure with special attention paid to cracking loads and 
ultimate loads.  The results of the general zone study revealed two key points.  
First, in agreement with STM predictions, the bursting force yielded the 
reinforcing bar tension tie as the primary method of failure.  Second, STM proved 
to be a very conservative design method that could be very useful for 
reinforcement detailing to the trained engineer.   
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Figure 2-9: Tensile stress zones (Breen et al., 1994) 
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Figure 2-10: Typical D-region for a post-tensioned beam: (a) elastic stress 
trajectories; (b) elastic stresses; (c) strut-and-tie models. (Schlaich et al., 1987) 
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2.2.1.4 Tuan, Yehia, Jonpitaksseel, and Tadros, 2004 

Tuan et al. (2004) investigated end zone reinforcement in pretensioned 
highway girders.  The authors pointed out the fact that cracks were frequently 
present in the end zone regions of many pretensioned members.  Tuan et al. 
(2004) stated that “These cracks are caused primarily by the concentration of 
prestressing forces at the time of release” (68). Tuan et al. (2004) noted that the 
AASHTO LRFD Bridge Design Specifications (2002) required the steel used to 
resist the end region cracks be placed within h/4 of the end of the beam and be 
designed for a stress less than 20 ksi.  The authors further stated that as larger 
diameter strands were being used in combination with higher strength concretes 
more commonly, an impractical amount of transverse steel was required to be 
placed at the end of the pretensioned girders designed according to the AASHTO 
LRFD Bridge Design Specifications (2002).  Their research focused on solving 
this problem.  

The researchers began by conducting a literature review on the subject.  
The two major research projects that were discussed in their literature review are 
also reviewed within the text of the current project:  Marshall and Mattock’s 
(1962) and Gergely, Sozen and Siess (1963)  Based on their literature review 
Tuan et al. (2004) suggested that AASHTO LRFD (2002) provisions were 
developed primarily from Marshall and Mattock’s (1962) work.  Tuan et al. 
(2004) suggested that design guidelines proposed by Gergely, Sozen and Siess 
(1963) (Equations 2-2 and 2-3) provided the best method for analyzing the end 
regions of pretensioned members.  Strut-and-tie models as well as finite element 
analysis were also looked at as viable options for analyzing the end regions of 
pretensioned beams.  Tuan et al. (2004) suggested that the finite element analysis 
did not lend itself toward designing reinforcement for crack control.  The 
researchers suggested that, “…the STM in pretensioned end zones could yield a 
splitting force between 4 to 13 percent of the pretensioning force” (71).  As other 
methods yielded spalling forces that are less than or equal to 4 percent of the 
prestressing force, the authors did not want to analyze their specimens using 
STM.   Instead, they used the equations proposed by Gergely, Sozen and Siess 
(1963) (Equations 2-2 and 2-3) due to their simplicity and practicality.  Tuan et al. 
(2004) used these equations to find where the maximum moment in the end 
regions occur within the depth of their pretensioned beams.   
A summary of their work is provided in Figure 2-11. 
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Figure 2-11: Moment diagram at the end zone of NU1600 girder 
(Tuan et al., 2004). 

 

Tuan et al. (2004) tested 3 specimens of each for two sizes of inverted-tees 
and two sizes of I-girders for a total of 12 beams.  The authors divided their 
experimental research into two phases. Both phases included I-girders with both 
draped and straight strands as well as some debonded straight strands. In Phase I 
girders designed to meet AASHTO LRFD 2002 Specifications were tested and as 
such vertical reinforcement was placed within h/4 from the end of the beam.  In 
Phase II girders with end zone reinforcement details that were developed in their 
research were tested.  The strain gauges were installed on the vertical 
reinforcement at the critical section predicted through the use of Gergely, Sozen 
and Siess method (1963).  Bars located within the first 16 inches from the face of 
the member were strain gauged.  The locations of these gauges are shown in 
Figure 2-12. 
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Figure 2-12: End zone reinforcement with strain gauge locations for typical 
Nebraska I-girder (Tuan et al., 2004) 

 

Once the strain gauges were installed on the reinforcing steel, the beams 
were cast and released following conventional practices.  The compressive 
strength of concrete at release averaged about 6500 psi and release was done by 
flame cutting draped strands and gradual release of straight strands with a 
hydraulic jack.   

The authors found that in their beams designed in accordance with 
AASHTO LRFD (2002), the stresses in the vertical reinforcement were consistent 
with the values obtained through the use of Marshall and Mattock method (1962).  
In other words, the stresses in the vertical reinforcement were at their maximum 
value near the face of the girder and decreased as the distance measured from the 
face of the beam increased (Figure 2-13).   
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Figure 2-13: Variation of maximum vertical reinforcement stress over end zone 
(Tuan et al., 2004) 

 

It was shown that the maximum stress value reached in these I-girders was 
12.9 ksi in the reinforcement closest to the end of the member.  This is well below 
the allowable stress of 20 ksi limit of the AASHTO LRFD provisions (2002).  
The average spalling force inferred from measured strains in the end regions of 
these I-girders was approximately 2 percent of the prestressing force.  This force 
was calculated using the sum of the products of steel strains, modulus of 
elasticity, and provided steel area.  The authors found similar results in the 
inverted-tee members that were tested.   

Tuan et al. (2004) based their Phase II redesign of the test specimens on 
the results obtained during the Phase I testing.  The researchers felt that end zone 
reinforcement should be concentrated at the end of the girder and the first bar 
should be placed as close to the end face as possible.  They also note that 
reinforcement within the first h/8 of the member experienced most significant 
stresses.  The phase II designs were adjusted to achieve the full steel stress of 20 
ksi.  The reinforcement was then designed for a spalling resistance of 
approximately 2 percent of the prestressing force.  The redesign of the I-beams for 
phase II resulted in less total transverse steel in the end regions of the beams than 
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the amounts employed in phase I testing –which were based on AASHTO LRFD 
Bridge Design Specifications (2002).  After testing these beams, the researchers 
found similar results to Phase I.  The beams cracked at the same locations 
predicted by the Gergely-Sozen-Siess Method (1963), and the first bar in the 
member experienced the highest level of stress.  The stresses in these bars were 
significantly higher reaching 25.8 ksi. The researchers suggested that the high 
stresses recorded for the first bar indicated that the first bar was placed in a more 
optimal location to resist the tensile stresses.  The researchers also reported that 
the crack widths and lengths were smaller in phase II specimens although no 
formal verification was presented. 

Tuan et al. (2004) made recommendations based on their comparisons 
between the results obtained in the two phases of testing.  They suggested that the 
AASHTO LRFD code provision 5.10.10.1 “Factored Bursting Resistance” remain 
unchanged.  They further recommended that at least 50 percent of the calculated 
area of steel be placed within the first h/8 from the members end.  They also 
recommended that these bars should be welded to plates at the top and bottom of 
the bar to ensure anchorage of the reinforcement.  The researchers recommended 
that the clear cover and spacing should be 1 inch within the first h/8 of the 
member.  Their final recommendation was to distribute the remaining required 
transverse steel over a distance 3h/8 from the end of the member.  This means that 
the total amount of reinforcement should be placed over the first h/2 of the beam.   
It is interesting to note that the maximum spalling force value inferred from strain 
gauge readings was 3 percent of the total prestressing force and the maximum 
stress in the splitting reinforcement was close to 25 ksi in bars near the end of the 
members.  The researchers suggested that the future research might push the 
stress limit in the splitting reinforcement to 30 or 36 ksi. 

2.2.2 European Research 

Several comprehensive research studies on anchorage zones in prestressed 
members were conducted in Europe in the early life of prestressed concrete 
(Guyon (1953), Magnel (1949), Bleich (1923)).  Most of these early studies were 
on post-tensioned applications, but a more recent, in-depth study was completed 
by J.A. den Uijl in 1983 on pretensioned beams and led to the development of the 
CEB-FIP Model Code 1990 provisions.   This study will be reviewed in depth 
since it offers the most up to date perspective on anchorage zone stresses in 
pretensioned concrete and ultimately led to the current code provisions in Europe 
for detailing these stresses. 
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2.2.2.1 Uijl, 1983 

Uijl’s report on the tensile stresses in the “transmission” zones of 
pretensioned hollow-core slabs helped the CEB-FIP develop its thorough 
provisions on handling these stresses.  Uijl identified three different types of 
tensile stresses that develop due to the application of the pretensioning force.  
These stresses are bursting, spalling and splitting.  Figure 2-14 shows the location 
of these stresses in relation to the prestressing force.   
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Figure 2-14: Subdivision of the tensile stresses in the transmission zone of a 
pretensioned member (Uijl, 1983) 

Uijl defined the three types of tensile stresses shown in Figure 2-12 as 
follows: 

1 – Bursting. 

Bursting stresses occur along the line of action of the force and 
perpendicular to it.  The maximum bursting stress is located at 
some distance beyond the loading point. 

2 – Spalling. 

Spalling stresses are developed beside the loading point along the 
border of the member. 

3 – Splitting. 
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Splitting stresses are circumferential tensile stresses reacting to 
the radially directed compressive stresses due to bond. 

Splitting stress defined above is a stress component that was not 
considered in the research projects summarized up to this point in this chapter. 
During the review of Uijl’s work it will become apparent that this additional 
stress component contributes noticeably to the state of stress in pretensioned 
anchorage zones.  In order to calculate the magnitude of the bursting stresses Uijl 
used Guyon’s “symmetrical prism rule” which was originally developed for post-
tensioned members.  The only difference in its application to pretensioned 
members was the change in “transmission” length, which this author defined as 
the distance from the loaded face to the location in the member where the applied 
force was uniformly distributed over the depth of the member.  This difference 
was accounted for by lengthening the prism to accommodate the change in 
loading conditions.  The author used the term β to extend the length of the prism.  
The equation for this term originated from Ruhnau and Kupfer (1977) equation 
for transmission length: 

{ }2
1

22 )6.0( tm lsl +=   Equation 2-4 

where: 

s  = length of the disturbed area, which equals the depth of the 
prism 

lt  = transfer length 

The equation for β given by the Uijl was derived directly from Equation 2-4: 

{ } ptp dld /)6.0( 22 +=β   Equation 2-5 

where: 

dp  = depth of the prism 

Equation 2-5 is also included in the CEB-FIP code in calculating the 
length of the symmetric prism for bursting forces.  The bursting force was then 
calculated using the following equation: 

β/25.0/ =ob PR   Equation 2-6 
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where: 

Rb  = the bursting force 

Po  = the initial prestressing force 

Figure 2-15 shows the use of the symmetrical prism to calculate bursting stresses.  
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Figure 2-15: For calculation of the bursting force: (a) dimensions of the 
symmetrical prism; (b) moment equilibrium along section A-A (Uijl, 1983) 

Uijl stated that the symmetrical prism rule was found to overestimate the 
bursting stresses in a member, and recommended a more accurate FEM-analysis 
to calculate the bursting stresses.   

The spalling stresses that develop in the end zone of a pretensioned girder 
were found to be similar to that of a post-tensioned beam with the exception of 
the load application point.  The internal forces in a post-tensioned member are 
shown in Figure 2-16 to act as a starting point for the pretensioned girder analysis.  
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Figure 2-16: The spalling forces follow from the equilibrium of internal forces. 
(Uijl, 1983) 

After the manipulation of the post-tensioned solution for Rsp a solution for 
the spalling force was derived by Uijl and is given in Equation 2-7: 

{ })/(/)6/1/(2/ 2 dedePR ooosp γ−=   Equation 2-7 

where: 

Rsp  = the spalling force 

eo  = the eccentricity of the prestressing load 

d   = the depth of the member 

γ   =  exactly the same as β except a function of the depth of the 
member and transfer length 

Uijl pointed out that Equation 2-7 established an important relationship 
between the spalling force and the eccentricity of the load.  This concept agrees 
with much of the research reviewed earlier in this chapter.  Uijl also reviewed an 
additional method for calculating spalling stress values that is presented by 
another European researcher (Kupfer, 1981).  Kupfer’s research is the basis for 
the CEB-FIP MC 90 provisions for spalling stress.  The method summarized in 
Uijl’s (1983) report is identical to the Gergely, Sozen, and Siess equivalent prism 
method (1963) presented earlier in this chapter so it will not be shown again here. 
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 Uijl conducted extensive finite element analyses and the most important 
results that can be drawn out of that component of Uijl’s work are the 
relationships between transfer length, eccentricity of load, and the bond stress 
distribution.  As was mentioned before, the spalling stresses are highly influenced 
by the eccentricity of load.  Not only spalling stresses increase with increasing 
eccentricity, but the location of the maximum spalling stress also changes with 
changes in eccentricity.  This relationship is shown in Figure 2-17, while the 
relationship between stress and eccentricity is shown in Figure 2-18. 

 

Figure 2-17: Position of the maximum spalling stress along the end face for 
different eccentricities (Uijl, 1983) 
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Figure 2-18: Distribution of the spalling stress (Uijl, 1983) 

 

Uijl conducted finite element analyses on both I-sections and rectangular 
sections and found that the shape of the section did not change the values of the 
spalling stress so long as the eccentricity remained the same.  Bursting stresses 
were also affected by the eccentricity of the load as shown by in Figure 2-19. 
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 Figure 2-19: Bursting stress as a function of the eccentricity (Uijl, 1983) 

 

Uijl also studied the type of bond stress distribution as well as the transfer 
length by conducting finite element analyses.  Two types of bond stress 
distribution were examined: uniform bond stress and linear bond stress.  While 
the bond stresses ramp up with “linear bond stress” assumption, they are assumed 
to be constant in “uniform bond stress” assumption.  Uijl pointed out that both the 
spalling and bursting stresses were higher in the analyses conducted with linear 
bond assumption in comparison to those conducted with uniform bond 
assumption.  Uijl also reported that with increasing transfer length, both spalling 
and bursting stresses decreased in the analytical research done.    
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 Uijl completed a number of tests on small I shaped sections that were to 
resemble one bay of a hollow core slab.  Since these are very similar to I-beams it 
is felt that the research conducted by Uijl provides useful information for the 
current investigation project.  The geometry of the test specimens are shown in 
Figure 2-20. 

 

 

Figure 2-20: Cross sectional dimensions of the investigated members (Uijl, 
1983) 

 

While the experimentally obtained transfer length and effective 
prestressing force matched the pretest calculations, spalling cracks did not occur 
in the end zones of these beams as was expected by Uijl.  Nevertheless, important 
data were gathered regarding the type of bond stress distribution.  Figure 2-21 
shows that for typically low values of prestressing force a linear stress distribution 
is the best match, while at higher prestressing loads (which most codes permit) a 
uniform bond stress distribution is a better representation of experimentally 
obtained stresses.   
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Figure 2-21: Spalling deformation versus prestress level from measurements 
and calculations for different bond stress distributions (Uijl, 1983) 

 

While there were no cracks in the spalling zone of the beams, there were 
cracks in the bursting/splitting zone of the beam.  Figure 2-22 shows the location 
of these cracks.   
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Figure 2-22: Typical cracks at release and its growth afterwards (Uijl, 1983) 

 

It is important to note that these cracks did not extend all the way to the 
face of the beam.  This is most likely due to the superposition of the bursting and 
splitting stresses.  Splitting stresses alone would probably have caused cracking if 
not for the fact that the bursting stresses compressed the beam near the face of the 
girder.  Once the bursting stresses were tensile, the cracks appeared on the beam.  
This phenomenon is shown in Figure 2-23. 

 

 

Figure 2-23: Superposition of splitting and bursting stresses (Uijl, 1983) 
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Uijl reported one equation to calculate the spalling stress in a pretensioned 
member with respect to its prestressing force, web width, eccentricity, and 
transfer length.  Including these parameters agrees with Marshall and Mattock’s 
(1962) research reviewed earlier in this chapter.  Uijl suggested that since it was 
difficult to distinguish what may be bursting stresses and what may be splitting 
stresses, these two stress components should be superimposed for ease of 
calculation.  The superposition of these two stresses yields a simple equation 
shown below: 

 ckjpoptp fc σφσ )/(05.0=   Equation 2-8 

where: 

σtp  = the total splitting/bursting stress 

φp  = the diameter of the prestressing strand 

c    = clear cover of strands 

fckj = concrete strength at release 

Uijl recommended that calculated spalling and bursting stresses be kept lower 
than the permissible stresses.  These permissible stresses were based on the 
characteristic tensile strength of the concrete at release: 

 Spalling Stress Limit 

cskjsp f≤σ   Equation 2-9 

 Bursting/Splitting Stress Limit 

cskjtp f≤σ4.1   Equation 2-10 

2.2.2.2 Comité Euro-International Du Béton, 1987 

A major work that summarized much of the research into prestressed 
anchorage zone design in Europe was the Comité Euro-International Du Béton’s 
Bulletin d’Information No 181.  An in-depth look into post-tensioned anchorage 
zones was included in this report but will not be completely reviewed here for 
sake of brevity.  Two important details that are defined at the beginning of this 
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bulletin are revisited here.  The first point is that the anchorage zone design for 
both post-tensioned and pretensioned members is the same in its goal to resist the 
tensile forces that develop due to the application of the load.  The only difference 
in the two is how the load is applied.  The second point this bulletin makes 
distinguishes the three types of transverse stresses in pretensioned members also 
shown in Section 2.2.2.1.  Figure 2-24 once again shows the locations of these 
stresses as well as the locations of cracks in the ends of a pretensioned concrete 
member. 
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Figure 2-24: Schematic figure for stresses and potential cracks in transmission 
zone (CEB, 1987) 

 

One of the important issues that the bulletin deals with is the transfer of 
the prestressing force into a member by bond action.  As is stated in the report, 
bond is a very complex phenomenon that depends on numerous characteristics, 
including but not limited to: 
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- Surface characteristics of the tendon 

- type and size of prestressing tendon 

- strength of concrete 

- maturity of the concrete at release 

- type of prestressing force release (gradual or sudden) 

- confining effects 

- concrete cover to tendons 

- place of the tendon in beams (top or bottom) 

On some occasions it may be necessary to debond a few strands using 
plastic tube or tape until the beam can better handle the additional forces.  
Wherever this de-bonding ends is where the bond stresses begin.  This CEB 
bulletin defined the transmission length as follows: 

 “…Transmission length is the length necessary to build up the 
prestressing force by bond stress between tendon and concrete…” (54). 

This definition is similar to what is defined in the U.S. as transfer length.  
The main method used to experimentally find out what this value equals in 
pretensioned members is to apply strain gauges to the concrete surface of the end 
zones of pretensioned members.  Two studies regarding transfer length were 
reviewed in this bulletin, both of which found similar results for the 
“transmission” length of pretensioned concrete.  One of those investigations was 
conducted by J.A. den Uijl at Delft University of Technology and has been 
reviewed earlier in this thesis.  The other was completed by G. Tassi at the 
Technical University of Budapest in 1985.  One additional phenomenon related to 
bond discussed in this CEB report is the tendon draw-in.  This is simply the 
relative displacement between the end of the concrete member and the 
prestressing tendon.  The end result of all the bond and draw-in research results in 
a step by step method for calculating transmission length using these two 
phenomena. 

Since “transmission” length has an important effect on the transverse 
stresses that develop in the end region of pretensioned members the Comité Euro-
International Du Béton did a review of the code provisions from various countries 
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around the world to establish any major differences in its calculation.  These code 
provisions are all very different in their method of calculation.  Some give the 
transmission (transfer) length as a function of draw-in, while others use anchorage 
length or bond length, and some also use simple empirical formulae.   

The committee recommended the use of the symmetric prism method 
developed by Guyon (1953) as the best method for calculating the stresses in the 
end regions of pretensioned and post-tensioned members.  The committee 
concluded that pretensioned members see much lower levels of tensile stresses in 
the anchorage regions than post-tensioned members.   

2.2.2.3 Comité Euro-International Du Béton, 1992 

The CEB published one additional bulletin on prestressed anchorage zones 
to supplement the original Bulletin No 181.  This Bulletin No 212 is very brief, but 
does an excellent job explaining two main topics; prestressing strand bond and 
transverse tensile stresses.  One of the major references again was Uijl’s 1983 
work at Delft University of Technology; additional research that was not covered 
in Bulletin No 181 was included in the Bulletin No 212.  . 

The authors of this bulletin indicated that in early versions of the CEB-FIP 
code, strands were viewed similar to deformed bars as far as bond was concerned.  
A relative rib area equivalent to the rib area of a deformed bar was defined as the 
area between individual wires as shown in Figure 2-25. 

 

 

Figure 2-25: Definition of relative rib area for strand (CEB, 1992) 
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Some pull out tests done supporting the 1978 CEB Model Code were also 
reported (Figure 2-26). 

 

 

Figure 2-26: Bond stress as a function of slip for different tendon types     
(CEB, 1992) 

Additional work completed on the bond mechanism proved that the 
equivalent rib assumption used in 1978 version of the CEB model code was 
inaccurate given that a strand moves through concrete in “the pre-shaped helical 
channel and no concrete ribs are sheared off.  Hence, the bond is rather based on 
friction.” (CEB, 1992)  To develop the friction, the committee indicated that at 
least three actions between the strand and concrete would occur: 

a) Cross-sections of the strand change over the length of the strand, 
which causes the strand to wedge into the concrete with relative 
movement (Hoyer effect). 

b)  Changes in the longitudinal stress deform the strand transversely 
within the concrete (Poisson effect). 

c) Changes in the longitudinal stress can cause changes in the stress 
between strand and concrete due to the shape of the wires 
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The most important point to recognize is that the bond stress of 
prestressing strand is not just a function of the slip, but also the change in stress 
over the length of the wire.  This gives prestressing strand somewhat different 
bond properties than plain bars.   One result of this bond action results in different 
concrete stresses around the strand than are typically found around plain bars.  
The wedging effect described in part (a) above causes a radial compressive stress 
in the surrounding concrete.  Tangential to these radial stresses are tensile stresses 
that have been referred to as splitting stress in the previously reviewed research.  
Some additional discussion on these radial stresses is done, but the main 
principles of strand bond have been covered.   

The final section in CEB’s Bulletin d’Information No 212 included a brief  
review of transverse tensile stresses in pretensioned anchorage zones.  Much of 
this section summarizes Uijl’s work that is reviewed in Section 2.2.2.1 so only a 
few key points will be touched on.  The first is that much of the research that has 
been done supporting the Bulletin as well as the CEB-FIP Model Code (1990) 
was done using only straight strand configurations.  Stone and Breen (1984) 
conducted a comprehensive study of inclined and eccentric tendons in post-
tensioned members and found that inclined or curved tendons have an adverse 
effect on cracking load, reducing it considerably.  The authors of the Bulletin felt 
this research had limited applicability towards a specific class of problems in 
post-tensioned members and did not include them in support of their work.  The 
second point that will be highlighted is that the committee felt that Uijl’s 
recommendation to limit spalling stresses to 5.1/05.0ctkf  could be overly 
conservative and was not satisfied by many existing pretensioned members.  The 
committee stated that the calculation method discussed in Uijl (1983) gave a 
tensile stress limit that greatly differs from the real spalling stress.  They further 
pointed out that a better estimation of the spalling stresses can be made using the 
results of Uijl’s finite element model shown in Figure 2-27. 
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Figure 2-27: Maximum spalling stress as a function of the cross-sectional 
dimensions, the eccentricity, and the transmission length (CEB-FIP, 1990) 

 

The committee indicated that bursting and spalling stresses in pretensioned 
beams could be negligible as long as proper cover and normal transverse 
reinforcement was in place.   

2.3 CODE DEVELOPMENT 

In the United States there are two design specifications and one design 
guidelines for prestressed concrete members: AASHTO LRFD Bridge Design 
Specifications (2007), ACI 318-05, and the PCI Design Handbook (6th Edition).  
The two main design codes in the United States, ACI 318 and AASHTO Standard 
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Specifications, which predate the AASHTO LRFD Bridge Design Specifications, 
have existed since the beginning of prestressed concrete in the United States in 
the mid 1950’s.  ACI had existed in some form for nearly 50 years when 
prestressed concrete provisions were incorporated into the code in 1963.  
AASHTO first saw major provisions related to prestressed concrete in their 1961 
Standard Specifications edition.  PCI did not print its first edition until 1971.  
Each of these codes or design guidelines has had a major impact on the way 
designers detail prestressed concrete girders in the U.S.  In Europe, it is difficult 
to tell exactly when the code provisions first started appearing related to 
prestressed concrete, but Europe was most certainly ahead of the curve in 
prestressed technology as compared to the U.S. 

Looking through both European and United States codes, it can be 
somewhat difficult to deduce where the first pretensioned anchorage zone code 
requirements originated.  Each major United States and European code described 
above was reviewed for their contributions to the design of pretensioned 
anchorage zone details.  ACI-318 has not included any prescriptive provisions for 
the design of pretensioned anchorage zones although it has extensive provisions 
for post-tensioned anchorage zones.  AASHTO LRFD (2007), PCI Design 
Handbook (6th Edition) and CEB-FIP MC 90 include explicit guidelines and 
provisions that can be used to design the anchorage zones of pretensioned girders.  
The guidelines reviewed here include the simplified calculation methods 
suggested by each of the codes and guidelines, since these are what most typical 
designers will use as opposed to STM.  It is important to recognize that while the 
use of STM yields conservative designs of post-tensioned anchorage zones, its use 
for pretensioned beams present additional challenges regarding the difficulty in 
defining the geometry and actual location of internal nodes in the anchorage 
region.      

2.3.1 United States Design Specifications and Guidelines 

2.3.1.1 AASHTO Specifications for Highway Bridges, 1961 

The first design provisions for end region reinforcement in AASHTO 
appeared in the interim provisions for the 1961 Standard Specifications.  Article 
1.13.15 of the interim specification was revised to specifically call out end blocks 
for post-tensioned and pretensioned beams separately.  The pretensioned beam 
provisions read as follows: 
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In pretensioned beams, vertical stirrups acting at a unit stress of 20,000 
psi to resist at least 4 percent of the total prestressing force shall be placed within 

a distance of 
4
d  of the end of the beam, the end stirrup being as close to the end 

as practicable. 

This provision appears to be the first one in the U.S. for pretensioned 
members for anchorage zone rebar detailing.  It is difficult to surmise exactly 
where this provision came from, but it appears to be a simplification of Marshall 
and Mattock’s equation in their 1962 PCI paper. 

2.3.1.2 AASHTO LRFD Bridge Design Specifications, 2007 

In over 50 years the AASHTO provision for pretensioned anchorage zone 
detailing has changed very little.  The only change is that the original provision 
has been taken out of verbal form and placed into equation form in Article 
5.10.10.1 – Factored Bursting Resistance: 

The bursting resistance of pretensioned anchorage zones provided by 
vertical reinforcement in the ends of pretensioned beams at the service limit state 
shall be taken as: 

ssr AfP =  Equation 2-11 

where: 

sf   = stress in steel not exceeding 20 ksi 

sA   = total area of vertical reinforcement located within the 
distance h/4 from the end of the beam (in2) 

h     =   overall depth of precast member (in) 

Pr   =  bursting resistance force 

 The resistance shall not be less than 4 percent of the prestressing force at 
transfer. 

 The end vertical reinforcement shall be as close to the end of the beam as 
practicable. 
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2.3.1.3 AASHTO LRFD Bridge Design Specifications, 2007 

An additional design provision from AASHTO LRFD (2007) is used to 
help control splitting stresses.  This provision is for the amount of confining steel 
that needs to be used around the prestressing strand in the end region.  Article 
5.10.10.2 reads: 

For the distance of 1.5d from the end of the beams other then box beams 
reinforcement shall be placed to confine the prestressing steel in the bottom 
flange. The reinforcement shall not be less than No. 3 deformed bars, with 
spacing not exceeding 6.0 in. and shaped to enclose the strands. 

At this point, it is important to appreciate the fact that the AASHTO 
provisions are aimed at handling spalling (incorrectly referred to as bursting in the 
code) and splitting stresses while bursting stresses are not addressed. 

2.3.1.4 PCI Design Handbook, 6th Edition, 2004 

The Precast and Prestressed Concrete Institute followed suit with 
AASHTO and placed its first pretensioned anchorage zone provision in its 6th 
Edition.  The provision is also based on Marshall and Mattock’s original 1962 
PCI paper.  This provision however, mirrors the equation Marshall and Mattock 
(1962) suggested with the exception of the design stress for the steel.  It states that 
at the time of prestress transfer, tensile stresses develop transverse to the line of 
action of the strands and elaborates further as follows: 

These forces can be resisted by vertical reinforcement calculated by the 
following equation: 

ts

o
vt lf

hP
A

021.0
=   Equation 2-12 

where: 

Avt  = required area of stirrups at the end of a member uniformly 
distributed over a length h/5 from the end 

Po   = prestress force at transfer 

h     = depth of member 
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fs     = design stress in the stirrups, usually assumed to be 30 ksi 

lt     =  strand transfer length 

2.3.2 A European Code: CEB-FIP Model Code, 1990 

CEB-FIP Model Code 90 has much more thorough provisions for 
pretensioned anchorage zone detailing.  A suggested method for detailing both 
pretensioned and post-tensioned anchorage zones is the use of STM.  As with 
AASHTO LRFD (2007) there is an understanding that STM is not well-
understood universally, so simplified design methods are supplied.  These 
provisions are more commonly used by designers of pretensioned beams, so they 
are the primary focus of this code review.   The origins of the provisions first 
included in the 1990 version of the code were reviewed earlier in this text under 
the Bulletin d’Information No 181 and No 212 as well as Uijl’s work at Delft 
University of Technology.  The first provisions shown will provide the equations 
for calculating the “transmission” length of prestressing steel.  Transmission 
length in CEB FIP MC 90 is an equivalent term to transfer length in U.S. codes, 
but the distances that can be calculated in the two codes are very different.  The 
following provisions will be the requirements for anchorage zone detailing in 
pretensioned members.  The CEB-FIP Model Code has two different provisions 
for detailing the end region of pretensioned members.  One handles the 
reinforcement detailing requirements for bursting/splitting stress and is based on 
Guyon’s (1953) symmetrical prism.  The other handles the spalling stress 
requirements and is based on a similar “equivalent prism” method to that of 
Gergely, Sozen, and Siess (1963): 

6.9.11.2 Bond Strength 

ctdppbpd ff 21ηη=   Equation 2-13 

where 

fctd  = fctk(t)/1.50 is the lower design concrete tensile strength; for 
the transmission length the strength at the time of release 

ηp1  = takes into account the type of prestressing tendon: ηp1 = 1.4 
for indented or crimped wires, and ηp1 = 1.2 for 7-wire 
strands 
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ηp2  = takes into account the position of the tendon: ηp2 = 1.0 for 
all tendons with an inclination of 45°-90°with respect to the 
horizontal during concreting, ηp2 = 1.0 for all horizontal 
tendons which are up to 250 mm from the bottom or at least 
300 mm below the top of the concrete section during 
concreting, and ηp2 = 0.7 for all other cases. 

 

6.9.11.3 Basic Anchorage Length 

The basic anchorage length of an individual pretensioned tendon is 

bpd

ptdsp
bp f

fA
l

φπ
=   Equation 2-14 

where 

fptd  = fptk/1.15, where fptk is yield strength of prestressing tendon 

φπ
spA

= 4/φ  for tendons with a circular cross-section 

       = 36/7φ  for 7-wire strands 

6.9.11.4 Transmission Length 

The transmission length of a pretensioned tendon is 

pd

pi
bpbpt f

ll
σ

ααα 1098=   Equation 2-15 

where 

α8  = considers the way of release: α8 = 1.0 for gradual release 
and α8 = 1.25 for sudden release; 

α9   considers the action effect to be verified: α9 = 1.0 for 
calculation of anchorage length when moment and shear 
capacity is considered, and α9 = 0.5 for verification of 
transverse stresses in anchorage zone 
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α10 considers the influence of bond situation: α10 = 0.5 for 
strands and α10 = 0.7 for indented or crimped wires; 

σpi is the steel stress just after release 

 

6.9.12 Transverse stresses in the anchorage zone of prestressed tendons 

6.9.12.1 General 

The anchorage zone of prestressed tendons is a discontinuity region that 
should be treated according to section 6.8.  Should the use of the strut-and-tie 
model be too problematic because of the complexity of the stress field, the 
verification may be performed on the basis of the stresses in a linear, uncracked 
member.  For design purposes, the tensile stresses, due to the development and 
distribution of the prestressing force, are subdivided into three groups (Fig. 
2.2.a). 

If the strut-and-tie model is not applicable due to lack of transverse 
reinforcement, the verification may be performed on the basis of stress and strain 
analysis. 

6.9.12.2 Bursting 

 For the calculation of the bursting force the symmetric prism analogy 
may be used (Figure 2-28).   
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Figure 2-28: For calculation of the bursting force: (a) dimensions of the 
symmetrical prism; (b) moment equilibrium along section A-A                     

(CEB-FIP, 1998) 

The height and the width of the prism follow from the possible 
enlargement of the anchor plates (post-tensioning) or the tendon pattern 
(pretensioning).  For multiple tendons the most unfavorable situations shall be 
considered:  a single tendon or a group of tendons.  The bursting action shall be 
determined both in the vertical and in the horizontal direction. 

The length of the prism is for the end anchored tendons 

bsbs hl =   Equation 2-16 

And for tendons anchored by bond 

[ ] bptbptbsbs llhl <+= 22 )6.0(   Equation 2-17 

The internal lever arm for the bursting force is 

bsbs lz 5.0=   Equation 2-18 

The bursting force follows from the moment equilibrium along section    

A-A of Figure 2-28 (b). 

 

sd
bs

bs F
z

tntnn
N 1

11221 )(
2
1

γ
−+

=   Equation 2-19 

where 

1t    is the distance between the centroid of tendons above 
section A-A to the centroid of the prism 

2t    is the distance between the centroid of the concrete stress 
block above section A-A to the centroid of the prism 

21 , nn  are the numbers of tendons above and below section A-A, 
respectively 

Fsd   is the design force per tendon 
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1γ   = 1.1 is the supplementary partial safety factor against 
overstressing by overpumping 

The maximum bursting stress follows from 

bsbsbsbs lbN /2=σ   Equation 2-20 

where bbs is the width of the prism. 

For ctdbs f>σ  the bursting force shall be resisted by confining or net 
reinforcement distributed within lbs/3 to lbs from the end face, with 

sybsbsb fNA /=   Equation 2-21 

6.9.12.3 Spalling 

The spalling force may be calculated with the equivalent prism analogy 
(Figure 2-29(a) ).  
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Figure 2-29: For calculation of the spalling force: (a) definition of the 
equivalent prism; (b) moment equilibrium along section B-B (CEB-FIP, 1998) 

 

 The length of the prism is defined as, for end anchored tendons 

hlsl =   Equation 2-22 
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And for tendons anchored by bond 

[ ] bptbptsl llhl <+= 22 )6.0(   Equation 2-23 

The internal lever arm for the spalling force is 

slsl lz 5.0=   Equation 2-24 

Section B-B shall be chosen so that along this section no shear force 

results.  The spalling force results from the moment equilibrium along section    

B-B 

slsl zMN /=  Equation 2-25 

With the moment M given by concrete stresses above section B-B. 

The maximum spalling stress follows from 

slslslsl lbN /8=σ  Equation 2-26 

With slb  width of the cross section at section B-B. 

For cflctsl f γσ /,≤ , where 

 5.1=cγ  

flctf ,  is the flexural tensile strength of concrete 

the spalling force shall be resisted by reinforcement 

syslsls fNA /, =  Equation 2-27 

The spalling force resisting reinforcement shall be put parallel to the end 

face in its close vicinity. 

The final spalling stress provision is supplemented by the following 
simplified, but also more accurate method: 

The equivalent prism approach overestimates the spalling stress.  For 
shallow members (i.e. hollow core slabs) a more accurate value may be obtained 
from Figure 2-27. 
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2.4 SUMMARY 

Much of the experimental work that has been used in developing 
pretensioned beam anchorage zone design guidelines or code provisions is 
reviewed in this chapter.  In addition, some analytical work is reviewed to gain a 
better understanding of the state of stress in the end zones of typical pretensioned 
and post-tensioned members.  Post-tensioned members are examined because 
much more research has been conducted in this area and the research offers a 
starting point for most of the analytical work on pretensioned concrete.  As stated 
within multiple reviews, the only difference between post-tensioned and 
pretensioned concrete applications is the method in which the load is applied to 
the beam.  Pretensioned beams build up prestressing load as the bond between 
concrete and strand develops.  The application of the load on the end region of a 
prestressed member creates transverse tensile stress as the applied load spreads to 
become a linear stress distribution.  The distance required for the prestressing 
force to build up to its full value is defined as the transfer length.  It is within this 
distance that researchers have found the worst transverse stresses occur.  Most 
researchers agree that there are at least two types of stresses occurring in the end 
regions: bursting and spalling.  The third type of transverse stress that is primarily 
discussed in European research is splitting stress.  All of these stresses are 
discussed in Section 2.2.2.1.   

U.S. design specifications and guidelines for pretensioned members have 
included provisions for what has been defined as bursting stress and minimal 
splitting stress.  This “bursting” stress term in AASHTO Article 5.10.10.1 is not 
consistent with most research which defines that same stress as spalling stress.  
Even within the U.S. design codes there is inconsistency in these terms.  In the 
post-tensioned code provisions from AASHTO (§5.10.9), that were primarily 
based on the research conducted by Breen et al. (1994), the bursting and spalling 
stresses are correctly called out in their respective locations.  This has been the 
case since these provisions were first adopted by the AASHTO Bridge Design 
Specifications.  ACI 318-05 has almost identical provisions for post-tensioned 
anchorage zones and also correctly defines these two types of stresses.  This 
indicates that while there is not a lack of knowledge in the U.S. on the post-
tensioned anchorage zone detailing side, the pretensioned anchorage zone 
provisions appear to not have benefited from this knowledge.   

Research summarized in Sections 2.2.1.1 and 2.2.1.4 examines 
pretensioned spalling stresses, their magnitude, and how best to design and detail 
reinforcing bars to control these stresses.  The researchers (Marshall and Mattock 
(1962), Tuan et al. (2004)) focusing on tensile stresses in anchorage zones of 
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pretensioned beams found that spalling stresses occur near the centroid of the 
beam and are at their maximum at the end face of the beam.  Since the researchers 
in the U.S., Marshall and Mattock (1962) and Tuan et al. (2004)), did not 
investigate bursting stresses or splitting stresses, reinforcing bar detailing received 
no attention in their reports.  Breen et al. (1994) , used strut-and-tie modeling to 
detail both spalling and bursting regions of post-tensioned anchorage zones. As 
reported by Tuan et al. (2004), the use of STM can sometimes be overly 
conservative (requiring 3 times as much reinforcement in some cases).  
Nevertheless, Breen et al. (1994) found that bursting forces were the most 
common failure mechanism in post-tensioned applications.  European research 
(Uijl (1983), CEB-FIP (1987, 1992)) reviewed here looked at all three types of 
stresses (bursting, splitting, and spalling) and how best to control them.  Bond, 
transfer length, magnitude of prestressing load, eccentricity of load, and concrete 
cover are some of the topics that are reviewed that are found to contribute to the 
level of transverse stresses.  Uijl (1983) in Section 2.2.2.1 discusses most of these 
topics within the text of his report.  Uijl found that cracking typically occurred in 
the bursting/splitting regions of the girders that he tested.  This agrees with Breen 
et al.’s (1994) work in post-tensioning and begins to show the importance of this 
region within a pretensioned concrete beam.  Uijl also indicated that while 
bursting/splitting cracks did reveal higher levels of stress, spalling stresses should 
be monitored as eccentricity increases.  The idea that eccentricity increases 
spalling stresses agrees with Gergely, Sozen and Siess (1963) as well as Stone and 
Breen (1984).  This agreement shows the level of common understanding that 
exists between U.S. and European research.  Even in post-tensioned design 
provisions that apply to anchorage zone reinforcing detailing, the terminology and 
design guidelines using STM are very similar between the U.S. and Europe.  
While the researchers and post-tensioned code provisions are in agreement, the 
U.S. codes and European codes differ on the subject of pretensioned beams.  The 
United States codes have provisions only for spalling stresses in pretensioned 
beams.  While these can be an important stress to monitor, bursting stresses are 
overlooked and can cause problems in pretensioned girders.  Due to Uijl’s in 
depth review and research of end zone stresses in pretensioned beams, CEB-FIP 
Model Code 1990, has much deeper content on how to control the majority of 
transverse end zone stresses in pretensioned beams.  This is shown in Section 
2.3.2. 

Splitting stresses acting alone in the bottom flange are only touched on in 
this review.  The AASHTO LRFD Code Provision (2007) in Section 2.3.1.3 
shows that a minimal amount of reinforcement must be included around the 
strands to oppose the splitting force of the strands.  This provision seems to have 
been developed from experience rather than analytical or empirical research as no 
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U.S. background research could be found for it.  The European code provision 
simply bulks bursting and splitting reinforcement together.  
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CHAPTER 3 
Experimental Program 

3.1 OVERVIEW  

  The design of pretensioned beams tested in the experimental program, 
design and construction of a prestressing facility, and instrumentation and 
construction of each test specimen is discussed in this chapter.  All of this work 
was completed at the University of Texas at Austin’s J.J. Pickle Research Campus 
in Austin, Texas.  The construction of the pretensioning bed and I-girders was 
completed at the Phil M. Ferguson Structural Engineering Laboratory.  This 
project was conducted through funding from the Texas Department of 
Transportation.   

3.2 SPECIMEN DESIGN 

Before constructing each specimen to be tested, the strand pattern had to 
be designed to maximize prestressing force applied to each beam.  Background 
theory on how pretensioned beams are designed and what provisions typically 
control designs is shown to help the reader understand the process.  Once the 
theory is presented, some typical designs equations are shown with supporting 
calculations in the Appendices. 

3.2.1 Prestressed Beam Theory 

Before beginning an in depth look into bursting, splitting, and spalling 
stresses, some basic theory on pretensioned beams is addressed here.  Many of the 
equations used in this section are directly from AASHTO LRFD Bridge Design 
Specifications (2007) and ACI 318-05.  

3.2.1.1 Transfer Length 

As clearly stated in Chapter 2, the application of prestressed force into a 
typical pretensioned beam happens over a specified length in a beam.  This length 
is referred to as the transfer length.  Over this length prestressing force builds up 
to its initial prestress minus some losses due to elastic shortening.  These losses 
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will be covered in further detail later in this chapter.  A typical development 
length equation looks much like §12.9 of ACI 318-05: 

bsepsb
se

d dffd
f

l )()
3

( −+=   Equation 3-1 

where: 

ld   =  development length of prestressing strand (in) 

fse  =  effective stress in the prestressing steel after losses (ksi) 

db  = nominal strand diameter (in) 

fps  =   average stress in prestressing steel at members nominal 
strength (ksi) 

This is a typical strand development equation that is used in the U.S.  
AASHTO LRFD Bridge Design Specifications also has a similar equation, but 
suggests simply that the use of 60 strand diameters be used for transfer length.  
Assuming a typical prestressing force after losses, reveals the same equation for 
strands from ACI and AASHTO given a lack of information at nominal strength: 

"36"6.060"6.0)
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ksild   Equation 3-2 

This gives a practical value for transfer length for 0.6” strand which was 
the main type of strand used in this investigation.  This length is approximately 
the distance it takes to build up to the full prestressing force after initial losses.  
To be consistent with AASHTO LRFD (2007) and ACI 318-05 specifications a 
linear variation in this force can be assumed as shown in Figure 3-1. 
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Figure 3-1: Transfer Length for Prestressing Strand 
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Until the prestressing force reaches its full value the zone within the 
transfer length is often referred to as a disturbed region.  This simply means that 
the stress distribution over the depth of the beam is not linear.  The disturbed 
region, or “D-region”, usually extends into the beam a distance equal to the depth 
of the beam.  Once the disturbed region ends, Bernoulli’s beam theory becomes 
valid and simple beam theory can be applied.  These regions are commonly 
referred to as “B-regions”.  A figure showing how the elastic stress trajectories 
travel from D to B regions is shown in Figure 3-2. 
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σtσc σc

σtσtσc
σtσc σc

σtσc
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Figure 3-2: Typical D-region for a post-tensioned beam: (a) elastic stress 
trajectories; (b) elastic stresses; (c) strut-and-tie models. (Schlaich et al. 1987) 

3.2.1.2 Beam Theory 

Basic beam theory utilizes Bernoulli’s hypothesis that as a beam bends in 
flexure sections within the beam remain plane.  As shown in Figure 3-3, the 
bending moment across each cross-section is the same and the member bends 
uniformly throughout its cross-section. 
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Figure 3-3: Bernoulli’s hypothesis; plane sections remain plane (Beer and 
Johnston, 1992). 

Since line AB and line A’B’ are bent about the same center point C, any 
cross-section that was perpendicular to the original line will remain plane as the 
member bends.  

In prestressed beams, the application of an axial load is present that 
produces a uniform axial deformation, and if the load is eccentric, a bending 
moment is applied.  The bottom and top fiber stresses in a pretensioned beam can 
be calculated by using plane sections remain plane assumption.  These 
calculations require the materials being used to remain within their elastic state to 
be valid.  Since this is true (i.e. permissible release stresses are met), the following 
elastic flexure formula can be used to calculate the maximum stresses in a 
prestressed beam.     

I
Pec

A
P

I
Mc

A
Pf ±=±=max   Equation 3-3 

where: 

fmax =  maximum stress (ksi) 

P    = applied prestressing force (kips) 

A    = cross-sectional area of beam 

M   = moment induced by eccentric application of P 
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I     = moment of inertia 

e    =  eccentricity of applied load P 

These stresses can now be calculated to meet code requirements for 
allowable stresses due to prestressing.  Calculations for typical stresses in the Tx 
girders tested are shown in Appendix A.  A graphical representation of what is 
being calculated is shown in Figure 3-4.   
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Figure 3-4: TxDOT’s typical Tx Girder loaded eccentrically showing elastic 
stress distribution 

3.2.1.3 Elastic Shortening  

As was mentioned in earlier, there are some losses that occur during 
prestressed force transfer.  These are often referred to as elastic shortening.  When 
an axial load is applied a beam, it will deform axially as well as flexurally as seen 
in Figure 3-4.  These deformations experienced by the concrete, relieve some 
portion of the prestressed force and make the actual prestressed force applied to 
the beam somewhat smaller.  AASHTO LRFD 2007 §5.9.5.2.3a offers a simple 
calculation for finding the elastic shortening losses in a pretensioned member. 
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where: 

ΔfpES = elastic shortening losses (ksi) 

Ep    = modulus of elasticity of prestressing steel (ksi) 

Ect   = modulus of elasticity of concrete at transfer (ksi) 

fcgp  = the concrete stress at the center of gravity of prestressing 
tendons due to prestressing force immediately after transfer 
and the self weight of the member at the section of 
maximum moment. 

A quick sample calculation for a Tx28 beam is shown below.  A typical 
release stress for concrete was 6,500 psi, while the typical force is a prestressed 
0.6” strand before release was 44 kips.  The eccentricity of the prestressing force 
in these smaller section beams was 5”.   
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  Equation 3-5 

This is a fairly typical elastic loss for the beams that are tested in this 
report. This means that after an initial stress of 200 ksi, the actual force imparted 
into the beam can be calculates using a stress of 178 ksi.  Additional calculations 
for all sections are shown in Appendix A. 

3.2.2 Tx Girder Design 

Before any prestressing could begin, each girder section had to have a 
strand pattern designed for it.  The strand patterns used for each beam are shown 
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later in this chapter.  Each pattern was designed to maximize the amount of 
prestressing force that could be applied to the section without violating the code 
limits for allowable stresses at release.  For the deeper sections, consideration was 
given to maximizing the prestressing load and the eccentricity simultaneously.  In 
this way, a more critical scenario for obtaining spalling cracks was created as 
discussed in Chapters 2 and 4.   

ACI provision §18.5.1 states that the stress in the strands shall not exceed 
0.74fpu during prestressing operations and beam fabrication.   AASHTO LRFD 
(2007) provision §5.9.3-1 allows this stress to be slightly higher at 0.75fpu.  These 
are both equivalent to a stress of 200 ksi in the strands.  The beams were designed 
to meet AASHTO LRFD Specifications (2007) except for the allowable 
compressive stresses in concrete after release.  These provisions for maximum 
tensile and compressive stresses on a pretensioned member after release are 
located in §5.9.4.  Maximum compressive stresses for this project were limited to 
slightly higher values than are permitted in the code for two reasons: (i)  In an 
ongoing project funded by TxDOT and conducted by researchers at the Ferguson 
laboratory, a compressive release stress of 0.65 f’ci was found to be feasible.  (ii) 
Subjecting the beams to slightly higher compressive stresses created a slightly 
increased demand on the transverse reinforcement resisting bursting, spalling and 
splitting cracks.  In short, the compressive stresses were limited to: 

cic f '65.0≤σ   Equation 3-6 

where: 

σc  = allowable compressive stress 

f’ci =  specified compressive strength at time of release 

The compressive strength of concrete at release was specified by TxDOT 
as 6500 psi, which limited compressive stresses to  0.65·6500 = 4225 psi; 325 psi 
higher than the compressive stresses currently permitted by AASHTO LRFD 
(2007).  Tensile stresses did not control the design of Tx28-I, Tx28-II, and Tx46.  
In Tx70 both the prestressing force and the tendon eccentricity were maximized, 
as a result additional bonded reinforcement had to be provided within the top 
flange.  The tensile stress limit (AASHTO LRFD (2007)) used to design this 
beam is shown below for beams with bonded reinforcement sufficient to resist the 
tensile force: 

cit f '24.0≤σ   Equation 3-7 
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where: 

σt  = allowable tensile stress 

f’ci  =  specified compressive strength in ksi at time of release 

This equation yields a tensile stress limit of 612 psi.  Additional 
reinforcement in the form of three #6 bars across the top flange was needed to 
adequately counteract the full tensile force in the beam.  Detailed equations for 
this and the design of other beam strand patterns are shown in Appendix A.  Table 
3-1 below shows the cross-sectional properties for each girder with their 
appropriate strand pattern.  This table also summarizes the results of the equations 
found in the Appendix by giving prestressing force before and after release, 
tendon eccentricity, concrete strength at release, and final concrete strength.  
Section dimensions can be found in Figure 3-21 as well as in Appendix A. 
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Table 3-1: Tx girder design summary 

Section Sketch  Section 
Properties 

Actual 
Applied 

P/S Force 

Tendon 
Eccentricity 

Cylinder 
Strength 

Tx28-I 

 

Height = 28” 
Ag = 585in2 
Ix= 52,772in4 
Iy= 40,692in4 

yt = 15.02” 
yb = 12.98” 

Initial: 
1,591 kips 

 
After 

Losses: 
1,466 kips 

5.01” 

Release: 
10,025 psi 

 
Final: 

13,825 psi 

Tx28-II 

 

Height = 28” 
Ag = 585in2 
Ix= 52,772in4 
Iy= 40,692in4 

yt = 15.02” 
yb = 12.98” 

Initial: 
1,692 kips 

 
After 

Losses: 
1,522 kips 

5.01” 

Release: 
6,475 psi 

 
Final: 

11,375 psi 

Tx46 

 

Height = 46” 
Ag = 761in2 
Ix= 198,089in4 
Iy= 46,603in4 
yt = 25.90” 
yb = 20.10” 

Initial: 
1,945 kips 

 
After 

Losses: 
1,732 kips 

10.67” 

Release: 
6,500 psi 

 
Final: 

13,200 psi 

Tx70 

 

Height = 70” 
Ag = 966in2 
Ix= 628,747in4 
Iy= 57,720in4 

yt = 38.09” 
yb = 31.91” 

Initial: 
1,974 kips 

 
After 

Losses: 
1,754 kips 

22.91” 

Release: 
6,675 psi 

 
Final: 

11,575 psi 
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3.3 CONCRETE PROPERTIES 

The concrete used in this project was designed to mirror that which is used 
in the field in the construction of pretensioned I-girders.  Type-III, high early 
strength cement is typically used in these mixes to allow for a fast turnover rate in 
the construction of these beams.  The concrete mixture designs used in this project 
are shown here in Table 3-2 for each beam. 

Table 3-2: Concrete Mixture designs for each Tx girder constructed 

 Tx28-I Tx28-II Tx46 Tx70 
Course Aggregate 1799 lb/cy, Round River Gravel 
Fine Aggregate 1429 lb/cy 
Type III Cement 611 lb/cy 
Water 214 lb/cy 
Water/Cement Ratio 0.35 
HRWR Admixture 10  oz/Cwt 14.6 oz/Cwt 12 oz/Cwt 
Retarder 11 oz/Cwt 4 oz/Cwt 

3.3.1 Concrete Testing 

To ensure that the pretensioned concrete beam specimens were released at 
the proper strength, cylinder tests were conducted from approximately 8 hours 
after the concrete placement until 6,500 psi compressive strength was reached.  
This was done using a Forney universal cylinder test machine (Figure 3-5). 
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Figure 3-5: Forney concrete cylinder testing machine 

The tests were conducted using ASTM C39 Standard Test Method for 
Compressive Strength of Cylindrical Concrete Specimen.  Standard 4” x 8” 
cylinders were capped with neoprene bearing pads, talcum powder, and a steel 
retaining ring before testing.  Compressive capacities were recorded for each 
cylinder and then compressive stress values were calculated using Equation 3-8.  
All cylinder test values are reported in Appendix C for each beam.  Table 3-1 
summarizes the compressive strength values at release for each girder. 

2
' 4

D
Pfc ⋅
⋅

=
π

 Equation 3-8 

where: 

f’
c    = cylinder compressive strength (psi) 

P    = applied load (lbs) 

D   = diameter of cylinder (in) 
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3.3.2 Temperature Match Cure 

To ensure cylinder strength accurately represented the curing conditions of 
concrete in a pretensioned concrete beam specimens cast with Type III cement, 
temperature match curing technology was used.  The idea behind match curing 
technology is fairly simple.  Concrete maturity theory states that temperature is a 
critical factor in the strength development of concrete, especially within the first 
24 hours (Kehl and Carrasquillo, 1998).  Maturity is found by multiplying an 
interval of time by the temperature of the concrete.  This means that concrete 
curing at a lower temperature will have to cure longer to reach the same maturity 
as concrete curing at a higher temperature.  As seen in Figure 3-8, the maturity is 
simply the area under the time temperature curve. 
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Figure 3-6: Concrete maturity for two different temperature concretes (Kehl 
and Carrasquillo, 1998) 

The idea behind temperature match-curing cylinders is to better match the 
concrete maturity within a pretensioned concrete beam.  Since the beam has a 
much greater mass of concrete it heats up at a much faster rate and often to higher 
temperatures than a typical 4” x 8” cylinder and the two would achieve very 
different strengths within the first 24 hours.  Temperature match-curing avoids 
this problem by heating up the cylinders to match the temperature of a 
pretensioned concrete beam and therefore the maturity of concrete in the beam is 
replicated.  In its simplest from, match-curing can be accomplished by placing 
cylinders next to the beam under a tarp to use heat generated from the beam to 
heat the cylinders.  Otherwise, thermocouples placed within the concrete beam 
may be used to measure the temperature. Then a computer-controlled temperature 
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match-curing system can be used to drive the heat in specialty cylinder molds to 
match the temperature in the beam.  Since the temperatures within the beam can 
easily get in upwards of 160° F and maturity correlates directly to strength within 
the first 24 hours, the match-cured cylinders tend to provide the best 
representation of the true concrete strength.  Examples of the possible differences 
in temperature between ambient, member cured (set next to the beam), and true 
beam temperatures are shown in Figure 3-7. 

During the experimental program conducted as part of this project, a 
computer controlled temperature match-curing system was used. Through the use 
of this system, accurate measurements of compressive strength of concrete were 
accomplished.  A brief explanation of the match curing system (Sure Cure) used 
in this project is provided within the next section. 

Since this setup was originally positioned close to a low-capacity 
pretensioning bed that was utilized in another project, it was roughly 150 feet 
away from the high capacity pretensioning bed used in this project. In order to 
communicate the temperature information collected through the use of the 
thermocouples positioned in test specimens the system was modified to include a 
wireless communication system.  The wireless system, shown in Figure 3-9, 
allowed 6 temperature readings to be taken within a typical beam specimen and 
then relayed those temperature readings to the original system to match the 
cylinder temperatures.  A schematic of the process is shown in Figure 3-10. 
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Figure 3-7: Curing temperature profile in an AASHTO Type IV girder (Kehl 
and Carrasquillo, 1998) 

3.3.2.1 Temperature Match Curing Facility: Sure Cure System 

The Sure Cure, temperature match curing facility allowed cylinders to be 
match cured to the time-temperature curves experienced by several points in beam 
specimens.  A picture of the setup used is shown in Figure 3-8. 
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Figure 3-8: Sure Cure Controller and Cylinders 

 

 

Figure 3-9: Wireless Sure Cure I/O Box 
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Figure 3-10:  Wireless Sure Cure Schematic 

A more thorough review of thermocouple locations within each beam as 
well as temperature plots are given in Section 3.7.4. 

3.4 MECHANICAL PROPERTIES OF  REINFORCING STEEL 

Within this section the stress-strain properties of reinforcing materials 
used in fabricating the test specimens are reported.  Mechanical properties of 0.6” 
diameter strands, welded deformed wire, and reinforcing bars are reported in this 
section.   

3.4.1 Prestressing Steel 

Standard low-relaxation 0.6” diameter strands were used in all specimens.  
Naturally, the use of 0.6” strands created a more critical condition or a “worst-
case scenario” for the test specimens in regards to bursting, spalling, and splitting 
cracks Strands were cut from within the same spool and tested in a 600-kip 
universal testing machine to determine the stress-strain curve of the strands.  To 
gain accurate strength values for the strand it had to be encased in epoxy within a 
steel pipe at each end.  This was done to ensure that there was no failure at the 
grips of the 600 kip machine, but instead within the middle of the strand.  Figure 
3-11 shows the strand in the universal testing machine, while Figure 3-12 shows a 
typical stress-strain plot.  The stress-strain plot was developed using a 24” gauge 
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length extensometer from Epsilon Technology Corp.  As seen in Figure 3-12, 
yield stress for the strands used in this study was 245 ksi. The ultimate strength 
was 285 ksi.   

   

 

Figure 3-11: Universal Test Machine Used to Obtain Stress-Strain Curve of 
Strands  
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Figure 3-12: Typical Stress-Strain curve for low-relaxation 0.6” diameter 
strand 

3.4.2 Welded Deformed Wire 

In all but the first Tx28 girder, prefabricated welded-deformed rebar cages 
were used to simplify the rebar cage construction for the vertical reinforcement in 
the beam specimens.  A typical bar in the welded fabric of reinforcing bars is 
shown in Figure 3-13.  A typical fabric of reinforcing bars is shown in Figure 
3-14.   
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Figure 3-13: Typical deformed wire from WWR fabrics 
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Figure 3-14:  Typical vertical reinforcement in WWR fabric with deformed bars 

 

Welded rebar cages are sometimes an option for the pretensioned beam 
fabricators as they provide a slightly easier installation method than typical 
reinforcing bars that need to be tied together to form a cage.  The bars used in 
welded rebar fabrics are typically slightly higher strength bars, and they provide 
less plasticity than typical Grade 60 reinforcing bars.  In order to check this 
preliminary assessment, bars were tested in a 600-kip, hydraulically actuated, 
universal testing machine.  All of the vertical bars used in the beam were 
designated D19.7.  This welded-wire designation gives information on the 
thickness of the bars.  The D signifies deformed wire, while the 19.7 signifies a 
cross-sectional area of 0.197 in2.  These wires are very close in size comparison to 
standard # 4rebars.  The average yield strength of the deformed wires/rebars was 
75 ksi, with an ultimate strength close to 90 ksi.  These bars typically had a 
modulus of elasticity of 29,000 ksi. 
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3.4.3 Grade 60 Rebar 

The additional bars used as spalling reinforcement in each beam were 
standard Grade 60, #6 reinforcing bars.  A detailed look into the location of these 
bars is shown later in Section 3.7.2. These bars were tested similar to the 
deformed wires to ensure proper yield values.  Typical yield stress values 
obtained for these bars were between 60 to 63 ksi.  Ultimate strength of the bars 
ranged from about 100 to 105 ksi.  The average modulus of elasticity value was 
28,500 ksi which is very close to the typical assumed modulus of elasticity value 
of 29,000 ksi.  Since this difference is almost negligible and can well be attributed 
to the gauge length or testing methods used, a value of 29,000 ksi will be used for 
these bars throughout the report for calculation purposes. 

3.5 PRETENSIONING FACILITY 

Before the construction of the specimens for this project could begin, the 
design and construction of a pretensioning bed was necessary.  Once girder 
section sizes and strand patterns were finalized (Table 3-1) a preliminary design 
for the pretensioning bed was completed and the actual design process could start. 

3.5.1 Design  

The design load for this frame was 2,500 kips.  It was with this 
information that a self reacting frame was designed and detailed.  Tie downs were 
essentially unnecessary for the self reacting frame but they were designed to keep 
the frame in place in the event of a catastrophic failure.  Additional members to 
stress top strands were designed to withstand top strand loads for up to 50 kips.  
An elevation view of the design is shown in Figure 3-15. 
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Figure 3-15: Longitudinal elevation view of pretensioning bed with Tx70 girder 
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As can be observed in Figure 3-15, two large bulkheads, or 12-in.-thick 
steel plates, as well as four 400-ton hydraulic rams were used to perform the 
stressing operation.  Since four strands stressed to 5 kips/strand were utilized 
within the top flange of all test specimens, the design also allowed different size 
beams to be constructed by a movable top strand stressing frame. Additional 
design drawings showing details of this as well as other aspects of the 
pretensioning bed are shown in Appendix E.  Additional pictures of the completed 
frame are shown below. 

 

 

Figure 3-16: Completed pretensioning bed from dead end 
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Figure 3-17: Completed pretensioning bed at the live end 

One of the more time consuming design tasks was the design of the 
stressing bulkheads.  These plates had to be able to withstand the full design load 
on their own in order to be effective.  The use of a structural analysis software 
package (SAP2000) with plate modeling capabilities helped ensure that the plates 
were designed to meet this capacity.  This design yielded a 12” thick, 4’x 4’ plate 
to handle the loads needed.  Even though a full strand pattern of 70 strands would 
never be used, especially with 0.6” strands, this pattern was also checked on the 
12” thick plate giving a design load on the plate of 3,080 kips.  The maximum 
stress resultants are shown in Figure 3-18, with the maximum stress being 28 ksi, 
which is still well below the yield stress of the plate (32 ksi).  Once the plates, 
main columns, and cross members were designed, they were ordered and the 
construction of the reaction frame began. 
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Figure 3-18: SAP 2000 output for 12” thick plate with 70, 44 kip loads.  
Maximum stress shown = 28 ksi. (SAP 2000) 

3.5.2 Construction of Pretensioning Facility 

The pretensioning bed utilized in this project was built on an elevated slab 
at the north end of the Ferguson Laboratory.  This allowed access underneath it to 
install tie downs where necessary.  The construction of the frame began in 
November, 2005 and finished in early September, 2006.  Much of the early 
construction consisted of drilling holes so that each part could be bolted together.  
Over 700 holes were drilled in the frame and over 300 bolts were used to 
assemble the frame.  Construction of the stressing bulkheads was primarily 
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completed through outside machine shops.  Since 12” thick plates were hard to 
locate, they were purchased from a manufacturer in Ohio.  They were shipped to 
Houston where holes were drilled through them to accommodate the strand 
pattern.  Finally, some lifting holes were drilled into the plates after they arrived 
at Ferguson Laboratory.  Once the frame and stressing bulkheads were completed 
the frame was painted.  A picture of the final product is shown in Figure 3-19. 
The main stressing bulkheads as well as the top strand bulkheads were painted 
white whereas the rest of the frame was painted burnt orange. 

 

Figure 3-19: Completed Pretensioning Bed 

The live end of the bed is not shown in Figure 3-19, but instead shown in 
Figure 3-20.  The 12-in. steel plate shown in white (Figure 3-20) is pushed by the 
four 400-ton hydraulic rams.  The top two rams and bottom two rams were 
hooked up to separate hydraulic pumps such that various eccentricities could be 
accommodated.  In order to reduce the total force that had to be applied to move 
the 12-in plate shown in Figure 3-20, the plate was placed on skids with Teflon 
placed underneath them.  The riding surface was also coated with Teflon so that 
the plate was riding on a Teflon to Teflon contact surface.  This cut down on the 



 84

amount of friction to the point where it was negligible as compared to the forces 
that would be placed on the frame. 

 

Figure 3-20:  Live end stressing bulkhead with rams 

3.6 TXDOT NEW I BEAM SECTIONS 

The focus of the project was on bursting, splitting, and spalling stresses, in 
the end regions of new TxDOT beams that had recently been designed.  These 
girders are similar to the AASHTO bulb tee’s that are used throughout the 
country, but have wider bottom flanges.  As part of this project, three beams 
(Tx28, Tx46 and Tx70) were tested.  The beams names are related to the beam 
depths.  For example Tx28 is a 28” deep beam. 4 top strands were used in each 
beam’s top flange for assisting rebar placement.   

The smallest of beam section tested was Tx28 (Figure 3-21). The main 
differences between Tx46 and Tx28 are the increased web height and the 
increased depth of the bottom flange that allows for an additional row of strands. 
As seen in Figure 3-21, going from Tx46 to Tx70 the height of the web and the 
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width of the top flange is increased.  One additional change to Tx70 included 
three No.6 bars in the top flange to help control tensile cracking from the 
application of the highly eccentric prestressed force.  Additional section 
information including area, moments of inertia, tendon eccentricity, and applied 
prestressing force can be found in Table 3-1. 
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Figure 3-21: Tx Girder sections
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3.7 INSTRUMENTATION 

3.7.1 General 

Previous research on cracks that form in the end regions of pretensioned 
concrete beams was examined in Chapter 2. The most critical locations for 
transverse tensile stresses due to bursting, spalling and splitting stresses as 
reported in previous research projects were studied.  Since the experimental facts 
reported by other researchers were used in the instrumentation plan, pertinent 
parts of those research projects are discussed here. 

As seen in Marshall and Mattock (1962) as well as Tuan et al. (2004), the 
most critical location for spalling stresses lies somewhere between the mid-height 
and the centroid of the beam within the web.  These researchers monitored strains 
within the first 18 inches from the end face.   

Uijl (1983) showed that bursting stresses at the web to bottom flange 
connection could create cracking to a distance h from the end face.  The crack 
locations from the Florida and Texas Department of Transportation beams also 
show substantial cracking at the top flange to web connection near the end face of 
typical I-girders.   

Since rebars do not develop significant strains prior to cracking of 
concrete and since the locations of typical bursting, spalling, and splitting cracks 
are reasonably well-defined,  it was felt that placing strain gauges on the rebars at 
possible crack locations would give the best estimate of the maximum stresses 
experienced by rebars.  It was also felt that since transfer length was discussed 
heavily within the reviewed literature, it would be of importance to monitor strand 
stress development within the end regions of the beams as well.  In order to gather 
all these data, anywhere from 48 to 63 strain gauges per test region were placed in 
the end of each girder.  Typical placement of strain gauges within the end regions 
is shown in Figure 3-22.  Six thermocouples were also placed in each girder to 
monitor temperature profiles in the beam and to broadcast temperature 
information to the Sure Cure facility.  A detailed discussion of instrumentation is 
provided within the next sections. 
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Figure 3-22: Strain gauges of reinforcing bars and strands 

3.7.2 Strain Gauge Installation on Reinforcing Bars 

The reinforcing bars throughout the end regions were comprehensively 
instrumented to ensure that the stresses can be inferred from the strain readings at 
critical locations.  The strain gauges used in this project were TML Strain Gauges 
from Tokyo Sokki Kenkyujo Co., Ltd., Type FLA-5-11-5LT, with a gauge length 
of 5mm.  These gauges were applied to the reinforcing bars and WWR by using 
the same installation protocol.  Strain gauges were applied to spalling 
reinforcement wherever possible and on shear reinforcement everywhere else.  
One or two of the ribs were ground off from a typical reinforcing bar to obtain a 
flat surface for strain gauge installation.  In grinding the deformations off, careful 
attention was paid not to change the area of the base bar so that stress and force 
values could be accurately calculated after construction.  Once the surface was 
smooth it was cleaned with two cleaning solutions.  The first being a mild 
phosphoric acid, while the second was an ammonia based solvent that neutralized 
any chemical reactions.  The strain gauge was then positioned and attached to the 
bar using a cyanoacrylate adhesive.  A picture of the gauge after CN adhesive has 
dried is shown in Figure 3-23.  
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Figure 3-23: Strain gauge on WWR 

Once the adhesive had dried, the gauge and lead wires were covered with 
an air-drying acrylic coating to protect and waterproof them.  Finally, the strain 
gauges were covered with foil tape and sealed with electrical tape to help protect 
them as well as create a water tight barrier for the gauge.  

3.7.2.1 Tx28-I and II Rebar Gauge Locations 

Each girder had slightly different patterns of rebar gauges in their end 
regions.  Although the fundamental placement of the strain gauges remained the 
same, as the girder depth changed and more lessons were learned through the 
examination of strain gauge data some adjustments were made. The basic pattern 
was based on the assumption that the bulk of the transfer region tensile stresses 
happen within h of the end face of the girder.  This comes from Marshall and 
Mattock’s original 1962 PCI paper.  Then as stated earlier, the strain gauges were 
placed where the cracks were most expected to occur.  Figure 3-24 and Figure 
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3-25 show the location of these rebar gauges for the first Tx28 constructed.  The 
top and bottom gauges were always located on the opposite bar from the middle 
gauge.  This pattern was then alternated on each set of vertical reinforcement for 
the full distance of bars that were gauged.   
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Figure 3-24: Tx28-I Rebar gauge locations for live end 
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Figure 3-25: Tx28-I Rebar gauge locations for dead end 
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After the release of the prestressing force, it was found that a crack existed 
on the top face of the bottom flange in the first Tx28.  In order to ensure that this 
crack was not continuous across the section of the beam and merely a localized 
crack, additional gauges were placed near the location of that crack from the first 
Tx28.  These additional gauges are shown in Figure 3-26 and Figure 3-27.  The 
strain readings indicated that the cracks observed on the top face of the bottom 
flange were localized and as such small strain readings were obtained.  In the 
subsequent tests the additional strain gauges used in Specimen Tx28-II were not 
used. 
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Figure 3-26: Tx28-II Rebar gauge locations for dead end 
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Figure 3-27: Tx28-II rebar gauge locations for live end 

 

3.7.2.2 Tx46 Rebar Gauge Locations 

Tx46 was similar to the Tx28-I in its gauge locations.  Due to data 
acquisition computer constraints, i.e. number of channels available to monitor 
strains, every bar from the face of the beam to h could not be monitored.  It was 
felt that this would be acceptable as long as the bars within the approximate 
transfer length of 50db - 60db were monitored.  Once the transfer length was 
reached every other bar was monitored out to 46” or h.  Figure 3-28 shows the 
strain gauge locations for the live end while Figure 3-29 shows the locations for 
the dead end. 
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Figure 3-28: Tx46 Rebar gauge locations for the live end 
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Figure 3-29: Tx46 Rebar gauge locations for the dead end
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3.7.2.3 Tx70 Rebar Gauge Locations 

Strain gauge locations in the Tx70 girder were almost identical to the 
Tx46.  The transfer length was monitored with every bar being strain gauged.  
Then every other bar was monitored out to a maximum distance of h or 70”.  The 
only change from Tx46 lies in the location of the middle strain gauges (Figure 
3-30 and Figure 3-31).  As stated earlier, Marshall and Mattock (1962) and Tuan 
et al. (2004) both found that spalling cracks tended to appear at the centroid of the 
larger girders.  Since this was confirmed with the pictures obtained from Florida 
DOT and TxDOT, the middle gauges were moved from the center of the web to 
the centroid of the beam.  
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Figure 3-30: Tx70 Rebar gauge locations for the dead end 
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Figure 3-31: Tx70 Rebar gauge locations for the live end 
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3.7.3 Strain Gauge Installation on Strands 

It must be first understood that strain gauges cannot be placed along the 
longitudinal axis of the strand because the 7-wire configuration does not line up 
directly in the axial direction.  Instead, the six wires wrap helically around the 
center wire.  This prevents the gauge from reading a true longitudinal strain value.  
In order to deal with this fact a simple solution was used.  The strain gauge is first 
placed along the axis of one of the six outer strands.  This puts the gauge slightly 
angled away from the line of action of the strand as seen in Figure 3-32. 

 

 

Figure 3-32: Strain gauge orientation for 0.6” diameter strand 

Since the gauge does not lie along the axis of the strand, strain readings 
are inaccurate unless a calibration curve is used to account for the difference.  As 
such, a calibration curve was developed.   It is important to note that in the 
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calibration curve shown in Figure 3-33, a modified elastic modulus value for the 
strand is found, taking into account the off-axis orientation of the strain gauge.  
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Figure 3-33: Sample strain gauge calibration curve for 0.6” strand 

The use of this curve during stressing as well as after release was vital to 
the accurate assessment of strains and stresses inferred from those strain values.   
Installing strain gauges on prestressing strands presented a problem that was not 
apparent until after the data from the first beam was analyzed.  After the 
construction of the first Tx28 beam, it became apparent that a number of strand 
strain gauges malfunctioned.   It was felt that the major cause of this problem was 
the method of protection that was used on the strain gauges.  It appeared as 
though the acrylic coating and foil did not serve as an adequate water barrier or 
padding for the strain gauge.  In order to provide better protection for the strain 
gauges, microcrystalline wax was heated until it was liquid and was then applied 
onto the gauges (Figure 3-34).  
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Figure 3-34: Application of microcrystalline wax onto strand strain gauges 

Once the wax was set, a coating tape manufactured by Tokyo Sokki 
Kenkyujo Co., Ltd. was wrapped around the strand.  The Type CT-D16 tape was 
then heated with a heat gun to activate the glue that is on its underside.  The glue 
melted and the tape shrunk to completely seal off the gauge.  After the glue and 
tape cooled, the gauge application process was complete (Figure 3-35).   

 

Figure 3-35:  Completed strain gauge on 0.6”diameter strand 
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While the location of the strain gauges installed on strands varied 
vertically and horizontally within each beam, the main goal of the strain gauge 
installation remained the same:  To monitor strand stress development such that 
the transfer length of the strand could be verified.  It is important to note that 
while multiple gauges were installed on some of the strands, only one gauge was 
installed on other strands (Figure 3-37 and Figure 3-38).  By comparing the data 
from strands that were instrumented with a large number of strain gauges and 
those that were instrumented with only one gauge, the impact of excessive 
instrumentation on transfer length was evaluated.  The results chapter shows the 
values for these gauges and it is important to recognize that the large number of 
strain gauges used to monitor strains in the strands had an insignificant influence 
on the transfer length. 
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Figure 3-36: Possible strand locations within the bottom flange 
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Figure 3-37: Typical locations for strand strain gauges in elevation view 
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Figure 3-38: Typical locations for strand strain gauges in plan view 
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3.7.4 Temperature Monitoring 

A set of thermocouples were installed within a section that was located 5-
ft. from the end of the beam (Figure 3-39). These thermocouples measured 
temperature by measuring the voltage created by the temperature difference 
across two contacting, dissimilar metals.  These metals are typically, welded, 
soldered, or twisted together.  For this project, they were twisted together and then 
coated with a shrink tape to electrically isolate them from the water in the 
concrete.  The wireless feature of the temperature match-curing system (Sure 
Cure) was used to match the curing temperatures of those locations marked in 
Figure 3-39.  With each specimen a total of 48 cylinders were prepared and 
match-cured.  Compressive strength of those cylinders was monitored and used to 
ensure that the 6500-psi release strength was achieved prior to releasing the 
strands.  Typical temperature plots for the girders tested in this project are shown 
in Section 0 and Appendix D. 

ThermocoupleThermocouple  

Figure 3-39: Typical thermocouple locations in Tx girders 
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3.8 SPECIMEN FABRICATION 

3.8.1 General 

The fabrication of a typical specimen involved several different activities: 
Pretensioning the strands, mixing and placing the concrete, and releasing the 
strands.   

3.8.2 Pretensioning the Strands 

Each strand was first strung through the pretensioning bed and 
individually stressed to take the slack out the strand.  The strands were stressed to 
~ 2 kips each so that strain gauges could be applied on them and reinforcing cage 
could be assembled.  The strands were individually stressed to ~ 2 kips using a 
mono-strand stressing jack, shown in Figure 3-40. 

 

Figure 3-40: Individual strand stressing with mono-strand stressing jack 
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 In ACI 318-05 and PCI Design Handbook (6th Edition), there are 
requirements for at least 2 methods of verification for prestressing force in 
strands.  As such, in a prestressed concrete fabrication plant the prestressing force 
is typically verified by comparing hydraulic pressure or load measurements with 
expected strand elongations.  Within the framework of this project at least 3 and 
very often 4 methods to verify the amount of prestressing force being applied to 
the strands were used: (i) Pressure gauges on each hydraulic pump, (ii) pressure 
transducers on each hydraulic line, (iii) strain gauges on strands used in 
conjunction with strand load-vs.-strand wire strain calibration curves and (iv) 
linear potentiometers monitoring strand deformations.  Figure 3-41 shows the two 
hydraulic pumps used to control the top 2 or bottom 2 rams.  Pressure differences 
between the top and bottom sets of rams were due to the load being slightly 
eccentric to the center of the stressing plate. 

 

 

Figure 3-41:  Hydraulic pumps used to control the application of prestressing 
force through four 400-ton rams 
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At the live end, linear potentiometers measured the movement of the 
stressing plate while ram displacements were also measured to ensure accurate 
elongation measurements were taken.  To make sure the most accurate values of 
elongation could be reported, dial gauges at the dead end measured the deflection 
of the frame.  This deflection was subtracted from the live end elongation to get 
the true elongation value for the strands.  Typical deflection of the reaction frame 
was approximately 0.25” for a load between 1500 and 2000 kips.  A quick 
elongation calculation is shown below for one 0.6” diameter strand.  Figure 3-42 
shows the linear potentiometer setup, while Figure 3-43 shows the typical dial 
gauge setup to measure deflections of the frame.   

AE
PL

=Δ   Equation 3-9 

where: 

Δ    = elongation 

P    =  applied prestressing force 

L    =  length of strand between anchorage points 

A    = area of strand 

E    = modulus of elasticity for prestressing strand 
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Total Elongation Value = 4.22 + .25 = 4.47in 
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Figure 3-42: Three Linear Potentiometers measuring strand elongations 
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Figure 3-43: Dial gauges used at dead end of pretensioning bed to measure 

frame deflection 

Using the independent measurements described above the prestressing 

force was determined to a high level of accuracy.  These independent 

measurements could then be compared to the design loads and elongations 

calculated before pretensioning began.  Once full prestressing was applied, pumps 

were monitored until concrete was placed to ensure that no hydraulic pressure 

losses took place.  It is believed that with the rigor associated with cross-

referencing and double checking the prestressing force, the error in the reported 

prestressing forces is considerably below 3 % - whereas the industry standard 

tolerance is 5%. 
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3.8.3 Mixing and Placing Concrete 

After the pretensioning operation was completed the morning of concrete 

placement, concrete mixing took place.  The basic concrete mixture design used 

in this project had been used in previous pretensioned concrete research projects 

at the Ferguson Laboratory.  This concrete mixture design was originally obtained 

from a precast pretensioned concrete beam producer in San Marcos, TX.  The 

main attributes of the mixture design are illustrated in Table 3-2. 

The precast, pretensioned concrete beam producer located in San Marcos, 

Texas donated the coarse aggregate, sand, and admixtures to the project while a 

ready mix truck was rented from a ready-mix company in the Austin area.  In 

previous projects, the precast concrete producer had supplied adequate amounts of 

admixtures to meet the mix design requirements.  Some problems related to the 

dosage of retarder arose in casting the first girder. The amount of retarder 

supplied was significantly higher than the dosage shown in the mix design 

approaching 12 oz/Cwt as shown in Table 3-2.  This led to the concrete placed in 

the beam not setting up for almost 60 hours.  While this proved to be 

unrepresentative of practical I-girder construction valuable data was gathered 

from it and so it is still included in the text of this thesis.  After the experience 

with the concrete mixture used for the first beam, the amounts of admixtures 

supplied by the precast pretensioned concrete beam were measured at FSEL and 

no major problems were encountered. 

The following are the major steps that were followed in preparing the 

concrete that was used to fabricate the test specimens: 

Ready mix-truck was sent to San Marcos and charged with the correct 

amounts of fine and coarse aggregates at the precast, pretensioned concrete beam 

fabrication plant. 
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Upon the arrival at FSEL of the truck that was charged with aggregates, 

the admixtures were measured out and diluted in water in 5-gallon buckets for 

ease of pouring.  While this was being done, the correct amount of water was 

added to the ready-mix truck using a flow-meter shown in Figure 3-44 to monitor 

exactly how much water was being added.  This value was calculated beforehand 

using the moisture content of the aggregates reported in the batch ticket, and 

water ratios from the concrete mixture design.   

 

 
Figure 3-44: Flow-meter used to measure water placed into truck 

 

Once all the water had been added, Type-III cement was placed into a 1 

cubic yard bucket and added to the ready mix truck (Figure 3-45).  This was done 

quickly but evenly to ensure that the cement properly mixed with the water and 

aggregates without allowing too much time for the aggregates to soak up the 

water.   
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Figure 3-45: Cement being added to the ready mix truck with a 1 cy hopper 

 

After all of the cement had been added, the diluted admixtures were 

poured in and the truck was set to turn at least 300 revolutions to properly mix the 

concrete.  After 300 turns the concrete was checked for consistency.  If it was felt 

that the concrete was mixed thoroughly enough and had a large enough slump to 

ensure workability then the concrete placing operation began.   
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Figure 3-46: Concrete placement using a 1 cy hopper 

The placement process involved the use of the 1 cy concrete bucket to 

place the concrete in the girder.  Anywhere from 6-10 buckets of concrete were 

placed in each girder throughout project.  After the first bucket was placed into 

the beam, form vibrators mounted to the side of the forms were used to 

consolidate the concrete (Figure 3-47).  This would ensure that the concrete in the 

bottom flange was consolidated before placing concrete into the web. 
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Figure 3-47: Form vibrator being used on a Tx28 girder 

Once the bottom flange concrete was placed and consolidated, internal rod 

vibrators were used in conjunction with form vibrators to consolidate concrete 

placed in the web (Figure 3-48).  This helped ensure that the concrete properly 

flowed around the reinforcing bars and strands without leaving any voids.  Once 

the concrete had been placed, temperature monitors were turned on so that match 

curing of cylinders could take place. 
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Figure 3-48: Use of an internal rod type vibrator:  Tx28 girder 

 

3.8.4 Releasing the Strands 

After a pour was completed each beam was covered with wet burlap and 

then covered with plastic to ensure that very little shrinkage cracks would take 

place.  Then for the next 12 – 20 hours, temperatures were monitored and a large 

number of cylinders that were cured using the Sure Cure system.  Once a spike in 

the time-temperature curve was observed, cylinder testing began.  A typical time-

temperature curve is given in Figure 3-49 
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Figure 3-49: Typical time-temperature curve for Tx28-II girder 

 

It can be seen in Figure 3-49 that the temperatures typically peaked out 

close to 10 hours after the concrete was mixed.  These temperatures reached 

anywhere between 102 and 120 degrees Fahrenheit.  The first cylinders were 

tested after approximately eight hours of curing.  Using engineering judgment 

three different Sure Cure locations were used to test the first three cylinders.  

Typically cylinders match-cured to a hot, cold, and average temperature locations 

were tested with each batch.  Once the first batch had been tested, three additional 

cylinders were tested approximately every hour until release strength was 

reasonably close.  Once the release strength of 6,500 psi was close, a full set of 6 

cylinders matching the six Sure Cure locations in the beam were tested.  If the 

average strength for the six locations was slightly higher than 6,500 psi, strands 

were released.   Cylinders were again tested immediately after release to give the 

best estimate of strength during release.  Typically the coolest spots in the beam 
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caught up to the strength of the warmer spots by the time 6,500 psi release 

strength was achieved.  This made it easier to decide exactly when to release the 

strands given that the scatter in the compressive strength of cylinders match-cured 

to different locations was very small at release.  Figure 3-50 illustrates the fact 

that while during the early stages significant differences in the compressive 

strength of cylinders match-cured to hot and cold spots within the section were 

observed, when the compressive strength of concrete reached 6,000 psi, the 

scatter was significantly reduced. 
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Figure 3-50: Cylinder strength vs. Time for the Tx70 girder 

 

When the compressive strength of concrete reached 5,000 psi or so, the 

forms were removed.  The beam was then re-covered until release took place.  

Once concrete reached release strength, data acquisition software was turned on to 

begin gathering data for the release.  First the top four strands stressed to 5-kips 
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each (strands within the top flange) were cut individually.   Next, the bottom 

strands were released using the same hydraulic pumps that were used to stress the 

strands.  Using the pumps ensured that the release was done gradually.  After the 

strands were released, data was continually gathered for another 30-45 minutes.  

In this way, strains in reinforcing bars were monitored while some of the cracks 

formed both at the dead and the live ends.  During this time the beams also 

cambered up slightly, putting the beam in a simply supported end condition after 

release. 
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CHAPTER 4 
Test Results and Discussion 

4.1 INTRODUCTION   

Examples illustrated in Chapters 2 and 3 make it apparent that cracking in 
the end zones of pretensioned concrete beams has become a common problem.  
The potential reasons for this cracking include increased use of higher strength 
concrete with increased utilization of 0.6” diameter strands.  AASHTO LRFD 
Bridge Design Specifications (2007) and the PCI Design Handbook (6th Edition) 
both supply recommendations on how best to restrict these cracks in the spalling 
zone of pretensioned beams.  These design guidelines are shown and discussed in 
Chapter 2.  Only the CEB-FIP Model Code (1990) has provisions for detailing 
both spalling and bursting regions in pretensioned beams.  The girders tested 
during the course of this project were designed by the Texas Department of 
Transportation with the AASHTO LRFD Bridge Design Specifications (2007) in 
mind.  While within the actual TxDOT designs the code provisions are met, in 
order to examine the worst-case scenario, the prestressing force was maximized to 
a point that the spalling reinforcement provided in test specimens was slightly less 
than that required by AASHTO LRFD in some cases and more than that required 
by PCI guidelines.  In essence, the spalling reinforcement provided in the test 
specimens, came from the field experience on existing beam designs and the 
practical amount of reinforcement that can be used in the end regions without 
creating congestion and construction issues.  With these points in mind, four 
beams were constructed of varying sizes and reinforcement patterns.  Two main 
reinforcement patterns shown in Chapter 3 and Figure 4-1 were used in the 
opposite ends of each specimen.  This gave a total of eight test regions or four test 
regions for each reinforcement pattern.  Before taking an in depth look at the test 
results obtained in each one of the test regions, some preliminary analysis of the 
end regions will be done.  This will give a better idea of what the design 
guidelines require and what is a reasonable estimate of steel that can be placed 
into the end regions. 
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Figure 4-1: Typical end region reinforcement details for Tx family of girders
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4.2 PRELIMINARY ANALYSIS 

Each design specification or guideline, discussed at length in Chapter 2, 
will be briefly reviewed here for comparison.  AASHTO LRFD Bridge Design 
Specifications (2007) and PCI Design Handbook (6th Edition) only have 
guidelines for spalling reinforcement and so the specimens were designed with 
this in mind.  Additional steel was placed in the specimens bundled with the shear 
reinforcement to meet these designs.  It was typically placed on the first 3 (Tx28) 
to 4 bars (Tx46 and Tx70) of the end regions.  Figure 4-2, Figure 4-3, and Figure 
4-4 below shows where this steel was bundled for the Tx28, Tx46, and Tx70 
respectively.  
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Figure 4-2: Typical location of bundled spalling reinforcement in Tx28 girders 

 



 

122

21
2"

4 spa at 3"
8 spa at 4" 6"21

2"
4 spa at 3"

8 spa at 4" 6"

Shear Reinforcement Location (D19.7 Deformed Bar)

Bundled #6 Bars with Shear Reinforcement

21
2" 12 spaces at 4"

Live End

21
2"

4 spa at 3"
8 spa at 4" 6"21

2"
4 spa at 3"

8 spa at 4" 6"

Shear Reinforcement Location (D19.7 Deformed Bar)

Bundled #6 Bars with Shear Reinforcement

21
2" 12 spaces at 4"

Live End

 

Figure 4-3: Typical location of bundled spalling reinforcement for a Tx46 girder 
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Figure 4-4: Typical location for bundled spalling reinforcement for a Tx70 girder. 
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The following sections below show a sample calculation for one girder to 
compare with the actual design shown above. In addition to this, design guidelines 
are compared and contrasted.  Detailed calculations for these code provisions can 
be seen in Appendix B. 

4.2.1 AASHTO LRFD Bridge Design Specifications (2007) 

Code provision §5.10.10.1, incorrectly called “Factored Bursting 
Resistance”, is actually a provision for spalling reinforcement.  The Tx46 girder 
will be the representative girder used for all calculations.  Steel stress is limited to 
20 ksi so that value will be used as the worst case scenario.  The prestressing 
force at transfer for a Tx46 equals 1732 kips. 
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 Equation 4-1 

This amount of reinforcement is supposed to be placed within the first h/4 
of the beam.  This means that from the face of the girder to 11.5 inches into the 
beam, 3.46 in2 of steel reinforcement should be stressed to 20 ksi.  The actual 
design of the Tx46 at the dead end includes 8 - #6 reinforcing bars or 3.52 in2 of 
spalling reinforcement in that distance.  At this end of the beam the total amount 
of reinforcement, meets code requirements.  The live end has slightly less spalling 
reinforcement in the end region of the beam.  There are only 6 - #6 reinforcing 
bars or 2.64 in2 of spalling reinforcement in that end zone.  If shear reinforcement 
is included (6 - D19.7 bars or 22 18.16197.0 inin =⋅ ), the code requirements are 
met by having 3.82 in2 of total vertical reinforcement within h/4.  It should be 
noted that at the end of this chapter, the comparison between the live end and 
dead end stresses and crack patterns will provide the best review of which 
reinforcement pattern works more effectively. 

4.2.2 PCI Design Handbook (6th Edition) Guidelines 

The provision in PCI Design Handbook (6th Edition) called “§4.2.4, End 
Stresses at Transfer” stipulates providing reinforcement for bursting or splitting 
stresses.  As in AASHTO LRFD Bridge Design Specifications (2007), this 
provision is actually aimed at detailing reinforcement in the spalling region.  The 
Tx46 girder will again be used as an example for this calculation using a prestress 
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force of 1732 kips, a height of 46”, a steel stress of 30 ksi, and a transfer length of 
36”. 
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  Equation 4-2 

This amount of reinforcement must be placed within the first h/5 of the 
girder.  For the dead end of the girder the first h/5, or 9.2 inches, includes 6 - #6 
reinforcing bars or 2.64 in2 of spalling reinforcement which easily meets the code 
requirements.  The live end has slightly less reinforcement with 4 - #6 reinforcing 
bars which is equal to 1.76 in2 but steel meets the recommendation of PCI Design 
Handbook.  In short, both of these ends meet PCI design guidelines for spalling 
steel. 

4.2.3 CEB-FIP Model Code 1990 Provisions 

The CEB-FIP MC 90 provides the most extensive detailing requirements 
for spalling and bursting stress steel.  Detailed calculations illustrating the use of 
the CEB-FIP MC 90 expressions are shown in Appendix B.  A sample set of 
equations for quantities of transverse steel are shown below.  The transmission 
length (European terminology) or transfer length (U.S. Customary Terminology) 
used in these equations equals 41.3” with calculations shown below.  The 
symmetrical prism method used to calculate bursting stresses is shown 
immediately after the transfer length equation followed by the equivalent prism 
method for calculating spalling stresses. 

6.9.11.2 Bond Strength 
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where 

fctd  = fctk(t)/1.50 is the lower design concrete tensile strength; for 
the transmission length the strength at the time of release 
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ηp1  = takes into account the type of prestressing tendon: ηp1 = 1.4 
for indented or crimped wires, and ηp1 = 1.2 for 7-wire 
strands 

ηp2  = takes into account the position of the tendon: ηp2 = 1.0 for 
all tendons with an inclination of 45°-90°with respect to the 
horizontal during concreting, ηp2 = 1.0 for all horizontal 
tendons which are up to 250 mm from the bottom or at least 
300 mm below the top of the concrete section during 
concreting, and ηp2 = 0.7 for all other cases. 

 

6.9.11.3 Basic Anchorage Length 

The basic anchorage length of an individual pretensioned tendon is 
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where 

fptd  = fptk/1.15, where fptk is yield strength of prestressing tendon 

φπ
spA

= 4/φ  for tendons with a circular cross-section 

       = 36/7φ  for 7-wire strands 

 

6.9.11.4 Transmission Length 

The transmission length of a pretensioned tendon is 
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where 

α8  = considers the way of release: α8 = 1.0 for gradual release 
and α8 = 1.25 for sudden release; 

α9   considers the action effect to be verified: α9 = 1.0 for 
calculation of anchorage length when moment and shear 
capacity is considered, and α9 = 0.5 for verification of 
transverse stresses in anchorage zone 

α10 considers the influence of bond situation: α10 = 0.5 for 
strands and α10 = 0.7 for indented or crimped wires; 

σpi is the steel stress just after release 

 

6.9.12.2 Bursting 

For the calculation of the bursting force the symmetric prism analogy may 
be used (Figure 4-5).   
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Figure 4-5: For calculation of the bursting force: (a) dimensions of the 
symmetrical prism; (b) moment equilibrium along section A-A                     

(CEB-FIP, 1998) 
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The height and the width of the prism follow from the possible 
enlargement of the anchor plates (post-tensioning) or the tendon pattern 
(pretensioning).  For multiple tendons the most unfavorable situations shall be 
considered:  a single tendon or a group of tendons.  The bursting action shall be 
determined both in the vertical and in the horizontal direction. 

 

The length of the prism is for the end anchored tendons 

"82.18== bsbs hl   Equation 4-6 

And for tendons anchored by bond 
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The internal lever arm for the bursting force is 

"6.1512.315.05.0 =⋅== bsbs lz   Equation 4-8 

The bursting force follows from the moment equilibrium along section A-A 
(Figure 4-5(b)) 
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The maximum bursting stress follows from 
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where bbs is the width of the prism. 
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For ctdbs f>σ  the bursting force shall be resisted by confining or net 
reinforcement distributed within lbs/3 to lbs from the end face, with 

286.6
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             Equation 4-11 

As is shown in Equations 4-10 and 4-11 the maximum expected stress in 
the bursting region is 3.78 ksi and the required reinforcement placed within lbs/3 
and lbs is 6.86in2.  The design of the live and dead ends have 2.36 in2 of shear 
reinforcement within the specified region (lbs/3 to lbs or 10.4” to 31.12”), but no 
reinforcement specifically designed to resist the bursting stresses.  This begins to 
show the importance of bursting stresses in a pretensioned beam and why there is 
high potential for cracking.  The spalling stress calculations are shown below: 

 

 

6.9.12.3 Spalling 

The spalling force may be calculated with the equivalent prism analogy 
(Figure 2-29(a)).  
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Figure 4-6: For calculation of the spalling force: (a) definition of the 
equivalent prism; (b) moment equilibrium along section B-B (CEB-FIP, 1998) 
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 The length of the prism is defined as, for end anchored tendons 

hlsl =   Equation 4-12 

And for tendons anchored by bond 
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  Equation 4-13 

The internal lever arm for the spalling force is 

"65.20"3.415.05.0 =⋅== slsl lz   Equation 4-14 

Section B-B shall be chosen so that along this section no shear force 
results.  The spalling force results from the moment equilibrium along section B-B 
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With the moment M given by concrete stresses above section B-B. 

The maximum spalling stress follows from 
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With slb  width of the cross section at section B-B. 

For cflctsl f γσ /,≤ , where 

 5.1=cγ  

flctf ,  is the flexural tensile strength of concrete 

the spalling force shall be resisted by reinforcement 
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The spalling force resisting reinforcement shall be put parallel to the end 
face in its close vicinity. 

 

This shows that in the CEB-FIP MC 90 does not find it necessary to 
provide spalling reinforcement for Tx46.  With such low stresses and little 
required reinforcement it appears whatever shear steel might be in the end region 
would be more than sufficient to resist the transverse stresses.   

4.2.4 Design Guideline Comparison Summary 

Design calculations performed on Tx46 for bursting and spalling stresses 
are given in the preceding section.  Detailed calculations are provided in 
Appendix B.  Table 4-1, Table 4-2, and Table 4-3 below give a comparison of all 
of the code provisions as well as the design of the beam. 
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Table 4-1: Code provision comparison for Tx28 end region reinforcement 

Code Spalling 
(in2) 

Design 
(in2) 

Req’s 
Met?  

Bursting 
(in2) 

Design 
(in2) 

Req’s 
Met? 

 Live End 

AASHTO 2.93 1.76 N* N/A 0.00 N/A 2.55 2.76 

PCI 0.80 0.88 Y N/A 0.00 N/A 1.27 2.76 

CEB-FIP 0.00 0.88 Y 5.34 0.00 N 1.27 2.76 
 Dead End 

AASHTO 2.93 1.76 N* N/A 0.00 N/A 2.55 3.15 

PCI 0.80 1.76 Y N/A 0.00 N/A 2.55 3.15 

CEB-FIP 0.00 1.76 Y 5.34 0.00 N 2.55 3.15 
 Spalling or Bursting Reinforcement Only 
 Spalling or Bursting Reinforcement + Shear Reinforcement 
* Code Provision cannot be met even if shear reinforcement is included 
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Table 4-2: Code provision comparison for Tx46 end region reinforcement 

Code Spalling 
(in2) 

Design 
(in2) 

Req’s 
Met?  

Bursting 
(in2) 

Design 
(in2) 

Req’s 
Met? 

 Live End 

AASHTO 3.46 2.64 N* N/A 0.00 N/A 3.82 2.36 

PCI 1.55 1.76 Y N/A 0.00 N/A 2.55 2.36 

CEB-FIP 0.00 1.76 Y 6.86 0.00 N 2.55 2.36 
 Dead End 

AASHTO 3.46 3.52 Y N/A 0.00 N/A 5.10 2.36 

PCI 1.55 2.64 Y N/A 0.00 N/A 3.82 2.36 

CEB-FIP 0.00 1.76 Y 6.86 0.00 N 2.55 2.36 
 Spalling or Bursting Reinforcement Only 
 Spalling or Bursting Reinforcement + Shear Reinforcement 

* Code Provision is met if shear reinforcement is included 
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Table 4-3: Code provision comparison for Tx70 end region reinforcement 

Code Spalling 
(in2) 

Design 
(in2) 

Req’s 
Met?  

Bursting 
(in2) 

Design 
(in2) 

Req’s 
Met? 

 Live End 

AASHTO 3.51 3.52 Y N/A 0.00 N/A 5.10 1.97 

PCI 2.39 2.64 Y N/A 0.00 N/A 3.82 1.97 

CEB-FIP 1.62 2.64 Y 4.19 0.00 N 3.82 1.97 
 Dead End 

AASHTO 3.51 3.52 Y N/A 0.00 N/A 5.10 1.97 

PCI 2.39 3.52 Y N/A 0.00 N/A 5.10 1.97 

CEB-FIP 1.62 3.52 Y 4.19 0.00 N 5.10 1.97 
 Spalling or Bursting Reinforcement Only 
 Spalling or Bursting Reinforcement + Shear Reinforcement 

 

These tables show that spalling reinforcement requirements can be difficult to 
meet with AASHTO LRFD (2007) using only bundled spalling steel and not 
including shear steel.  PCI (6th Edition) and CEB-FIP MC 90 spalling 
requirements are met in the all of girders used in this project.  These tables also 
show a complete lack of information regarding bursting reinforcement in the U.S. 
codes and the emphasis placed on it by CEB-FIP MC 90.  This preliminary 
analysis suggested that more problems would develop with bursting stresses in 
these beams than with spalling stresses.  The subsequent sections presented in this 
chapter will support this preliminary conclusion. 

4.3 TX28-I RESULTS 

The first beam that was cast was the Tx28.  This 28” deep beam provided 
valuable information in spite of the concrete mixture design problems.  As 
mentioned before this girder was not representative of typical precast beams as 
the concrete did not set up until 60 hours after placement.  However, other than 
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the delay seen in the initial set, all other attributes of the beam fabrication and 
concrete hydration were typical.  The data collected helped make the casting and 
the instrumentation of the following three beams much easier and more accurate.  
It is with these in mind that the data will be reported here as a starting point for 
the investigation.   

4.3.1 Tx28-I Release  

Since the concrete used to construct this girder did not begin to set up until 
60 hours after concrete placement, it was felt that release should be done after a 
few days so that all sections of the girder had a chance to gain strength.  The 
prestressing strands were released 5 days after casting.  Cylinder testing to 
determine concrete strength was done simultaneously with release.  A full set of 6 
Sure Cure cylinders gave an average concrete strength of 10,025 psi.  Since the 
compressive strength of the concrete is known, a more accurate elastic shortening 
calculation could be done using AASHTO LRFD 2007 §5.9.5.2.3a: 

ksiksif

ksif
in

instrandsk
in

strandsk
in

instrandsk
in
strandskf

ksiE

ksiE

pES

cgp

cgp

ct

p

2.1851.3
707,5
500,29

51.3
772,52

)37.13()4(5
585

)4(5
772,52

)24.5()36(2.44
585

)36(2.44

5707025,10000,57

500,29

4

2

24

2

2

=⋅=Δ

=

⋅⋅
−

⋅
+

⋅⋅
+

⋅
=

=⋅=

=

 

As mentioned in Chapter 3 release was done by first cutting the top 
strands and then gradually releasing the bottom strands using hydraulic rams. 

4.3.1.1 Strand Stress before Release 

In order to evaluate the stresses in the end regions of the test specimens, 
the prestressing force has to be known.  The prestressing force was determined by 
comparing the strain gauge readings and pressure gauge readings.  While 
individual strands may have had slightly different stress levels, the total 
prestressing force was determined from pressure gauges readings and verified 
with strain gauge readings.  Since the force in each strand was not identical, an 
average value was taken from all the readings, removing those which had 
obviously malfunctioning strain gauges.  The average stress and force are reported 
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for each end in Table 4-4.  Average stress values were calculated using the 
calibration curves discussed in Chapter 3. 

 

Table 4-4: Stresses in prestressing strands before release 

Specimen  Avg. Strain 
(in/in) 

Avg. Stress 
(ksi) 

Avg. Force 
(kips) 

Total Force 
(kips) 

Tx28-I 0.006323 203.6 44.2 1,591 
 

In order to support these stresses inferred from strain gauge readings, 
hydraulic pressure readings and elongations were also taken.  The elongations 
measured by ram displacement were on average 4.5 inches.  This value minus the 
deflection of the dead end, 0.2”, gives an elongation of 4.3” which is only 1/8” 
away from the expected value.  The pressure readings of 5,150 psi on the top two 
rams and 3,900 psi on the bottom two rams calculate out to a total force of 1,571 
kips of initial prestress.  With all of these values in such close agreement the 
strain gauge readings could be confidently utilized for calculations of strand and 
rebar stresses after release.  

4.3.2 Tx28-I Strand Stresses 

An important part of understanding transverse tensile stresses has to do 
with the application of the load onto the beam.  This was shown in many of the 
previous research studies reviewed in Chapter 2.  This means that an important 
part of understanding spalling, bursting, and splitting stress has to do with the 
transfer length.  Both live and dead ends were instrumented with strain gauges 
throughout the transfer length on the strand.  This was done for two reasons.  
First, the measurement of transfer length could be seen once the values of stress in 
the strands peaked.  Second, this peak value would help show the amount of 
elastic shortening taking place in the beam.  In other words, theoretical 
calculations could be compared to measurements.  Typical locations of the strand 
strain gauges are shown in Chapter 3.  The graphs below show the increase in 
strand stress over the transfer length. In the figures below there is an unusually 
large scatter close to the beam ends.  This can be attributed to each strand bonding 
to the concrete in a slightly different manner.  With the data that does appear to be 
reasonable some trends and values should be noted.  The strand stresses appear to 
both peak and converge at about 30” at slightly different values for the two ends. 
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There are row and column numbers used in strand strain gauge designations used 
in Figure 4-8 and Figure 4-9 which are shown below in Figure 4-7.  These 
locations refer to rows and columns of strand in the strand pattern - for example 
R2C8 in Figure 4-8 implies strand placed in the second row, eighth column.   
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Figure 4-7: Typical strand locations 
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Figure 4-8: Tx28-I Strand stresses at release for the live end  
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Figure 4-9: Tx28-I Strand stresses at release for the dead end  

As previously reported the average stress in strands was 203.6 ksi.  At the 
live end, where there were a greater number of functional strain gauges, the 
average of the highest strand stresses inferred from strain gauge readings after 
release was 185.5 ksi, resulting in an elastic shortening loss of 18.1 ksi.  As 
shown in Section 4.3.1 the estimated elastic losses were 18.2 ksi, which is very 
close to the measured losses in the beam after release.  The approximate transfer 
length of 36 inches found in Chapter 3 is slightly higher than the measured 
transfer length of ~30 inches for this beam.  As such, the AASHTO LRFD Bridge 
Design Specification (2007) value for transfer length is on the conservative side 
for transfer length.   

4.3.3 Tx28-I Transverse Reinforcing Bar Stresses 

With known values of compressive strength, transfer length, prestressing 
force applied, and elastic shortening losses, it is easier to interpret the transverse 
tensile stresses in the girder.  The location of the strain gauges on each bar is 
shown in Chapter 3.  Before the casting operation began a quality control check 
was done to make sure gauges were at the proper vertical and horizontal locations.  
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Once the concrete placement was completed the horizontal distance was measured 
again using the protruding rebars as a guide.  With the locations of the gauges 
known and the strain values recorded, a plot of the transverse reinforcement 
stresses for each test region could be compiled.  The variations of the transverse 
rebar stresses within the live and dead ends of Tx28-I are shown in Figure 4-10 
and Figure 4-11 respectively.  
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Figure 4-10: Tx28-I Live end transverse reinforcement stresses 
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Figure 4-11: Tx28-I Dead end transverse reinforcement stresses
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With these stresses, Tx28-I girder cracked primarily in the bottom flange 
to web connection with some additional cracking in the bottom flange itself.  
These crack patterns are shown in Figure 4-12 and Figure 4-14 (the spacing of the 
transverse #4 reinforcing bars are shown on the top of the drawings). 
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Figure 4-12: Tx28-I Live end crack pattern 

 
Figure 4-13: Tx28-I Live end photo with crack pattern 
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Figure 4-14: Tx28-I Dead end crack pattern 

 
Figure 4-15: Tx28-I Dead end photo with crack pattern 
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These crack patterns show that in spite of the higher release strength of 
concrete (compressive strength of concrete was over 10,000 psi at release and the 
specified release strength was 6,500 psi) the girder still cracked.  The crack 
patterns and stress plots show that the preliminary hypothesis that bursting 
stresses would present more of a problem in pretensioned girders is a valid 
statement.  There was no cracking in the spalling region of the beam while there 
were some cracks within the bursting/splitting region of the beam.  The maximum 
crack widths occurred reasonably close to the location of maximum stress in the 
rebar.  At approximately 15” away from the beam end, the stress in the steel 
reached 22 ksi with a crack width of 0.005”.  This occurred at the live end, 
whereas the transverse reinforcement at the dead end was not stressed to higher 
than 10-11 ksi and all cracks were below the measurable crack width value of 
0.005”.  Crack widths were measured using a crack comparator shown in Figure 
4-16. 
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Figure 4-16: Crack width measurement 

4.3.4 Tx28-I Summary 

While concrete mixture design related problems caused this beam to be 
released five days after casting, the strength gain after the initial set was fairly 
typical.  The strain gauge data proved that the bursting stresses pose a much 
greater problem than the spalling stresses.  Since the eccentricity of the 
prestressing force (~5-in.) was not too high for Tx28-I, it is expected that spalling 
stresses are less of a concern than the bursting stresses.  Theoretical work 
summarized in Chapter 2 and CEB-FIP MC 90 provisions support this 
observation.  With increasing prestressing force eccentricities, spalling stresses 
will get to be much more significant with the two larger girders.  The bursting and 
splitting stresses cause all of the cracking in this beam and are therefore the main 
set of transverse stresses that need to be addressed.  

A maximum bursting stress over 22 ksi and crack widths at 0.005” raises 
some concerns about current design provision steel stress limits.  To be more 
specific, it is of concern that the stress levels in shear reinforcement were as high 
as 22 ksi at release.  The busting stresses will be thoroughly reviewed after the 
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data for all the test specimens are presented.  While there are expected cracks at 
the web to bottom flange connection where the stresses get up over 22 ksi, the 
researchers felt like the cracks within the bottom flange required further attention.  
In order to make sure that these cracks were due to localized splitting stress 
associated with cover and confining steel, additional gauges were placed in the 
Tx28-II on the vertical reinforcement at the locations of these cracks.  This would 
ensure that the crack was not continuous through the beam’s bottom flange.   

4.4 TX 28-II RESULTS 

The concrete used to construct the second Tx28 girder performed much 
closer to a typical concrete used in a pretensioned girder cast in the field.  Within 
8 hours after concrete was batched, the beam began gaining strength and within 
14 hours compressive strength increased to 6,500 psi and the strands were 
released.  The addition of a few more strain gauges was the only major change 
besides the admixture dosage used in Tx28-II.  Otherwise, Tx28-II was identical 
to Tx28-I in size, detailing, and applied prestressing force. 

4.4.1 Tx28-II Release 

The concrete in Tx28-II girder performed as expected and as such strands 
were released approximately 14 hours after concrete placement.  Concrete 
cylinders were tested from all 6 Sure Cure locations and gave an average strength 
of 6,475 psi.  Once again, elastic shortening can be better estimated with this 
known concrete strength. 
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Similar to Tx28-I the release procedure involved first cutting the top strands and 
then gradually releasing the bottom strands using hydraulic rams. 
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4.4.1.1 Strand Stress before Release 

The waterproofing and impact protection of the strain gauges used in this 
specimen and subsequent specimens was improved as discussed in Chapter 3.  
The strain gauges used in Tx28-II performed much better than those used in the 
previous beam, i.e. only very few gauges malfunctioned.  Knowing the value of 
the prestressing force in the strands is once again vital.  Average strain values 
were measured and are reported in Table 4-5.  As it can be seen in this table the 
strands were slightly overstressed as compared to the those used in Tx28-I. 

 

Table 4-5: Stresses in prestressing strands before release 

Specimen Avg. Strain 
(in/in) 

Avg. Stress 
(ksi) 

Avg. Force 
(kips) 

Total Force 
(kips) 

Tx28-II 0.006729 216.6 47.0 1,692 
 

Once again in support of the strain gauge readings, elongations and 
pressure readings were taken.  The linear potentiometer frame discussed in 
Chapter 3 was used for this test and supplied good values for elongation.  The 
central potentiometer failed, but the two outermost linear potentiometers worked 
giving and average elongation of 4.63”.  This value minus the deflection of the 
dead end of 0.23” gives a total elongation of 4.40”.  An elongation of 4.40” 
should give an initial prestressing force of 1,651 kips.  This is reasonably close to 
the prestressing force inferred from strain gauge readings reported in Table 4-5.  

4.4.2 Tx28-II Strand Stresses 

A number of strands were instrumented with strain gauges both at the live 
and dead ends throughout the transfer length as before.  The locations of the 
gauges are again called out by their location on a particular strand.  These row and 
column numbers used in strand strain gauge designations used in Figure 4-17 and 
Figure 4-18 are shown above in Figure 4-7.  Figure 4-17 and Figure 4-18 show 
the increase in strand stress over the transfer length for the Tx28-II. 
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Figure 4-17: Tx28-II Strand stresses after release for the live end 
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Figure 4-18: Tx28-II Strand stresses after release for the dead end 
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An examination of Figure 4-17 and Figure 4-18 reveals two facts: (i) the 
data scatter is reduced significantly in relation to the first test (ii) there is a more 
distinct pattern that can be used to identify the transfer length. Figure 4-17 and 
Figure 4-18 illustrate that both ends of Tx28-II have all strands reach the same 
stress level by 36” into the beam.  This transfer length is in direct agreement with 
the AASHTO LRFD Bridge Design Specifications (2007) and ACI 318-05 code 
equations.  The elastic shortening values found from the prestressing force in the 
strands is about 30 ksi and is somewhat higher than the expected value from 
Section 4.4.1 of 24.0 ksi.  This discrepancy is mostly attributed to the slight 
overstressing of the prestressing strands to 47.0 kips each.  

4.4.3 Tx28-II Transverse Reinforcing Bar Stresses 

The strain gauge locations on the vertical reinforcement were shown in 
Chapter 3.  These locations were verified before the cast.  It is important to make 
note of the additional gauges placed within the bottom flange to check on the 
stress values in the region that cracked in the previous beam.  Data from the strain 
gauges in these locations are also plotted on the transverse reinforcing bar stress 
plots shown in Figure 4-19 and Figure 4-20. 
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Figure 4-19: Tx28-II Live end transverse reinforcing bar stresses 
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Figure 4-20: Tx28-II Dead end transverse reinforcing bar stresses 
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The reinforcing bar stresses at the top flange to web connection were less 
than 3 ksi and 12 ksi for the dead and live ends respectively.  The mid-web rebar 
stresses at the live end got up to almost 15 ksi, but not until 12” into the beam.  
These were not spalling stresses but just the worst case scenario bursting stresses 
due to the slight overstressing of the strands.  Largest reinforcing bar stresses 
were encountered at the bottom flange to web connection.  The peak stress at the 
live end reached 32 ksi in the transverse reinforcing bars; well past the 20 ksi 
limit in AASHTO LRFD Bridge Design Specifications (2007) and slightly above 
the 30 ksi limit in PCI Design Handbook (6th Edition).  The point right before the 
32 ksi data point on the live end (Figure 4-19) is significantly less than the point 
before it or after it.  It appears as though this gauge did not cross a crack and 
therefore did not pick up large strains.  The lowest gauges placed in the bottom 
flange did reach 10 to 15 ksi, but these are low levels of stress as compared to the 
strain gauges placed at the bottom flange to web connection.  These 10 to 15 ksi 
stresses are directly associated to the development of the transverse reinforcement 
at this particular location.  The highest stresses measured at bottom flange to web 
connection do not develop immediately at a crack, but instead build up over the 
length of the reinforcement.  The stresses found at the lowest gauges (10 to 15 
ksi) illustrate the principle of reinforcing bar development.  The crack maps given 
in Figure 4-21 and Figure 4-23 indicate that the beam had some cracks on the top 
side of the bottom flanges, yet the strain gauges placed on the vertical 
reinforcement did not pick up large strains, thus supporting the idea that the 
cracks were caused by the straining of bottom flange confining reinforcement.  
Since the primarily focus of this investigation is on vertical reinforcement and  
not on local stresses with cover and confining reinforcement, and since critical 
readings were not obtained from the gauges placed on the vertical reinforcement 
within the development length included in the bottom flange, these gauges were 
left out in the next two beams.   

The crack patterns that developed in the end regions support the stresses 
inferred from strain gauge readings in the vertical reinforcement.  These crack 
patterns for each end are shown in Figure 4-21, Figure 4-22, Figure 4-23, and 
Figure 4-24.    Despite the fact that the strands were slightly over-stressed and that 
stresses in the vertical reinforcement reached 32 ksi, maximum crack width did 
not exceed 0.01”.   Beams with such cracks are typically accepted without any 
remediation, such as epoxy injection, by the TxDOT inspectors in pretensioned 
concrete beam fabrication plants. 
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Figure 4-21: Tx28-II Live end crack pattern 

 
Figure 4-22: Tx28-II Live end photo with crack pattern 
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Figure 4-23: Tx28-II Dead end crack pattern 

 
Figure 4-24: Tx28-II Dead end photo with crack pattern 
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The crack patterns on each end of the beam show that the primary location 
for cracks was along the bottom flange to web connection.  The stresses shown 
earlier also agree with this statement. As with Tx28-I there were almost no cracks 
in the spalling region of the beam.  While AASHTO LRFD provisions place 
emphasis on designing and detailing reinforcement within the first h/4 from the 
beam, the stresses in the transverse reinforcement within the first 7 inches (28/4 = 
7 in.) were reasonably small.  Much higher stresses were encountered ~ 2 - 2.5 ft. 
from the beam ends.  The transverse reinforcing bar stresses and associated crack 
patterns presented earlier suggest that bursting stresses are a more significant 
source of cracking in these smaller girders as opposed to spalling stresses.   

4.4.4 Tx28-II Summary 

The maximum crack width at the live end was 0.009” at approximately 2-
ft. into the beam.  This crack width occurred when the transverse rebar stress 
reached the maximum value of 32 ksi.  At the dead end the same crack width of 
0.009” occurred at almost the identical location on the beam, but with a slightly 
lower stress in the rebar at 23 ksi.  Both the crack maps and transverse reinforcing 
bar stress profiles reported earlier indicate that the spalling steel stipulated in 
AASHTO LRFD was not positioned effectively to counteract the bursting 
stresses.   The shear reinforcement was instrumental in limiting the widths of the 
cracks that formed due to bursting stresses.  The transverse rebar stresses 
increased with increasing distance measured from the beam ends within the first 2 
feet.  After this point the stresses began to drop off.  By merely examining the 
data from 28-in. deep beams it is not possible to correlate this distance to the 
typical length of the disturbed region, h = 28” into the beam, or to the transfer 
length, lt = 36”. This issue will be revisited when the data obtained from deeper 
beams is analyzed in the subsequent sections.   

4.5 TX46 RESULTS 

Some important preliminary observations needed to be substantiated by 
testing the Tx46 girder.  These included the effects of eccentricity on the spalling 
stresses and whether bursting stresses were a function of member depth or transfer 
length.  The idea that the transfer length was closely associated to the bursting 
stresses needed supporting data.  This was partially accomplished by placing 
some strain gauges on strands out to 42” away from the beam face.  This location 
is past the ACI 318-05 and AASHTO LRFD Bridge Design Specifications (2007) 
transfer length of 36” and also meets the CEB-FIP Model Code (1990) definition 
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of transmission length.  As seen in Chapter 3, the vertical reinforcement was 
strain gauged out to 46” to again test the theory that the transverse stresses occur 
out to a distance of h from the beams’ ends. 

4.5.1 Tx46 Release 

The Class H concrete used to fabricate Tx46 also performed as expected 
with respect to concrete curing time.  It was cast and released at almost identical 
times to the Tx28-II girder.  Concrete cylinders were tested from all 6 Sure Cure 
locations and gave an average strength of 6,500 psi at release.  This concrete 
strength is used to estimate the elastic shortening: 
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4.5.1.1 Strand Stresses before Release 

The Tx46 girder was stressed as all the other test beams.  The values 
reported in Table 4-6 are the actual strain values in the strands before release.   

 

Table 4-6: Stresses in prestressing strands before release 

Specimen  Avg. Strain 
(in/in) 

Avg. Stress 
(ksi) 

Avg. Force 
(kips) 

Total Force 
(kips) 

Tx46 0.006322 203.5 44.2 1,945 
 

The prestressing force obtained from the strain readings and calibration 
curves was verified by using the elongation measurements from the linear 
potentiometers and pressure gauges.  The three linear potentiometers monitoring 
the movement of the stressing plate had an average value of 4.43” with a dead end 
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deflection of .22”.  This gave a total elongation value of 4.21”.  The expected 
elongation value was 4.218”.  The expected total force in the strands from 
preliminary calculations is 1,953 kips; only 8 kips different from the actual value 
reported in Table 4-6. The top two hydraulic rams were pressurized to 6,300 psi 
and the bottom rams were pressurized to 4,800 psi.  Using these hydraulic 
pressures and the areas of the hydraulic rams the prestressing force could be 
calculated as 1,927 kips.  This value is also reasonably close to 1,945 kips 
reported in Table 4-6. 

4.5.2 Tx46 Strand Stresses 

As indicated earlier, strain gauges were installed on the strands at the live 
and dead ends of the girder.  The first 42 inches measured from the end of the 
beam, of the strands were instrumented with strain gauges.  The actual position of 
each gauge is shown in the legends of Figure 4-25 and Figure 4-26.  The term R 
refers to the row and the C refers to the column, both of which can be cross-
referenced by using the strand patterns illustrated in Figure 4-7. 
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Figure 4-25: Tx46 Strand stresses at release for the live end 
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Figure 4-26: Tx46 Strand stresses at release for the dead end 
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While there is some scatter in the strand stress values initially, at around 
the transfer length all stress values converge and scatter is minimized. An 
examination of Figure 4-25 and Figure 4-26 indicates that the transfer length is 
approximately 36” at both ends.  The elastic shortening related losses for the live 
end can be calculated by working out the difference between the previously 
reported average initial prestressing stress of 203.5 ksi and 179.3 ksi (from Figure 
4-25).  As a result, the experimentally obtained elastic shortening loss, 24.2 ksi, is 
very close to the previously calculated elastic shortening loss of 23.9 ksi. 

4.5.3 Tx46 Transverse Reinforcing Bar Stresses 

Vertical reinforcement was instrumented with strain gauges within the 
first 46” in each end.  Within the first 30 inches every single bar was strain 
gauged.  Every other bar located between a distance of 30-in. and 46-in. from the 
ends was strain gauged. The data gathered is shown in Figure 4-27 and Figure 
4-28. 
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Figure 4-27: Tx46 Dead end transverse reinforcing bar stresses 
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Figure 4-28: Tx46 Live end transverse reinforcing bar stresses 
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Data presented in Figure 4-27 and Figure 4-28 indicates that for Tx46, the 
dominant stresses were the bursting stress.  The reinforcing bar stresses inferred 
from strain gauge readings reached a maximum value of 22 ksi and 20.3 ksi at the 
dead and live ends respectively.  The maximum reinforcing bars stresses occurred 
at a distance of about 26” from the face of the girder.   

It is also interesting to observe the trend of the reinforcing bar stresses at 
the mid height of the web.  The reinforcing bar stresses at the mid-height of the 
web, close to the ends of the beams can be attributed to spalling stresses.  Since 
the eccentricity of the prestressing force was roughly doubled in going from Tx28 
(e = 5.01 in.) beam specimens to Tx46 (e = 10.67 in.), increased spalling stresses 
were recorded.  While the stresses in the reinforcing bars at the mid height of the 
web close to the beam ends ranged from 4.1 ksi to 6.1 ksi for Tx46, these stresses 
quickly diminished to insignificantly small values.  A quick review of the data 
obtained in testing Tx28-I and Tx28-II and presented earlier in this chapter 
indicates that the spalling induced stresses in Tx28-I and Tx28-II were a small 
fraction of 1 ksi for those beams. 

An examination of the stresses plotted in Figure 4-27 and Figure 4-28 
proves two facts:  (i) the spalling reinforcement stipulated in AASHTO LRFD 
specifications is most effective close to the beam ends and as such the “h/4” 
distance referred to in AASHTO LRFD is appreciated.  (ii)  The magnitude of 
rebar stresses due to spalling ranging from 4.1 ksi to 6.1 ksi are far smaller than 
the magnitude of the bursting stresses ranging from 20.3 ksi to 22 ksi. 

The cracks in Tx46 were less severe than the cracks observed in Tx28-II. 
Most, if not all, of the cracks observed in Tx46 were induced by bursting stresses. 
Only a few short and narrow (width < 0.005”) cracks observed at the web to top 
flange connection and the mid-height of the web (Figure 4-29, Figure 4-30, Figure 
4-31, and Figure 4-32) are attributed to spalling stresses.  
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Live End

36” 24” 12”
Crack width < 0.005”

Crack width = 0.007”
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Live End

36” 24” 12”
Crack width < 0.005”

Crack width = 0.007”

4" 21
2"4" 4" 4" 4"4" 4" 4"

 
Figure 4-29: Tx46 Live end crack pattern 

 
Figure 4-30: Tx46 Live end photo with crack pattern 
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Dead End

12” 24” 36”

Crack width < 0.005”
Crack width < 0.005”

Crack width = 0.007”

21
2" 3" 3" 3" 3" 4" 4" 4" 4"

Dead End

12” 24” 36”

Crack width < 0.005”
Crack width < 0.005”

Crack width = 0.007”
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2" 3" 3" 3" 3" 4" 4" 4" 4"

 
Figure 4-31: Tx46 Dead end crack pattern 

 
Figure 4-32: Tx46 Dead end photo with crack pattern 
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Crack patterns given in Figure 4-29, and Figure 4-31 on the two ends of 
the girder support the steel stress data shown in Figure 4-27 and Figure 4-28.  A 
maximum crack width of 0.007” occurred at almost the exact location of 
maximum stress in the transverse steel.  At 24” into the beam the bursting cracks 
reached their maximum width, but for the most part the widths of the bursting 
cracks remained at or below 0.005”.   

4.5.4 Tx46 Summary 

The strand stresses inferred from strain gauges attached to the strands 
revealed that the transfer length of 36” calculated in accordance with AASHTO 
LRFD Bridge Design Specifications (2007) and ACI 318-05 is an accurate 
estimate.  In addition, the elastic shortening values estimated using AASHTO 
LRFD Bridge Design Specifications (2007) are also realistic.  

When it comes to the stresses in transverse reinforcing bars, some very 
interesting points can be made.  Earlier estimations that the spalling stresses might 
increase with increasing eccentricity of applied load is supported by the data here.  
The transverse reinforcement near the end face was stressed to about 5 ksi and 
then the stress in the steel quickly diminished further into the end region.  The 
bursting stresses once again controlled the primary cracks that formed in the end 
regions.  Reaching a maximum stress in the steel of 22 ksi at 24” into the girder, 
the bursting stresses caused cracks that were typically 0.005” wide, with a 
maximum crack width of 0.007”. When the stresses in the bars within the bursting 
region are examined, it can be seen that the stresses peak near the end of the 
transfer length and then drop off significantly by the time a distance of h is 
reached from the face of the beam.  This observation supports the idea that the 
bursting stresses are directly affected by the transfer length and not the length of 
the disturbed region.  This observation will be revisited when data from Tx70 is 
interpreted in the subsequent sections. 

4.6 TX70 RESULTS 

The largest girder cast for this project was 70 in. deep.  Strain gauge, 
thermocouple, pressure and displacement transducer data was collected from 
almost 150 channels.  The large number of channels required for data acquisition 
necessitated the use of 2 computers throughout the stressing, casting, and 
releasing process.  The locations of the strain gauges did not change significantly 
from the test specimen Tx46.  The vertical bars were strain gauged out to 70” 



 167

from the end of the beam.  The only other change involved installation of strain 
gauges at the centroid of the section rather than mid-height of the beam.   The 
review of the technical literature indicated that most critical stresses were 
typically encountered at the centroid of the beam near the end face.  It was with 
this information that strain gauges were installed along a line that followed the 
geometric centroid of the section in hopes of capturing the reinforcing bar strains 
exactly at the location of the maximum spalling stresses. 

4.6.1 Tx70 Release 

The concrete used to fabricate this beam also behaved well and reached 
the specified compressive release strength within 20 hours after placement.  
Concrete cylinders were tested from all 6 Sure Cure locations before and after 
release and gave an average strength of 6,675 psi.  For the strand pattern shown in 
Chapter 3, and using AASHTO LRFD Bridge Design Specifications (2007), the 
elastic shortening can be calculated as follows: 
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4.6.1.1 Strand Stress before Release 

Once again, the strands for this girder were gang-stressed using 4 
hydraulic rams.  As shown in Figure 1-1, each strand was individually stressed by 
applying a ~2 kip load.  After strands were taut, strain gauges were applied and 
reinforcing bars were installed.  Just before concrete placement strands were 
gang-stressed to 42.9 kips / strand.  The total prestressing force was 1,974 kips.   
It is important to note that this value was obtained through the stresses inferred 
from strain gauge readings and calibration curves. 
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Table 4-7: Stresses in prestressing strands before release 

Specimen  Pre-
Strain 
(in/in) 

Avg. 
Strain 
(in/in) 

Total 
Strain 
(in/in) 

Avg. 
Stress 
(ksi) 

Avg. 
Force 
(kips) 

Total 
Force 
(kips) 

Tx70 0.000373 0.005972 0.006345 197.8 42.9 1,974 
 

As mentioned earlier prestressing force was always double checked and 
cross-referenced.  The pressure readings recorded on each hydraulic line was 
multiplied by the area of the rams to calculate the total prestressing force to be 
equal to 2,048 kips.  This value is slightly off (3.7%) the expected 1,974 kip 
value.  The elongations measured from the linear potentiometers averaged to 
4.46-in. The net elongation of the strands was calculated by subtracting out the 
0.27” deflection measured at the dead end.  The net elongation of the strands was 
4.19”.  This translated to an applied of 2,007 kips.  This value more closely agrees 
(difference = 1.7%) with the prestressing force obtained from the strain gauge 
readings.   

4.6.2 Tx70 Strand Stresses 

As was the case for all test specimens, the transfer length was evaluated by 
analyzing the data from strain gauge readings.  The strand stresses shown in 
Figure 4-33 and Figure 4-34 illustrate how the strand stresses ramp up within the 
first 42 inches of the beam. 
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Figure 4-33: Tx70 Strand stresses after release for the live end 
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Figure 4-34: Tx70 Strand stresses after release for the dead end 
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The live and dead end strand stresses appear to ramp up and converge to a 
constant value at around 36”.  An examination of Figure 4-33 indicates that after 
release the maximum strand stresses is 183.4 ksi (calculated as an average of all 
of the measured values).  As shown in Figure 1-1, before release, the stress in the 
strands was equal to 197.8 ksi.  Hence, the elastic shortening losses can be 
calculated as 14.4 ksi.  It is important to note that the elastic shortening value is 
smaller than that calculated using AASHTO LRFD Bridge Design Specifications 
in Section 4.6.1 - 23.8 ksi.  This discrepancy is attributed to the general scatter 
associated with the modulus of elasticity data.  A lesser than predicted elastic 
shortening loss, implies that the prestressing force was slightly greater than the 
originally anticipated value.  A slightly greater prestressing force after the elastic 
shortening creates a slightly more critical scenario for bursting and spalling 
stresses. 

4.6.3 Tx70 Transverse Reinforcing Bar Stresses 

Strain gauges were installed on vertical reinforcing bars within the first 
70” measured from the beam’s ends.  The strain gauge line that was positioned at 
the mid-height of the previous girders where bursting stresses were more 
prevalent was moved down to the centroid of the cross-section so that rebar 
strains induced by spalling stresses could be captured at the most critical location, 
i.e. at the most critical horizontal spalling crack.  The nearly 80 strain gauges used 
in the end regions did a thorough job of capturing the state of strain in the vertical 
steel at the end regions.  The reinforcing bar strains captured after the release of 
the prestressing strands are summarized in Figure 4-35 and Figure 4-36.  
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Figure 4-35: Tx70 Transverse reinforcing bar stresses for the live end 
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Figure 4-36: Tx70 Transverse reinforcing bar stresses for the dead end 
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Figure 4-35 and Figure 4-36 are considered to be the key figures shedding 
light to bursting and spalling stresses. An examination of these two figures 
highlight the following facts: (i) For both ends of the 70-in.-deep beam that was 
tested as part of this study, bursting stresses, causing the large strains/stresses 
recorded at bottom flange to web connection, are more prevalent than the spalling 
stresses.  (ii) As implied by the code provisions that make reference to the use of 
end region reinforcement within a distance of h/4 (AASHTO LRFD) or h/5 (PCI 
Design Handbook), spalling stresses were most critical within the first 12 inches.   

The maximum stresses seen in Figure 4-35 and Figure 4-36 are 24.8 ksi in 
the dead end and 20.6 ksi at the live end.  As usual, these stresses occur around 2 
feet into the beam, i.e. close to the end of the transfer length, and then quickly 
taper off to very small values.  These stresses, recorded at the bottom flange to 
web connection are directly attributed to bursting stresses. 

The spalling stresses measured in Tx70 were the largest spalling stresses 
measured in any one of the test specimens. Transverse reinforcing bars closest to 
the face of the girders were stressed to 8-11 ksi at around the centroid of the 
cross-section.  Since the prestressing force in Tx70 had the highest eccentricity, 
the spalling stresses were consequently maximized.  In agreement with earlier 
research done by Tuan et al. (2004) and Marshall and Mattock (1962), spalling 
stresses taper off to nearly zero about 12 inches away from the face of the beam.   

The crack patterns given in Figure 4-37, Figure 4-38, Figure 4-39, and 
Figure 4-40 are in substantial agreement with the reinforcing bar stresses reported 
in Figure 4-35 and Figure 4-36.  
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Figure 4-37: Tx70 Live end crack pattern 
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Figure 4-38: Tx70 Live end photo with crack pattern 
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Dead End

12” 24” 36”

Crack width = 0.005”
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Figure 4-39: Tx70 Dead end crack pattern 
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Figure 4-40: Tx70 Dead end photo with crack pattern 

 

The crack patterns shown in Figure 4-37 and Figure 4-39 indicate that the 
maximum crack widths were measured near the maximum transverse reinforcing 
bar stress, i.e. around 2 feet into the beam.  The crack width at this location in 
both ends is 0.007”.  These cracks are associated with the bursting stresses.  It is 
also interesting to note that the spalling stresses found at the face of the girder 
were large enough to crack the beam.  The widths of the spalling cracks were less 
than the lowest measurable value of 0.005” and hence those cracks can be 
classified as hairline cracks.  Since a greater amount of transverse reinforcement 
was used at the dead end, the length and widths of the cracks seen at the dead end 
were slightly smaller.   
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4.6.4 Tx70 Summary 

Tx70 was the largest girder tested in this study.  A nearly 2-million-pound 
prestressing force applied at an eccentricity of ~23 in., created means to study the 
effects of bursting and spalling stresses.  Stresses inferred from the strain gauges 
applied to transverse reinforcing bars indicated that bursting stresses were more 
critical than spalling stresses.  Whereas the maximum spalling stresses were 
measured close to the ends of the test specimen maximum bursting stresses were 
measured roughly 2-ft. into the beam and hence well into the 36” transfer length. 
Stresses in the reinforcing bars arresting spalling cracks were as high as 11 ksi, 
and those keeping the bursting cracks closed neared 25 ksi.  It is important to note 
that additional reinforcement (bundled pairs of No.6 bars with the shear 
reinforcement) used within the h/4 region worked effectively in restraining 
spalling cracks.  What is equally important to note is that the shear reinforcement 
used within the transfer length was the primary reason why bursting cracks were 
restrained.     

4.7 RESULTS SUMMARY 

Results from each test specimen were systematically discussed in the 
preceding sections.  Within this section all test results will be collectively 
analyzed and primary conclusions of this study will be established based on that 
analysis.  
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Table 4-8: Tx girder design summary 

Section Sketch  Section 
Properties 

Actual 
Applied 

P/S Force 

Tendon 
Eccentricity 

Cylinder 
Strength 

Tx28-I 

 

Height = 28” 
Ag = 585in2 
Ix= 52,772in4 
Iy= 40,692in4 

yt = 15.02” 
yb = 12.98” 

Initial: 
1,591 kips 

 
After 

Losses: 
1,466 kips 

5.01” 

Release: 
10,025 psi 

 
Final: 

13,825 psi 

Tx28-II 

 

Height = 28” 
Ag = 585in2 
Ix= 52,772in4 
Iy= 40,692in4 

yt = 15.02” 
yb = 12.98” 

Initial: 
1,692 kips 

 
After 

Losses: 
1,522 kips 

5.01” 

Release: 
6,475 psi 

 
Final: 

11,375 psi 

Tx46 

 

Height = 46” 
Ag = 761in2 
Ix= 198,089in4 
Iy= 46,603in4 
yt = 25.90” 
yb = 20.10” 

Initial: 
1,945 kips 

 
After 

Losses: 
1,732 kips 

10.67” 

Release: 
6,500 psi 

 
Final: 

13,200 psi 

Tx70 

 

Height = 70” 
Ag = 966in2 
Ix= 628,747in4 
Iy= 57,720in4 

yt = 38.09” 
yb = 31.91” 

Initial: 
1,974 kips 

 
After 

Losses: 
1,754 kips 

22.91” 

Release: 
6,675 psi 

 
Final: 

11,575 psi 
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4.7.1 Spalling Stresses: Summary 

Table 3-1 illustrates the geometric properties and important attributes of 
all the specimens tested in this study.  As can be seen in this table both the 
prestressing force and the eccentricity of the prestressing force increased with 
increasing beam depth.  The spalling stresses inferred from the strains recorded 
for Tx28-I and Tx28-II were a small fraction of 1 ksi, i.e. negligibly small.  As 
shown in Table 4-1, this agrees with the calculations from the CEB-FIP Model 
Code (1990).  However, AASHTO LRFD Bridge Design Specifications (2007) 
and PCI Design Handbook (6th Ed.) guidelines include provisions for 
reinforcement design against spalling stresses regardless of the size of the 
pretensioned girder.  As stated earlier, both of these provisions are incorrectly 
called out as bursting stress provisions when in reality the reinforcement 
calculated is meant to handle spalling stresses within the close proximity of the 
beam face.  These spalling provisions are overly conservative in this case, but are 
in direct agreement with Guyon (1953).  It was expected that as the eccentricity of 
the applied prestressing force increased, the spalling stresses would increase as 
well.  Gergely et al. (1963), Uijl (1983), Stone and Breen (1984), and CEB-FIP 
MC 90 (summarized in Chapter 2) clearly recognize this fact.   The rebar stresses 
induced by spalling stresses in the Tx46 reached a maximum of 6.1 ksi near the 
face of the girder.  This level of stress was not high enough to cause noticeable 
cracks in the beam, but it does justify the use of spalling reinforcement.  The 
calculations shown in Section 4.2 are for the Tx46 and they show that if the 
spalling stress provisions are met for this size girder, spalling stresses should 
easily be controlled.  The Tx70 girder had a highly eccentric prestressing force 
(Table 3-1) and as a result the stresses in the transverse reinforcement close to the 
end of the beam doubled in comparison to the Tx46.  The maximum value of 11 
ksi in the transverse bar closest to the beam face was large enough to crack the 
beam near the centroid of the section.  Tuan et al. (2004) tested a 71-in. (1800 
mm) deep girder that was designed in accordance with AASHTO LRFD Bridge 
Design Specification (2002).  The maximum stress reported by the researchers 
was 12.9 ksi near the geometric centroid of the section and within the transverse 
bar closest to the beam end.  Their beam also cracked near the centroid.  In this 
regard their findings are similar to the findings reported in this document.  

4.7.1.1 Spalling Stresses: Recommendations 

The table shown below gives the total amount of spalling force resisted by 
the transverse bars within each beam.  This force was calculated by summing the 
force in each reinforcing bar within the first h/4 of the beam.   
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Table 4-9: Spalling forces  

Girder h/4 
(in) e (in)

Total 
Force 
(kips)

Total 
P/S 

Force 
Applied 
(kips) 

% of 
Total 
P/S 

Force 
Applied

Max 
Stress 

in 
Steel 
(ksi) 

Cracks 
Present

Tx28-I Live 7 5.01 3.0 1468 0.20 % 3.36 No 
Tx28-I Dead 7 5.01 3.6 1468 0.25 % 3.83 No 
Tx28-II Live 7 5.01 5.9 1472 0.41 % 4.23 No 
Tx28-II Dead 7 5.01 1.4 1472 0.10 % 0.93 No 

Tx46 Live 11.5 10.67 6.4 1730 0.37 % 6.12 Yes 
Tx46 Dead 11.5 10.67 5.2 1730 0.30 % 4.06 Yes 
Tx70 Live 17.5 22.91 15.6 1849 0.84 % 11.08 Yes 
Tx70 Dead  17.5 22,91 14.1 1849 0.76 % 7.95 Yes 

 

From Table 4-9 it is apparent that even though forces remain less than 1 
percent of the total prestressing force, the eccentricity of the load has an adverse 
effect on spalling stresses.  It is interesting to note that the percentages reported 
for the dead ends of the beams are smaller than those reported for the live ends.  
This is directly attributed to the use of more steel (20 % more) in the dead end 
than in the live end.  While it may be tempting to recommend that the transverse 
reinforcement in the end regions can be designed based on a smaller percentage of 
the prestressing force (for example: 2% to match AASHTO LRFD (2007) post-
tensioned spalling forces) based on the data reported in Table 4-9, this would be 
the wrong conclusion to reach.  As shown in Table 4-9, different levels of 
prestressing force and different eccentricities were used in conducting eight tests 
on four girders.  It is entirely possible that the most critical condition (higher 
prestressing force, higher eccentricity, and presence of deflected strands) may not 
have been considered as part of this study.  In addition, the widths of the cracks 
seen in the spalling regions were slightly under the acceptable crack widths.  If 
less reinforcement is used, cracks will get wider and epoxy injection and/or other 
remediation measures will be required.  In conclusion, current AASHTO LRFD 
(2007) provision 5.10.10.1, currently incorrectly defined as a bursting provision, 
is considered to be conservative and appropriate for the design of spalling 
reinforcement for the Tx-family of beams tested during the course of this 
investigation. 
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4.7.2 Bursting Stresses: Summary 

All four test specimens experienced significant bursting stresses upon 
release of the prestressing strands.  The reinforcing bars resisting bursting stresses 
in the Tx28-I experienced a maximum stress of 22 ksi, in spite of a significantly 
higher concrete compressive strength at release (10,025 psi actual vs. 6,500 psi 
specified release strength).  This was coupled with a maximum crack width of 
0.005”.  This crack width was slightly smaller than what was seen in other girders 
subjected to s similar prestressing force.  This is largely related to the increased 
tensile capacity of the higher strength concrete at release.  The crack pattern that 
was seen in the Tx28-I directly agrees with the smaller girders tested by Uijl 
(1983).   Significantly higher transverse reinforcing bar stresses as well as the 
largest crack widths were seen in the Tx28-II girder.  Transverse rebars resisting 
bursting stresses were stressed to 32 ksi and at the location where the maximum 
crack width of 0.009” was measured.  As can be seen in Table 3-1, the 
prestressing force was slightly higher in Tx28-II in comparison to Tx28-I.  The 
higher prestressing force and lower compressive strength of concrete at release 
(Table 3-1) more than likely resulted in the high transverse rebar stresses as well 
as slightly larger crack widths.  Tx46 and Tx70 both behaved very similar to each 
other and in complete agreement with the previous two beams.  The transverse 
bars in the bursting region of Tx46 reached a maximum stress of 22 ksi with a 
maximum crack width at this location of 0.007”.  The transverse bars in the 
bursting region of Tx70 reached a maximum steel stress of 25 ksi with a crack 
width at this location of 0.007”. Table 4-10 shows a complete summary of all 
transverse rebar stress values and crack widths from the bursting and spalling 
stress regions of all the test specimens. 
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Table 4-10: Transverse rebar stresses and crack widths in the end regions 

Girder 

Applied 
P/S 

Force 
per 

Strand 
(kips) 

Transfer 
Length 

(in) 

Max 
Spalling 
Stress 
(ksi) 

Max 
Spalling 
Crack 
Width 

(in) 

Max 
Bursting 

Stress 
(ksi) 

Max 
Bursting 

Crack 
Width 

(in) 

Tx28-I 44.2 30” 0.0 0.000” 22 0.005” 
Tx28-II 47.0 36” 0.0 0.000” 32 0.009” 
Tx46 44.2 36” 6.1 hairline 22 0.007” 
Tx70 42.9 36” 11.0 <0.005” 25 0.007” 

 

Another point that must be recognized relates to the rapid decay of 
bursting stresses.  The transverse reinforcing bar stresses are at their peak value at 
or just before the transfer length is reached.  The stresses diminish very quickly 
after this point (Figure 4-41 and Figure 4-42). By the time the distance h is 
reached the transverse bars in larger beams are virtually unstressed.  The 
shallower girders (Tx28-I and Tx28-II) are still under high transverse tensile 
stresses at h only because this value is less than the transfer length of the strand.  
This shows that the transfer length is directly related to the transverse stresses 
within the bursting region which agrees with the bursting provisions 
recommended by Uijl (1983) and the CEB Bulletins (1987, 1992).   
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Figure 4-41: Live end bursting stresses for all Tx girders 
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Figure 4-42: Dead end bursting stresses for all Tx girders 
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4.7.2.1 Bursting Stresses:  Recommendations 

The bursting forces resisted by the transverse steel in the pretensioned 
beam specimens are summarized in Table 4-11.  As mentioned earlier the bursting 
stresses appear to decrease rapidly sometime before the full transfer length is 
reached.  An examination of the crack patterns presented earlier in this chapter 
(Figure 4-12 - Tuan et al. (2004), Figure 4-21 - Figure 4-24, Figure 4-29 - Figure 
4-32, Figure 4-37 - Figure 4-40) indicates that cracks induced by bursting stresses 
are contained within the first 36 inches.  In a few cases, the cracks are a few 
inches longer.  Based on the experimental observations on the location and length 
of the cracks and transverse stresses inferred from the rebar strain measurements, 
it can be concluded that the placement of the bursting steel can be stopped at the 
end of transfer length.   The bursting reinforcement should be placed immediately 
after the spalling reinforcement.  The distance that the bursting steel would be 
placed in should be from h/4 to the transfer length (Figure 4-43).  Table 4-11 
shows the total force in the transverse reinforcement as well as the percentage of 
the total prestressing force for the bursting region in each girder. 

 

Table 4-11: Bursting forces  

Girder lt 
(in) 

h/4 
to 

36” 
(in) 

Total 
Force 
(kips)

Total P/S 
Force 

Applied 
(kips) 

% of Total 
P/S Force 
Applied 

Max 
Stress 

in 
Steel 
(ksi) 

Cracks 
Present

Tx28-I Live 30 29 32.0 1466 2.18 % 22.33 Yes 
Tx28-I Dead 30 29 16.5 1466 1.13 % 10.18 Yes 
Tx28-II Live 36 29 48.2 1522 3.17 % 32.13 Yes 
Tx28-II Dead 36 29 38.8 1522 2.55 % 22.18 Yes 

Tx46 Live 36 24.5 35.5 1732 2.05 % 20.27 Yes 
Tx46 Dead 36 24.5 36.7 1732 2.12 % 22.00 Yes 
Tx70 Live 36 18.5 35.4 1754 2.02 % 20.59 Yes 
Tx70 Dead 36 18.5 44.0 1754 2.51 % 24.77 Yes 
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Figure 4-43: Recommended locations for additional transverse steel 

 

It is important to appreciate that the shear reinforcement was effective in 
resisting the bursting stresses.  That said, in the worst case the stresses in the shear 
reinforcement was higher than 32 ksi.  Considering the fact that the primary 
purpose of the shear reinforcement is to reinforce the beam against shear stresses 
and that at release roughly 50% of the yield stress was exploited by bursting 
effects, it is clear that there is a need to use additional bursting reinforcement.  
Figure 4-44 shows both the reinforcement of both end regions tested during the 
course of this study and Figure 4-45 shows the reinforcement details 
recommended to be used in the Tx-family of beams for the reasons explained 
above.  Bars S in both figures refer to the additional spalling or bursting 
reinforcement in the form of No.6 bars.  Bars R refer to the No.4 bars used as 
shear reinforcement. 
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a)

b)

a)

b)  

Figure 4-44: Original end region reinforcement: a) Dead end;  b) Live end 
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Figure 4-45: Suggested end region detail (Bars S refer to spalling and bursting 
reinforcement - No.6 bars) 

 

As shown in Table 4-11 the typical load resisted by the bursting 
reinforcement was somewhere between 1.1 % and 3.2 % of the total prestressing 
force applied.   Based primarily on the experimental data gathered during the 
course of this project, in order to be consistent with AASHTO LRFD Bridge 
Design Specifications (2007), and to be conservative the following 
recommendations are made: 
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5.10.10.3 – Factored Bursting Resistance (Proposed): 

The bursting resistance of pretensioned anchorage zones provided by 
vertical reinforcement in the ends of pretensioned beams at the service limit state 
shall be taken as: 

ssr AfP =  Equation 4-18 

where: 

sf   = stress in steel not exceeding 20 ksi 

sA   = total area of transverse reinforcement located within the 
region bounded by the distance h/4 from the end of the 
beam and transfer length of the strands or 36-in. whichever 
is greater (in2) 

h     =   overall depth of precast member (in) 

Pr   =  bursting resistance force 

 The resistance, ( Pr ) shall not be less than 4 percent of the prestressing 
force at transfer. 

 

Based on the experimental evidence gathered in this investigation it is felt 
that if the above design recommendation is followed, cracking in the bursting 
region will be controlled, i.e. the widths, lengths, and the number of cracks will be 
reduced.  In addition, transverse reinforcement placed to resist the shear stresses 
will not be over-taxed by having to resist the bursting stresses.  This provision 
could be compared to the spalling provision that was already tested in this study 
in that it will add additional bars to be bundled with the shear reinforcement.  
Maximum stresses measured in the shear reinforcement in the bursting region 
reached 32 ksi, but if additional bundled No.6 bars were to be added the amount 
of transverse reinforcement would increase by a factor of 3.2 
( )22.0/()244.022.0( ⋅⋅+⋅ ).  This increase would reduce the stress level in the 
transverse reinforcement by roughly 69%.  In other words the stresses would 
reduce to 10 ksi from 32 ksi.  It must be recognized that this assertion is based on 
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calculations rather than data since bundling No.6 bars within the bursting region 
was not tested. 

Another important comparison that can be made shows that the end-region 
reinforcement details given in Figure 4-45 meet the suggested design 
recommendations.  The original designs met the PCI recommendations and 
contained slightly less reinforcement than those required by AASHTO LRFD 
specifications for spalling steel, but there was no additional bursting 
reinforcement.  The end-region reinforcement detail suggested by the design 
recommendation presented above requires the use of an additional 3 to 4 in2 of 
reinforcement for the new Tx I-girders.  This amounts to an additional 10 – #6 
bars within each end region.  This small amount of reinforcement will not cause 
any major adjustments to construction, but will help control bursting cracks 
within the end regions of Tx family of beams.   

One final point should be made regarding the code provisions and design 
guidelines.  It is interesting to note that the current ASHTO LRFD (2007) 
provisions correctly define prestressed anchorage zone stresses, but only within 
the post-tensioned provisions.  These forces shown in Figure 2-9 and Figure 2-10 
are handled in pretensioned beams with the following provisions:   

a) Edge tension force – T2 – 5.9.4.1.2 – Tension Stresses 

b) Spalling force – T1 – 5.10.10.1 – Factored Spalling Resistance 

c) Bursting force – T3 – 5.10.10.3 (Proposed) – Factored Bursting 
Resistance 

The provisions suggested here are meant to be simple and conservative for 
designers to detail bursting and spalling regions of pretensioned beams. 
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Figure 4-46: Tensile stress zones (Breen et al., 1994) 
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Figure 4-47: Typical strut-and-tie model for a post-tensioned beam. (Schlaich et 
al., 1987) 
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CHAPTER 5 
Summary, Conclusions, and Recommendations 

5.1 SUMMARY 

The Texas Department of Transportation noticed inconsistencies between 
research results and code provisions for spalling and bursting reinforcement while 
developing design standards for a new family of prestressed concrete I-beams.   
Consequently, an interagency testing contract was established between the 
University of Texas at Austin and the Texas Department of Transportation to 
investigate end region stresses and to arrive at simple details that can be used in 
the new TxDOT I-Beams.   

An experimental study was conducted at the Phil M. Ferguson Structural 
Engineering Laboratory at the University of Texas at Austin to investigate the 
cracking in end regions of prestressed I-girders at prestress transfer.   This 
horizontal cracking near the end face of the girder is caused by the tensile forces 
that develop perpendicular to the line of action of the prestressing force after it 
has been applied.  After seeing this cracking occur in multiple girders throughout 
the state of Texas, the Texas Department of Transportation sponsored this project 
to investigate this end region cracking problem.  Many other states, including 
Florida and Washington, have experienced similar problems with their I-girders 
further supporting the need for experimental investigations.  The goals of this 
study were to: 

i. Ensure that the cracks forming in the end regions of new I-Beams are 
comparable to or less severe than those in conventional AASHTO 
girders or TxDOT beams. 

ii. Quantify the amount of end region reinforcement that should be used in 
the new I-Beams to ensure that the quality of the new I-Beams, that 
have larger bottom flanges and greater prestressing force, is comparable 
to or better than the conventional AASHTO girders or TxDOT beams. 

 

Within this program an extensive literature review was conducted to help 
define the stresses found in the end regions of pretensioned girders at release and 
to show how they can best be controlled.  In addition to research studies, 
AASHTO LRFD Bridge Design Specifications (2007), PCI Design Handbook (6th 
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Edition), and CEB-FIP Model Code 1990 were all reviewed in relation to 
bursting, spalling, and splitting stresses in the end regions of prestressed girders. 

The experimental program included the fabrication of 4 full scale beams 
from the new Tx-family of girders.  Two 28”, one 46”, and one 70” deep girders 
were fabricated and tested. .The testing of four 30-ft-long full-scale beams 
resulted in 8 test regions.  The test regions at the two ends of each girder had 
different transverse reinforcement details.  Each end region was comprehensively 
instrumented by strain gauges to capture the most critical strains.  The strain 
gauge data collected at the release of the prestressing strands were used to prepare 
new design criterion to control the widths of the cracks that form in the end 
regions of pretensioned girders at release.  

5.2 CONCLUSIONS AND RECOMMENDATIONS 

The conclusions and recommendations presented herein are based on the 
experimental evidence gathered during the course of this study.  The primary 
conclusions regarding AASHTO LRFD Bridge Design Specifications can be 
summarized as follows: 

● Provision §5.10.10.1 of AASHTO LRFD Bridge Design Specifications 
(2007) called “Factored Bursting Resistance” is actually a provision for spalling 
reinforcement.  This code provision is named incorrectly and the naming of this 
section should be corrected as follows: 

5.10.10.1 – Factored Bursting Spalling Resistance: 

The bursting spalling resistance of pretensioned anchorage zones 
provided by vertical reinforcement in the ends of pretensioned beams at the 
service limit state shall be taken as: 

ssr AfP =  

where: 

sf   = stress in steel not exceeding 20 ksi 

sA   = total area of vertical reinforcement located within the 
distance h/4 from the end of the beam (in2) 
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h     =   overall depth of precast member (in) 

Pr   =  bursting resistance force 

 The resistance shall not be less than 4 percent of the prestressing force at 
transfer.  The end vertical reinforcement shall be as close to the end of the beam 
as practicable  

● AASHTO LRFD Bridge Design Specifications (2007) and the PCI 
Design Handbook (6th Edition) both supply recommendations on how best to 
control the widths of the spalling cracks.  Only the CEB-FIP Model Code (1990) 
has provisions for detailing both spalling and bursting regions.  The fact that the 
AASHTO LRFD Bridge Design Specifications (2007) do not contain provisions 
for bursting reinforcement has a negative impact on the performance of 
pretensioned beams.  While the shear reinforcement provided in pretensioned 
girders is effective to restrain the bursting cracks from opening, the data collected 
during the course of this study demonstrated that slightly more than 50% of the 
capacity of shear reinforcement was exploited by bursting stresses in some cases.    
As such, the use of additional transverse reinforcement (i.e. bursting 
reinforcement) within the bursting region is recommended.  Simple design 
guidelines to this end were developed during the course of this study and these 
recommendations were based on the performance of eight test regions of four full-
scale test specimens.  The bursting reinforcement design recommendations were 
developed by studying the cracks and the transverse reinforcement stresses in 
bursting regions.  These recommendations are as follows: 

5.10.10.3 – Factored Bursting Resistance (Proposed): 

The bursting resistance of pretensioned anchorage zones provided by 
vertical reinforcement in the ends of pretensioned beams at the service limit state 
shall be taken as: 

ssr AfP =  

where: 

sf   = stress in steel not exceeding 20 ksi 

As   = total area of transverse reinforcement located within the 
region bounded by the distance h/4 from the end of the 
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beam and transfer length of the strands or 36-in. whichever 
is greater (in2) 

h     =   overall depth of precast member (in) 

Pr   =  bursting resistance force 

 The resistance, ( Pr ) shall not be less than 4 percent of the prestressing 
force at transfer.  

It is important to recognize that the bursting steel is to be used in addition 
to spalling steel.  In this way, additional transverse reinforcement provided within 
the transfer length will reduce the crack widths in the end region.  More 
importantly, the stresses in the shear reinforcement will be reduced substantially 
and additional reinforcement provided within that region will also help improve 
the shear strength. 

5.2.1 Spalling Stresses: Concluding Observations 

1) For the specimens tested in this study, as the eccentricity of the 
prestressing force increased so did the magnitude of spalling stresses in 
the end regions of the pretensioned test specimens.  The quantity and 
length of cracks also increased with increasing eccentricity.    

2) The maximum stress seen in reinforcement closest to the face of the 70” 
deep girder was 11 ksi and at this location the crack width was below the 
measurable value of 0.005”.  Although the amount of spalling 
reinforcement provided just barely meets AASHTO LRFD provisions, the 
stresses measured in spalling reinforcement were less than the 20 ksi limit 
stipulated in the code.  Since the spalling crack widths were very narrow 
and stress levels in the spalling reinforcement were well below the code 
limit, the use of the spalling reinforcement detail (additional No.6 bars 
bundled with No.4 shear reinforcement spaced at 3-in. o.c. within a 
distance h/4 from the beam’s face) tested during the course of this study 
is recommended for use in the new I beams (Tx family of beams). 

5.2.2 Bursting Stresses: Concluding Observations 

1) Bursting stresses were more pronounced than spalling stresses in all of 
the pretensioned beams tested during the course of this study. 
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2) The eccentricity of the prestressing force had no discernable effect on the 
level of bursting stresses for the pretensioned beams tested in this study. 
Bursting stresses appeared to be directly related to the amount of 
prestressing force applied and the transfer length. A maximum transverse 
reinforcement stress (in shear reinforcement serving as bursting 
reinforcement) of 32 ksi was seen coupled with crack widths of 0.009” at 
this location. 

3) Each test region showed bursting stresses reaching a maximum value 
before the end of the transfer length is reached.  These stresses then taper 
off to nearly zero not long after transfer length is achieved. 

4) Shear steel was used to control the cracking within the bursting region of 
the beam specimens and was stressed to 20 – 30 ksi.  This suggests that 
additional reinforcement is needed to counteract the bursting stresses as 
well as reduce the stresses in shear reinforcement. 

5.2.3 Special end region Reinforcement: Concluding Observations 

Straight bars were used as bursting and spalling reinforcement for all test 
specimens in this project, yielding the following results: 

1) The bursting cracks that formed in the end regions of the Tx-girders were 
not wide. 

2) The maximum stress measured in the transverse reinforcement was less 
than about half of the yield strength. At this stress magnitude, straight 
bars successfully controlled the widths of the cracks induced by bursting 
and spalling effects.  In order to reduce the magnitude of the stresses 
induced in shear reinforcement and minimize potential serviceability 
issues in the end regions, the use of additional straight bars is 
recommended as discussed earlier in this chapter. 

3) Maximum bursting stresses were measured at or near the web to bottom 
flange interface. Bursting reinforcement provided as straight bars showed 
no signs of anchorage problems. This can be attributed to the lower end 
of the bursting reinforcement being anchored in precompressed concrete 
in the bottom flange. 
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Given these results, it can be concluded that, the use of hooks, special 
reinforcing bars welded to plates or headed bars to provide a means of additional 
anchorage is deemed unnecessary.   

5.3 RECOMMENDATIONS FOR FUTURE WORK 

The recommendations for bursting reinforcement design were based on 
data from eight test regions in four full-scale beams. It would be desirable to 
check those recommendations with additional experimental data.  

During the literature review phase of this investigation it became apparent 
that research on bursting and spalling stresses has been conducted on test 
specimens with rectangular or I-shaped cross-sections.  The applicability of 
previous research recommendations, current recommendations, and code 
provisions to other shapes (e.g. box beams, U-beams, etc.) is of great interest. 
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APPENDIX A 

Prestressing Transfer Related Calculations 
 

 

 

Appendix A includes the following: 

• Elastic Shortening Calculations 

• Calculations for Tension and Compression Limits 
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Elastic Shortening Calculations 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 200

Table A-1: Tx girder design summary 

Section Sketch Section 
Properties 

Actual 
Applied 

P/S Force 

Tendon 
Eccentricity 

Cylinder 
Strength 

Tx28-I 

 

Height = 28” 
Ag = 585in2 

Ix= 52,772in4 
Iy= 40,692in4 

yt = 15.02” 
yb = 12.98” 

Initial: 
1,591 kips 

 
After 

Losses: 
1,466 kips 

5.01” 

Release: 
10,025 psi 

 
Final: 

13,825 psi 

Tx28-II 

 

Height = 28” 
Ag = 585in2 

Ix= 52,772in4 
Iy= 40,692in4 

yt = 15.02” 
yb = 12.98” 

Initial: 
1,692 kips 

 
After 

Losses: 
1,522 kips 

5.01” 

Release: 
6,475 psi 

 
Final: 

11,375 psi 

Tx46 

 

Height = 46” 
Ag = 761in2 

Ix= 198,089in4 
Iy= 46,603in4 
yt = 25.90” 
yb = 20.10” 

Initial: 
1,945 kips 

 
After 

Losses: 
1,732 kips 

10.67” 

Release: 
6,500 psi 

 
Final: 

13,200 psi 

Tx70 

 

Height = 70” 
Ag = 966in2 

Ix= 628,747in4 
Iy= 57,720in4 

yt = 38.09” 
yb = 31.91” 

Initial: 
1,974 kips 

 
After 

Losses: 
1,754 kips 

22.91” 

Release: 
6,675 psi 

 
Final: 

11,575 psi 
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Figure A-1: Tx girder sections 
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Table A-2: Applied prestressing stress for all Tx girders 

Girder Tx28-I Tx28-II Tx46 Tx70 

Calc. Applied P/S 

Stress (ksi) 
203.6 216.5 203.5 197.8 

Elastic Losses (ksi) 18.2 24.0 23.9 23.8 

Calc. P/S Stress 

after Losses (ksi) 
185.4 192.5 179.6 174.0 

 

Typical Applied Prestressing Force Calculation before/after losses: 

sp AP ⋅= σ   Equation A-1 

where: 

P    = total applied prestressing force (kips) 

As   = cross-sectional area of strands 

σp   = stress in the strand before or after release 

 

Table A-3: Total applied prestressing force for all Tx girders 

Girder Tx28-I Tx28-II Tx46 Tx70 
Applied P/S Force 
Po (kips) 1,591 1,692 1,945 1,974 

P/S Force after 
Losses Pi (kips) 1,466 1,522 1,732 1,754 
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Tension and Compression Limit Calculations 
 

AASHTO Allowable Prestressing Force before Prestress Transfer: 

AASHTO LRFD (2007) §5.9.3-1: 

ksiksif pu 5.20227075.075.0 =⋅=⋅     Equation A-2 

  For low-relaxation strand 

 

AASHTO Allowable Top Fiber Stress 

AASHTO LRFD (2007) §5.9.4.1.2: 
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  Equation A-3 

 

AASHTO Allowable Bottom Fiber Stress 

AASHTO LRFD (2007) §5.9.4.1.1: 

ksi
ksiksif
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   Equation A-4 
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Tx28-I 
Transfer Length     (AASHTO LRFD §5.11.4.1) 
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Tx28-II 
Transfer Length     (AASHTO LRFD §5.11.4.1) 

bt dl ⋅= 60  inlt 36=
 

Dead Load Moment due to Beam Self-Weight at Transfer Length 
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Bottom Fiber Stress at Transfer 
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* Note:  The bottom fiber stress of 0.68f’ci exceeds stress limits due to the slight 

overstressing during fabrication.  Original strand design stress meets compression limits. 
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Tx46 
Transfer Length     (AASHTO LRFD §5.11.4.1) 
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Dead Load Moment due to Beam Self-Weight at Transfer Length 
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Tx70 
Transfer Length     (AASHTO LRFD §5.11.4.1) 
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Dead Load Moment due to Beam Self-Weight at Transfer Length 
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APPENDIX B 

Bursting and Spalling Steel Calculations 

 

 

 

Appendix B includes the following: 

• AASHTO LRFD Bridge Design (2007) Spalling Steel Calculations 

• PCI Design Handbook (6th Edition) Spalling Steel Calculations 

• CEB-FIP MC90 Spalling and Bursting Steel Calculations 

• TxDOT Tx Girder Bursting and Spalling Steel Quantities 
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AASHTO LRFD Bridge Design (2007) Spalling Steel 
Calculations 

§5.10.10.1 “Factored Bursting Resistance”: 

The bursting resistance of pretensioned anchorage zones provided by 
vertical reinforcement in the ends of pretensioned beams at the service limit state 
shall be taken as: 

ssr AfP =  Equation B-1 

where: 

sf   = stress in steel not exceeding 20 ksi 

sA   = total area of vertical reinforcement located within the 
distance h/4 from the end of the beam (in2) 

h     =   overall depth of precast member (in) 

Pr   =  bursting resistance force 

 The resistance shall not be less than 4 percent of the prestressing force at 
transfer. 

 The end vertical reinforcement shall be as close to the end of the beam as 
practicable. 

 

Table B-1: AASHTO LRFD (2007) Spalling steel provision comparison 

Girder Tx28-I Tx28-II Tx46 Tx70 
Pi (kips) 1466 1522 1732 1754 
Pr (kips) 58.6 60.9 69.3 70.2 
fs (ksi) 20 20 20 20 
As (in2) 2.93 3.04 3.46 3.51 
h/4 (in) 7” 7” 11.5” 17.5” 
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PCI Design Handbook 6th Edition Spalling Steel 
Calculations 

§4.2.4 “End Stresses at Transfer”: 

These forces can be resisted by vertical reinforcement calculated by the 
following equation: 

ts

o
vt lf

hP
A

021.0
=   Equation B-2 

where: 

Avt  = required area of stirrups at the end of a member uniformly 
distributed over a length h/5 from the end 

Po   = prestress force at transfer 

h     = depth of member 

fs     = design stress in the stirrups, usually assumed to be 30 ksi 

lt     =  strand transfer length 

 

Table B-2: PCI (6th Edition) Spalling steel provision comparison 

Girder Tx28-I Tx28-II Tx46 Tx70 
Pi (kips) 1466 1522 1732 1754 

h (in) 28” 28” 46” 70” 
fs (ksi) 30 30 30 30 
lt (in) 36” 36” 36” 36” 

Avt (in2) 0.80 0.83 1.55 2.39 
h/5 (in) 5.6” 5.6” 9.2” 14” 
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CEB-FIP Model Code 1990 Spalling and Bursting Steel 
Calculations 

Sample Calculation shown using the Tx46 Girder.  Repeat the same procedure 
with other Tx Girders: 

6.9.11.2 Bond Strength 

psif

psiff

bpd

ctdppbpd

136
5.1

2427.02.121

=

⋅⋅== ηη
  Equation B-3 

where 

fctd  = fctk(t)/1.50 is the lower design concrete tensile strength; for 
the transmission length the strength at the time of release 

ηp1  = takes into account the type of prestressing tendon: ηp1 = 1.4 
for indented or crimped wires, and ηp1 = 1.2 for 7-wire 
strands 

ηp2  = takes into account the position of the tendon: ηp2 = 1.0 for 
all tendons with an inclination of 45°-90°with respect to the 
horizontal during concreting, ηp2 = 1.0 for all horizontal 
tendons which are up to 250 mm from the bottom or at least 
300 mm below the top of the concrete section during 
concreting, and ηp2 = 0.7 for all other cases. 

 

6.9.11.3 Basic Anchorage Length 

The basic anchorage length of an individual pretensioned tendon is 

"182

136.0
15.1/245

36
"6.07

=

⋅
⋅

=⋅=

bp

bpd

ptdsp
bp

l

ksi
ksi

f
fA

l
φπ   Equation B-4 

where 
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fptd  = fptk/1.15, where fptk is yield strength of prestressing tendon 

φπ
spA

= 4/φ  for tendons with a circular cross-section 

       = 36/7φ  for 7-wire strands 

 

6.9.11.4 Transmission Length 

The transmission length of a pretensioned tendon is 

"3.41

196
178"1825.05.00.11098

=

⋅⋅⋅⋅==

bpt

pd

pi
bpbpt

l

ksi
ksi

f
ll

σ
ααα

  Equation B-5 

where 

α8  = considers the way of release: α8 = 1.0 for gradual release 
and α8 = 1.25 for sudden release; 

α9   considers the action effect to be verified: α9 = 1.0 for 
calculation of anchorage length when moment and shear 
capacity is considered, and α9 = 0.5 for verification of 
transverse stresses in anchorage zone 

α10 considers the influence of bond situation: α10 = 0.5 for 
strands and α10 = 0.7 for indented or crimped wires; 

σpi is the steel stress just after release 

 

6.9.12 Transverse stresses in the anchorage zone of prestressed tendons 

6.9.12.1 General 

The anchorage zone of prestressed tendons is a discontinuity region that 
should be treated according to section 6.8.  Should the use of the strut-and-tie 
model be too problematic because of the complexity of the stress field, the 
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verification may be performed on the basis of the stresses in a linear, uncracked 
member.  For design purposes, the tensile stresses, due to the development and 
distribution of the prestressing force, are subdivided into three groups (Fig. 
2.2.a). 

If the strut-and-tie model is not applicable due to lack of transverse 
reinforcement, the verification may be performed on the basis of stress and strain 
analysis. 

 

Tx28-I 

6.9.12.2 Bursting 

 For the calculation of the bursting force the symmetric prism analogy 
may be used (Figure 4-5).   
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Figure B-2: For calculation of the bursting force: (a) dimensions of the 
symmetrical prism; (b) moment equilibrium along section A-A                     

(CEB-FIP, 1998) 

The height and the width of the prism follow from the possible 
enlargement of the anchor plates (post-tensioning) or the tendon pattern 
(pretensioning).  For multiple tendons the most unfavorable situations shall be 
considered:  a single tendon or a group of tendons.  The bursting action shall be 
determined both in the vertical and in the horizontal direction. 
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The length of the prism is for the end anchored tendons 

"90.15== bsbs hl   Equation B-6 

And for tendons anchored by bond 

[ ]
[ ] "44.29)"3.416.0(90.15
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=⋅+=

<+=

bs

bptbptbsbs

l

llhl
  Equation B-7 

The internal lever arm for the bursting force is 

"6.15"44.295.05.0 =⋅== bsbs lz   Equation B-8 

The bursting force follows from the moment equilibrium along section A-A 
(Fig. 2-15(b)) 

kipsN

kipsN

F
z

tntnn
N

bs

bs

sd
bs

bs

301

2.441.1
"72.14

"74.246.16"98.7)46.36(
2
1

)(
2
1

1

11221

=

⋅⋅
⋅−⋅

=
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  Equation B-7 

where 

1t    is the distance between the centroid of tendons above 
section A-A to the centroid of the prism 

2t    is the distance between the centroid of the concrete stress 
block above section A-A to the centroid of the prism 

21 , nn  are the numbers of tendons above and below section A-A, 
respectively 

Fsd   is the design force per tendon 

1γ   = 1.1 is the supplementary partial safety factor against 
overstressing by overpumping 
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The maximum bursting stress follows from 
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bsbsbsbs
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⋅⋅==

σ
σ

  Equation B-8 

where bbs is the width of the prism. 

For ctdbs f>σ  the bursting force shall be resisted by confining or net 
reinforcement distributed within lbs/3 to lbs from the end face, with 

202.5
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inA

ksikipsfNA

bsb

sybsbsb

=

==
             Equation B-9 

 

6.9.12.3 Spalling 

Having a section with no shear force is not possible in the Tx28 girder 
which implies that no spalling force exists in the girder. 
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Tx46 

6.9.12.2 Bursting 

The length of the prism is for the end anchored tendons 

"82.18== bsbs hl   Equation B-10 

And for tendons anchored by bond 
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  Equation B-11 

The internal lever arm for the bursting force is 

"6.1512.315.05.0 =⋅== bsbs lz   Equation B-12 

The bursting force follows from the moment equilibrium along section A-A 
(Figure 4-5(b)) 
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  Equation B-15 

The maximum bursting stress follows from 
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σ

  Equation B-13 

where bbs is the width of the prism. 

For ctdbs f>σ  the bursting force shall be resisted by confining or net 
reinforcement distributed within lbs/3 to lbs from the end face, with 
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286.6
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bsb

sybsbsb

=

==
             Equation B-14 

6.9.12.3 Spalling 

The spalling force may be calculated with the equivalent prism analogy 
(Figure 2-29(a)).  
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Figure B-3: For calculation of the spalling force: (a) definition of the 
equivalent prism; (b) moment equilibrium along section B-B (CEB-FIP, 1998) 

 The length of the prism is defined as, for end anchored tendons 

hlsl =   Equation B-15 

And for tendons anchored by bond 
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  Equation B-16 

The internal lever arm for the spalling force is 

"65.20"3.415.05.0 =⋅== slsl lz   Equation B-17 

Section B-B shall be chosen so that along this section no shear force 
results.  The spalling force results from the moment equilibrium along section B-B 
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kipsN
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 Equation B-18 

With the moment M given by concrete stresses above section B-B. 

The maximum spalling stress follows from 
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 Equation B-19 

With slb  width of the cross section at section B-B. 

For cflctsl f γσ /,≤ , where 

 5.1=cγ  

flctf ,  is the flexural tensile strength of concrete 

the spalling force shall be resisted by reinforcement 
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,

,
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        Equation B-20 

The spalling force resisting reinforcement shall be put parallel to the end 
face in its close vicinity. 
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Tx70 

6.9.12.2 Bursting 

The length of the prism is for the end anchored tendons 

"18== bsbs hl   Equation B-21 

And for tendons anchored by bond 
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  Equation B-22 

The internal lever arm for the bursting force is 

"31.15"63.305.05.0 =⋅== bsbs lz   Equation B-23 

The bursting force follows from the moment equilibrium along section A-A 
(Figure 4-5(b)) 
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  Equation B-24 

The maximum bursting stress follows from 
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  Equation B-25 

where bbs is the width of the prism. 

For ctdbs f>σ  the bursting force shall be resisted by confining or net 
reinforcement distributed within lbs/3 to lbs from the end face, with 
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             Equation B-26 

6.9.12.3 Spalling 

The spalling force may be calculated with the equivalent prism analogy 
(Figure 2-29(a)).  

The length of the prism is defined as, for end anchored tendons 

hlsl =   Equation B-27 

And for tendons anchored by bond 
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  Equation B-28 

The internal lever arm for the spalling force is 

"65.20"3.415.05.0 =⋅== slsl lz   Equation B-29 

Section B-B shall be chosen so that along this section no shear force 
results.  The spalling force results from the moment equilibrium along section B-B 
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 Equation B-30 

With the moment M given by concrete stresses above section B-B. 

The maximum spalling stress follows from 
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 Equation B-31 

With slb  width of the cross section at section B-B. 

For cflctsl f γσ /,≤ , where 
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 5.1=cγ  

flctf ,  is the flexural tensile strength of concrete 

the spalling force shall be resisted by reinforcement 
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        Equation B-32 

The spalling force resisting reinforcement shall be put parallel to the end 
face in its close vicinity. 
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TxDOT Tx Girders – Bursting and Spalling Steel Design 
Quantities 

 

Table B-3: Tx End region transverse reinforcement details (live end) 

Girder Tx28-I Tx28-II Tx46 Tx70 
h/4 7” 7” 11.5” 17.5” 

Spalling Steel 4 - #6 bars 4 - #6 bars 6 - #6 bars 8 - # 6 Bars 
Spalling Steel 

(in2) 1.76 1.76 2.64 3.52 

Bursting Steel 16 – D19.7 
bars 

14 – D19.7 
bars 

12 – D19.7 
bars 

10 – D19.7 
bars 

Bursting Steel 
(in2) 3.15 2.76 2.36 1.97 

 

Table B-4: Tx End region transverse reinforcement details (dead end) 

Girder Tx28-I Tx28-II Tx46 Tx70 
h/4 7” 7” 11.5” 17.5” 

Spalling Steel 4 - #6 bars 4 - #6 bars 8 - #6 bars 8 - # 6 Bars 
Spalling Steel 

(in2) 1.76 1.76 3.52 3.52 

Bursting Steel 14 – D19.7 
bars 

16 – D19.7 
bars 

12 – D19.7 
bars 

10 – D19.7 
bars 

Bursting Steel 
(in2) 2.76 3.15 2.36 1.97 
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Table B-5: Transverse end region reinforcement comparison (dead end) 

Girder Tx28-I Tx28-II Tx46 Tx70 
h/4 7” 7” 11.5” 17.5” 

Spalling Steel (in2) 
AASHTO  2.93 3.04 3.46 3.51 

PCI (6th Ed.) 0.80 0.83 1.55 2.39 
CEB-FIP 90 0 0 0.003 1.62 

Actual  1.76 1.76 3.52 3.52 
Bursting Steel (in2) 

AASHTO  N/A N/A N/A N/A 
PCI (6th Ed.) N/A N/A N/A N/A 
CEB-FIP 90 5.02 5.34 6.86 4.19 

Actual  0.00 0.00 0.00 0.00 
 

Table B-6: Transverse end region reinforcement comparison (live end) 

Girder Tx28-I Tx28-II Tx46 Tx70 
h/4 7” 7” 11.5” 17.5” 

Spalling Steel (in2) 
AASHTO  2.93 3.04 3.46 3.51 

PCI (6th Ed.) 0.80 0.83 1.55 2.39 
CEB-FIP 90 0 0 0.003 1.62 

Actual  1.76 1.76 2.64 3.52 
Bursting Steel (in2) 

AASHTO  N/A N/A N/A N/A 
PCI (6th Ed.) N/A N/A N/A N/A 
CEB-FIP 90 5.02 5.34 6.86 4.19 

Actual  0.00 0.00 0.00 0.00 
 

 

 

 

 



 226

APPENDIX C 

Cylinder Test Values 
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Table C-1: Tx28-I cylinder strengths  
Date Time Cylinder Channel Pu (kips) fc (psi) Temp Maturity

Dec 15,2006 7:15 PM 28B 46 2.0 159 104.0 3500

9:30 PM 25A 43 85.0 6768 110.2 3743.4
9:30 PM 26A 44 57.0 4538 110.9 3771.6
9:40 PM 27B 45 18.5 1473 104.0 3647.1
9:45 PM 35B 47 46.0 3662 107.5 3740.1

10:00 PM 22B 48 14.0 1115 99.1 3504.2
AVERAGE 3511

10:20 PM 25B 43 90.0 7166 110.2 3819.2
10:25 AM 26B 44 43.0 3424 111.8 3836.8
10:30 AM 27A 45 25.0 1990 104.0 3720.2
10:35 AM 28A 46 21.0 1672 101.6 3717.8
10:45 AM 35A 47 10.0 796 106.9 3825.9
10:55 AM 22A 48 3.0 239 97.8 3593.9

AVERAGE 2548

Dec. 16, 2006 4:15 AM 1B 43 87.0 6927 96.6 5577
4:20 AM 7A 45 101.0 8041 92.5 5326
4:30 AM 18B 48 97.0 7723 91.4 5073

AVERAGE 5096
Release
Dec. 19, 2006 11:20 AM 2A 43 122.0 9713 73.0 10795

5B 44 119.5 9514 72.6 10773.5
8A 45 128.5 10231 72.6 10552.3
12B 46 131.0 10430 72.4 10509.3
15A 47 132.5 10549 72.7 10518.3
21B 48 121.5 9674 72.4 10290.2

AVERAGE 10019  
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Table C-2: Tx82-II cylinder tests 

Date Time Cylinder Channel Pu (kips) fc (psi) Temp Maturity
February 13, 2007 8:42 p.m. 14B 46 561 85.98 413.2

10:00 p.m. 3B 43 25360 2019 102 546.4
10:30 p.m. 4B 44 49020 3903 114.2 631

18B 48 28580 2275 98.19 557.7
3089

11:00 p.m 11A 45 52420 4174 114.4 680
28B 46 48320 3847 108.4 618.7
35B 47 33520 2669 94.99 564.5

3563
11:45 p.m. 1A 43 59910 4770 109.2 733.8

26B 44 58120 4627 117.8 747.4
21B 48 50990 4060 103.3 685.7

4486
February 14, 2007 1:00 A.M. 6B 44 62910 5009 119.4 935

8A 45 64800 5159 116.7 911.2
13B 46 64600 5143 110.7 965.1
17A 47 54750 4359 92.28 776.6

4918
1:45 a.m. 2A 43 72170 5746 106.5 925.2

36B 48 69750 5553 99.75 860.1
5B 44 71460 5689 119.8 1015.9

5663
2:45 a.m. 4A 44 72420 5766 118.1 1130.2

7A 45 75530 6014 114.7 1108.4
12B 46 73910 5885 107.6 1051.1

5888
4:00 a.m. 1B 43 83410 6641
4:00 a.m. 27B 45 79505 6330 110.8 1216.1

6485
4:30 a.m. 5A 44 78630 6260 115 1314.2
4:30 a.m. 25A 43 79520 6331 91.97 1179.1

6296
During Release 5:30 a.m. 2B 43 82210 6545

6A 44 84040 6691
7B 45 82740 6588
12A 46 84400 6720
16A 47 76220 6068
22B 48 79200 6306

6486  
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Table C-3: Tx46 cylinder tests 
Date Time Cylinder Channel Pu (kips) f'c (psi) Temp (°F) Maturity

March 6, 2007 12:00 AM 3A 43 0 0 91.91 644.3
27B 45 19190 1528 107.6 703.6
18B 48 38050 3029 111.1 745.6

1519
1:30 AM 4A 44 44860 3572 113.4 824.7

12A 46 61350 4885 112.7 907.7
17A 47 65630 5225 100.3 829.8

4561
2:15 AM 1A 43 49310 3926 108 890

5B 44 58970 4695 117.9 920
11A 45 71820 5718 112.5 960.1

4780
3:10 AM 2A 43 77820 6196 109.1 970.20

6B 44 80530 6412 119.8 1028.40
7A 45 70816 5638 114.1 1077.90
13B 46 77820 6196 111.7 1103.4
15A 47 76180 6065 98.67 1021.9
21B 48 80530 6412 109.9 1101.3

6153
4:20 AM 25A 43 75470 6009 109.3 1098.7

26B 44 80060 6374 120.5 1160.7
8A 45 81700 6505 114.8 1218
14B 46 74520 5933 110.7 1243.7
35B 47 79740 6349 98.2 1119.6
36B 48 84500 6728 107.8 1220.1

6316
6:00 AM 1B 43 86910 6920 107.7 1286

4A 44 80730 6428 120 1360.8
7B 45 84590 6735 113 1394.4
12B 46 82600 6576 105.5 1407.1
15B 47 84940 6763 91.04 1289.9
18A 48 84260 6709 103.7 1395.6

6688  
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Table C-4: Tx70 cylinder tests 
Date Time Cylinder Channel Pu (kips) f'c (psi) Temp Maturity

April 19, 2007
April 20, 2007 1:30 AM 1A 43 14.4 1146 100.8 778.2

27B 45 29.3 2333 109.2 779.1
18B 48 24.5 1951 113.5 802.8

1810
2:30 AM 6B 44 53460 4256

14B 46 42680 3398
15A 47 38710 3082

3579
3:45 AM 3A 43 54600 4347 111.6 1021.9

5B 44 62120 4946 126.8 1086.4
8A 45 62950 5012 120.6 1060.9

4768
5:15 AM 2A 43 70670 5627 112.2 1177.20

4B 44 70040 5576 127.6 1263.10
11A 45 64820 5161 120.9 1229.50
12B 46 61790 4920 112.1 1188.8
16A 47 68870 5483 99.93 1134.8
22B 48 69020 5495 120.8 1240.4

5377
6:30 AM 25A 43 71750 5713 107.4 1317.7

7A 45 71390 5684 117.3 1397.2
17A 47 72480 5771 90.35 1249

5722
8:00 AM 26B 44 79200 6306 123.3 1598

13B 46 78420 6244 100.2 1490.9
21B 48 75610 6020 107.5 1564.9

6190
9:00 AM 1B 43 75130 5982 104.1 1594.4

7B 45 73120 5822 111.3 1684.8
15B 47 76990 6130 85.62 1483.3

5978
10:30 AM 26A 44 80780 6432 117.8 1898

28B 46 81660 6502 93.96 1711.8
36B 48 83880 6678 99.03 1804.8

6537
11:30 AM 25B 43 84190 6703 101.8 1824.9

5A 44 84780 6750 115.4 2025.9
8B 45 87290 6950 107.3 1936

28A 46 84530 6730 91.82 1795.2
35B 47 84790 6751 82.62 1662
22A 48 86190 6862 97.08 1910.5

6791  



 231



 232

 

APPENDIX D 

Prestressing Steel Calibration Curves and Time-
Temperature Curves 
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Figure D-1: Strand calibration curve for Tx70 girder 
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Figure D-2: Strand calibration curve for Tx28-I, Tx28-II, and Tx46 girder 
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Figure D-3: Time-temperature curve for Tx28-I 
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Figure D-4: Time-temperature curve for Tx46 
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Figure D-5: Time-temperature curve for Tx70 

 

 

 

 

 

 

 

 

 



 236

APPENDIX E 

High Capacity Prestressing Bed Design Drawings 
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Figure E-1: High capacity prestressing bed design drawing (Plan View) 
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Figure E-2: High capacity prestressing bed design drawing (Elevation View) 
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Figure E-3: High capacity prestressing bed design drawing (Elevation View) 
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Figure E-4: High capacity prestressing bed design drawing (Typical detail drawing) 
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APPENDIX F 

TxDOT Design Drawings for the Tx Family of Girders 
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