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ABSTRACT 

Partially prestressed concrete offers several advantages over fully prestressed de-

signs including increased ductility, increased energy absorption, decreased cost, de-

creased camber, and decreased anchor zone congestion.  However, design codes have 

been slow to adopt provisions for the design of partially prestressed concrete because of 

concerns over fatigue and corrosion.  The overall objective of this study was to determine 

the viability of partially post-tensioned concrete members in an aggressive environment, 

including the impact of cyclic loading.  

This objective was investigated through an experimental program, which included 

both individual strand testing and full-scale, post-tensioned beam specimens.  The strand 

testing phase consisted of corroding samples to different amounts of section loss, and 

then testing them under cyclic loading until failure.  The beam testing phase included 12 

full-scale, post-tensioned beam specimens combining long-term static exposure testing 

with fatigue testing.  One of the most important limitations of the study was that the ex-

perimental program followed the specific sequence of exposure (corrosion) followed by 

fatigue to failure. 

With regard to the individual strand testing, there was a significant drop-off in fa-

tigue capacity at relatively small pit depths.  On average, the fatigue capacity was re-

duced 50 percent for pitting that measured 0.010 to 0.015 inches in depth.  Furthermore, 

an empirical relationship based on an exponential decay function was found to be the 

most reliable method of predicting the response of corroded prestressing strand for the 

specific sequence of corrosion followed by fatigue to failure.  In particular, average pit 
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depth offered the best correlation between fatigue capacity and the amount of localized 

corrosion. 

With regard to the full-scale beam testing, there were several conclusions reached 

as to the behavior of the tendon – duct, grout, and strand – under exposure and fatigue 

testing.  First, a robust plastic duct is required as it serves as the primary protection me-

thod for the tendon and also performs very well under cyclic loading.  Furthermore, the 

plastic duct requires steel or plastic saddles at tendon deviation points to eliminate the 

potential for puncturing the duct during the strand stressing operation.  Next, without full 

encapsulation of the strand by the grout, the tendon will act as a conduit for chloride 

transport, thus spreading the potential for corrosion from a single breach in the duct.  Fur-

thermore, even within a well grouted tendon, the grout will contain both longitudinal and 

circumferential cracking, reducing the ability of the grout to protect the strand.  Finally, 

grouting defects, such as voids and fine cracks, do not adversely affect fatigue perfor-

mance of the strand, but these defects do adversely affect corrosion protection of the 

strand, allowing chlorides access to the strand. 

A set of best practices are also included in the recommendation section for the du-

rability of partially post-tensioned concrete members in an aggressive environment, in-

cluding cyclic loading.  These best practices focus on tension and compression stress 

limits for the concrete, detailing issues for the tendon, and areas of concern with regard to 

the anchorage zones and long-term durability.  With regard to the study’s overall objec-

tive, partially post-tensioned concrete is a viable construction method in an aggressive 

environment, even with cyclic loading, but it relies on a robust plastic duct system as the 

primary protection method for the tendon.  
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Chapter 1 
 

Introduction 

1.1 Background and Motivation 

Freyssinet’s original design concept for prestressed concrete maintained the con-

crete in compression under full service load (Billington 2004, D’Arcy et al. 2003).  In 

fact, Billington (2004) notes that “for Freyssinet, ‘the fields of prestressed concrete and 

reinforced concrete have no common frontier.’  Either a structure is fully prestressed or it 

is not to be called prestressed concrete.”  Prestressed concrete design has evolved over 

time to allow a nominal amount of tension in the concrete under full service load.  Even 

with this nominal amount of tension, the design is still considered fully prestressed pro-

vided the tensile stresses do not exceed the modulus of rupture for the concrete. 

As part of the evolution of prestressed concrete, designers, code writers, and re-

searchers have begun to examine the potential for utilizing even lower levels of prestress-

ing that allow the concrete to crack under full service load.  This type of prestressing is 

often referred to as partial prestressing.  One of the primary reasons for the potential use 

of partial prestressing is that ultimate strength generally never governs the design of fully 

prestressed sections.  Instead, the design is controlled by tension stress limits at full ser-

vice load.  However, that approach may be overly conservative, even with respect to ser-

viceability concerns, if the full live load is infrequently reached during the life of the 

structure. 
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The advantages of partial prestressing over fully prestressed designs include in-

creased ductility, increased energy absorption, decreased cost, decreased camber, and de-

creased anchor zone congestion (Lin and Burns 1981, Nilson 1987).  However, design 

codes have been slow to adopt provisions for the design of partially prestressed concrete 

because of concerns over fatigue and corrosion.   

The current edition of the ACI Building Code (ACI 318 2008) now recognizes 

three classes of prestressed flexural members, U, T, and C.  Under full service load, Class 

U members are considered uncracked, Class C members are considered cracked, and 

Class T members represent a transition between cracked and uncracked behavior (ACI 

318 2008).  The dividing lines between the three classes are based on nominal tensile 

stresses in the precompressed tensile zone of 7.5 '
cf  and 12 '

cf  (ACI 318 2008).  

Since they will crack under service load, Class C members and some Class T members 

are, in essence, partially prestressed flexural members.  Consequently, these members are 

susceptible to fatigue and corrosion. 

In order to properly design partially prestressed flexural members in aggressive 

environments, research is required to understand the role of fatigue and corrosion on 

these types of members.  Furthermore, repair of existing prestressed concrete members 

damaged due to corrosion requires an understanding of the remaining capacity of the sec-

tion prior to designing a fix, such as fiber-reinforced plastic (FRP) composites or external 

prestressing.  
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1.2 Problem Statement 

This research program proposed to investigate the viability of partially post-

tensioned concrete members in an aggressive environment, including the impact of cyclic 

loading.  Corrosion of the nation’s transportation infrastructure is a widespread and costly 

problem (Koch et al. 2001).  Structures are deteriorating at a faster rate than they can be 

repaired or replaced.  The most prevalent form of corrosion in highway structures is chlo-

ride-induced corrosion of steel.  Limited research has been performed in the area of cyc-

lic loading in post-tensioned members, and the addition of a corrosive environment to this 

problem has not been studied significantly. 

Post-tensioning has many potential benefits, including crack control and rapid 

construction with minimal traffic interference when combined with precast members.  

Although the concept of post-tensioning is not new, post-tensioning as it stands today is a 

relatively new form of construction, having been used in bridge structures in the United 

States for less than 50 years.  At this stage in development, construction practices and 

materials are continuously improving.  And, it is important that durability of the structure 

be considered during this development process.  In particular, chloride-induced corrosion 

is a very real concern for all types of bridges.   

An additional concern for bridge members is fatigue.  Repeated loadings can 

cause fatigue damage of the reinforcement as well as increased crack widths and deflec-

tions (Balaguru 1981, Naaman 1982).  Traditional fully prestressed members are un-

cracked at service loads and fatigue would not typically be a problem with these sections.  

However, the economic benefits of partially prestressed members are now becoming ap-
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parent.  Unfortunately, partially prestressed members may be cracked at service loads and 

are therefore more susceptible to fatigue than fully prestressed members or cracked non-

prestressed members.   

Partially post-tensioned members are more susceptible to fatigue due to two rea-

sons.  First, they experience higher stress changes in the steel as compared to fully post-

tensioned members or cracked non-prestressed member (Naaman 1982).  Second, post-

tensioned members have the additional concerns of fretting between the strands and fret-

ting between the strands and duct (Rigon and Thurlimann 1985, Wollman et al. 1988). 

Fully post-tensioned members may also be susceptible to durability and fatigue 

problems due to excessive loss of prestress.  This unanticipated prestress loss can occur 

due to a number of factors, such as construction defects, material defects, overload, cor-

rosion, and retrofitting.  This loss of full prestress does not necessarily condemn the 

structure.  In truth, the structure typically still possesses sufficient strength to support 

load over some service life – although likely not the full service life that was originally 

intended.  However, no design guidelines exist to assist the engineer in determining what 

that safe service life is. 

Larger crack widths from fatigue loading combined with aggressive agents such 

as chlorides must be investigated in order for partially post-tensioned members to be a 

safe and viable option in bridges and to provide guidance for fully post-tensioned struc-

tures with a loss of prestress beyond traditional losses.  Corrosion protection of the post-

tensioning system is vital to the integrity of the structure because loss of post-tensioning 

can result in catastrophic failure. 
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1.3 Scope of Study 

This research program proposed to investigate the viability of partially post-

tensioned concrete members in an aggressive environment, including the impact of cyclic 

loading.  This objective was investigated within a limited scope to reduce the number of 

variables to a manageable level.  One of the most important limitations was that the expe-

rimental program followed the specific sequence of exposure (corrosion) followed by fa-

tigue to failure.  The experimental program included both individual strand testing and 

full-scale, post-tensioned beam specimens.   

The individual strand testing examined the effect of corrosion on the fatigue ca-

pacity of prestressing strand for the specific sequence of corrosion followed by fatigue to 

failure.  The methodology developed for this portion of the study involved the following 

steps: (1) corrode the strand samples to different amounts of section loss; (2) characterize 

the amount and disposition of the corrosion; (3) test the strand samples under cyclic load-

ing until failure; and (4) determine a relationship between the amount of strand corrosion 

and the resulting fatigue capacity.  Both analytical and empirical approaches were studied 

to develop this corrosion-fatigue relationship.  The strand testing used Grade 270, low-

relaxation strand taken from the same spool. 

The full-scale beam testing also examined the effect of corrosion on the fatigue 

capacity of prestressing strand for the specific sequence of exposure (corrosion) followed 

by fatigue to failure.  After construction, the specimens were loaded under full service 

load and exposed to chlorides for a period of 6 months.  At that point, the specimens were 

placed into a load frame and tested in fatigue to 2,000,000 cycles or failure, whichever 
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came first.  Following testing, the specimens were autopsied for signs of corrosion and 

fatigue damage. 

Full-scale beam specimens were necessary in order to evaluate actual post-

tensioning hardware and the effect of multi-strand tendons.  The full-scale beam test va-

riables included the level of prestress, condition of the post-tensioning system, and expo-

sure to saltwater.  The full prestress design was based on a nominal tensile stress in the 

precompressed tensile zone of 3 '
cf (psi).  The partial prestress design was based on 67 

percent of the force required for full prestress, with one specimen using fewer strands and 

the other using a lower prestressing force.  The specimen with the lower prestressing 

force was to mimic a fully prestressed design that experienced excessive prestress losses 

or overload.    

The post-tensioning system for the full-scale specimens followed current design 

practice and construction standards.  The beams used a multi-strand tendon within a plas-

tic duct filled with a prepackaged grout.  The tendon followed a two-point drape profile 

with steel deviator pipes and Grade 270, low-relaxation strand.  All anchorage hardware 

was supplied by a post-tensioning hardware manufacturer, and stressing of the tendons 

was accomplished with a standard, multi-strand tensioning jack.  As part of the study, 

imperfections in the grout were introduced to determine their effect on durability and fa-

tigue behavior of the tendon. 

Finally, findings were presented, and conclusions and recommendations were de-

veloped based on the scope of the research program. 
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1.4 Objectives and Scope of Work 

The overall objective of this study was to determine the viability of partially post-

tensioned concrete members in an aggressive environment, including the impact of cyclic 

loading.  This goal was accomplished by achieving the following specific objectives: 

1. Develop a relationship between the amount of corrosion on the prestressing 

strand and the resulting fatigue capacity for the specific sequence of corrosion 

followed by fatigue until failure. 

2. Determine the potential of the relationship developed in Item 1 to predict the 

response of full-scale, partially post-tensioned beam specimens for the same 

sequence of corrosion followed by fatigue until failure. 

3. Characterize the performance of the tendon – duct, grout, and strand – under 

exposure to chlorides followed by cyclic testing of full-scale, partially post-

tensioned beam specimens. 

4. Quantify the behavior of flexural cracks under exposure to chlorides followed 

by cyclic testing of full-scale, partially post-tensioned beam specimens. 

5. Determine the role of grouting defects on the durability and fatigue perfor-

mance of prestressing strand for full-scale, partially post-tensioned beam spe-

cimens. 

6. Develop a set of best practices for the durability of partially post-tensioned 

concrete members in an aggressive environment, including cyclic loading. 
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The following scope of work was used to pursue these research objectives: (1) re-

view of the applicable literature; (2) development of a research plan; (3) testing of indi-

vidual strand specimens and development of a predictive model for the response;  

(4) design, construction, and testing of full-scale, partially post-tensioned beam speci-

mens; (6) forensic investigation of the full-scale beam specimens; (7) development of 

findings, conclusions, and recommendations; and (8) preparation of this dissertation do-

cumenting the results of the research study. 

1.5 Research Plan 

The research plan necessary to accomplish the objectives discussed in Section 1.4 

involved individual strand testing and full-scale beam testing, and also included the use 

of several analytical tools during the evaluation of the test results.  It is important to note 

that to narrow the study to a manageable number of variables, the testing followed the 

specific sequence of exposure (corrosion) followed by fatigue to failure.  Research has 

shown that the fatigue capacity of prestressed concrete is a function of either the fatigue 

capacity of the prestressing strand or the mild steel.  Therefore, it was necessary to ex-

amine the strand alone and to evaluate its response to fatigue and the sequence of corro-

sion followed by fatigue to failure.  The second experimental aspect involved testing of 

full-scale beam specimens.  Full-scale beam specimens were necessary in order to eva-

luate actual post-tensioning hardware and the effect of multi-strand tendons.  In support 

of the experimentation, various analytical tools were applied during evaluation of the ex-
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perimental test results, including statistical methods, Linear Elastic Fracture Mechanics 

(LEFM), and Finite Element Analyses (FEA). 

1.6 Thesis Organization 

In this investigation, experimental and analytical procedures were performed in 

order to develop a better understanding of the interaction of corrosion and fatigue on par-

tially post-tensioned concrete members.  The different tasks conducted during this study 

are organized as chapters in this dissertation.  Chapter 1 presents an introduction to the 

subject, highlighting the problem, objectives, and scope.  Chapter 1 also presents the re-

search plan deemed necessary to achieve these objectives.  Chapter 2 presents a literature 

review of the current body of knowledge pertaining to partially post-tensioned concrete 

members.  Chapter 3 presents the testing of individual strand specimens, including evalu-

ation of the results.  Chapter 4 presents details on the design and construction of full 

scale, post-tensioned beam specimens.  Chapter 5 presents the exposure and fatigue test-

ing of the full scale, post-tensioned beam specimens.  Chapter 6 presents the subsequent 

autopsy results of the full scale, post-tensioned beam specimens.  The findings, conclu-

sions and recommendations are presented in Chapter 7. 

1.7 Prestressing Terminology 

Prestressed concrete refers to the construction method by which a compressive 

stress is placed on the concrete prior to the application of load.  Precompression is ex-
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tremely beneficial to concrete, which is inherently strong in compression but relatively 

weak in tension.  There are two categories of prestressed concrete, pretensioned and post-

tensioned.  The fundamental difference between the two involves the sequence of strand 

stressing and concrete placement.  In pretensioned concrete, the strand is stressed in ten-

sion prior to placement and curing of the concrete.  In post-tensioned concrete, the con-

crete is placed and cured prior to tensioning of the strand.   

Although the two prestressed categories behave in almost identical ways to the 

application of load, post-tensioned concrete has numerous variations in the way the pre-

stressing force is applied to the concrete through the tendon.  These tendon variations in-

clude the following: (1) grouted versus ungrouted; (2) internal versus external; and (3) 

bonded versus unbonded. 

The difference between grouted and ungrouted tendons involves the method of 

protection of the tendon.  Grouted tendons are placed within either a steel or plastic duct 

that has been cast into the concrete section.  Once the concrete reaches sufficient strength, 

the tendons are tensioned, and then a cementitious grout is pumped into the duct to pro-

tect the tendon from the elements.  Ungrouted tendons are greased and sheathed in a plas-

tic coating during manufacture.  Ungrouted tendons are placed within the concrete 

formwork on site.  After the concrete is placed and reaches sufficient strength, the un-

grouted tendons are tensioned.  The grease and plastic sheathing provides protection of 

the tendon from the elements. 

The difference between internal and external tendons involves their location rela-

tive to the concrete cross-section of the prestressed member.  Internal tendons are located 

within the confines of the concrete cross-section, while external tendons are located out-
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side of the concrete cross-section.  External tendons include those that are located within 

the open area inside a concrete box, even though they are not visible “externally.” 

The difference between bonded and unbonded tendons significantly affects the 

strain in the tendon during application of load.  Bonded tendons are continuously con-

nected to the concrete cross-section such that the tendon and concrete experience the 

same strain at each cross-section of the beam (strain compatibility).  An unbonded tendon 

is only connected to the concrete cross-section at intermittent locations.  Consequently, 

the strain in an unbonded tendon as a function of load is member-dependent, not section-

dependent.  When friction loss is excluded, the strain in an unbonded tendon due to load 

is uniformly distributed along the tendon length. 

The final prestressed concrete term discussed in this section involves the differ-

ence between fully prestressed and partially prestressed.  For the purposes of this study, 

the dividing line between fully prestressed and partially prestressed is based on a nominal 

tensile stress in the precompressed tensile zone of 7.5 '
cf .  This value corresponds to the 

modulus of rupture for concrete (ACI 318 2008). 
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Chapter 2 
 

Literature Review 

In this investigation, experimental procedures were performed in order to deter-

mine the viability of partially post-tensioned concrete members in an aggressive envi-

ronment, including the impact of cyclic loading.  The following sections discuss 

important findings from references and studies directly related to this goal. 

2.1 Fabrication of Prestressing Strand  

Prestressing strand, shown in Figure 2-1, has a significant impact on the overall 

behavior of a prestressed concrete member (ACI 423.5R 1999).  The fabrication process 

for prestressing strand, in turn, significantly affects the performance of the material under 

static, dynamic, and corrosive conditions (Jones 1996).  It is therefore prudent to first dis-

cuss the way in which prestressing strand is fabricated. 

 

Figure 2-1: Prestressing Strand 
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Prestressing strand is fabricated through a multi-step production process involving 

both chemical and physical alterations to the original base material.  The first step in the 

production process begins with a high-carbon steel billet produced by continuous casting 

(Klein 2006).  This billet contains four to five times as much carbon as that used for mild 

reinforcing steel (Preston 1990).  The higher carbon content greatly increases the tensile 

strength but significantly decreases the ductility.  The billet is then hot rolled to the de-

sired rod diameter and cooled in a controlled process that results in a homogeneous pear-

litic grain structure (Klein 2006).  

The next step is drawing.  The rod is cold-drawn through a series of eight or nine 

carbide dies that progressively reduce the rod’s diameter (Sumiden 2006).  Besides re-

ducing the rod to the desired wire diameter, the cold drawing process alters the micro-

structure of the steel (Klein 2006).  The drawing process aligns the grain structure into a 

fibrous geometry, increasing the tensile strength of the steel from approximately 170 to 

more than 270 ksi (Sumiden 2006). 

The next step is stranding.  A prestressing strand is formed by helically wrapping 

six wires around a seventh, center wire that has a slightly larger diameter than the other 

six.  Seven spools of wire are loaded into the stranding machine, which then wraps the 

wires at the required rate and pitch (Sumiden 2006).  The stranding machine wraps the 

helical wires very tightly around the center wire to prevent slip (Podolney 1967). 

The final step is stress relieving and stabilization (Preston 1990).  In this thermo-

mechanical process, the strand is heated to approximately 700° F while under a tension 

stress of approximately 40 percent of the strand tensile strength.  This process relieves the 

residual wire drawing stresses, permanently elongates the strand, increases yield strength, 



14 

increases the ductility, and decreases relaxation losses in service (Preston 1990, Sumiden 

2006).  While still at 700° F, the strand is then quenched in a water bath, to lock in the 

permanent elongation and remove residual drawing lubricants from the strand surface 

(Sumiden 2006).  After drying, the strand is wound onto spools for shipping. 

As a result of this production process, prestressing steel exhibits a stress-strain re-

lationship significantly different than mild steel.  A detailed stress-strain diagram for 

Grade 270 prestressing strand is shown in Figure 2-2 (e.g., Lin and Burns 1981, Nilson 

1987). 

 

 
Figure 2-2:  Stress-Strain Curve for Grade 270 Prestressing Strand 
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The most apparent feature of this stress-strain diagram is that prestressing strand 

does not possess a well defined yield point, but instead exhibits a proportional limit be-

tween 210 and 215 ksi.  Between the proportional limit and a stress of about 230 ksi, the 

strand has a distinctly nonlinear region.  After that point, the strand shows gradual yield-

ing, but the curve continues to rise monotonically until the steel fractures at a stress of 

270 ksi.  As a result of this behavior, the yield point for prestressing strand is defined as 

the stress at which a total strain of one percent is reached (Nilson 1987).  Another critical 

feature to take note of is the decreased ductility of prestressing strand compared to mild 

steel.  Prestressing strand has a strain at failure of about 50 percent of that for Grade 60 

mild steel. 

The important findings from the discussion presented in this section are that the 

fabrication process for prestressing strand results in a unique macrostructure and micro-

structure that will impact the performance of the material under static, dynamic, and cor-

rosive conditions.  For instance, the unique make-up of seven individual wires for a 

single strand complicates the fatigue behavior as compared to a solid specimen.  Fur-

thermore, the unique grain structure results in a material that is distinctly anisotropic, 

which will impact fatigue crack growth and the nature of corrosion formation.    

2.2 Corrosion of Prestressing Strand  

Steel located in a high-pH environment, such as concrete or grout, is protected 

from corrosion by the formation of an oxide film (Jones 1996).  This thin (~10 nm), 

dense film strongly adheres to the steel surface and prevents further metal ions from dis-
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solving (Bentur et al. 1997).  The corrosion process is not halted, but is reduced to a neg-

ligible amount (Bentur et al. 1997).  Composed of both ferrous oxide, Fe(OH)2 or FeO, 

and ferric oxide, FeOOH or Fe2O3, this film is chemically stable in concrete (Bentur et 

al. 1997).  However, ferric oxide is the most stable and, over time, the ferrous oxide is 

slowly converted to ferric oxide, thus increasing the “strength” of the oxide film (Bentur 

et al. 1997).  This film develops chemically in the sequence indicated by Eqs. 2.1 through 

2.3.  

 

 

In the presence of chlorides in sufficient concentration, this stable passive film 

breaks down locally, and pitting occurs.  The exact mechanism of pit formation (nuclea-

tion) is not completely understood (Jones 1996).  However, based on extensive experi-

mentation, it is believed that the chlorides react with the ferrous oxide portions of the 

passive film and produce a soluble complex as shown in Eq. 2.4 (Bentur et al. 1997). 

This soluble complex, likely in the form FeCl2, dissolves in the surrounding solution and 

fails to protect the strand (Bentur et al. 1997).  Because this reaction competes with the 

conversion of ferrous oxide to ferric oxide, Eq. 2.3, it occurs more readily in the absence 

Fe → Fe2+ + 2e- 2.1

Fe2+ + 2OH- → Fe(OH)2 2.2

Fe(OH)2 + O2 → γ-FeOOH + H2O 2.3

Fe(OH)2 + Cl- → [FeCl]X 2.4
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of dissolved oxygen (Bentur et al. 1997).  In other words, pit nucleation is more likely to 

occur in regions of low dissolved oxygen within the electrolyte. 

The process of pit propagation, shown in Figure 2-3, is well understood (e.g., 

Jones 1996, Broomfield 1997).  Once failure of the passive film occurs, the iron is free to 

dissolve.  The release of positively charged ferrous ions produces a potential gradient 

within the electrolyte, causing the chloride ions to migrate to the initiation site, resulting 

in the electrochemical hydrolysis reaction shown in Eq. 2.5. 

The formation of hydrochloric acid (HCl), which readily dissociates, lowers the pH level 

at the initiation site.  The result is a self-propagating or autocatalytic pit growth mechan-

ism (Jones 1996).  A lower pH at the initiation site increases the rate of iron dissolution, 

which increases the potential gradient within the electrolyte, which increases the migra-

tion of negatively charged chloride ions, which form additional hydrochloric acid, which 

lowers the pH further, which increases the rate of iron dissolution, et cetera. 

Some of the ferrous ions migrate from the pit and oxidize at the pit mouth to form 

an insoluble, porous cap as shown in Figure 2-3.  This cap reduces the further escape of 

dissolved iron but allows the smaller chloride ions to penetrate to the pit interior (Jones 

1996).  The chloride ions sustain the acid solution within the pit and result in the contin-

ued dissolution of iron (Jones 1996).  The anodic reaction within the pit couples with a 

cathodic reaction on the strand surface, where oxygen is reduced to form hydroxyl ions, 

which increases the pH at these cathodic sites (Jones 1996). 

  

Fe2+ + 2H2O + 2Cl- → Fe(OH)2 + 2H++2Cl- 2.5
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One additional important point to note is the formation of atomic hydrogen within 

the pit at some point during the corrosion process (see Figure 2-3).  Due to the processes 

discussed previously, the environment within the pit is significantly different than that 

within the remainder of the electrolyte.  The formation of hydrochloric acid (H+) signifi-

cantly reduces the pH within the pit.  Dissolved ferrous ions also accumulate within the 

pit, due to formation of the cap.  However, as shown in Figure 2-3, once the dissolved 

oxygen within the pit is depleted, water within the pit dissociates and combines with the 

ferrous ions to form ferrous hydroxide and hydrogen ions (ACI 222.2R 2001). 

 

Figure 2-3: Schematic of Corrosion Pit Propagation in Steel 
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Electrons released during the dissolution of iron then combine with the hydrogen 

ions to form hydrogen atoms, which are adsorbed on the steel surface (Bentur et al. 

1997).  In most cases, atomic hydrogen will combine to form hydrogen gas molecules 

that bubble harmlessly out of the pit (Bentur et al. 1997).  However, in a neutral or acidic 

solution, such as that occurring within the confines of the pit, atomic hydrogen resides on 

the steel surface for a significant time (Jones 1996).  During this period, and because of 

atomic hydrogen’s comparatively small size, atomic hydrogen may enter the metal crystal 

lattice and result in hydrogen embrittlement (Jones 1996).  In general, atomic hydrogen 

diffuses through the metal crystal lattice of carbon steels at rates comparable to the diffu-

sion of most ions through aqueous solutions, on the order of 10-6 in2/s (Krom et al. 1999, 

Pickering 2008). 

The important finding from the discussion presented in this section involves the 

process of strand corrosion.  Specifically, that pitting corrosion is the likely form of de-

gradation for strand within a cementitious grout due to the ability of chloride ions to 

break down the protective oxide film.  Pitting corrosion is also potentially more serious 

than general corrosion due to the highly localized loss of material.  Furthermore, the pit-

ting corrosion process results in the formation of hydrogen, which can readily diffuse 

through the metal lattice and potentially embrittle the steel. 

2.3 Corrosion-Induced Failure of Prestressing Strand  

Mild steel and prestressing strand can behave very differently under the effects of 

corrosion.  Corrosion-induced damage to mild steel typically involves a loss of material 
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cross-section to the point that the reinforcing bar fails due to yielding (Bentur et al. 

1997).  This mode of failure is ductile and, although there is a loss of strength, the failure 

mode is identical to that which is experienced by non-corroded reinforcing bars.  On the 

other hand, prestressing strand exposed to corrosion can fail in two very brittle ways.  

These two failure modes are referred to as: (1) stress corrosion cracking (SCC) and (2) 

hydrogen embrittlement (HE) (Jones 1996). 

Both SCC and HE require a number of specific conditions in order to occur.  Both 

require a material at a relatively high constant stress, which nearly always occurs with 

prestressing strand in service.  Both require a material with a susceptible metallurgical 

structure, which occurs for prestressing strand because of its unique manufacturing 

process.  Both also require an active corrosion state (Jones 1996).  HE requires an acidic 

to neutral environment, since it requires the presence of an abundant amount of hydrogen, 

preferably in atomic or ion form (Jones 1996).  As noted previously, pitting corrosion re-

sults in a localized environment conducive to the formation of atomic hydrogen at the 

steel surface. 

The exact mechanisms involved in SCC and HE have been the subject of a great 

deal of research and much debate (Jones 1996).  Complicating the issue is that the exact 

mechanisms for each type of failure can vary with the particular alloy under attack; the 

two failure modes often overlap; and it is often impossible to distinguish between the two 

(Bentur et al. 1997, Jones 1996).  Nonetheless, they have one thing in common: they both 

cause the steel to fail in a brittle manner at a stress well below what would normally 

cause the material to fail. 
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It is generally believed that SCC is an extreme form of localized corrosion result-

ing in a micro-pit (Bentur et al. 1997).  The stress is highly concentrated at the crack/pit 

tip at the same time that the material at the tip is dissolving (Bentur et al. 1997).  This 

combination results in rapid crack growth and subsequent brittle failure (Jones 1996).  

Some researchers propose that hydrogen plays a role in SCC by weakening interatomic 

bonds at the crack tip (Jones 1996).  As discussed previously, hydrogen is often present 

within a corrosion pit, even for a material in a high pH environment. 

It is generally believed that HE is a result of the hydrogen atoms pinning disloca-

tions within the material and thus preventing plastic deformations, the result of which is 

to embrittle the material (Bentur et al. 1997).  This results in both decreased static and 

dynamic capacity.  One type of hydrogen embrittlement, often referred to as hydrogen-

induced cracking, occurs under constant stress and is very similar to SCC; the only dif-

ference is the definitive presence of hydrogen within the steel (Jones 1996).  Another 

type of hydrogen embrittlement involves the fatigue capacity of a material.  In this in-

stance, it is believed that the embrittlement process can occur either prior to or concur-

rently with the fatigue loading (ACI 222.2R 2001, Nürnberger 2002). 

The important finding from the discussion presented in this section involves the 

role of corrosion on the failure of prestressing strand under static and dynamic loading.  

This information is important because during the proposed experimental program, the 

strand will undergo exposure within the full-scale specimens while under a relatively 

high constant stress.  Furthermore, the role of hydrogen embrittlement is critical to under-

standing the fatigue behavior of the strand for both the individual strand tests and the full-

scale beam tests. 
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2.4 Individual Strand Fatigue Testing 

Research has shown that the fatigue life of a partially prestressed member can be 

predicted from the lesser of the reinforcing steel or prestressing strand fatigue lives (ACI 

423.5R 1999).  Thus, the fatigue capacity of the prestressing strand itself is significant in 

understanding the fatigue behavior of the member as a whole.  The following section dis-

cusses research on individual strand testing, including tests on both “clean” and corroded 

strand. 

Paulson (1983) completed the most extensive study to date on the fatigue capacity 

of “clean” prestressing strand.  This study compiled over 700 data points collected from 

20 different researchers.  Paulson also completed 50 fatigue tests to include with the data.  

Based on a statistical analysis, Paulson proposed a lower 5th percentile fracture design 

model, as shown in Eq. 2.6; where N is the number of cycles to failure, and Sr is the stress 

range in ksi. 

Also included in Paulson’s report is a mean fatigue life model (excluding grip failures), 

as shown in Eq. 2.7, with the variables as defined previously. 

Considerable research has been performed on “clean” prestressing strand (e.g., 

Paulson et al. 1983, Tide and VanHorn 1966, Warner and Hulsbos 1966).  However, only 

limited research has been performed on the mechanical properties of strand subjected to 

Log  N  = 11 – 3.5 Log Sr 2.6

Log  N  = 12.67 – 4.23 Log Sr 2.7
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corrosion or hydrogen embrittlement.  With increasing concerns over durability, re-

searchers have begun to study this issue. 

MacDougall and Bartlett (2002) investigated the static mechanical behavior of 

corroded, monostrand tendons.  Their method of corrosion involved unwinding the pre-

stressing strand and spraying it with a salt solution.  This approach generally leads to uni-

form corrosion as opposed to pitting corrosion.  However, it was appropriate for a study 

of ungrouted, monostrand tendons.  MacDougall and Bartlett found that the tendon lift-

off test currently recommended by ACI Committee 423 does not always reveal the pres-

ence of broken wires because of the increased interwire friction from corrosion.  

Siegwart (2006) investigated the impact of electrochemical chloride extraction 

(ECE) on the static and fatigue properties of prestressing strand.  ECE is a method of re-

moving chlorides from an existing structure in order to extend its service life.  As dis-

cussed previously, chlorides initiate and propagate corrosion of embedded steel in 

concrete.  Siegwart found that the ECE process temporarily reduced the fatigue life of 

prestressing strand due to hydrogen embrittlement. 

Lopes and Simoes (1999) investigated the fatigue resistance of corroded prestress-

ing strand and recommend a reverse bend test to study degradation of the strand.  The 

method of strand corrosion in this study consisted of either a salt spray or immersion in a 

pH neutral, salt solution.  Uniform corrosion, sometimes including uniform pitting, oc-

curred in all of their strand specimens.  The bend test recommended by the researchers 

concentrates the highest stress change at only one point along the strand. 

Nürnberger (2002) summarized a significant amount of work performed in Eu-

rope concerning corrosion damage to prestressing strand.  The paper discusses the causes 
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and mechanisms of corrosion, methods of preventing corrosion, and the results of corro-

sion on the behavior of prestressing strand.  Nürnberger concludes that local corrosion is 

the most detrimental form of corrosion experienced by prestressing strand.  Figure 2-4 is 

a plot from Nürnberger that shows the degradation in fatigue capacity of cold drawn pre-

stressing wire as a function of pitting corrosion (based on 2,000,000 cycles). 

The important findings from the discussion presented in this section involve the 

previous testing performed on both “clean” and corroded prestressing strand.  Paulson 

(1983) offers the most comprehensive treatment of fatigue testing of “clean” prestressing 

steel, summarizing over 700 data points collected from 20 different researchers spanning 

the last 50 years.  With regard to tests on corroded prestressing steel, Nürnberger (2002) 

 

 
Figure 2-4: Fatigue Capacity of Prestressing Wire as a Function of  

Pitting Corrosion.  Nürnberger (2002) Reproduced with Permission. 
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offers the most comprehensive treatment by summarizing the work performed in Europe.  

The other researchers discussed in this section dealt with corrosion and fatigue situations 

that have limited applicability to the current study. 

2.5 Corrosion Fatigue 

Corrosion fatigue is a complex phenomenon that involves the simultaneous action 

of corrosion and cyclic stress (Shipilov 2005, Wang 2000).  In general, true corrosion fa-

tigue results when the two individual processes of corrosion and fatigue act in concert 

and result in failure of the material in less time than either action acting alone.  The me-

chanism of corrosion fatigue involves one of two possible modes: anodic slip dissolution 

or hydrogen embrittlement.  Anodic slip dissolution involves the following process after 

initial crack nucleation: rupture of oxide film, dissolution of metal, crack advance under 

cyclic stress, oxide growth, rupture of oxide film, dissolution of metal, et cetera.  Hydro-

gen embrittlement, on the other hand, involves the reduction, adsorption, and diffusion of 

hydrogen from the corroding site to preferential locations within the metal lattice.  The 

subsequent embrittling of the steel results in an increased rate of crack growth. 

Actual situations of corrosion fatigue are highly complex and involve the interac-

tion of multiple variables and mixed modes of crack propagation (Wang 2000).  These 

variables include environmental, such as temperature, pressure, impurities, electrolyte 

pH, potential, and conductivity, mechanical, such as mean stress, frequency, and wave-

form, and metallurgical, such as impurity composition, microstructure, and cyclic defor-

mation modes (Wang 2000).  Furthermore, both true corrosion fatigue modes may occur 
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within the material under attack, and there is also a potential for stress corrosion cracking 

(SCC) to occur simultaneously with corrosion fatigue (Shipilov 2005).   

The type of corrosion has a significant impact on the corrosion fatigue behavior of 

a particular alloy (Wang 2000).  For instance, localized corrosion in the form of pitting 

often acts as a favorable location for crack nucleation and growth.  However, pitting is 

not the only potential initiation site and is not a necessary precursor to failure (Shipilov 

2005, Wang 2000). 

The particular situation of pitting corrosion and fatigue crack nucleation and 

growth has been studied extensively in the aircraft industry (e.g., Anderson 1995, Fett 

and Munz 1997).  One particular variable that complicates this situation is the competing 

nature of corrosion and fatigue crack growth during the anodic slip dissolution mode of 

corrosion fatigue.  Corrosion dissolves material but generally blunts the crack tip and re-

duces the fatigue crack growth rate (Chen et al. 1997).  Chen et al. developed a rate com-

petition criterion where the time-based crack growth rate has to exceed the pit growth rate 

for pit-to-crack transition. 

The important findings from the discussion presented in this section involve the 

nature of true corrosion fatigue and the myriad complexities involved in this phenome-

non.  True corrosion fatigue results when the two individual processes of corrosion and 

fatigue act in concert and result in failure of the material in less time than either action 

acting alone.  In addition, there are two modes of corrosion fatigue – anodic slip dissolu-

tion and hydrogen embrittlement – and both can occur simultaneously within a given ma-

terial and set of conditions.  Furthermore, actual situations of corrosion fatigue are highly 



27 

complex and involve the interaction of multiple variables and mixed modes of crack 

propagation. 

2.6 Fatigue in Post-Tensioned Concrete Members 

Fatigue loading on pretensioned members has been the focus of considerable re-

search (Abeles et al. 1969, Foo and Warner 1986, Naaman 1982, Overman et al. 1984, 

Rabbat et al. 1978, Warner and Hulsbos 1966).  Research on fatigue in post-tensioned 

members has been more limited, but has shown that fatigue life can be substantially 

shorter for post-tensioned members than for pretensioned members (Rigon and Thurli-

mann 1985, Ryals et al. 1992, Shahawi and Batchelor 1986, Wollman et al. 1988). 

The shorter fatigue life of post-tensioned members is due to strand-against-strand 

fretting fatigue and strand-against-duct fretting fatigue.  While in-air tests and small-scale 

tests of specimens with a single strand have been used successfully to investigate preten-

sioned members (Wollman et al. 1988), larger multi-strand specimens are necessary to 

capture the types of fretting fatigue common to post-tensioned members.  Key variables 

in fatigue resistance of post-tensioned members include the duct type, strand type, stress 

range, and the curvature of the tendon.  In studies on fretting fatigue in post-tensioned 

members (Rigon and Thurlimann 1985, Wollman et al. 1988), researchers found that the 

predominant mode of failure for metal ducts was strand-duct fretting, while the predomi-

nant failure mode for plastic ducts was strand-strand fretting.  The use of epoxy-coated 

strand in Wollmann’s studies reduced both types of fretting.  However, Wollmann points 
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out that only a very limited number of plastic duct and epoxy-coated strand specimens 

were tested. 

The important findings from the discussion presented in this section involve both 

the limited amount of research of fatigue in post-tensioned members and the phenomenon 

of fretting fatigue that is particular to post-tensioned concrete.  Because of the limited 

amount of work performed to date, additional research is required in the area of fatigue 

and post-tensioned concrete, particularly if partial post-tensioning is to become a viable 

alternative.  The other important finding is that fretting fatigue is a condition particular to 

post-tensioned concrete, and this characteristic will significantly alter the fatigue perfor-

mance of the strand.  Also, several of the key variables mentioned were incorporated into 

the test matrix for this study: duct type, stress range, and curvature of the tendon. 

2.7 Chloride-Induced Corrosion in Post-Tensioned Members 

Research in the area of chloride-induced corrosion for post-tensioned bridges is 

limited in part due to the long-term nature of durability studies.  The development of new 

post-tensioning materials and systems in recent years has made some durability research 

obsolete.  A large, long-term project was initiated in 1961 by Schupack and O’Neil 

(1997) to investigate end anchorage protection.  Unfortunately, many of the post-

tensioning materials used in the study are no longer used today.  Because of this, there is 

limited data available on the susceptibility of current post-tensioning materials and sys-

tems to chloride-induced corrosion. 
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Perenchio et al. (1989) investigated different strand, end anchorage, grout, and 

duct types through a year-long exposure study of small-scale specimens.  The epoxy-

coated strand and plastic ducts were found to have better performance than uncoated 

strand and a traditional galvanized duct.  Addition of silica fume or corrosion inhibitor 

(calcium nitrite) to the grout contributed little to corrosion performance.  Even under la-

boratory grouting conditions, voids were found in the duct.  

A large-scale research program at the University of Texas at Austin involved ex-

posure testing of twenty-seven large-scale beam specimens and ten large-scale column 

specimens to investigate numerous combinations of variables for durable post-tensioned 

substructure design (Schokker 1999a, 1999b).  Beam variables included prestress level, 

loading, grout type, concrete type, strand type, duct type, duct splices, and end anchorage 

protection.  Column variables included foundation connection, post-tensioning protec-

tion, concrete type, and loading.  The research included a comprehensive study on grouts 

for bonded post-tensioning, including fluidity testing, accelerated corrosion testing, and 

field-testing in a large-scale clear parabolic duct.  Interim design guidelines were devel-

oped and long-term exposure testing is ongoing.  Recommendations for immediate im-

plementation from this project include the use of plastic duct, plastic chairs, fly ash 

concrete, and high performance grout.  Specimens with higher levels of prestressing are 

generally showing less corrosion over time (Turco et al. 2007). 

The important finding from the discussion presented in this section is that results 

from previous durability studies have limited value due to the constantly evolving nature 

of construction and the long-term requirements for this type of testing.  Nonetheless, the 

recent study at the University of Texas offers data on the critical variables involved with 
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durability of post-tensioning systems.  These critical variables include prestress level, 

loading, grout type, concrete type, strand type, duct type, duct splices, and end anchorage 

protection.  Consequently, some of these key variables were incorporated into the test 

matrix for this study. 

2.8 Grouts for Bonded Post-Tensioning 

Portland cement grout is often used in post-tensioned structures to provide bond 

between internal tendons and the surrounding concrete, to discretely bond external ten-

dons at diaphragms and deviators and as corrosion protection for the tendons.  Grout for 

post-tensioning is usually a combination of Portland cement and water, along with any 

admixtures necessary to obtain required properties such as fluidity, thixotropy, and re-

duced permeability.  

Voids can form in the post-tensioning duct from incomplete grouting, trapped air 

pockets, or from the evaporation of bleed water pockets.  Bleed lenses that form as a re-

sult of the separation of water from the cement are accentuated by the addition of seven-

wire strand, which acts as a water-transport mechanism (Schupack 1971).  Ducts with 

vertical rises will typically experience more bleed due to the increased pressure within 

the grout column.  By far the most common problem found in corroded post-tensioning 

tendons is poorly grouted or completely ungrouted tendons.  In response to the need for 

proper grouting, the Post-Tensioning Institute completed the Guide Specification for 

Grouting of Post-Tensioned Structures (2003).  This specification includes recommenda-
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tions on grout materials and design based on research findings in this area (Schokker et 

al. 2001, 2002a, 2002b). 

Voided areas in the duct leave a small section of strand unbonded and may have 

an effect on the fatigue properties of the member.  While the effect of voids on the corro-

sion protection of the strand has been studied (Hamilton 1995, Schokker 1999a, Schu-

pack 1974), this effect has not been studied with relation to fatigue.  Key areas for voids 

are at high points (such as crests in draped tendons) and end anchorages.  Larger voids 

may be less of a problem from a fatigue point of view, since the stress in the voided area 

will be distributed along that part of the tendon (acting as an unbonded tendon in the 

voided area).  However, small voids or cracks in the grout may become problem areas.  

Voids at the end anchorage may allow significant movement causing fatigue concerns at 

the strand-wedge interface, particularly if corrosion has started in this area. 

The important findings from the discussion presented in this section are that 

grouting defects impair the corrosion protection of the strand and may also impair the fa-

tigue performance of the post-tensioning tendons.  These defects may be in the form of 

voids, bleed water pockets, and bleed lenses.  The typical locations for these voids are at 

the high points in the strand profile and at the end anchorages. 

2.9 Level of Prestress 

The subject of varying levels of prestressing has been a topic of much discussion 

(ACI 423.5R 1999, Bennett 1986, Cohn 1986, Freyermuth 1986, Ivering and Trost 1990, 

Naaman 1986).  One serious concern about the use of sections with lower prestress levels 
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is reduced durability.  A traditional fully prestressed section will be uncracked at service 

loads.  As the percentage of post-tensioning decreases, the number of cracks in the loaded 

structural member tends to increase.  Completely uncracked sections resist aggressive 

agents more effectively than cracked sections and are also more resistant to fatigue.  

However, there may be economic benefits to using sections with lower levels of pre-

stressing.  Even sections designed as uncracked may end up as cracked sections due to 

overload, excessive loss of prestress, or shrinkage stresses.  The member should have a 

level of prestressing sufficient to provide adequate corrosion protection for the given ap-

plication.  The combination of cyclic loading and an aggressive environment for partially 

prestressed members needs to be investigated prior to widespread use of these sections in 

bridge applications. 

The important finding from the discussion presented in this section is that partial-

ly prestressed sections are susceptible to cracking and thus raise concerns about corrosion 

and fatigue performance.  Cracking of the concrete removes one of the levels of protec-

tion enjoyed by a fully prestressed element.  Cracking of the concrete also results in a 

higher stress range for the tendon during the application of live load to the element.  

These two concerns are the critical issues of this study. 

2.10 Unanticipated Loss of Prestress 

If a fully prestressed element experiences an excessive loss of prestress, it will 

behave as a partially prestressed design, which will crack during the application of live 

load.  Excessive loss of prestress can occur due to a number of factors, such as construc-
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tion defects, material defects, overload, corrosion, and retrofitting.  This loss of full pre-

stress does not necessarily condemn the structure.  In truth, the structure typically still 

possesses sufficient strength to support load over some service life – although likely not 

the full service life that was originally intended.  However, no design guidelines exist to 

assist the engineer in determining what that safe service life is. 

During his tenure as a forensic engineer for Construction Technology Laborato-

ries, Inc. (CTL), the author encountered a wide variety of projects involving unintentional 

loss of full prestress.  These projects dealt with both new and existing construction and 

both pretensioned and post-tensioned concrete structures.  Problems so encountered are 

described in a general sense in the following sections. 

2.10.1 Construction Defects 

Construction defects likely account for the largest unintentional loss of prestress 

in post-tensioned concrete structures.  These defects are common to almost all construc-

tion projects to some degree.  However, in many field cases, these defects led to serious 

concerns about the integrity and service life of the structure.  Typical construction defects 

that result in less than full prestress include: improper tendon profile, improper tendon 

location, honeycombing at end anchorages and low points in the tendon profile, and lack 

of full tensioning of the tendons.   

A typical improper tendon profile involves a slight to pronounced reverse curva-

ture of the tendon near the low point or high point of the drape.  This reverse curvature 

induces forces opposite to the intended prestress, thus adding to the stresses due to load-
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ing instead of counteracting them.  The overall affect is equivalent to a reduced level of 

prestress in the member. 

Improper tendon location involves either misplacement of the tendon within the 

formwork or movement of an improperly secured tendon during concrete placement.  An 

improper tendon location, well beyond any acceptable construction tolerance, alters the 

stress distribution of the cross section.  Any loss of tendon eccentricity reduces the pre-

compression of the tension zone of a member. 

Honeycombing at end anchorages and low points in the tendon profile is not an 

uncommon problem in post-tensioned concrete construction.  Due to its internal location, 

the honeycombing often goes unnoticed prior to the stressing operation.  In the majority 

of instances, the stressing operation reveals the defect when it occurs at the end ancho-

rages.  However, in some instances, the end anchorage has slipped well after the stressing 

operation yet prior to tendon grouting.  If this goes unnoticed, the result is a reduction in 

the level of prestress.  Honeycombing at low points in the tendon profile typically results 

in localized straightening of the tendon during stressing, which is equivalent to the affect 

of an improper tendon profile or tendon location.    

2.10.2 Material Defects 

Although not nearly as common as construction defects, material defects have 

been known to result in less than full prestress of post-tensioned concrete structures.  In 

essence, the material defects resulted in significantly greater than anticipated prestress 

losses, thus reducing the effective prestress.  The two most common defects are increased 
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creep and shrinkage of the concrete.  Both defects are usually related to greater than spe-

cified water-cement ratios in the concrete.  However, in a few cases, inadequate curing 

resulted in excessive premature drying of the concrete and contributed to the excessive 

losses.     

2.10.3 Additional Factors 

Exceeding the design load of a prestressed structure can result in cracking of the 

cross section.  Such cracks, due to the small gauge length and local debonding of the ten-

don, can result in local yielding of the prestressing tendon.  Excessive overload of a post-

tensioned bridge in New Jersey initiated yielding in the prestressing tendon that reduced 

the level of effective prestress (Oesterle and Volz 1994). 

Tendon corrosion may occur in a fully prestressed section causing a loss of pre-

stress force due to wire breakage.  Corrosion issues are discussed in more detail in Sec-

tions 2.2 and 2.3. 

One research aspect of the FHWA Jointless Bridge Project involved retrofitting 

existing jointed bridges (Oesterle et al. 2007).  A jointless bridge is subjected to internal 

restraint strains, continuity strains, and longitudinal restraint strains that typically do not 

exist in a jointed bridge.  These additional secondary stresses may add to the stresses due 

to dead and live loads and need to be included in the original design approach.  However, 

the amount of prestress in a retrofitted bridge is already set.  As a result, a retrofitted 

jointed bridge is essentially partially prestressed, and fatigue of the prestressing tendons 

becomes a design issue. 
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The important finding from the discussion presented in Section 2.9 is that a fully 

prestressed element that experiences an excessive loss of prestress will behave as a par-

tially prestressed design.  Thus, the guidelines developed as part of this study will be di-

rectly applicable to this situation, for which no current guidelines exist. 

2.11 Code Provisions and Committee Recommendations 

The AASHTO LRFD Bridge Design Specifications (2008) limit both the allowa-

ble stress range and maximum curvature for a prestressing strand.  The minimum radii of 

curvature for a strand is set at 20 feet, except in anchorages areas where a minimum of 12 

feet is permitted.  The allowable stress range is 18 ksi when the strand radius is equal to 

or greater than 30 feet and 10 ksi when the radius is equal to 12 feet, with a linear inter-

polation allowed between these limits.  These values correspond to 0.067 and 0.037 times 

the guaranteed ultimate tensile strength (GUTS), fpu, for Grade 270 strand, respectively.  

For conditions where the strand radii exceed the limits stated or where there is concern 

over metal-to-metal fretting fatigue, the designer is directed to consult the applicable lite-

rature to determine revised fatigue limits. 

Some researchers (Ryals et al. 1992, Wollman et al. 1988) have proposed apply-

ing the AASHTO LRFD Fatigue Categories B and C to the design of prestressing strand 

for fatigue.  Although these were originally developed for structural steel weldments, 

comparison with a significant amount of test data reveals good agreement with the fati-

gue design curves for these categories.  
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The CEB-FIP Model Code (1990) limits the allowable stress range for prestress-

ing strand based on a minimum fatigue life of 2,000,000 cycles.  The allowable stress 

range is equal to 0.15fpu, with a minimum applied stress not to exceed 0.75fpu. 

Although ACI 318 Building Code Requirements for Structural Concrete (2008) 

does not contain any specific limitations, ACI Committees 215 and 423 have recommen-

dations for fatigue limits of prestressing strand.  As in the CEB-FIP Model Code, these 

recommendations are based on a minimum fatigue life of 2,000,000 cycles.  The allowa-

ble stress range recommended in ACI 215R (1997) is equal to 0.06fpu, with a minimum 

applied stress not to exceed 0.60fpu.  However, in locations of tendon curvature where 

fretting fatigue may be an issue, ACI 215R limits the stress range to 0.054fpu.  The allow-

able stress range recommended in ACI 423.5R (1999) is equal to 0.10fpu, with a mini-

mum applied stress not to exceed 0.60fpu.  However, ACI 423.5R also recommends 

Paulson’s equation discussed in Section 2.4. 

The code provisions and committee recommendations discussed previously are 

summarized in Table 2-1. 

2.12 Summary 

The goal of this study was to develop a better understanding of the interaction of 

corrosion and fatigue on partially post-tensioned concrete members.  In order to pursue 

that goal, the author needed to investigate the current body of knowledge associated with 
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each critical aspect of this study, from prestressing strand performance to design code 

provisions and industry committee recommendations.   

 

 

This investigation began by studying the single most important component of the 

system – the prestressing strand.  Prestressing strand undergoes a very particular manu-

facturing process that involves both chemical and physical alterations to the original base 

material.  These alterations affect the static, dynamic, and corrosive performance of the 

strand.  In general, prestressing strand has excellent fatigue properties but is susceptible 

to corrosion, hydrogen embrittlement, and stress-corrosion cracking. 

After investigating the prestressing strand, the author focused on durability of 

post-tensioned systems.  Two major strengths of a post-tensioned structure for fighting 

corrosion are crack control and multiple levels of corrosion protection.  These levels of 

protection can include the duct, grout, and strand coatings.  However, construction de-

Table 2-1: Summary of Code Provisions and Committee Recommendations 

Reference Allowable Fatigue 
Stress Range 

Minimum Stress 
Upper Limit Remarks 

     AASHTO 
 

0.067fpu 
0.037fpu 

- 
- 

≥ 30 ft. radii 
12 ft. radii 

     CEB-FIP   0.15fpu 0.75fpu - 

     ACI 215 
 

  0.06fpu 
0.054fpu 

0.60fpu 
0.60fpu 

typical condition 
fretting concerns 

     ACI 423   0.10fpu 0.60fpu also Paulson’s eqn. 
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fects can occur that reduce the level of protection and lead to potential problems, particu-

larly since the prestressing strand is usually inaccessible to view. 

The next area of review involved the effect that different levels of prestressing 

have on the overall behavior of a post-tensioned member subjected to fatigue and corro-

sion.  A fair amount of research has been performed on the fatigue performance of pre-

tensioned, partially prestressed concrete members.  However, very little research has been 

performed on post-tensioned, partially prestressed concrete members.  A significant 

amount of research has also been performed on corrosion of post-tensioned concrete 

members.  However, no research had been performed on the combination of fatigue and 

corrosion on the behavior of partially post-tensioned concrete members. 

Finally, the investigation touched on the various code provisions and committee 

recommendations pertaining to fatigue of prestressed concrete members.  These provi-

sions were summarized in Table 2-1. 

The results of this literature review then served as the starting point for this re-

search endeavor. 
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Chapter 3 
 

Individual Strand Testing 

This chapter discusses the exposure, fatigue testing, and analysis of individual 

strand specimens for the specific sequence of corrosion followed by fatigue to failure.  

The objective of this testing was to develop a relationship between the amount of corro-

sion on the strand and the resultant fatigue capacity.  Research has shown that the fatigue 

life of a partially prestressed member can be predicted from the lesser of the reinforcing 

steel or prestressing strand fatigue lives (ACI 423.5R 1999).  Thus, the ultimate intent 

was to determine whether this strand corrosion-fatigue relationship could then predict the 

response of full-scale beam specimens undergoing the same sequence of exposure to 

chlorides followed by fatigue until failure.  Testing of the full-scale beam specimens is 

discussed in Chapter 5. 

The methodology developed for this corrosion fatigue study of prestressing strand 

involved the following steps: (1) corrode the strand samples to different amounts of sec-

tion loss; (2) characterize the amount and disposition of the corrosion; (3) test the strand 

samples under cyclic loading until failure; and (4) determine a relationship between the 

amount of strand corrosion and the resulting fatigue capacity. 

The author investigated both analytical and empirical approaches to develop this 

corrosion-fatigue relationship.  The analytical approach involved Linear Elastic Fracture 

Mechanics (LEFM), which included several variations on how to treat the corrosion pit as 

either an initial defect, stress concentrator, or simply a reduction in effective strand area.  
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The empirical approach examined the relationship between the number of cycles to fail-

ure and the following corrosion measurements: maximum pit depth, average pit depth, 

percentage loss of strand area, percentage of corroded strand surface, and percentage 

weight loss of strand.  In the end, an empirical relationship proved the most reliable. 

3.1 Corroding of Strand Samples 

This section discusses the method of corroding the individual strand samples.  

The most important consideration with respect to corroding the strand samples is to mim-

ic the exact conditions encountered in the field.  Steel located in a high pH environment, 

such as concrete or grout, is protected from corrosion by the formation of an oxide film 

(Böhni 2000).  However, if chloride ions in sufficient concentration come in contact with 

this film, the passivating layer will break down, resulting in pitting corrosion (Böhni 

2000).  Pitting corrosion is potentially more dangerous to the integrity of the strand than 

uniform corrosion because the corrosion cell is concentrated at a few locations, resulting 

in a highly localized loss of material.     

To mimic this mechanism, strand samples were placed in a simulated concrete 

pore water solution containing five percent by mass of NaCl salts.  The pore water solu-

tion consisted of deionized water mixed with the following concentrations of hydroxides 

(Christensen et al. 1992): 

 0.32 mol/L of KOH, 

 0.17 mol/L of NaOH, 

 0.07 mol/L of Ca(OH)2 
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The author placed the strand samples within the above solution and allowed them 

to corrode at their own natural pace, as shown in Figure 3-1.  (Initial testing accelerated 

the degradation process by applying an electrode potential to the strand sample.  Howev-

er, as discussed in Appendix A, this method was subsequently abandoned.)  A plastic 

container measuring 26.5”x 15.8”x 6.5” was used to contain the pore water and NaCl salt 

solution.  A 1/2" diameter hole was drilled in the short sides of the container through 

which the strand sample was placed.  These holes were subsequently sealed with a rub-

ber-silicone caulk.  This arrangement was used to limit the exposed portion of the strand 

to the center two-thirds, eliminating corrosion within the vicinity of the attachment points 

to the fatigue frame. 

 

Figure 3-1: Non-Accelerated Corrosion Setup 
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Due to potential wicking affects, the strand regions outside of the plastic container 

underwent additional protective measures.  Prior to placing the solution in the container, 

the strand end regions were first dipped into low-viscosity oil and then coated in high-

viscosity grease.  The oil penetrated between the individual wires, and the grease coated 

the exterior surfaces and sealed in the oil.  Post-fatigue testing examination revealed ex-

cellent protection of the strand end regions through this method.   

As shown in Figure 3-1, some of the calcium hydroxide does not go into solution 

(the white material on the strand and bottom of the container).  When the above concen-

trations of hydroxides are added to the deionized water, the mixture becomes saturated.  

Because calcium hydroxide has the lowest solubility of the three hydroxides, a portion of 

the calcium hydroxide remains in suspension and eventually settles to the bottom of the 

solution.  The pH of the solution was tested at three separate times: immediately after 

mixing of the water and hydroxides; immediately after the undissolved portion of the cal-

cium hydroxide settled to the bottom of the solution; and, finally, two months after mix-

ing.  At all three times, the pH measured approximately 13.3, which is consistent with 

values for concrete and grout and facilitated the formation of an oxide film on the strand. 

However, due to the length of time required to corrode many of the samples, pH 

testing of the solution continued at two-month intervals.  For the majority of measure-

ments, the pH remained at 13.3 due to periodic addition of solution to compensate for 

evaporation.  However, at certain times of the year when the evaporation rate slowed and 

the solution was not replenished as often, the pH fell to values of 10 to 12.  The likely 

cause of the drop in pH is carbonation of the solution due to carbon dioxide (CO2) in the 

air, similar to carbonation of concrete although occurring much faster in an aqueous solu-
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tion.  Subsequent adjustments to the testing protocol maintained the pH above 13 for all 

samples throughout the immersion period.   

The author also investigated the following non-electrochemical techniques to de-

crease the time to corrosion of the strand samples: 

1. periodic agitation of the solution; 

2. active aeration of the solution; 

3. sealing of the setup; and 

4. varying the NaCl salt concentrations. 

Even with the inherently variable nature of pitting corrosion, the author was able to iden-

tify which characteristics were most favorable to initiating and propagating the process.  

The optimum conditions consisted of a stagnant solution, open to the air, and containing 

five percent by mass of NaCl salts.  The stagnant solution conclusion is consistent with 

other pitting corrosion research studies (Böhni 2000).  Consequently, active aeration of 

the solution, meant to provide an abundance of dissolved oxygen, actually increased the 

time to corrosion due to its agitating effect.  It is also likely that the initial amount of dis-

solved oxygen within the solution was sufficient to passivate the strand and induce pitting 

in the presence of chlorides (Jones 1996).  Thus, sealing the container had no influence 

on the process.  With respect to the NaCl salt concentration, levels above five percent did 

not shorten the time to initiation. 

Partial immersion of the strand will also accelerate pit formation due to the forma-

tion of differential aeration cells (Jones 1996).  Cathodic areas naturally form at the wa-

terline due to the abundance of dissolved oxygen near the surface of a stagnant solution 

(Jones 1996).  Anodic areas, on the other hand, form nearby but lower down in the solu-
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tion where oxygen is not as readily replaced (Jones 1996).  The anodic site also favors a 

location as close as possible to the cathodic site, in order to reduce distance (resistance) 

within the electrolyte, yet still within an area of decreased dissolved oxygen (Jones 

1996).  In other words, in a partially submerged horizontal section of strand, pitting will 

form very near, but not at, the waterline.  Initially, the author employed this technique, as 

opposed to full immersion, to accelerate the corrosion process.  However, considerable 

care is required to prevent uniform corrosion on portions of the strand located above the 

waterline, and this method may force the pitting to occur at predetermined locations.  In-

stead, the author fully immersed the strand but located it very near the surface of the solu-

tion, which also tended to accelerate the corrosion process but eliminated the problems 

mentioned above. 

Pitting corrosion is inherently unpredictable (Böhni 2000, Jones 1996).  During 

the corrosion step of the process, the author found little consistency between the amount 

of time within the solution and the resulting amount and distribution of corrosion.  Some 

strand samples started corroding within two weeks after placement within the solution, 

while many others did not start corroding until two months after placement.  A few sam-

ples did not start corroding for over a year.  Furthermore, the number of pitting locations 

varied between strand samples, even between those samples that started corroding at ap-

proximately the same time after placement within the solution.  Nevertheless, with time 

and patience, the author was able to obtain a series of samples that represented various 

levels of pitting corrosion. 
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3.2 Characterization and Measurement of Corrosion 

This section discusses the characterization and measurement of the corrosion ex-

perienced by the individual strand samples.  In general, the strand experienced two types 

of localized attack – pitting corrosion and crevice corrosion – in approximately equal 

amounts.  Figure 3-2 shows the typical pitting corrosion attack of the strand, and Figure 

3-3 shows the typical crevice corrosion attack of the strand.  Both types of corrosion are 

typical for an alloy in a high pH and salt enriched environment (Jones 1996).   

While pitting corrosion and crevice corrosion share similar mechanisms, crevice 

corrosion is controlled more by geometric constraints, such as those that occur due to the 

seven-wire make-up of the strand (see Figure 2-1).  The interstitial spaces created by the 

six helically wrapped wires provide a geometry that is conducive to the formation of cre-

vice corrosion.  However, because of the non-traditional crevice shape formed by the 

wires (i.e., variable thickness instead of constant thickness), the corrosion experienced 

within these interstitial spaces is more pitting-like and less crevice-like in its morphology. 

The morphology of classic crevice corrosion is shown in Figure 3-4 (Jones 1996).  

The shape of the section loss within the crevice follows the shape of the active and pas-

sive regions of the anodic polarization curve (Pickering 2003).  However, studies have 

shown that pitting can form near the mouth of very tight crevices (Jones 1996), such as 

those that occur between adjacent wires of the strand.  Furthermore, research has shown 

that the presence of chlorides in the electrolyte can promote the formation of pitting near 

the mouth of a crevice (Cho and Pickering 1991). 
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Figure 3-2: Pitting Corrosion Attack 

 

Figure 3-3: Crevice Corrosion Attack 
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Examination of the corrosion that occurred within or very near the interstitial wire 

spaces revealed a section loss that resembled an elongated pit, both in shape and in sur-

face texture.  The interior surface of the crevice corrosion appeared virtually identical to 

the interior surface of the pitting corrosion experienced by the strand.  This finding is 

very critical because research has shown that pitting corrosion typically results in open 

and polished hemispherical pits, while crevice corrosion can result in etched crack-like 

shapes (Böhni 2000).  Crack-like shapes would tend to exhibit a much higher stress con-

centrating affect during the subsequent fatigue loading.  It would appear that the geome-

try of the interstitial spaces promoted pit formation that, once reaching a certain 

hemispherical shape, had its growth pushed parallel to the adjacent wires, resulting in an 

elongated pit shape.  Consequently, the two types of localized corrosion were treated 

identically in determining a relationship between the amount of corrosion and the result-

ing fatigue capacity. 

 

 

Figure 3-4: Schematic of Typical Crevice Corrosion Attack 

Crevice Corrosion

Steel Specimen 

Inert Material 
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Tables 3-1 and 3-2 contain the results of the strand corrosion mapping and mea-

surements for the strand samples.  Table 3-1 contains the specimen designation, depth of 

localized corrosion, type of localized corrosion (‘P’ for pitting, ‘C’ for crevice), and wire 

location.  The six outer wires were numbered clockwise from one to six, as shown in Fig-

ure 3-5.  Prior to mapping, the specimens were thoroughly cleaned with a degreaser, wire 

brush, and steel wool pad.  All localized corrosion visible to the unaided eye was in-

cluded in the corrosion mapping.  Pit depths were measured with a digital pit depth gauge 

having a range of 0 to 0.5 in. and a resolution of 0.0005 in.  The measurements recorded 

in Table 3-1 represent the maximum depths measured for each individual pit. 

Table 3-2 contains the specimen designation, net area, percentage of corroded 

strand surface, and percentage weight loss.  The net area calculation was based on the 

minimum remaining area for all seven wires.  In other words, if a particular wire had 

more than one corrosion pit, the area calculation for that wire was based on the largest pit 

depth.  The percentage of corroded strand surface was based on the total strand area ex-

posed to the solution, and the percentage weight loss was based on before and after 

weight measurements of each strand sample. 

Autopsies performed after fatigue testing revealed no pitting of the center seventh 

wire.  However, some samples exhibited a very light uniform corrosion of the center 

wire.  For all specimens tested, the center wire never failed due to fatigue loading but in-

stead suffered either a traditional cup-cone fracture or pulled out of the chuck due to fail-

ure of the six outer wires.  In other words, the center wire only failed after a sufficient 

number of outer wires failed due to fatigue such that the stress in the center and remain-

ing wires exceeded the ultimate tensile strength.  
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Table 3-1: Strand Specimen Corrosion Data 

Specimen Depth of Local  
Corrosion (in.)  

Type of Local 
Corrosion Wire Location 

    
SC-1 

 
0.002 
0.003 
0.003 
0.004 
0.005 
0.005 
0.009 
0.010 

 

P 
P 
C 
P 
C 
P 
C 
C 

6 
3 
1 
6 
1 
2 
4 
4 

SC-2 0.003 
0.005 
0.007 
0.007 
0.009 
0.010 
0.010 

 

C 
C 
C 
P 
C 
P 
C 

4 
6 
6 
5 
1 
1 
2 

SC-3 0.010 
0.011 
0.011 

 

C 
C 
P 
 

5 
5 
3 
 

SC-4 
 

0.012 
0.013 
0.015 
0.016 
0.016 
0.016 

 

P 
P 
C 
P 
P 
C 

2 
6 
3 
3 
1 
4 
 

SC-5 0.012 
0.012 
0.013 
0.014 
0.016 
0.017 
0.022 

 

P 
P 
C 
C 
P 
C 
P 
 

2 
2 
5 
6 
3 
4 
3 
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Table 3-1: Strand Specimen Corrosion Data (cont’d) 

Specimen Depth of Local  
Corrosion (in.)  

Type of Local 
Corrosion Wire Location 

    
SC-6 0.008 

0.012 
0.014 
0.020 
0.020 
0.022 

 

C 
C 
P 
P 
C 
P 

3 
2 
4 
4 
2 
1 

SC-7 
 

0.024 
0.025 
0.025 

C 
P 
C 

5 
5 
4 

SC-8 0.006 
0.019 
0.027 
0.030 
0.030 
0.033 
0.035 
0.035 

P 
C 
P 
P 
C 
C 
P 
C 

4 
2 
5 
4 
1 
1 
3 
3 
 

SC-9 0.019 
0.023 
0.024 
0.029 
0.033 
0.035 

 

C 
C 
P 
P 
P 
C 

6 
1 
3 
3 
5 
4 

SC-10 
 

0.018 
0.028 
0.031 
0.033 
0.036 
0.037 
0.039 
0.050 

 

C 
C 
C 
C 
P 
C 
P 
P 

5 
5 
1 
6 
4 
3 
3 
2 
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Table 3-1: Strand Specimen Corrosion Data (cont’d) 

Specimen Depth of Local  
Corrosion (in.)  

Type of Local 
Corrosion Wire Location 

    
SC-11 0.025 

0.037 
0.040 
0.040 
0.043 
0.048 

 

C 
P 
C 
C 
P 
P 

4 
2 
5 
6 
1 
2 

SC-12 
 

0.035 
0.035 
0.040 
0.046 
0.050 

 

C 
C 
C 
P 
P 

6 
2 
2 
5 
3 

 

 

 

Figure 3-5: Wire Numbering Convention for Recording Corrosion Data in Table 3-1 

1 

2 

3 
4 

5 

6 
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In addition to characterizing and measuring the localized corrosion experienced 

by the strand, it is important to note that hydrogen evolution occurred during the corro-

sion process.  Figure 3-6 is a photograph of a strand sample undergoing pitting corrosion 

while in the simulated pore water and salt enriched solution.  Mass spectrometer analysis 

of the bubbles shown in the figure indicated predominantly hydrogen gas, with trace 

amounts of nitrogen and oxygen.  As shown in the figure, all of the bubbles coincide with 

Table 3-2: Strand Specimen Corrosion Data 

Specimen Net Area (in.2)  Percentage of Corroded 
Strand Surface 

Percentage  
Weight Loss 

    
SC-1 

 
0.1515 

 
0.0032 0.0002 

SC-2 0.1513 
 

0.0043 0.0002 

SC-3 0.1514 0.0028 0.0002 

SC-4 0.1502 0.0087 0.0006 

SC-5 0.1499 0.0169 0.0022 

SC-6 0.1498 0.0138 0.0015 

SC-7 0.1500 0.0137 0.0017 

SC-8 0.1456 0.0619 0.0126 

SC-9 0.1459 0.0381 0.0055 

SC-10 0.1403 0.0836 0.0184 

SC-11 
 

0.1406 
 

0.0699 0.0130 

SC-12 0.1415 0.0788 0.0197 
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active pitting and, based on the mass spectrometry, support the theory put forth by nu-

merous researchers (e.g., Novokshchenov 1994, Bentur et al. 1997, Broomfield 1997) 

concerning hydrogen formation within a corrosion pit. 

These researchers postulated that with the production of free acid (H+) within the 

pit, the lower pH results in a shift in the corrosion potential below the reversible hydro-

gen potential and the subsequent formation of atomic hydrogen.  This process begins 

once the dissolved oxygen within the pit is depleted.  At this point, water within the pit 

dissociates at the anode site to form H+ protons.  These protons migrate to the cathode 

site, which has moved inside of the pit, to combine with electrons released during the dis-

solution of iron to form hydrogen atoms. 

 

Figure 3-6: Hydrogen Evolution During Localized Corrosion Attack 
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Equally important as the presence of hydrogen is the fact that this corrosion 

process was allowed to occur at its own natural pace, without an artificially applied po-

tential.  This atomic hydrogen can either combine to form hydrogen gas, which bubbles 

harmlessly out of the pit (see Figure 3-6), or, in some instances, it can reside on the steel 

surface and eventually enter the metal lattice structure and embrittle the steel.  It is im-

possible to observe whether any atomic hydrogen entered the strand samples. 

3.3 Fatigue Test Setup, Test Parameters, and Test Results 

This section discusses the fatigue test setup, test parameters, and test results for 

the individual strand specimens.  To test the strand specimens in fatigue, they were 

placed in a supplemental frame within a 220 kip, servo-hydraulic, four-post, fatigue rated 

frame.  A drawing of the test setup is shown in Figure 3-7, with a photograph of the test 

setup shown in Figure 3-8.  Reusable chucks anchored the strand at each bearing plate.  

The author used chucks manufactured for 0.6” diameter strand because of the supplemen-

tal protection required to prevent the wedge teeth from biting into the strand, and thus 

causing a severe stress concentration and probable failure within the anchorage.  This 

protection is shown in Figure 3-9 and discussed in more detail in Appendix B.  To pre-

vent the helically wrapped wires from unwinding during the test, the author installed an 

anti-rotation device as part of the supplemental test frame (see Figure 3-8).  Essentially a 

vertical roller, the anti-rotation device allowed free vertical movement during the fatigue 

loading but restrained rotation of the actuator head. 

  



56 

 

Figure 3-7: Strand Specimen Fatigue Test Setup 

 

Figure 3-8: Strand Specimen Fatigue Test Setup 

Reusable Chuck (typ.) 
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Bearing Plate 
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Actuator 

Reusable Chuck 
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Reusable Chuck
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The author selected a 36” gage length for the 1/2"-diameter strand specimens.  

ASTM A416 (2005) prefers a minimum test length of 60 times the nominal strand diame-

ter, although it also allows 40 times the nominal strand diameter.  Consequently, a mini-

mum gage length of 30” would satisfy ASTM A416.  ACI 423.7 (2007) requires a 

minimum gage length of 36” for tendon fatigue testing.  To account for the end anchor-

age treatments discussed previously, all strand specimens were cut to a length of 46”.  

ASTM A370 (2005) cautions against applying significant heat to a strand test specimen, 

thus the author cut all specimens with an abrasive saw as opposed to torch cutting.  All of 

the fatigue specimens were taken from the same spool of prestressing strand. 

For the fatigue testing, the author chose 0.60fpu as the minimum applied stress and 

0.75fpu as the maximum applied stress.  Thus, for a strand area of 0.153 in.2 and an ulti-

mate tensile strength of 270 ksi, these stresses correspond to minimum and maximum 

loads of 24.8 and 31.0 kips, respectively.  The value of 0.60fpu represents a reasonable 

lower bound for the effective prestress after losses due to anchor seating, creep, shrin-

kage, friction, and steel relaxation (e.g., ACI 318 2008, ACI 215R 1997, Paulson 1983).  

The value of 0.60fpu is also the traditional lower bound used in 95 percent of the strand 

fatigue studies performed in the last 50 years (Paulson 1983).    

 

Figure 3-9: Strand Specimen End Treatment for Fatigue Testing 

Aluminum Tubing Over Aluminum  
Oxide Grit Impregnated Epoxy 
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For the upper bound, both AASHTO LRFD (2008) and ACI 318 (2008) limit the 

maximum applied strand stress to a value of 0.80fpu, although this limit applies during the 

jacking operation.  Immediately after transfer, both codes currently limit the maximum 

strand stress to a value of 0.74fpu.  For a partially prestressed concrete section, the stress 

increase due to live load, which represents the cyclic portion of the fatigue loading, will 

primarily vary as a function of the dead-to-live-load ratio and the level of partial pre-

stressing chosen by the designer.  Therefore, the author performed a parametric study of 

typical partially prestressed designs and found the strand stress to vary between 0.65 and 

0.75fpu during the application of live load.  Thus, the upper bound was chosen as 0.75fpu.  

However, it is important to mention that the actual stress range selected was not critically 

important, as the intent of the strand study was to determine how corrosion reduced the 

fatigue capacity for a given stress range. 

The author used load-controlled sequencing for this study.  Fatigue testing re-

quires a load sequencing method, either in the form of a stress-controlled or displace-

ment-controlled approach.  For strand fatigue testing, all previous research used load 

controlled sequencing (Paulson 1983).  For typical “solid” test specimens, load-controlled 

sequencing would be equivalent to stress-controlled sequencing, as the entire section par-

ticipates in resisting the applied load during the entire test.  However, for a strand speci-

men, individual wire breaks will usually occur during the fatigue test, but often these do 

not result in the instantaneous failure of the specimen.  Multiple wire breaks are usually 

required before the specimen fails.  Furthermore, in an actual beam section, due to inter-

nal force equilibrium, the strand is required to resist the same force even after some of the 
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individual wires fail.  Consequently, load-controlled sequencing is the normal method of 

controlling a strand fatigue test, and thus it was the method chosen for this study.   

These load-controlled tests were run at a frequency of 2 Hz, which was the maxi-

mum capacity for the MTS system with a strand specimen in place.  This frequency is 

well below any value that would cause significant heating of the specimen during the test, 

which would subsequently alter the test results.  Excessive heating alters the properties of 

the strand from what which would be encountered in practice, particularly the fatigue 

properties (ASTM A370 2005). 

To ensure proper operation of the fatigue setup and end anchorage method out-

lined previously, three as-received (“clean”) strand specimens were tested to failure in the 

fatigue frame.  The results of the tests are shown in Table 3-3.  The test results averaged 

743,607 cycles with a standard deviation of 95,501 cycles and a coefficient of variation 

of 12.8 percent.  Most importantly, none of the three specimens failed within the end 

anchorages, with all wire breaks occurring within 6” of the strand centerline. 

 

 

Table 3-3: Fatigue Results for As-received Strand 

Specimen Cycles to Failure 

  
S-1 

 
734,088 

 
S-2 653,222 

 
S-3 843,512 
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These test results were also compared to the value predicted from Paulson’s mean 

fatigue life equation (1983), given in Section 2.4, which was based on over 700 individu-

al strand fatigue tests performed over the last 50 years.  For a stress range of 0.15fpu and 

an ultimate tensile strength of 270 ksi, Paulson’s equation gives a mean fatigue life of 

742,105 cycles, which compared very well with the test average of 743,067 cycles.  

Therefore, based on this favorable comparison with previous testing, failure of the strand 

specimens away from the end anchorages, and the relatively low coefficient of variation 

for the test results compared to most strand fatigue testing (Paulson 1983), the test frame 

and anchorage method were deemed acceptable, and the author proceeded with fatigue 

testing of the corroded prestressing strand specimens. 

The results of the fatigue tests of the corroded strand are shown in Table 3-4.  The 

specimen designations are the same as those used in Tables 3-1 and 3-2. 

 

Table 3-4: Fatigue Results for Corroded Strand 

Specimen Cycles to Failure Specimen Cycles to Failure 

    
SC-1 537,444 SC-7 355,712 

SC-2 656,026 SC-8 202,758 

SC-3 348,889 SC-9 376,388 

SC-4 300,018 SC-10 269,172 

SC-5 512,078 SC-11 148,800 

SC-6 444,922 SC-12 240,084 
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3.4 Corrosion-Fatigue Relationship 

This section discusses the analytical and empirical approaches used by the author 

to develop a predictive relationship between the amount of strand corrosion and the re-

sulting fatigue capacity.  The analytical approach involved Linear Elastic Fracture Me-

chanics (LEFM), which included several variations on how to treat the corrosion pit as 

either an initial defect, stress concentrator, or simply a reduction in effective strand area.  

The empirical approach, on the other hand, examined the relationship between the num-

ber of cycles to failure and the following corrosion measurements: maximum pit depth, 

average pit depth, percentage loss of strand area, percentage of corroded strand surface, 

and percentage weight loss of strand.  Following the predictive approaches is a discussion 

of the complex factors that influence the fatigue capacity of corroded prestressing strand 

as well as prestressing strand in general. 

The strand test results are presented in Figures 3-10 through 3-14.  The indepen-

dent variables are maximum pit depth, average pit depth, percentage loss of strand area, 

percentage of corroded strand surface, and percentage weight loss of strand, respectively.  

The dependent variable is number of cycles to failure.  The data is contained in Tables  

3-1 through 3-4.  For the plot of average pit depth, Figure 3-11, the independent variable 

represents the numerical average of the pit depths recorded in Table 3-1 for a particular 

strand specimen.  The data presented in Figures 3-10 through 3-14 was used as the basis 

for the LEFM and empirical studies that follow. 
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Figure 3-10: Cycles to Failure as a Function of Maximum Pit Depth 

 

Figure 3-11: Cycles to Failure as a Function of Average Pit Depth 
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Figure 3-12: Cycles to Failure as a Function of Percentage Loss of Strand Area 

 

Figure 3-13: Cycles to Failure as a Function of Percentage of Corroded Strand Surface 
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3.4.1 Linear Elastic Fracture Mechanics Approach 

This section discusses the application of Linear Elastic Fracture Mechanics 

(LEFM) to predict the fatigue behavior of corroded prestressing strand.  First, back-

ground is given as to the formulation and material constants necessary for the analysis.  

Next, the author applied LEFM to non-corroded strand to determine its ability to predict 

the fatigue response of prestressing strand.  Finally, the author looked at several varia-

tions on how to treat the corrosion pit as either an initial defect, stress concentrator, or 

simply a reduction in effective strand area. 

  

 

Figure 3-14: Cycles to Failure as a Function of Percentage Weight Loss of Strand 
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The typical LEFM approach is to assume that Stage II crack growth covers the en-

tire range from the threshold value to the point of failure (Pook 2000).  In State II, for a 

metallic material, the Paris equation governs the rate of crack growth (da/dN), which is 

shown in Eq. 3.1. 

 where a = crack length, 

  N = number of cycles, 

  C, m = empirical constants for a given material, 

  ∆  = range of stress intensity factors. 

 

For a constant amplitude fatigue loading, the general expression for the range of 

stress intensity factors is given by Eq. 3.2. 

 where Y = geometric and loading correction factor, 

  ∆  = fatigue loading stress range. 

 

Combining Eqs. 3.1 and 3.2 and solving for N, the number of cycles to failure, 

gives the expression shown in Eq. 3.3, where ai and af are the initial and final crack 

lengths, respectively. 

∆  3.1

∆ ∆ √  3.2
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Solving Eq. 3.3 will yield an expression for the number of cycles to failure for a 

given material and set of conditions.  In Eq. 3.3, C, m, ∆ , and π are all constants and al-

though Y can vary as a function of a, it is often treated as a constant for preliminary ana-

lyses (Pook 2000).  Therefore, integrating Eq. 3.3 gives the result shown in Eq. 3.4.  

Equation 3.4 will serve as the general expression for the following studies of both non-

corroded and corroded prestressing strand. 

Equation 3.4 requires the empirical constants C and m as well as initial and final 

defect lengths, ai and af, respectively.  For cold drawn, eutectoid steel wires, Llorca and 

Sanchez-Galvez (1989) determined values of 1.107x10-11 for C and 2.417 for m.  These 

values were based on units of m/cycle for da/dN and MPa√m for ∆ .  Llorca and San-

chez-Galvez also found that the cold drawing process resulted in surface flaws in the 

wires due to inclusions, cavities, and cracks associated with cavities.  Although the flaws 

varied in profile, the most common defect had an aspect ratio, a/c, equal to 0.5, as shown 

in Figure 3-15, and a length, ai, of 55 to 57 µm. 

 

 

 

 

1
∆ ⁄ ⁄  3.3

2
2 ∆ ⁄

1
⁄

1
⁄  3.4
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3.4.1.1 Non-Corroded Strand 

The author applied Eq. 3.4 to the prestressing strand by treating the seven indi-

vidual wires as a single wire of equivalent area.  The only remaining variable in the 

LEFM equation is Y, the geometric and loading correction factor.  For Mode I crack sur-

face movement, the surface defect in a cold drawn, eutectoid steel wire has been treated 

in two ways.  Llorca and Sanchez-Galvez (1987) treated the defect as an equivalent sur-

face crack in the edge of a semi-infinite plate due to the defects small size relative to the 

wire diameter, and for this condition, Y is equal to a value of 1.12.  Beretta and Matteazzi 

(1996), on the other hand, treated the defect as a semi-circular edge crack in a semi-

infinite solid, where the semi-circle is oriented perpendicular to the direction of the ap-

plied load, and for this condition, Y is equal to a value of 0.728. 

Both approaches for treating the wire defects resulted in reasonable estimates of 

the fatigue life, but both require slightly different applications.  In treating the defects as 

 

Figure 3-15: Cold Drawn Wire Defect Profile 

a 

wire  

2c 

defect  
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surface cracks in the edge of a semi-infinite plate, the author assumed that the final crack 

length was very large compared to the initial crack length, which is a common assump-

tion in LEFM (Pook 2000), and thus the second term within the brackets of Eq. 3.4 is 

negligible.  For a stress range of 0.15fpu, this approach resulted in a value for N of 

780,053 cycles to failure, compared with Paulson’s (1983) mean fatigue life prediction 

equation value of 742,105. 

In treating the defects as semi-circular edge cracks in a semi-infinite solid, Eq. 3.4 

significantly overestimated N when neglecting the second term within the brackets.  Con-

sequently, the author set Eq. 3.4 equal to Paulson’s mean fatigue life value of 742,105 

cycles and calculated a required final crack length of 398 µm (0.016 in.).  Using this val-

ue for the final crack length, the author then compared Eq. 3.4 to Paulson’s mean fatigue 

life equation at other stress ranges, and found reasonable agreement.  For example, at a 

stress range of 35 ksi, Paulson’s equation predicted 1,375,917 cycles to failure and Eq. 

3.4 predicted 1,157,196 cycles to failure.  Based on these favorable results, the author 

applied LEFM to the corroded prestressing strand. 

3.4.1.2 Corroded Strand – Modify Y 

To apply LEFM to corroded strand requires a modification to the geometric and 

loading correction factor, Y.  The physical situation is shown in Figure 3-16, where a fati-

gue crack nucleates and grows from the base of a corrosion pit.  This particular situation 

has been studied extensively in the aircraft industry (e.g., Anderson 1995, Fett and Munz 

1997).  The general approach is to apply a stress concentration factor, based on pit shape, 
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to the stress intensity factor, based on the particular crack shape.  For example, Chen et 

al. (1997) modeled pitting-induced cracking in aluminum airframe components as an 

equivalent surface crack in the edge of a semi-infinite plate multiplied by the stress con-

centration factor for a circular hole.  This approach results in an effective geometric and 

loading coefficient.  Extensive calculations have confirmed this approach as a special 

case for radial cracks emanating from elliptical holes (Murakami 1987). 

The author determined an effective geometric and loading correction factor, Y, of 

3.36 for the case of a surface crack in the edge of a semi-infinite plate that emanates from 

the base of a circular hole (Figure 3-16).  This value results from the previous value for Y 

of 1.12 multiplied by a stress concentration factor of 3.0 for a circular hole (or semicircu-

 

Figure 3-16: Fatigue Crack Emanating from the Base of a Corrosion Pit 
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lar edge hole).  For a stress range of 0.15fpu and again treating the second term within the 

brackets of Eq. 3.4 as negligible, this approach resulted in a value for N of 54,860 cycles 

to failure.  This value is well below all of the test values for corroded prestressing strand 

and, more importantly, is independent of pit size.  In other words, this approach would 

predict that all strand having a pit, of any depth, would fail at the same number of cycles, 

or very nearly so, which is inconsistent with the test data. 

The author also determined an effective geometric and loading correction factor, 

Y, of 2.184 for the case of a semi-circular crack in the edge of a semi-infinite solid that 

emanates from the base of a hemispherical hole (Figure 3-16 in three dimensions).  This 

value results from the previous value for Y of 0.728 multiplied by a stress concentration 

factor of 3.0 for a spherical hole (or hemispherical edge hole).  For a stress range of 

0.15fpu and first treating the second term within the brackets of Eq. 3.4 as negligible, this 

approach resulted in a value for N of 155,398 cycles to failure.  This value is well below 

all but one of the test values for corroded prestressing strand and, more importantly, is 

again independent of pit size.  Consequently, the method of modifying Y for a fatigue 

crack emanating from a corrosion pit failed to accurately predict the test results for cor-

roded prestressing strand. 

3.4.1.3 Corroded Strand – Modify Stress Range 

Another approach developed by the author for applying LEFM to corroded strand 

involved modifying the stress range as a function of the reduced strand area.  For this ap-

plication, the author neglected the stress concentration approach of Section 3.4.1.3 and 
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only modified the stress range for the reduced strand area.  The fatigue crack was then 

modeled as either an edge crack in a semi-infinite plate or as a semi-circular edge crack 

in a semi-infinite solid, as discussed in Section 3.4.1.1.   

Figure 3-17 is a plot of the test results as a function of stress range based on the 

reduced strand area.  Also included in the plot is Eq. 3.4 with the stress range also based 

on the reduced strand area.  Either method of treating the fatigue crack results in approx-

imately the same equation.  As shown in the plot, the LEFM equation does not decrease 

at a fast enough rate to match the test data.  Furthermore, the LEFM equation is essential-

ly linear in the range of data shown on the plot, while the test data is markedly nonlinear, 

particularly between 40.5 and 41.0 ksi.  Consequently, the method of modifying the stress 

range as a function of the reduced strand area failed to accurately predict the test results 

for corroded prestressing strand. 

3.4.2 Empirical Approach 

Of the data displayed in Figures 3-10 through 3-14, the plots of maximum pit 

depth and average pit depth appear to offer the greatest potential for developing a statisti-

cally valid relationship between the amount of corrosion and the resulting fatigue capaci-

ty.  Both plots exhibit data over their full range of values and also display definitive 

trends.  On the other hand, the plots shown in Figures 3-12 through 3-14 exhibit vacan-

cies (gaps), clustering, more scatter, and less recognizable trends in their data (Cleveland 

1994).  As a result, the author evaluated the data for maximum pit depth and average pit 
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depth to derive an empirical relationship between the amount of corrosion and the result-

ing fatigue capacity. 

The author performed nonlinear regression analyses of the data relating maximum 

and average pit depth to number of cycles to failure.  The data is replotted in Figures 3-18 

and 3-19 along with the equations deemed most appropriate to characterize the relation-

ships.  These equations were based on an exponential decay function of the form shown 

in Eq. 3.5, where yo is the value of y at x equal to zero and k is the decay rate.  

This form of an exponential decay function assumes a plateau value of zero (i.e., y equals 

zero at x equal to infinity). 

 

Figure 3-17: Cycles to Failure as a Function of Effective Stress Range 
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Figure 3-18: Cycles to Failure as a Function of Maximum Pit Depth 

 

Figure 3-19: Cycles to Failure as a Function of Average Pit Depth 
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The choice of an exponential decay function for the model was based on several 

criteria.  First, visually, where the plotted data trends in the form of a function that starts 

at a peak value and trails off at a decreasing rate.  Next, the purpose of developing a 

model is not necessarily to fit the best curve to the data but, instead, to use an equation 

that mimics the physiological behavior of the process (Box et al. 1978).  An exponential 

decay function models many chemical, biological, and physiological processes found in 

nature (Box et al. 1978) and maps very well with the test data.  Next, the equation should 

predict the response beyond the limits of the testing.  In this case, an equation that best 

fits the given data, such as a polynomial, would begin to plateau around 250,000 cycles.  

Physically, this cannot occur, as the strand will eventually have no fatigue limit as the 

pitting depth approaches the full thickness of the specimen.  Finally, the exponential de-

cay function possessed goodness-of-fit statistics that where negligibly less than those that 

resulted from the best curve that could be fit to the data. 

Both equations had positive indicators that they represented a good fit for the da-

ta.  Both functions had good D’Agostino & Pearson omnibus K2 values.  These values 

determine whether or not the data scatter follows a Gaussian (normal) distribution, which 

is a necessary assumption in a nonlinear regression analysis (Seber and Wild 2003).  Fur-

thermore, a visual inspection of the curves shows that the data points randomly bounce 

above and below the curves, and the distance of points from the curves is also random.  

These visual clues support the adequacy of the given model to represent the data (Seber 

and Wild 2003). 

However, of the two, the data plots closer to the curve when the independent vari-

able is average pit depth, Figure 3-19, as compared to maximum pit depth, Figure 3-18.  
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Not only visually, but the goodness-of-fit statistics are also better for the exponential de-

cay function that used average pit depth as the independent variable.  The R2 value for 

the average pit depth curve in Figure 3-19 equaled 0.83, compared with a value of 0.77 

for maximum pit depth, Figure 3-18.  It is also important to note that these R2 values are 

consistent with values obtained for fatigue tests of non-corroded strand (Paulson 1983).  

In other words, the scatter of the data is of the same order of magnitude as that found 

when testing “clean” prestressing strand.    

Consequently, the author proposes the use of an exponential decay function with 

average pit depth as the best indicator of the reduced fatigue capacity due to corrosion.  

For the curve in Figure 3-19, the exponential decay function is given by Eq. 3.6; where N 

is the number of cycles to failure and d is the average pit depth for the strand in inches. 

In terms of a generalized equation, the author proposes adjusting the model with 

the value for yo based on Paulson’s mean fatigue life equation (1983).  The result is given 

by Eqs. 3.7a and 3.7b; where No is the mean fatigue life predicted from Paulson’s equa-

tion (i.e., with no corrosion), Sr is the stress range in ksi, and d is the average pit depth for 

the strand in inches. 

 

  

N = 720,327 e (−34d) 3.6

N = No e (−34d) 3.7a

Log  No  = 12.67 – 4.23 Log Sr 3.7b
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3.4.3 Discussion 

This section discusses the many complex factors that influence the fatigue capaci-

ty of corroded prestressing strand as well as prestressing strand in general.  These factors 

include: (1) behavior of a seven-wire strand versus an individual wire; (2) fretting fati-

gue; (3) variation in wire defect location, pit location, and fracture location; and (4) po-

tential for hydrogen embrittlement.  In addition, the results of previous testing of 

noncorroded prestressing strand are included as a basis of comparison for the testing of 

this study.  The consequence of this complex behavior is that the most reliable method of 

predicting the response of corroded prestressing strand is an empirical relationship, as 

discussed and developed in Section 3.4.2. 

3.4.3.1 Seven Wire Strand versus Individual Wire 

On average, the fatigue capacity of prestressing strand is about 75 percent of the 

fatigue capacity of individual wire (ACI 215R 1997).  Furthermore, the scatter of test da-

ta for prestressing strand is about 40 percent greater than that for individual wire.  Part of 

the reason for this behavior is the complex interaction of seven “independent” wires act-

ing in concert to support a single load, and the resulting mode of failure for the strand 

during a fatigue test.  

For “solid” specimens, fatigue failure of a ductile material involves stable crack 

growth followed by fracture once the stress on the remaining portion of the cross-section 

exceeds the ultimate tensile strength (Bannantine et al. 1990).  For the strand, composed 

of seven individual wires, a progressive failure occurs instead.  First, for the stress range 
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used in this study, two of the wires fail in a traditional fatigue mode, most likely at sepa-

rate times.  Once the second wire fails, the remaining five wires are unable to support the 

test load near the peak of the cyclic loading.  Rapid failure occurs as the remaining five 

wires fracture.  These remaining five wires fail either in a fatigue fracture mode, having 

developed a partial fatigue crack before this point, or in a traditional cup-cone fracture. 

The number of cycles between failure of the first wire and complete failure of the 

strand can be significant.  Figure 3-20 is an example of a strand specimen where the first 

wire failed due to fatigue and the remaining six wires carried the cyclic test load for an 

additional 129,608 cycles until complete failure of the strand.  Approximately 18 percent 

of the total specimen fatigue life occurred after the first wire break. 

 

Figure 3-20: Individual Wire Break During Fatigue Testing 
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What this means for the test data is that the failure mode is quite complex and 

highly variable, which increases the scatter of the test data as well as the types of failures 

experienced by the strand.  The failures are not only due to fatigue, as would be expe-

rienced in a “solid” specimen, because some of the wires fail in fatigue but some fail in 

fracture or a complex interaction of fatigue and fracture.  Furthermore, the proportion of 

standard fatigue failures to standard fracture failures depends on both the particular cyclic 

test range and the statistical variation of the individual wire fatigue strengths.  In other 

words, a lower stress range will require a larger number of fatigue failures of individual 

wires before the remaining wires fail in fracture due to the increased stress.  The reverse 

is true for a higher stress range, where only one or two fatigue failures of individual wires 

are required before the remaining wires fracture at the increased stress. 

3.4.3.2 Fretting Fatigue 

Wire-to-wire fretting fatigue has a significant negative impact on the fatigue resis-

tance of prestressing strand.  On average, the fatigue capacity of prestressing strand is 

about 75 percent of the fatigue capacity of individual wire (ACI 215R 1997).  Most re-

searchers have attributed this decrease to wire-to-wire fretting fatigue (e.g., ACI 215R 

1997, Paulson 1983).  Edwards and Picard (1972) also found that strand fatigue life de-

creased with increasing specimen length due to wire-to-wire fretting conditions.   

Referred to as asperity contact initiation, Wollmann et al. (1988) discusses the 

phenomenon of fretting fatigue in prestressing strand in significant detail.  The process 

involves the contact area between adjacent wires.  When placed under tension, the heli-
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cally wrapped outer wires can exert a lateral force on each other over a very small contact 

area.  Localized plastic deformations at these contact points result in the material fusing 

in a process commonly referred to as cold welding.  Under cyclic loading, relative slip at 

the contact points results in localized damage to the material, and the imposition of cyclic 

shear stresses.  Combined with the fluctuating tension stress, these shear stresses cause a 

very complex stress state and serve as the driving force for crack initiation and propaga-

tion. 

Figure 3-21 contains the types of wire fracture surfaces observed during the test-

ing and subsequent autopsies.  Figure 3-21a shows the typical cup-cone fracture surface 

for wires that exceeded the ultimate tensile strength but did not possess any fatigue 

cracks.  Figures 3.21b through 3.21d display the range of fatigue fracture surfaces expe-

rienced by the strand.  The failure surface for an ordinary fatigue fracture begins with an 

inclined crack that quickly transitions into a crack perpendicular to the axis of the mem-

ber (Wollmann et al. 1988).  This type of failure is shown in Figure 3.21b.  A fretting fa-

tigue failure, on the other hand, experiences a much longer inclined crack due to the 

lateral pressures and friction stresses caused by adjacent wires (Wollmann et al. 1988).  

This type of failure is shown in Figure 3.21d.  Figure 3.21c shows an intermediate frac-

ture surface between these two extremes. 

What this means for the test data and failure modes is the addition of another ran-

dom variable.  Fretting fatigue reduces the fatigue capacity of prestressing strand (Woll-

mann et al. 1988).  Furthermore, fretting fatigue may or may not occur, or even if it does 

occur, the extent can vary, as indicated by the varying angles of the fracture surfaces 

shown in Figure 3-21.  Thus, both the location and impact of fretting fatigue is complete-
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ly random.  In addition, for corroded prestressing strand, fretting fatigue locations and 

corrosion pit locations will likely not coincide due to the random nature of both pheno-

mena.  Consequently, depending on the severity of the corrosion, a wire may fail due to 

fretting fatigue at a location away from a corrosion pit, and thus be independent of the 

affect of corrosion.  

3.4.3.3 Defect Location, Pit Location, and Fracture Location 

Due to the nature of the cold drawing process, prestressing strand experiences sur-

face flaws in the wires due to inclusions, cavities, and cracks associated with cavities 

(Beretta and Boniardi 1999, Llorca and Sanchez-Galvez 1989).  Furthermore, the draw-

ing and manufacturing process causes residual stresses within an outer ring of the wires, 

which has an effect on crack propagation.  Without corrosion present, a wire will general-

ly fail at the location of one of these inherent defects. 

 

                  (a) cup-cone        (b) no fretting     (c) mild fretting    (d) severe fretting 

Figure 3-21: Wire Fracture Surfaces Observed During Fatigue Testing 
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In addition to these defects, alloys are not homogeneous at the microscopic level.  

Most alloys contain grain boundaries, multiple phases, and varying potentials (Jones 

1996).  Corrosion tends to prefer these sites, yet these sites may or may not coincide with 

a normal wire defect, such as a dislocation or those due to the drawing process.  In addi-

tion, the shape of a corrosion pit compared to the shape of a defect impacts the stress in-

tensity at the front of a fatigue crack.  Corrosion pits are generally hemispherical and 

relatively smooth.  Defects, on the other hand, tend to exhibit a sharp crack front, which 

has a much higher stress intensity, and thus a much higher fatigue crack growth rate.   

The effect of this interaction between the inherent defects and corrosion pitting is 

evident in the failure locations for the strand and the data plotted in Figure 3-22.  At 

“smaller” pit depths, fatigue failures were essentially split between failing at or away 

from a pit location.  At “larger” pit depths, the pitting began to dominate, where nearly 70 

percent of the failures were at pit locations.   

This trend is evident in Figure 3-22, which is a plot of number of cycles to failure 

as a function of percentage loss of strand area.  Although not at the exact same percen-

tage loss, there are definite groupings of the data for which the vertical spread decreases 

at increasing loss in strand area.  The vertical spread of the data points clustered near 0.2 

percent (3 data points), 1.3 percent (4 data points), 4.0 percent (2 data points), and 7.3 

percent (3 data points), is 307,137 cycles, 212,060 cycles, 173,630 cycles, and 120,372 

cycles.  What this means is that as the pit sizes increase, they begin to override the inhe-

rent defects in the steel and thus dominate the response.  However, at “smaller” pit 

depths, both the corrosion pits and the inherent defects play an equal role in the fatigue 

failure of the prestressing strand.  
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3.4.3.4 Hydrogen Embrittlement 

Another aspect that increases the complexity and variability of the fatigue beha-

vior of corroded strand is the potential for hydrogen embrittlement.  As discussed pre-

viously, atomic hydrogen forms within a pit during the corrosion process.  Under the 

right circumstances, this atomic hydrogen will enter the metal lattice and embrittle the 

strand, resulting in a lower fatigue strength but one that is potentially independent of pit 

size.  In addition, if the hydrogen does enter the metal lattice, it may diffuse away from 

the corrosion pit and “seek out and congregate” within defects within the metal lattice 

(Krom et al. 1999).  The potential result is a brittle fracture that does not coincide exactly 

 

Figure 3-22: Cycles to Failure as a Function of Percentage Loss of Strand Area 
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with a pit location.  Consequently, it may not be possible to conclude whether or not the 

corrosion decreased the fatigue capacity. 

3.4.3.5 Previous Fatigue Testing of Noncorroded Strand 

While it is important to note the significant scatter of the test data, the scatter is of 

the same order of magnitude as that found when testing “clean” prestressing strand.  For 

example, from Figure 3-11, at an average pit depth of 0.015 in., there are test results with 

the number of cycles to failure equal to 300,018 and 512,078, a difference of 70 percent.  

Furthermore, from Figure 3-10, at a maximum pit depth of 0.011 in., there is a test result 

of 348,889 cycles to failure, and at a maximum pit depth of 0.010 in., there is a test result 

of 656,026 cycles to failure, a difference of 88 percent.  By comparison, the test data on 

“clean” prestressing strand presented by Paulson (1983) shows consistent variations of up 

to 100 percent on the number of cycles to failure for the same stress range, with maxi-

mum variations of up to 800 percent. 

3.5 Summary 

Although this study was limited to the specific sequence of corrosion followed by 

fatigue to failure, it does offer some insight into the influence of corrosion on the fatigue 

capacity of prestressing strand.  Specifically, that either due to the “notching” effect of 

the pits or hydrogen embrittlement, there is a significant drop off in fatigue capacity at 
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relatively small pit depths.  This behavior is also well represented by an exponential de-

cay function of the form shown by Eq. 3.7. 
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Chapter 4 
 

Beam Specimen Design and Construction 

This chapter discusses the design and construction of the post-tensioned beam 

specimens used in this research study.  Twelve full-scale beam specimens were included 

in the testing program, combining long-term static exposure testing with fatigue testing.  

Full-scale specimens were necessary in order to evaluate actual post-tensioning hardware 

and multi-strand tendons.  The discussion also includes the rationale behind the test va-

riables selected.  These test variables included level of prestress, condition of post-ten-

sioning system, and exposure to saltwater. 

4.1 Beam Specimen Concept  

The main problem that the author confronted was how to feasibly place the beam 

specimens under full service load continuously for six months during the period of chlo-

ride exposure.  This requirement is fundamental to evaluating the long-term durability of 

partially prestressed concrete, because these members crack under service load.  Fur-

thermore, for most designs, the cracks are only open during the application of live load.  

The benefit of prestressing, even partial prestressing, is that the cracks close once the live 

load is removed.  Without continuous application of live load, the specimens would be-

have as if they were fully prestressed, negating the intent of this study. 
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The beam specimen concept for this research study was based on work done by 

Ahern (2005).  His specimen design was entirely self-reacting and significantly shorter 

than the specimens used in previous durability studies (e.g., Schokker 1999a, West 1999).  

In essence, Ahern added a corbel at each end of the beam through which an eccentric axi-

al load was applied with a post-tensioning bar, as shown in Figure 4-1a.  The eccentric 

axial load places the “beam” portion of the specimen under a uniform moment, as shown 

by the free-body diagram in Figure 4-1b.  Thus, maximum flexural stresses occur 

throughout the “beam” portion of the specimen during loading, and the self-reacting na-

ture of the specimen allows freedom of movement during the six to nine month exposure 

period. 

The only negative feature of this specimen design was the “short” beam length, 

approximately six feet, which increased seating losses during post-tensioning of the 

beam.  Seating losses are a function of the retainer plate for the stressing jack, which al-

lows the same movement to seat the wedges regardless of the beam length.  Therefore, as 

the beam length decreases, the strain loss due to seating increases.  Nevertheless, the au-

thor determined that the benefits of this specimen design outweighed this negative, par-

ticularly since the problem of seating losses could be partially negated through an 

increase in jacking stress, as discussed in Chapter 5. 
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Figure 4-1: Beam Specimen Schematic and Internal Forces 
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Although Ahern’s concept formed the basis for the beam specimens, the author 

made the following changes to accommodate the objectives of this study: 

1. Use of a single, multi-strand tendon designed in accordance with AASHTO 

LRFD (2008) and ACI 318 (2008) recommendations. 

2. Use of a partially external tendon that allowed visual examination of the ten-

don during testing, rapid exposure of the tendon to chlorides to accelerate the 

durability study, and the ability to easily mimic post-tensioning system imper-

fections. 

3. Use of a plastic duct in accordance with the requirements of AASHTO LRFD 

for external tendons. 

4. Addition of a reservoir in the center of the beam for the application of the so-

dium chloride solution during the durability testing. 

5. Addition of a deviator pipe at the drape point in accordance with AASHTO 

LRFD recommendations.  The pipe coincides with the transition from internal 

to external tendon. 

6.  Use of the AASHTO LRFD (2008) minimum bend radius for the tendon at 

the deviation point, which maximizes the localized bending stresses in the 

tendon at the deviator.   

A three-dimensional schematic of the specimen layout for this research study is shown in 

Figure 4-2.  The detailed design is contained in Section 4.3, and the construction details 

are discussed in Appendix C. 
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4.2 Beam Specimen Test Matrix  

The following section discusses the types and combinations of full-scale beam 

test variables examined in this study.  These variables included level of prestress, condi-

tion of the post-tensioning system, and exposure to NaCl salts.  Dimensions, loading, and 

tendon curvature were constant for all specimens.   

The most critical variable for the full-scale beam testing was the level of prestress.  

Two levels of prestressing were investigated, one representing a fully prestressed design, 

and one representing a partially prestressed design.  In addition, the partially prestressed 

design was obtained in two ways, either with fewer strands or with a lower prestressing 

force.  The fewer-strand option simulates a typical partially prestressed design, and the 

 

Figure 4-2: Three-dimensional Schematic of Beam Specimen 
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lower-prestressing-force option simulates an unanticipated loss of prestress for a fully 

prestressed design.   

The fully prestressed design was based on a maximum tensile stress in the con-

crete under full service load of 3 '
cf , with units of pounds per square inch (0.0948 '

cf  

with units of kips per square inch).  As discussed previously, the dividing line between 

fully prestressed and partially prestressed is typically based on a nominal tensile stress in 

the precompressed tensile zone of 7.5 '
cf (psi), which corresponds to the modulus of 

rupture for concrete (ACI 318 2008).  The more restrictive choice of 3 '
cf (psi) corres-

ponds to the AASHTO (2008) tension stress limit for bridges with components subjected 

to severe corrosive conditions.  This limitation represents the most conservative design 

condition for a fully prestressed concrete bridge member. 

The partially prestressed design was initially based on a prestress force of 60 to 70 

percent of that required for full prestress.  During the detailed design, as discussed in Sec-

tion 4.3, the partially prestressed design evolved to a value of 67 percent of the full pre-

stress force.  This percentage resulted from the whole number of strands required for each 

design.  The fully prestressed design used six 1/2-inch-diameter strands.  The partially 

prestressed design used four 1/2-inch-diameter strands.  This ratio allowed a very realistic 

partially prestressed design, as shown in Section 4.3, with a nominal tensile stress under 

full service load of approximately 12 '
cf (psi). 

The next test variable for the study involved potential post-tensioning system im-

perfections.  The study initially considered three types of imperfections, one at the anchor 
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zone, one in the grout at the crown, and one in the plastic duct along the crown.  Howev-

er, based on the strand testing discussed in Chapter 3 and results from recent research at 

the University of Texas (Kotys 2003), the author determined that the imperfections in the 

grout at the crown and in the duct were not necessarily separate conditions.  This conclu-

sion was based on three important considerations: (1) the high variability in strand fatigue 

capacity both with and without the presence of corrosion; (2) the high likelihood that the 

grout will crack due to shrinkage; and (3) the low likelihood that the robust plastic duct 

will experience a naturally occurring breach during the finite exposure period for this re-

search.  (The PT-PLUS™ System manufactured by VSL was used in the construction of 

the beam specimens.)   

Consequently, the author considered a duct breach with the naturally occurring 

cracking of the grout as a single post-tensioning system imperfection.  It was highly like-

ly that the grout would crack for all of the beam specimens due to shrinkage.  Shrinkage 

cracks form very thin voids in the grout, resulting in very small free gauge lengths.  In 

terms of fatigue, the smaller the free gage length, the higher potential stress range in the 

strand during cycling.  Larger, purposely created voids in the grout, due to the increased 

gage lengths, are not as critical with respect to potential fatigue problems, provided the 

shrinkage cracks allow the relatively free passage of chlorides.  In other words, a natural-

ly occurring grout void in the form of a thin crack is more critical than a thicker, manu-

factured void in the grout.  Furthermore, unless the plastic duct is purposely breached, it 

will prevent chlorides from gaining access to the strand during the exposure testing.   

As a result, the research considered only two types of post-tensioning system im-

perfections.  The first involved a moderate void in the grout immediately behind the anc-
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hor head.  This imperfection, prevalent in the Mid-Bay Bridge tendon failures (Corven 

2001), allows chlorides to access the tendon and, in the case of cyclic loading, may allow 

localized bending stresses due to the lack of tendon support.  The second imperfection 

involved a void in the grout (caused by cracking) combined with a breach in the plastic 

duct to allow chloride ingress.  The methods of achieving these imperfections are con-

tained in Appendix C.   

The final test variable for the study involved chloride exposure.  The main thrust 

of this research study was to investigate durability, which typically involves exposure to a 

high chloride environment.  In an actual structure, this high chloride environment typical-

ly results from salting of roadways during winter storms, salt spraying onto structures lo-

cated immediately above or adjacent to the ocean, or salt air blowing onto structures 

located proximate to the ocean.  As a comparison, the test matrix must include identical 

series of specimens both with and without exposure to chlorides.  Typically, unexposed 

specimens serve as nothing more than a baseline comparison for exposed specimens.  

However, because this study also investigated fatigue, some of the unexposed specimens 

were also important in order to determine whether any of the previously discussed grout 

defects affected fatigue performance.  

The resulting beam test matrix is shown in Table 4-1.  Specimens without expo-

sure to chlorides were tested in fatigue to 2,000,000 cycles or failure, whichever came 

first.  Because prestressing strand does not possess an endurance limit, a value of 

2,000,000 cycles is generally taken as the fatigue life of a structure (ACI 215R 1997, ACI 

423.5R 1999).  Specimens exposed to chlorides underwent an initial fatigue loading of 

10,000 cycles to initiate cracking in the partially prestressed members.  Following this 
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initial loading, the specimens underwent exposure to chlorides for six months.  The chlo-

ride exposure took the form of a five percent NaCl solution placed in a two-week-long, 

alternating wet-then-dry sequence.  After the six months of continuous exposure, the spe-

cimens were placed in the fatigue frame and tested to 2,000,000 cycles or failure, whi-

chever came first.  The exposure specimens were visually examined throughout the six-

month period.  
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Notes: 

1. The fatigue reference serves as the baseline condition for a void in the grout due to 

shrinkage cracking. 

2. Full prestress is based on a nominal tensile stress in the precompressed tensile zone of 

3 '
cf (psi).  Partial prestress is based on 67 percent of the force required for full pre-

stress, with Partial Prestress 1 obtained using fewer strands and Partial Prestress 2 ob-

tained using a lower prestressing force. 

3. The post-tensioning system consisted of a plastic duct filled with a prepackaged 

grout. 

Table 4-1: Beam Specimen Test Matrix 

Series Specimen 
Level of  

Prestress2 
Post-Tensioning 

Condition3 Exposure 

Fatigue 
Reference 

FR-1  Full 
Intact None FR-2  Partial 1 

FR-3  Partial 2 

Anchor Zone 
Grout Void 

AZ-1  Full 
Grout void at  
anchor zone None AZ-2  Partial 1 

AZ-3  Partial 2 

Anchor Zone 
Grout Void 

with  
Corrosion 

AZC-1 Full 
Grout void at  
anchor zone 

Saltwater 
cycles during 
static loading 

AZC-2 Partial 1 
AZC-3 Partial 2 

Crown Grout 
Void with  
Corrosion1 

GVC-1 Full Grout void (due 
to cracking) 
with a breach  
in the duct 

Saltwater 
cycles during 
static loading 

GVC-2 Partial 1 
GVC-3 Partial 2 
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4.3 Beam Specimen Design  

Design, by its very nature, is an iterative process.  This fact held during the evolu-

tion of the dimensions and layout for the full-scale beam specimen.  Several competing 

interests shaped the final specimen design, including overall size and weight limitations; 

ease of testing; use of a single multi-strand tendon; desire to push the code limits for the 

concrete and strand stresses; and the construction methods and materials available in the 

lab.  The result is shown in Figure 4-3.   

4.3.1 Beam Tendon and Mild Steel Design  

The structural design of the beam cross-section was based on both ACI 318 

(2008) and AASHTO LRFD (2008) recommendations.  This requirement was not overly 

difficult to attain as the two are in substantial agreement.  However, if there was a disa-

greement, the more conservative approach was used in the design.  The service load de-

sign was based on the following: 

• Uncracked, gross section properties 

• Linear-elastic material behavior 

•   = 4,000 psi 

• Concrete 28 days old at stressing 

• Allowable tensile stress in the precompressed tensile zone of  

3 '
cf (psi) for the fully prestressed design 
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Figure 4-3: Beam Specimen Design 
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• Two-point drape strand profile with AASHTO LRFD 

minimum allowable bend radius of 20’-0” 

• 1/2-inch-diameter, low-relaxation prestressing strand 

• fpu = 270 ksi, fpy = 230 ksi 

• Grade 60 mild steel, fy = 60 ksi 

• 1-1/2” minimum concrete cover for prestressed and  

nonprestressed reinforcement  

• Prestress losses in accordance with ACI and AASHTO  

recommendations 

Stressing at 28 days reduced the effect of shrinkage on the prestress losses.  As a compar-

ison, most precast segmental concrete bridges and splice-girder bridges are at least 28 

days old at the time of prestressing.  

The tendon design focused on the two competing issues of stress in the concrete at 

transfer and stress in the concrete at full service load.  The transfer stresses were particu-

larly critical because the beam specimen has no dead load to counteract the prestressing 

force at transfer.  One option for controlling the stresses at transfer was to install the post-

tensioning bar, with a very small amount of force, prior to stressing the tendon.  A more 

desirable option would be to stress the tendon without the post-tensioning bar in place; 

that would greatly simplify construction, handling, and testing of the specimens.  There-

fore, the author reduced the tendon eccentricity at midspan and the ends to control trans-

fer stresses and allow stressing without the post-tensioning bar in place.  The final design 

for the fully prestressed specimen used six 1/2-inch-diameter strands, and the final design 
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for the partially prestressed specimen used four 1/2-inch-diameter strands (or six strands 

at the same total force).  Table 4-2 contains the section properties at midspan of the spe-

cimen.  Table 4-3 contains the calculated stress checks at midspan for the two specimen 

designs as well as the code allowable values.  All values are given as a function of .  

Refer to Figure 4-3 for the specimen dimensions. 

 

 

 

 

 

 

 

Table 4-2: Specimen Cross-Sectional Properties at Midspan 

Moment of Inertia, I 4,276 in.4 

Cross-sectional Area, A 220 in.2 

Distance from neutral axis to  
  top of section, yt 

8.24 in. 

Distance from neutral axis to  
  bottom of section, yb 6.76 in. 

Eccentricity of tendon from  
  neutral axis, ep 2.60 in. 

Eccentricity of prestressing bar  
  from neutral axis, eb 13.76 in. 
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Notes: 

1. ACI and AASHTO do not specifically address this condition, but the author deter-

mined that the use of a multi-strand jack necessitated a check of these stresses and 

compared them to allowable stresses at transfer. 

2. Because the beam specimens were stressed at 28 days after casting the concrete, code 

allowable stress checks during jacking and at transfer are based on . 

3. Calculated service stresses were based on uncracked section properties, which is con-

sistent with the ACI code approach, with the values representing a nominal stress 

check. 

4. ACI and AASHTO do not place a limit on the tensile stress in the precompressed ten-

sile zone for partially prestressed members, but both codes require serviceability 

checks for deflection, crack control, and reinforcement stresses. 

Table 4-3: Maximum Calculated Stresses and Code Allowable Stresses at Midspan  

Condition Stress State 
Fully Prestressed Partially Prestressed 

Calculated Code2 Calculated3 Code2 

Jacking1 
Tension 0.63 '

cf  3 '
cf  0.42 '

cf  3 '
cf  

Compression 0.49  0.60  0.32  0.60  

Transfer 
Tension 0.48 '

cf  3 '
cf  0.32 '

cf  3 '
cf  

Compression 0.37  0.60  0.25  0.60  

Service 
Tension 3 '

cf  3 '
cf  11.3 '

cf  see note 4 

Compression 0.50  0.60  0.49  0.60  
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Reinforcement details for the center region of the fully prestressed and partially 

prestressed designs are shown in Figure 4-4 (see Figure 4-3 for specimen dimensions).  

Mild steel for the beam specimens was based on two requirements: (1) providing ACI 

and AASHTO minimum bonded reinforcement; and (2) providing approximately equal 

ultimate strength capacities for the two designs.  Where the tendon is partially external to 

the concrete, it is partially unbonded from the section.  As such, a minimum amount of 

bonded reinforcement is required to satisfy the design codes.  This required the addition 

of two No. 5 bars at the tension face for both designs.  To arrive at equal ultimate strength 

capacities, the partially prestressed specimen required another two No. 5 bars.  Stresses in 

the tendon at ultimate strength were based on equations for unbonded tendons.  With re-

spect to stirrups, the beam specimens did not require any shear reinforcement because of 

the method of applying load through an eccentric axial force.  However, the author pro-

vided minimum shear reinforcement for handling and unanticipated conditions.   

4.3.2 Local and General Zone Design 

For a successful post-tensioned design, the concentrated anchorage force must be 

dispersed over the entire cross-section of the member.  This dispersion takes place within 

the disturbed region of the beam where plane sections no longer remain plane (AASHTO 

2008).  Design of the local zone is the responsibility of the post-tensioning hardware sup-

plier and is usually based on extensive testing (VSL 1991).  VSL provided the local zone 

reinforcement for their 5-7 Type EC Anchorage used in the construction of the beam spe- 
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Figure 4-4: Beam Specimen Design Details 
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cimens.  The 5-7 designation stands for 1/2-inch-diameter strand in a maximum seven-

strand tendon.  The local zone reinforcement consisted of a No. 4 spiral with a 9” diame-

ter, 12” length, and 2” pitch. 

Design of the general zone is the responsibility of the engineer.  AASHTO allows 

three different methods for the design of the general zone.  Due to the unusual geometry 

of the beam specimens, the author chose the strut-and-tie method.  Furthermore, the spe-

cimen required a three-dimensional strut-and-tie model due to the unusual shape.  The 

final design, based on AASHTO recommendations, required five No. 5 horizontal bars 

and three No. 5 vertical bars.  The three vertical bars were changed to four for symmetry 

since the tendon was located in the center of the cross-section.  These bars were located 

approximately 14” from the end of the beam, with the horizontal bars equally distributed 

over the 15” depth of the section and the vertical bars equally distributed over the 19” 

width of the section. 

4.3.3 Deviator Design 

Tendon curvature introduces both in-plane and out-of-plane forces on a pre-

stressed concrete member.  Tendon curvature also introduces localized bending effects on 

the prestressing strand.  The author chose a two-point drape strand profile in order to in-

vestigate these localized bending effects when combined with a fatigue loading.  To ac-

centuate the effect, the researches chose the minimum radius of curvature allowed by the 

AASHTO LRFD Code (2008) at the deviation point.  The following section discusses the 

impact of the deviation point on the design of the prestressed concrete member. 
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In accordance with AASHTO requirements, the author installed a steel pipe at the 

tendon deviation point, as shown in Figure 4-5, which also coincided with the transition 

from internal to external tendon.  The plastic duct of the tendon, with a maximum outside 

diameter of 2-7/8” at the ribs, passes through the steel pipe, which has an internal diame-

ter of 3-1/8”.  The pipe measures 6” in length and was curved to a 20’-0” radius, the min-

imum value allowed by AASHTO.  The steel pipe conforms to the requirements of 

ASTM A53, Type E, Grade B with a nominal wall thickness not less than 0.125” as spe-

cified by AASHTO. 

In addition to the requirement for a steel deviation pipe, the tendon curvature in-

troduces in-plane forces.  These in-plane deviation forces were calculated in accordance 

with the AASHTO recommendations.  The author again applied a strut-and-tie model to 

 

Figure 4-5: Photograph Showing Location of Steel Deviation Pipe  

Steel Deviation Pipe 



104 

determine the adequacy of the section to resist these forces.  The design required the 

placement of one No. 5 bar to resist the tie force of the model.  The bar was added in the 

form of a U-shaped stirrup since the tension is at the bottom of the cross-section, perpen-

dicular to the longitudinal axis. 

The tendon curvature also introduces out-of-plane forces due to wedging action of 

the strands against the duct.  However, the deviation pipe resists this effect.  Nonetheless, 

the author also examined whether the concrete section surrounding the pipe could resist 

these forces.  The out-of-plane forces were again calculated in accordance with AASHTO 

recommendations.  The author found the shear resistance of the concrete sufficient to res-

ist these forces, so the addition of confining reinforcement was unnecessary. 

4.3.4 Post-Tensioning Bar and Anchorage Design 

The post-tensioning bar provided the static dead and live load to the beam speci-

mens during the exposure cycles.  The prestressing bar extended between the corbels lo-

cated at each end of the beam (see Figure 4-3).  When the bar was tensioned, it provided 

a uniform moment to the beam cross-section.  For the tendon design and concrete cross-

section chosen for the specimens, a prestress force of 74 kips was required to apply the 

full dead and live load service moment.  The prestressing bars, manufactured in accor-

dance with ASTM A722, had an ultimate tensile strength of 150 ksi.  In accordance with 

ACI 318 (2008) and the manufacturer’s recommendations, a prestressing force of 74 kips 

would require a 1-inch-diameter prestressing bar.  However, because the bars were or-
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dered well ahead of the final specimen design, a 1-1/4”-diameter bar was used in the con-

struction of the specimens. 

Anchorage of the prestressing bars was in the form of a bearing plate and nut, as 

the bars were threaded throughout their length.  The dimensions of the bearing plate were 

chosen such that supplemental confining reinforcement would not be required in the an-

chorage zone.  All concrete bearing stresses were checked in accordance with ACI 318 

(2008).  The bearing plate was constructed from ASTM A36 steel with a minimum yield 

stress of 36 ksi.  Design of the bearing plate was in accordance with AISC (2005) rec-

ommendations and included a dish-shaped depression to allow for seating of the spherical 

hex nuts. 

4.3.5 Corbel Design 

The corbels at each end of the beam specimen provided the means of applying the 

static dead and live load during the exposure cycles and the fatigue loading during the 

cyclic testing.  Design of the corbel was in accordance with the provisions of ACI 318 

(2008) and ACI 215R (1997).  The provisions of ACI 318 were used for the basic design, 

but the provisions of ACI 215R were used to evaluate the impact of fatigue on the con-

crete and reinforcing steel during the cyclic loading. 

In order to evaluate fatigue in the corbels, the author needed to select a dead-to-

live-load ratio for the beam specimens.  Dead-to-live-load ratios for concrete bridges vary 

considerably, with the ratio increasing with span length.  A review of the literature pro-

vided the following recommendations for typical dead-to-live-load ratios for bridges: 
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• FHWA Report HI-98-032 (Withiam et al. 1998) – 1.0 to 3.0 

• NCHRP Report 368 (Nowak 1999) – 0.5 to 3.0 

• NCHRP Report 454 (Moses 2001) – 1.0 to 3.0 

• NCHRP Report 507 (Paikowsky 2004) – 2.0 to 2.5 

• AASHTO Bridge Committee (AASHTO T-5 2007) – 0.5 to 3.0 

Withiam et al. also suggest a convenient rule-of-thumb for the dead-to-live-load ratio as 

the span length in meters divided by 20.   

Selection of the dead-to-live-load ratio affects the fatigue loading applied to the 

specimens.  The lower the ratio, the higher the percentage of total load attributed to live 

load, which represents the cyclic portion of the total applied loading.  The higher the cyc-

lic portion of the total load, the lower the number of cycles to failure.  The average of the 

five ranges given above is 1.0 to 2.9, or essentially 1 to 3.  The author chose the mid-

value of 2 for the dead-to-live-load ratio.  The goal was not to examine the worst possible 

case, but to evaluate a very typical bridge dead-to-live-load ratio. 

The final corbel design consisted of six No. 5 bars for the primary reinforcement 

and two No. 5 bars for the closed stirrup reinforcement.  Particular care was taken during 

construction to adequately develop the primary reinforcement in accordance with rec-

ommendations from ACI 318 (2008). 

4.3.6 Beam Specimen Design Summary 

The final beam specimen design required a careful arrangement of all of the de-

sign elements discussed previously.  For simplicity, the author used only No. 5 bars for 
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the mild steel.  The only exception was the post-tensioning anchorage spiral provided by 

VSL, which was a No. 4 bar.  All reinforcement was detailed in accordance with ACI 

315, Details and Detailing of Concrete Reinforcement (1999).  Figure 4-6 is a photograph 

of a finished reinforcement cage for the beam specimens highlighting the role of each as-

pect of the mild steel. 

4.4 Beam Specimen Construction 

In general, fabrication of the beam specimens followed typical construction prac-

tices for construction of the formwork; fabrication of the reinforcing cages; placement 

and curing of the concrete; installation and stressing of the post-tensioning tendons; and 

 

Figure 4-6: Beam Specimen Reinforcing Cage 
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grouting of the tendons.  Figure 4-7 shows the completed formwork, reinforcing cage, 

deviators, prestressing anchorages, and plastic duct ready for concrete placement.  Figure 

4-8 shows a set of three finished specimens.  Details of the beam specimen construction 

are contained in Appendix C, including the concrete mix design and results of the materi-

al property testing. 

4.5 Beam Specimen Instrumentation 

Beam specimen instrumentation consisted of vibrating wire strain gauges installed 

on the concrete beam surface and the prestressing bar couplers.  The choice of vibrating 

wire strain gauges was based on many factors.  First, vibrating wire strain gauges have a 

 

Figure 4-7: Completed Specimen Setup Ready for Concrete Placement  
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history of long-term reliability (e.g., Barr et al. 2005, Burns et al. 1997).  Due to the 

length of time required for the durability portion of the study, the gauges must remain 

stable for a period of six to nine months.  Second, vibrating wire strain gauges have a his-

tory of successful use with reinforced and prestressed concrete (Burns et al. 1997).  

Third, due to the particular specimen design, only axial strains occurred within the con-

crete beam.  Thus, a strain rosette was not required as these were the principal strains ex-

perienced by the specimens.  Lastly, vibrating wire strain gauges offer simplicity of use 

and thus a decreased potential for error.  Appendix D discusses the particular vibrating 

wire strain gauges chosen for the test specimens and the rationale for this choice. 

 

Figure 4-8: A Set of Three Completed Beam Specimens  
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The critical element to monitor during the specimen testing was the prestressing 

strand.  However, monitoring of the strand directly was extremely difficult due to the  

limited accessibility and very high strains experienced by the strand during stressing.  

Numerous researchers have attempted to monitor the stress in the strand with very limited 

to no success (e.g., Barr et al. 2005, Ciolko and Tabatabi 1999, Ryals et al. 1992, Woll-

man et al. 1988).  Furthermore, breaching the duct and grout to monitor the strains in the 

strand offers a path for the chlorides that does not exist in an actual structure, and durabil-

ity was a primary element of this study.  Consequently, the strains in the strand were mo-

nitored indirectly. 

Vibrating wire strain gauges were installed at midspan of the beam specimens at 

the locations shown in Figure 4-9 (see Figure 4-3 for specimen dimensions).  Figure 4-10 

is a photograph of an actual specimen showing the gauge orientation.  These gauges 

served multiple purposes.  First, the gauges allowed the beam specimens to function as 

giant load cells in order to determine the stress in the prestressing strands.  During the 

strand stressing operation, the author recorded the changes in strain and calibrated these 

values to the overall tendon force measured by the stressing jack’s pressure gage.  

Second, the gauges monitored the strains in the concrete during the strand stressing oper-

ation and during the prestressing bar stressing operation.  Third, the gauges also moni-

tored changes in concrete strain during the durability portion of the study.  These changes 

in concrete strain, due to creep and shrinkage, caused long-term losses of the prestressing 

force in the strand.  The specific procedure for monitoring the strand stress is discussed in 

detail in Chapter 5. 
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Figure 4-9: Vibrating Wire Strain Gauge Locations at Midspan of Beam Specimens 

 

Figure 4-10: Vibrating Wire Strain Gauge Orientation on Beam Specimens 
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In addition to the gauges installed on the specimens, vibrating wire strain gauges 

were installed on the prestressing bars.  These gauges were used to monitor the strain, 

and thus force, applied by the prestressing bar to the beam specimens.  Because the bars 

are continuously threaded, the author cut the bars into two pieces and used a coupler to 

tie them back together.  The strain gauges were installed on the smooth couplers, which 

then acted as load cells to determine the force in the prestressing bar at any given time.  

The “load cells” were calibrated during the prestressing operation through the use of a 

calibrated pressure gage attached to the hydraulic pump.  A photograph of one of the pre-

stressing bar couplers is shown in Figure 4-11.  Appendix D contains the load versus 

strain behavior for the coupler “load cells.” 

 

Figure 4-11: Vibrating Wire Strain Gauge Installed on Prestressing Bar Coupler 
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Periodic retensioning of the prestressing bars was required due to creep and shrin-

kage of the beam specimens.  The prestressing bars were retensioned when they lost five 

percent of their initial force. 



114 

Chapter 5 
 

Beam Specimen Testing 

This chapter discusses the exposure and fatigue testing of the post-tensioned beam 

specimens.  Discussed in detail in Section 4.2, the testing program included twelve full-

scale beam specimens that combined long-term static exposure testing with fatigue test-

ing.  The exposure testing, performed on six of the twelve specimens, involved exposing 

the specimens to saltwater for a period of six months while under full service load.  The 

fatigue testing, performed on all twelve specimens, involved loading the specimens for 

2,000,000 cycles or until failure, whichever came first.  A complete description of the test 

variables and the design, construction, and instrumentation of the beam specimens is con-

tained in Chapter 4. 

5.1 Determination of Strand Stress 

The critical element to monitor during construction and testing of the beam spe-

cimens was the prestressing strand.  However, as discussed in Section 4.5, monitoring of 

the strand directly was extremely difficult due to the limited accessibility and very high 

strains experienced by the strand during stressing.  Consequently, the author developed a 

technique to determine the stress in the strand that combined experimental and analytical 

methods.  From construction up to the point of fatigue testing, the strand stress was moni-

tored indirectly through vibrating wire strain gauges installed on the surface of the con-
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crete specimens.  During fatigue testing, the stresses in the strand were calculated through 

two independent analytical methods: a moment-curvature analysis and a finite element 

analysis.  This section discusses the methodology, rationale, and results for determining 

the stress in the prestressing strand at these different stages. 

5.1.1 Prior to Fatigue Testing 

The vibrating wire strain gauges installed on the surface of the concrete essential-

ly allowed the beam specimens to function as giant load cells.  During the strand stressing 

operation, the author recorded the changes in strain and calibrated these values to the 

overall tendon force measured by the stressing jack’s pressure gage, as shown in Figure 

5-1 for Specimen FR-1.  Results from any of the three gauges could be used to determine 

the force in the strand.  However, the gauge at the bottom of the beam offers the least re-

liability due to the very small strains experienced at this location during stressing.  Fol-

lowing removal of the jacking force, and subsequent seating of the wedges, the author 

again recorded the changes in strain.  These final values were used to determine the force 

in the prestressing strand at transfer from the relationship shown in Figure 5-1.  This pro-

cedure was possible because of the use of a multi-strand stressing jack to stress the beam 

specimen tendons. 

Using Beam Specimen FR-1 as an example, the strand stresses during jacking and 

at transfer were calculated by the following method.  Preliminary design calculations in-

dicated that, primarily due to seating losses, the tendon must be tensioned to the full code 

allowable value of 80 percent of the guaranteed ultimate tensile strength (GUTS) of the 
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strand, fpu (AASHTO 2008, ACI 2008).  With a six-strand-tendon and an ultimate tensile 

strength of 270 ksi, this equates to a force of 198.3 kips, which is the peak value plotted 

in Figure 5-1.  With the tendon force applied in increments of 30 kips, the response of the 

strain gauges in Figure 5-1 is essentially linear.  Following removal of the jacking force, 

and subsequent seating of the wedges, the author again recorded the strains, which meas-

ured 401με for Gauge No. 1 and 169 με for Gauge No. 2.  Using the relationship shown 

in Figure 5-1 results in a force in the strand at transfer of 144.8 kips based on Gauge No. 

1 and 143.8 kips based on Gauge No. 2, essentially identical.  This value represents a 

transfer stress of 0.58fpu.  Both the jacking and transfer stresses are shown in Table 5-1.  

 

Figure 5-1: Beam Specimen FR-1 Strain Gauge Measurements as a  
Function of Force in the Stressing Jack 

0

100

200

300

400

500

600

0 30 60 90 120 150 180 210

M
ea

su
re

d 
St

ra
in

 in
 G

au
ge

 (μ
ε)

Force in Stressing Jack (kips)

Gauge No. 1 

Gauge No. 2 

Gauge No. 3 

1

3

2



117 
 

 

The last value shown in Table 5-1 includes prestress losses due to creep and 

shrinkage during the time between transfer and fatigue testing.  These losses were also 

determined by the use of the vibrating wire strain gauges.  Using surface gauges to meas-

ure prestress losses due to creep and shrinkage is a very common technique (e.g., Baran 

et al. 2005, Hale and Russell 2006).  The change in strain experienced by the tendon is 

equal to the change in strain experienced by the concrete at the same vertical location in 

the specimen.  Gauge No. 1 was located approximately 5-5/8” above the tendon, and 

Gauge No. 2 was located approximately 2-1/4” below the tendon.  The author then de-

termined the change in strain at the location of the tendon through linear interpolation 

(plane strain assumption).   

A temperature correction to the measured creep and shrinkage strains was unne-

cessary, primarily since the specimens were inside a conditioned lab space.  Nonetheless, 

the author monitored the specimen temperatures with an infrared thermometer and 

through the vibrating wire strain gauges.  The strain gauges incorporate a thermistor in 

their housing, which could be read through the readout box.  Final creep and shrinkage 

strain measurements were only taken if the beam specimen temperature fell within 2° Fa-

Table 5-1: Strand Stresses for Fatigue Reference Series 

Specimen 
Prestressing Strand Stress 

Jacking Transfer Final 

FR-1 0.80fpu 0.58fpu 0.58fpu 

FR-2 0.80fpu 0.58fpu 0.58fpu 

FR-3 0.53fpu 0.31fpu 0.31fpu 
 



118 

hrenheit of the temperature during the initial strain measurement immediately following 

prestress transfer.  Thus, any temperature effects were negligible. 

For Beam Specimen FR-1, which underwent fatigue testing within a month of 

stressing, the prestress losses due to creep and shrinkage were minimal.  The change in 

strain at the location of the tendon measured 33 με, which resulted in a prestress loss of 

0.96 ksi based on a strand modulus of elasticity of 29,000 ksi.  Therefore, the final strand 

stress prior to fatigue testing was equal to 0.58fpu, as shown in Table 5-1.  

The losses from seating of the wedges were significant due to the relatively short 

length of the beam and the use of a stressing jack without power seating.  For Beam Spe-

cimen FR-1, the seating losses amounted to 58.8 ksi.  In general, losses due to anchor 

seating, creep, shrinkage, friction, and steel relaxation within an actual prestressed mem-

ber do not exceed 20 percent of the guaranteed ultimate tensile strength, or 54 ksi for 

Grade 270 strand (e.g., ACI 318 2008, ACI 215R 1997, Paulson 1983).  Fortunately, the 

Fatigue Reference Series specimens were tested very soon after stressing, such that long-

term prestress losses were negligible.  For subsequent specimens, the author increased the 

jacking stress to partially compensate for the significant seating losses. 

As a secondary check on the vibrating wire strain gauges, the author also com-

pared the measured strains in the concrete during the jacking operation to calculated 

strains in the concrete.  The calculated strains were based on the calculated stresses im-

posed by the jacking force converted to strains through the modulus of elasticity meas-

ured for the particular concrete placement (see Section C.8.1).  Figure 5-2 is a plot of the 

measured strains versus the calculated strains.  Compared to a one-to-one relationship, 
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which would indicate a perfect correlation, the strains have an R2 value of 0.988.  There-

fore, the measured strains compared very well with the calculated strains and confirmed 

the accuracy of the measured results.  The calculated and measured strain values are tabu-

lated in Appendix E. 

To correlate with actual prestressed members, the effective prestress for the beam 

specimens must be kept at or above 60 percent of the guaranteed ultimate tensile strength 

of the strand, or as close as possible.  In general, losses due to anchor seating, creep, 

shrinkage, friction, and steel relaxation within an actual prestressed member do not ex-

ceed 20 percent of the guaranteed ultimate tensile strength (e.g., ACI 318 2008, ACI 

215R 1997, Paulson 1983).  Thus, with a maximum code allowable jacking stress of  

 

 

Figure 5-2: Beam Specimen FR-1 Measured versus Calculated Concrete  
Strains During Jacking Operation  
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0.80fpu, the 0.60fpu value represents a lower bound for an actual prestressed member.  

However, due to the relatively short beam specimen lengths (6’-0”), seating losses were 

very high, almost 22 percent of fpu for the Fatigue Reference Series.  Consequently, in 

order to partially compensate for these high seating losses, the author needed to increase 

the jacking stress for subsequent specimens, particularly those that would undergo dura-

bility testing and would thus experience higher long-term prestress losses than the Fati-

gue Reference Series specimens.    

The author increased the jacking stress to 0.82fpu for the next series of specimens, 

the Anchor Zone Grout Void Series.  The decision to exceed the code allowable value 

was based on the following considerations: 

1. The stressing operation would be temporary and of very short duration. 

2. The stressing operation would not exceed the yield stress of the strand. 

3. The anchorage hardware was designed for a seven-strand tendon, but only a 

six-strand tendon was used in the beam specimens.  Therefore, even with the 

increased jacking stress, the total force was less than that for which the hard-

ware was designed. 

4. The calculated concrete stresses were still within code allowable values. 

5. The mild reinforcement design for the local and general zones was based on a 

seven-strand tendon.  Therefore, even with the increased jacking stress, the to-

tal force was less than that for which the mild steel was designed. 

During the subsequent stressing operation, there were no signs of distress in the strand, 

anchorage, or concrete.   
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The results for the Anchor Zone Grout Void Series are shown in Table 5-2 and 

Figure 5-3.  The same procedure as that used for the Fatigue Reference Series was used 

to determine the stress in the strand at transfer and due to long-term losses.  However, the 

Anchor Zone Grout Void Series underwent fatigue testing within a month of stressing, 

thus the prestress losses due to creep and shrinkage were again minimal.  As with the 

previous series, the response of the strain gauges during the jacking operation was essen-

tially linear, similar to the response shown in Figure 5-1.  Figure 5-3 is a comparison of 

the measured and calculated strains during the jacking operation for Beam Specimen  

AZ-1.  Compared to a one-to-one relationship, which would indicate a perfect correla-

tion, the strains have an R2 value of 0.982.  Therefore, the measured strains compared 

very well with the calculated strains and confirmed the accuracy of the measured results.  

The calculated and measured strain values are tabulated in Appendix E.    

 

 

The author increased the jacking stress to 0.83fpu for the last two series of speci-

mens, the Anchor Zone Grout Void Corrosion Series and the Grout Void Corrosion Se-

Table 5-2: Strand Stresses for Anchor Zone Grout Void Series 

Specimen 
Prestressing Strand Stress 

Jacking Transfer Final 

AZ-1 0.82fpu 0.61fpu 0.61fpu 

AZ-2 0.82fpu 0.61fpu 0.61fpu 

AZ-3 0.55fpu 0.33fpu 0.33fpu 
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ries.  The further increase in jacking stress was an attempt to compensate for the long-

term prestress losses of the durability series of specimens.  These specimens underwent 

chloride exposure in the lab under full dead (sustained) and live load for six months, ex-

periencing six months of creep and shrinkage losses.  The decision to increase the jacking 

stress further was made because of the successful increase in jacking stress with the pre-

vious series.  Although an increase above 0.83fpu would have better helped to compensate 

for the long-term losses, this value was already above the proportional limit and was ap-

proaching the yield stress of the strand.  During the subsequent stressing operations, there 

were no signs of distress in the strand, anchorage, or concrete. 

  

 

 

Figure 5-3: Beam Specimen AZ-1 Measured versus Calculated  
Concrete Strains During Jacking Operation  

R2 = 0.982 

0

100

200

300

400

500

600

0 100 200 300 400 500 600

C
al

cu
la

te
d 

St
ra

in
 in

 G
au

ge
 (μ

ε)

Measured Strain in Gauge (με)



123 

The results for the Anchor Zone Grout Void Corrosion Series are shown in Table 

5-3 and Figure 5-4, and the results for the Crown Grout Void Corrosion Series are shown 

in Table 5-4 and Figure 5-5.  The same procedure as that used for the previous two series 

was used to determine the stress in the strand at transfer and due to long-term losses.  As 

with the previous series, the response of the strain gauges during the jacking operation 

was essentially linear, similar to the response shown in Figure 5-1.  Figures 5-4 and 5-5 

are comparisons of the measured and calculated strains during the jacking operation for 

Beam Specimen AZC-1 and Beam Specimen GVC-1, respectively.  Compared to a one-

to-one relationship, which would indicate a perfect correlation, the strains have an R2 

value of 0.987 for AZC-1 and 0.954 for GVC-1.  Therefore, the measured strains com-

pared very well with the calculated strains and confirmed the accuracy of the measured 

results.  The calculated and measured strain values are tabulated in Appendix E. 

 

 

  

Table 5-3: Strand Stresses for Anchor Zone Grout Void Corrosion Series 

Specimen 
Prestressing Strand Stress 

Jacking Transfer Final 

AZC-1 0.83fpu 0.62fpu 0.60fpu 

AZC-2 0.83fpu 0.62fpu 0.60fpu 

AZC-3 0.55fpu 0.33fpu 0.31fpu 
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Figure 5-4: Beam Specimen AZC-1 Measured versus Calculated  
Concrete Strains During Jacking Operation  

Table 5-4: Strand Stresses for Crown Grout Void Corrosion Series 

Specimen 
Prestressing Strand Stress 

Jacking Transfer Final 

GVC-1 0.83fpu 0.62fpu 0.60fpu 

GVC-2 0.83fpu 0.62fpu 0.60fpu 

GVC-3 0.55fpu 0.33fpu 0.31fpu 
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Only the fully prestressed specimens in each series were instrumented.  The losses 

for the other two specimens in each series were estimated from the values determined for 

the fully prestressed beam.  The previous results verified that this approach was accepta-

ble for the following reasons: 

1. Seating losses, which ranged from 57.1 to 58.8 ksi, represented the vast ma-

jority of the total losses, which ranged from 57.9 to 61.4 ksi. 

2. Seating losses are only a function of the wedge, anchor head, and stressing 

jack hardware, which were identical for every specimen.   

3. Seating losses were very consistent between specimens, ranging from 57.1 to 

58.8 ksi, confirming Item 2 above. 

 

 

Figure 5-5: Beam Specimen GVC-1 Measured versus Calculated  
Concrete Strains During Jacking Operation  
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4. Only the fully prestressed specimens remained uncracked under full service 

load.  Long term prestress losses determined from concrete strains measured 

in cracked sections are often unreliable. 

Based on the actual prestress losses listed in Tables 5-1 through 5-4, the author 

calculated a revised specimen loading.  It was critically important to stress the concrete in 

tension during the fatigue loading to the same limits chosen in Chapter 4 for the original 

design, 3 '
cf (psi) for the fully prestressed specimens and 12 '

cf (psi) for the partially 

prestressed specimens.  However, the original design assumed an effective prestress 

based on AASHTO (2008) and ACI (2008) recommendations, which was 0.6fpu.  The 

actual effective prestress ranged from 0.58fpu to 0.61fpu.  These actual values were very 

close to the assumed value, but still necessitated a slight adjustment.  The peak service 

load, and thus peak fatigue load, was determined from Eq. 5.1, with the key variables also 

shown in Figure 5-6, and the concrete stress in tension set equal to a value of 3 '
cf (psi) 

for the fully prestressed design.  The partially prestressed design used the same service 

load as the fully prestrssed design, as discussed in Chapter 4. 

 where ft = concrete stress at the top of the section (positive for tension), 

  P = internal axial force, 

  A = cross sectional area, 

  M = internal bending moment, 

     5.1
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  y = distance to fiber from neutral axis, 

  I = moment of inertia, 

  Pload = applied loading, 

  Peff = effective prestress force, 

  el = eccentricity of applied loading from neutral axis, 

  ep = eccentricity of prestress force from neutral axis, 

  yt = distance to top of section from neutral axis. 

In addition to the effective prestress, the dead (sustained)-to-live-load ratio affects 

the fatigue loading applied to the specimens.  The lower the ratio, the higher the percen-

tage of total load attributed to live load, which represents the cyclic portion of the total 

applied loading.  As discussed in Section 4.3.5, the author chose a dead (sustained)-to-

live-load ratio of 2.0.  The revised peak service load and fatigue load (minimum and 

maximum load) for each series of specimens is shown in Table 5-5.   

  

 

Figure 5-6: Beam Specimen Internal Forces During Load Application 
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5.1.2 During Fatigue Testing 

During fatigue testing, the stresses in the strand were calculated through two in-

dependent analytical methods: a moment-curvature analysis and a finite element analysis.  

The necessity for an analytical approach was due to the following constraints: 

1. Flexural cracking of the partially prestressed specimens negated the ability to 

monitor the strand stress indirectly through the surface mounted strain gauges 

or even with internal concrete strain gauges. 

2. Vibrating wire strain gauges are incapable of reading strains at the high rate of 

loading required during the cyclic testing (5Hz).   

Table 5-5: Revised Specimen Loading Based on Actual Effective Prestress  

Series Effective 
Prestress 

Service 
Load (kips) 

Fatigue Load (kips) 

Minimum Maximum 

Fatigue Reference 0.58fpu 71.2 47.5 71.2 

Anchor Zone 
Grout Void 0.61fpu 74.4 49.6 74.4 

Anchor Zone 
Grout Void with 

Corrosion 
0.60fpu 73.3 48.9 73.3 

Crown Grout Void 
with Corrosion 0.60fpu 73.3 48.9 73.3 
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3. As discussed in Section 4.5, monitoring of the strand directly was extremely 

difficult due to the limited accessibility and very high strains experienced by 

the strand during stressing and thus during fatigue testing.   

The necessity for two analytical methods was to develop both a sufficient level of certain-

ty in the results and because the stress change due to loading is member-dependent since 

a portion of the strand was unbounded.  In general, a moment-curvature analysis only ap-

plies to section-dependent behavior.  The methodology and results from these two analyt-

ical approaches are discussed in the following sections. 

5.1.2.1 Moment-Curvature Analysis 

A well established method for both reinforced and prestressed concrete, a mo-

ment-curvature analysis relates the applied moment to the gradient of the strain profile 

(Lin and Burns 1981).  Based on classical beam theory and strain compatibility between 

the steel and concrete, the moment-curvature relationship is uniquely defined according 

to the dimensions of the concrete section and the material properties of the steel and con-

crete.  The iterative procedure involves assuming a strain profile, calculating the resulting 

stresses from the material stress-strain relationships, calculating internal forces, and de-

termining a neutral axis depth to satisfy equilibrium.  Once a solution is found, the strain 

profile is increased to evaluate the next step in the moment-curvature relationship. 

One complicating factor for this study was that the beams possessed a portion of 

unbonded tendon, located within the “bathtub” region at the center of each specimen.  For 

bonded tendons, the stress change in the strand due to loading is section-dependent be-
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cause strain compatibility exists between the concrete and the strand.  For unbonded ten-

dons, the stress change in the strand due to loading is member-dependent because the 

stress relies on the overall deformations between anchorages.  Strain compatibility does 

not exist for an unbonded tendon. 

However, two characteristics of the beam specimens in this research study af-

fected the response of the tendon and the subsequent change in stress during the fatigue 

loading.  First, the method of loading the beams through an eccentric axial load resulted 

in a uniform moment throughout the specimen.  Second, the end regions, where a very 

complex stress state existed due to the loading, were fully bonded.  Consequently, the 

change in strain in the concrete due to loading was uniform throughout the center region 

of the specimen, which was the location of the unbonded tendon.  It did not matter that 

the tendon was unbonded; it experienced the same change in strain that a fully bonded 

tendon would have experienced.  

Based on this rationale, the author performed a moment-curvature analysis of the 

specimens assuming a fully bonded tendon.  However, the author modified the standard 

moment-curvature analysis since the loading was applied through an eccentric axial load.  

The analysis used nonlinear material stress-strain relationships, including cracking of the 

concrete in tension.  For the concrete, the analysis used the Hognestad stress-strain rela-

tionship recommended by Lin and Burns (1981) and reproduced as Eqs. 5.2a and 5.2b.  

For the strand, the analysis used a typical stress-strain diagram for Grade 270, low-

relaxation strand, as shown in Figure 5-7 (e.g., Lin and Burns 1981, Nilson 1987). 

 0 , 2 1 2  5.2a
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 where     = strain, 

    = strain at peak stress, taken as 0.002, 

    = ultimate strain, taken as 0.003, 

    = stress, 

   = maximum compressive strength, taken as 4,000 psi 

 

 , 1 0.15  5.2b

 

 
Figure 5-7:  Stress-Strain Curve for Grade 270 Prestressing Strand 
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The results of the calculations indicated a change in strand stress of approximately 

28.9 ksi, or 0.107fpu, for the partially prestressed specimens during the cyclic portion of 

the fatigue loading.  The decompression load was slightly less than the dead load portion 

of the total load, which was based on a dead (sustained)-to-live-load ratio of 2.0 as dis-

cussed previously.  Consequently, the strand experienced the largest change in stress dur-

ing the application of the live load portion of the loading.  The live load was the cyclic 

portion of the total fatigue loading. 

In addition to the rationale discussed previously for assuming a fully bonded ten-

don, the behavior of the beam specimens during the fatigue loading also supported this 

approach.  Partially prestressed beams with unbonded tendons tend to experience a small 

number of very wide cracks (Nilson 1987).  All of the partially prestressed specimens 

developed relatively fine cracks (ACI 224.1R 2007) spaced at eight inches on center.  

Furthermore, Shahawi and Batchelor (1986) recommend the use of the FIP-CEB equation 

for predicting the maximum crack widths in partially prestressed beams subjected to fati-

gue.  For a typical crack width of 0.009 inches (see Section 5.3), this translates into a 

change in steel stress from decompression of 33.2 ksi, which compares very favorably 

with the calculated value of 28.9 ksi. 

5.1.2.2 Finite Element Analysis 

The purpose of the finite element analysis was to independently verify, or dis-

prove, the results of the moment-curvature analysis.  Although promising, the results 

from the moment-curvature analysis were based on section-dependent behavior.  The fi-
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nite element analysis, on the other hand, included the member-dependent effects neces-

sary with an unbounded tendon, where strain compatibility does not exist.  The intent of 

the finite element analysis was not to predict crack locations a priori, predict crack prop-

agation, predict fatigue crack formation, or serve as a starting point for a parametric in-

vestigation.  The intent was only to calculate the change in strand stress for the partially 

prestressed specimens of this study during application of the fatigue loading.   

The author chose the ANSYS® Academic Research Product, v. 11.0 (ANSYS), as 

the finite element package to perform the load stage analysis, which also included nonli-

near material behavior.  The load stage analysis followed the same sequence experienced 

by the partially prestressed specimens – prestressing, installation of the grout after pre-

stressing, and flexural cracking of the concrete during loading.  The same stress-strain 

relationships used in the moment-curvature analysis were used for the finite element 

analysis.  For the concrete, the Hognestad stress-strain relationship, previously repro-

duced as Eqs. 5.2a and 5.2b.  For the strand, a typical stress-strain diagram for Grade 270, 

low-relaxation strand, as shown in Figure 5-7. 

The finite element model is shown in Figure 5-8.  Due to symmetry, the author 

constructed only a quarter-model of the beam specimen.  Along the two planes of sym-

metry, the boundary conditions allowed displacement parallel to the plane but restricted 

displacement perpendicular to the plane.  To complete the boundary conditions, dis-

placement was restricted in the y-direction along the bottom edge of the corbel.  Loading 

was applied as a pressure over the same area as the test equipment actuator head, with the 

centroid located 6” above the edge of the corbel to match the specimen design as shown 

in Figure 4-3.  
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The basic element used in the model was a higher-order, three-dimensional, 20-

node, hexahedral, solid element that exhibits quadratic displacement behavior.  This ele-

ment, referred to as SOLID186 by the ANSYS program, is well suited to modeling irre-

gular geometries (ANSYS 2007), such as those that occur with the beam specimens.  As 

shown in Figure 5-8, an irregular mesh geometry resulted from the half-cylinder used to 

model the strand duct, particularly since the duct was sloped between the beam end and 

the “bathtub” region.  Furthermore, SOLID186 degrades to a 10-node tetrahedral element 

during auto-meshing in order to maintain proper element geometry, further accommodat-

ing irregular geometries (ANSYS 2007).  The author generated the initial mesh through a 

controlled auto-meshing process.  After an initial analysis, a mesh refinement procedure 

was followed at locations of coarse stress distributions and/or high stress gradients. 

 

Figure 5-8: Finite Element Model for Determining Strand Stress During Fatigue Testing
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The author modeled the tendon with a three-dimensional spar or truss element.  

Referred to as LINK8 by the ANSYS program, this element is a pin-jointed, uniaxial, 

tension-compression element with three degrees of freedom at each node (ANSYS 2007).  

This element allows input of an initial strain, which served to stress the tendon and pre-

stress the finite element model of the beam specimens.  The “prestressing” required an 

iterative approach to arrive at the same level of initial strain in the strand as that expe-

rienced by the actual specimens.  Namely, a strain that corresponds to an effective pre-

stress of 0.6fpu. 

The author modeled installation of the grout after prestressing, as occurred in the 

actual specimens, by using the element birth command available in ANSYS.  This feature 

is very beneficial for staged construction.  In reality, the program assigns an extremely 

low stiffness to these elements prior to their “birth.”  The grout stress-strain relationship 

was modeled with the Hognestad expression. 

The author modeled flexural cracking with contact elements that resist compres-

sion but not tension.  The cracking pattern was chosen to match the typical cracking that 

occurred in the test specimens (see Section 5.3).  The contact zones extend completely 

through the cross section but, when under a compressive stress, remain unopened.  In this 

way, the analysis opened and propagated the cracks as the stresses dictated. 

Results of the finite element analysis confirmed the assumptions used in the  

moment-curvature analysis of the beam specimens, with a change in strand stress of  

27.6 ksi during application of the live load portion of the fatigue load.  This value com-

pares very favorably with the calculated value of 28.9 ksi from the moment-curvature 

analysis. 
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5.2 Exposure Testing and Monitoring  

The exposure testing, performed on six of the twelve specimens, involved expos-

ing the specimens to saltwater for a period of six months while under full service load.  

Three of the specimens had a portion of the strand exposed immediately behind the anc-

hor head due to a void in the grout.  These specimens were referred to as the Anchor 

Zone Grout Void Corrosion Series (AZC) of test specimens.  Three of the specimens had 

the center portion of the plastic duct removed so that the chlorides had direct access to the 

grouted tendon.  These specimens were referred to as the Crown Grout Void Corrosion 

Series (GVC) of test specimens. 

As was done during grouting of the tendons, the AZC specimens were placed ver-

tically for exposure testing, as shown in Figure 5-9.  With the specimens vertical, saltwa-

ter placed into the void behind the anchor head easily stayed in place.  The saltwater 

would readily leak out through the strand tails if the specimens were left horizontal dur-

ing the testing.  The chloride exposure took the form of a five percent NaCl solution 

placed in the grout void immediately behind the anchor head. 

Due to physical constraints, it was impossible to monitor the corrosion that oc-

curred in the void behind the anchor head for the AZC specimens.  Consequently, the au-

thor placed four-inch-long sections of strand into the empty holes of the anchor head.  

These small, unattached sections could be easily removed and periodically examined for 

signs of corrosion. 
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Unexpectedly, pitting corrosion occurred in the removable portions of strand 

placed into the empty holes of the anchor head.  It was observed that over time the solu-

tion placed within the void became cloudy.  Subsequent testing of the solution revealed a 

pH of between 12 and 13.  The initial solution, composed of deionized water and five 

percent sodium chloride, had a pH of 7 prior to placement.  It is speculated that hydrox-

ides from the grout leached into the solution, causing it to become alkaline.  This alkalini-

 

Figure 5-9: Anchor Zone Grout Void Corrosion Specimens Undergoing Exposure Testing
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ty then caused the protective passive layer to form on the strand in the void and, conse-

quently, resulted in pitting corrosion of the strand segments that were not encased in 

grout.  This result was unexpected, as steel placed into a neutral solution should expe-

rience uniform corrosion, not pitting corrosion.  Pitting corrosion is a much more detri-

mental form of corrosion for the prestressing strand.     

Exposure testing of the GVC specimens involved removing the plastic duct in the 

center region of the beams and exposing the grouted strand to chlorides.  The chloride 

exposure took the form of a five percent NaCl solution placed in a two-week-long, alter-

nating wet-then-dry sequence.  To remove the plastic duct without damaging the grout 

surrounding the tendon, a Dremel Variable-Speed MultiPro rotary tool with a 1-1/4-inch-

diameter cutting wheel was used.  The author very carefully cut the plastic duct longitu-

dinally along each side.  Then a circumferential cut was made at each end near the steel 

deviator.  The plastic duct was then carefully removed, with the result as shown in  

Figure 5-10. 

Immediately after removing the plastic duct, the author observed that the grout 

was cracked.  Both longitudinal and circumferential cracks were observed in the grout for 

all three specimens.  Whether the cracks occurred due to shrinkage of the grout or during 

the initial 10,000 cycle fatigue testing is unknown.  Nonetheless, these cracks reduced the 

ability of the grout to protect the strand.  Crack maps, including crack width measure-

ments where sufficient access existed for the crack scope, are shown in Figures 5-11 

through 5-13 for the exposed portion of the grouted tendons. 
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Figure 5-10: Exposed Grouted Tendon After Plastic Duct Removal 

 

Figure 5-11: GVC-1 Grout Crack Map 
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Figure 5-12: GVC-2 Grout Crack Map 

 

Figure 5-13: GVC-3 Grout Crack Map 
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All three GVC specimens showed signs of corrosion at some point during the six 

months of chloride exposure.  However, the amount and locations of corrosion varied be-

tween each of the three specimens, with no apparent pattern revealing itself.  Beam Spe-

cimen GVC-1 showed signs of corrosion after only one two-week cycle of saltwater 

exposure, as shown in Figure 5-14.  The corrosion shown in Figure 5-14 occurred at the 

crack locations identified in Figure 5-11.  This finding is very important, as it shows that 

the ability of the grout to protect the strand is independent of the level of prestress, which 

is also consistent with the fact that the grout is not precompressed because it is installed 

after the tensioning operation. 

 

  

 

Figure 5-14: Exposed Grouted Tendon for GVC-1 Showing Signs of Corrosion 
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Figure 5-15 shows GVC-2, one of the partially prestressed specimens, just prior to 

fatigue testing.  The most important aspect in the photograph is the extensive build-up of 

salt and calcium hydroxide on the outside surface of the specimen.  The flexural cracks, 

which measured 0.006 to 0.009 inches in width, continued to leak saltwater throughout 

the six-month duration of the exposure testing.  These crack widths are considered fine to 

very fine (ACI 224 2007), yet the saltwater continued to pass through the specimen, even 

after extensive build-up of salt and calcium hydroxide.  This finding is very important in 

that it reaffirms that fine crack widths (those measuring less than 0.010 inches) can still 

act as transport mechanisms for chloride contamination.  The same phenomenon occurred 

in Beam Specimen GVC-3, the other partially prestressed member. 

 

Figure 5-15: Beam Specimen GVC-2 After Six-Month Duration of Exposure Testing 
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5.3 Fatigue Testing and Observations 

To test the beam specimens in fatigue, they were placed vertically in a load frame 

containing a 110-kip, servo-hydraulic, fatigue-rated actuator manufactured by MTS Sys-

tems.  A drawing of the test setup is shown in Figure 5-16, with photographs of the test 

setup shown in Figure 5-17.  The beam specimens were positioned such that the actuator 

applied the necessary axial force at the same location as the prestressing bar.  To account 

for the anchor head extending beyond the end of the beam at the bottom of the speci-

mens, the beams were supported on steel plates along the bottom corbel.  These plates 

also assured that the reacting force from the strong floor was applied directly opposite to 

the applied loading from the actuator. 

All twelve beam specimens completed the full 2,000,000 cycles of fatigue testing 

without a catastrophic failure of either the concrete or tendon.  In regions of compressive 

stress, the concrete did not show any signs of distress (cracking, splitting, or spalling), 

even though the fatigue loading placed a maximum stress of 0.50  in these areas for all 

twelve specimens.  However, the concrete did suffer cracking at various locations, some 

of which was expected and some of which was not.  For instance, in general, the fully 

prestressed specimens remained uncracked in the precompressed tensile zone, which was 

to be expected.  The partially prestressed specimens, on the other hand, cracked in the 

precompressed tensile zone, which was also to be expected. 
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Unexpected cracking occurred in two situations.  The first involved longitudinal 

cracking along the top of the specimens at the anchor head and at the opening in the cen-

ter region of the beam, as shown in Figure 5-18.  All of the fully prestressed specimens 

exhibited this type of cracking, while it occurred in only some of the partially prestressed 

specimens.  It was speculated that the cause of the cracking near the anchor head was due 

to bursting stresses, and that the cause of the cracking near the “bathtub” region was due 

 

Figure 5-16: Beam Specimen Fatigue Test Setup 
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to dispersion forces from the applied prestressing.  This hypothesis was confirmed 

through a finite element analysis, the details of which are contained in Appendix F. 

The second instance of unexpected cracking occurred in Beam Specimen GVC-1.  

This specimen was a fully prestressed design yet experienced flexural cracking in the 

precompressed tensile zone.  Because this specimen underwent exposure to chlorides, it 

was possible that some of the prestressing wires failed during the fatigue testing, resulting 

in a corresponding increase in the tensile stress.  Another alternative is that the specimen 

experienced an overload during the fatigue testing due to an equipment malfunction.  The 

specimen autopsy results discuss these possibilities. 

 

 

Figure 5-17: Beam Specimen Fatigue Test Setup 

(a) (b) 



146 

All of the partially prestressed specimens experienced flexural cracking in the 

precompressed tensile zone.  The cracking pattern was fairly consistent and amounted to 

four flexural cracks spaced approximately eight inches apart, as shown in Figure 5-19.  

The opening in the center region of the beam caused the cracks furthest away from the 

center to merge with shrinkage cracks occurring at the corners of the openings.  This 

cracking pattern occurred in all but one of the partially prestressed specimens, Beam Spe-

cimen GVC-3, which had three flexural cracks instead of four. 

Detailed crack maps for each specimen are contained in Appendix G.  Crack 

width measurements were taken with a crack scope – a 60-magnification microscope with 

an inscribed scale on the lens.  Initial crack width measurements were taken within the 

first 100,000 cycles, with final crack width measurements taken within the last 100,000 

cycles.  Crack width measurements were taken at two locations along each crack at the 

 

Figure 5-18: Longitudinal Cracking of Beam Specimens 
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top surface of the beam.  Crack width measurements for the GVC Series were less pre-

cise, as it was difficult to remove all of the build-up in and around the cracks from the 

exposure testing.  In general, the flexural crack widths increased during the fatigue load-

ing.  Some researchers have attributed this increase to creep, while others have attributed 

it to continued microcracking occurring over time (ACI 423.5R 1999). 

With the possible exception of Beam Specimen GVC-1 (which exhibited flexural 

cracks in a fully prestressed design), the tendons did not show any signs of distress during 

the fatigue testing.  Although the majority of the tendon is unexposed, distress in the ten-

don would normally be reflected by distress in the concrete, which did not occur.  How-

 

Figure 5-19: Typical Crack Pattern for Partially Prestressed Specimens 
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ever, individual wire breaks or other minor fatigue damage to the tendons was possible.  

This condition is discussed in more detail in the autopsy results section. 

It is informative to compare the calculated change in strand stress for the beam 

specimens with equations that predict the fatigue life of prestressing strand, and thus a 

prestressed beam.  For a stress range of 28.9 ksi, Paulson’s mean fatigue life equation 

(see Section 2.4) would predict slightly more than 3,000,000 cycles to failure.  All of the 

unexposed specimens reached the full 2,000,000 cycles of fatigue loading.   

For a stress range of 28.9 ksi, the equation proposed by the author that includes 

the effect of localized corrosion (see Section 3.5) would require an average pit depth of 

0.013 inches in order to reduce the mean fatigue life to 2,000,000 cycles.  The partially 

prestressed beam specimens for the Crown Grout Void Corrosion Series had an average 

pit depth of 0.007 inches (see Chapter 6), and all of these specimens reached the full 

2,000,000 cycles of fatigue loading. 

5.4 Summary 

The following section contains a brief summary of the results from the beam spe-

cimen testing.  Testing of the beam specimens included determination of the effective 

prestress prior to fatigue testing, calculation of the stress range during fatigue testing, ex-

posure testing of the beam specimens, and fatigue testing of the beam specimens.  From 

construction up to the point of fatigue testing, the strand stress was monitored indirectly 

through vibrating wire strain gauges installed on the surface of the concrete specimens.  

During fatigue testing, the stresses in the strand were calculated through two independent 



149 

analytical methods: a moment-curvature analysis and a finite element analysis.  The ex-

posure testing, performed on six of the twelve specimens, involved exposing the speci-

mens to saltwater for a period of six months while under full service load.  The fatigue 

testing, performed on all twelve specimens, involved loading the specimens for 2,000,000 

cycles or until failure, whichever came first.  Findings from the beam specimen testing 

are contained in Table 5-6. 
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Table 5-6: Summary of Findings from Beam Specimen Testing 

Source Finding 

Strand Stress 
Determination 

The effective prestress ranged from 0.58fpu to 0.61fpu, with values 
of 0.58fpu for the Fatigue Reference Series (FR), 0.61fpu for the 
Anchor Zone Grout Void Series (AZ), and 0.60fpu for both the 
Anchor Zone Grout Void Corrosion Series (AZC) and the Crown 
Grout Void Corrosion Series (GVC). 
 
The results from the moment-curvature calculations indicated a 
change in strand stress of approximately 28.9 ksi, or 0.107fpu, for 
the partially prestressed specimens during the cyclic portion of 
the fatigue loading. 
 
The results from the finite element analysis indicated a change in 
strand stress of approximately 27.6 ksi, or 0.102fpu, for the par-
tially prestressed specimens during the cyclic portion of the fati-
gue loading. 
 

Exposure Testing For the AZC Series, the pH of the saltwater solution placed into 
the void increased over time due to leaching of hydroxides from 
the grout.  The higher pH caused a protective oxide film to form, 
resulting in pitting corrosion of the strand within the void. 
 
Both longitudinal and circumferential cracks were observed in 
the grout for all three beams from the GVC series.  Whether the 
cracks occurred due to shrinkage of the grout or during the initial 
10,000 cycles of fatigue testing is unknown. 
 
All three specimens from the GVC Series showed signs of corro-
sion at some point during the six months of exposure testing. 
 
The flexural cracks for the partially prestressed beams of the 
GVC Series continued to leak saltwater throughout the six-month 
duration of the exposure testing.  The crack widths were relative-
ly fine, measuring only 0.006 to 0.009 inches in width. 
 

 



151 

 

Table 5-6: Summary of Findings from Beam Specimen Testing (cont’d) 

Source Finding 

Fatigue Testing All twelve beam specimens successfully reached 2,000,000 
cycles of fatigue testing. 
 
Typical flexural crack pattern for the partially prestressed speci-
mens consisted of four cracks spaced at 8 inches on center. 
 
Typical flexural crack widths for the partially prestressed speci-
mens ranged from 0.006 to 0.011 inches. 
 
Flexural crack widths increased from 15 to 30 percent during the 
course of the fatigue testing. 
 
One fully prestressed beam (Specimen GVC-1) experienced flex-
ural cracking. 
 
With the possible exception of Beam Specimen GVC-1, the ten-
dons did not show any signs of distress during the fatigue testing. 
 
All of the fully prestressed beams and six of the eight partially 
prestressed beams suffered longitudinal cracking along the top of 
the specimens at the anchor head and at the opening in the center 
region of the beam. 
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Chapter 6 
 

Beam Specimen Forensic Investigation 

This chapter discusses the forensic investigation of the post-tensioned beam spe-

cimens.  The main purpose of autopsying the specimens was to examine the condition of 

the tendon.  This examination included all aspects of the tendon system: the duct, the 

grout, and the strand itself.  Research has shown that the tendon is the single most critical 

component in predicting the fatigue life of a partially prestressed member (ACI 423.5 

1999).  Furthermore, since half of the specimens underwent exposure testing, what effect 

this had on the condition of the tendon needed to be investigated.  The results are divided 

into two categories: general findings and specific findings.  General findings refer to con-

ditions that were found in all twelve beam specimens.  Specific findings, on the other 

hand, refer to conditions that only occurred within an individual series or a member of 

that series.  The detailed autopsy procedures are contained in Appendix H. 

6.1 General Findings from Forensic Investigation  

After removal of the tendons from the beam specimens, the author examined the 

condition and disposition of the plastic duct, the grout, and the strand.  Some of the same 

tendon conditions occurred in all twelve beam specimens, while others were specific to 

an individual series or a member of that series.  The findings discussed in this section ap-

plied to all beam specimens.  
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6.1.1 Grout Coverage 

One aspect of this study, discussed in detail in Section 4.2, was to investigate the 

role that grouting defects may play in the durability and fatigue response of prestressing 

strand.  Unplanned defects, not uncommon in actual post-tensioned structures, would 

have either negated or severely complicated this study, or would have required recasting 

of some of the beam specimens.  Consequently, a thorough investigation of the condition 

of the grout was critical. 

The investigation found that the grout completely filled the ducts and fully encap-

sulated the strands, with no signs of any voids, bleed pockets, or bleed lenses, except for 

the peaks of the ribs along the center region of the beams.  The lack of grout at these lo-

cations was likely the result of small air pockets unable to escape during the grouting 

process.  This portion of the duct was at a high point in the tendon profile, and it is most 

likely that air became trapped in the ribs.  However, this result was anticipated, and it has 

little or no negative consequences.  A photograph of the grouted tendon showing the 

amount of duct removed to perform the in situ portion of the inspection is shown in Fig-

ure 6-1.  Inspection of the remaining portions occurred after removal of the tendon from 

the beam specimens.  Figure 6-2 is a close-up of the grout showing the air pockets along 

the peaks of the ribs.  These air pockets measured 3/8" in width and 1-1/2” in length.     

The investigation also found that the grout completely filled the end anchorages 

and fully encapsulated the strands, with no signs of any voids or pockets.  This result was 

very important as one of the planned grouting defects involved a purposeful void in the 

grout immediately behind the anchor head, referred to as the Anchor Head Grout Void 



154 

series of specimens.  The behavior of the specimens without the void served as a refer-

ence point for comparison with those for which the void was purposefully planned.  Fur-

thermore, the coverage and tenacity of the grout was confirmed during removal, when the 

portion of the tendon within the end anchorages could only be removed after repeated 

blows from a 50-lb. jackhammer. 

6.1.2 Grout Cracking 

One assumption concerning the test matrix developed for this research study was 

that the grout would crack, likely due to shrinkage.  This assumption, based on research 

at the University of Texas (Kotys 2003, Turco et al. 2007), was partially proven correct 

 

Figure 6-1: Exposed Grouted Tendon After Plastic Duct Removal for In situ Inspection 
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when the author removed the plastic duct for the Crown Grout Void Corrosion Series (see 

Section 5.2).  This assumption was further validated during the forensic investigation, 

which revealed cracking of the grout in all twelve beam specimens. 

The grout experienced both longitudinal and circumferential cracking, with crack 

widths measuring between 0.001 and 0.005 inches.  Whether the cracks occurred due to 

shrinkage of the grout or during the fatigue testing is unknown.  Nonetheless, these 

cracks reduced the ability of the grout to protect the strand.  Furthermore, due to the spe-

cimen design, the author was able to examine the grout while it was still in situ.  The 

University of Texas research, which was the first and only other research study to charac-

terize this issue, found cracking of the grout but only after the autopsy (Kotys 2003, Tur-

co et al. 2007), which may itself have caused some of the cracking. 

 

Figure 6-2: Close-Up of Air Pockets Along Peaks of Duct Ribs 
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6.1.3 Strand Location within Duct 

Unless a straight tendon profile is used, there are locations where the strand will 

be pulled up tight to the duct wall during the stressing operation.  At these locations, 

some of the tendons will have very little grout coverage adjacent to the duct.  Further-

more, depending on the specific profile, these locations may extend over a significant 

length of the tendon.  The beam specimens used in this study, for example, have a very 

typical two-point drape profile.  This profile will result in the tendon being pulled up tight 

to the duct over the majority of its length, which was confirmed during the forensic inves-

tigation of the tendons. 

All twelve beam specimens had some of their strands tight to the inside, bottom 

surface of the plastic duct.  Either two or four strands touched the duct surface depending 

on whether the specimen had a four- or six-strand-tendon, respectively.  The amount of 

contact and the corresponding amount of grout coverage at the strand/duct interface va-

ried between specimens.  In general, the specimen grout coverage varied between the ex-

tremes of Beam Specimen FR-1, pictured in Figures 6-3 and 6-4, and Beam Specimen 

AZ-3, pictured in Figures 6-5 and 6-6.  The grout was so thin between the duct and strand 

in Beam Specimen FR-1 that it easily shattered during the autopsy procedure.  The grout 

for Beam Specimen AZ-3, on the other hand, fared better during removal but was none-

theless extremely thin, measuring 1/16” in many places.  In Figures 6-5 and 6-6, the little 

black dots running longitudinally along the grout are locations where the strand touched 

the duct surface. 
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Figure 6-3: Beam Specimen FR-1 Grouted Tendon with Schematic End View 

 

Figure 6-4: Beam Specimen FR-1 Grouted Tendon with Schematic End View 
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Figure 6-5: Beam Specimen AZ-3 Grouted Tendon with Schematic End View 

 

Figure 6-6: Beam Specimen AZ-3 Grouted Tendon with Schematic End View 
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Again, it is not that this condition was unexpected, but that these examples very 

vividly point out the problem that if chlorides breach the duct, the grout may be unable to 

protect the strand for an extended period of time even in a well-grouted post-tensioned 

beam.  On the other hand, even with this situation, a well-grouted duct reduces the poten-

tial for corrosion by limiting areas for excess saltwater to reside and, even with minimal 

cover, still provides a passive environment for the strand. 

6.1.4 Plastic Duct Performance at Deviators 

Research at the University of Texas at Austin (Turco et al.  2007) indicated a po-

tential problem with plastic duct at deviation or support points.  During stressing, the 

ducts were squeezed between the steel strand and reinforcing bars used to support the 

duct during construction.  The duct subsequently suffered severe abrasion and, in some 

locations, punctures.  These puncture locations coincided with stirrups and subsequent 

flexural cracks in the partially prestressed members.  As a result, during exposure testing, 

chlorides passed through the flexural cracks and came into direct contact with the strand 

without having to pass through either the concrete or grout.  These chlorides also traveled 

along the strand through wicking action and resulted in widespread corrosion. 

Consequently, the author investigated the condition of the tendons at the steel de-

viators.  The plastic duct performed very well for all twelve specimens, only suffering a 

few minor scrapes or scratches – marks and indentations measuring less than 0.005  

inches in depth compared to the 0.125-inch-thick duct.  The only exception to this finding 

occurred for Beam Specimen FR-3, where the duct experienced small gouges at the 
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downhill edge of one of the steel deviators.  These gouges, shown in Figure 6-7, meas-

ured a maximum of 0.027 inches in depth.  This condition probably occurred due to a 

slight misalignment or movement of the deviator during concrete placement, causing the 

duct to bear more on the edge of the deviator than throughout its length.  The important 

point to make, however, is that the damage to the duct was minor; measuring a maximum 

of 0.027 inches in depth compared to the 0.125-inch-thick duct, and did not adversely 

affect the performance of the plastic duct in any way. 

The purpose of the steel deviators is to spread the load over a sufficient length to 

protect the duct during stressing of the strand and prevent any abrasion or gouging.  The 

problem of plastic duct punctures at support points had been noted in the industry, and 

one proposed solution involved the use of metal cradles between bracing bars and the 

plastic duct (Turco et al. 2007).  Based on the findings of this study with respect to the 

 

 

Figure 6-7: Gouges in Plastic Duct from Strand Stressing, Beam Specimen FR-3 

Gouges measuring 
   0.027” in depth   
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steel deviators, it appears that the use of metal support cradles for plastic duct is a viable 

solution to this problem. 

6.2 Specific Findings from Forensic Investigation 

After removal of the tendons from the beam specimens, the author examined the 

condition and disposition of the plastic duct, the grout, and the strand.  The findings dis-

cussed in this section are specific to each individual series or a member of that series.  

General findings, those that applied to all beam specimens, are discussed in Section 6.1. 

6.2.1 Fatigue Reference Series 

The Fatigue Reference Series specimens, as with all specimens, successfully 

reached the full 2,000,000 cycles of fatigue testing.  However, the author examined the 

strand for any signs of fatigue cracking or individual wire breaks caused by the testing.  

To examine the strand in detail, it was first removed from the grout encasement, sepa-

rated into individual wires, and thoroughly cleaned with a wire brush and steel wool pad.  

Subsequent examination of the strand did not reveal any wire breaks or fatigue cracks 

visible to the unaided eye.  

Further examination involved visible dye penetrant inspection in accordance with 

ASTM E1417-05e1, Standard Practice for Liquid Penetrant Testing (ASTM E1417 

2005).  Dye penetrant inspection is a non-destructive test (NDT) method used to locate 

surface-breaking defects in non-porous materials.  These defects include fatigue cracks, 
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which typically start on the surface of the metal.  In general, this method is limited to de-

tecting defects greater than 0.003 inches in width, although it varies between individuals 

(De Graaf and De Rijk 1981).  Visible dye penetrant testing of the strand for the Fatigue 

Reference Series did not reveal any fatigue cracks.  However, this finding does not prec-

lude the formation of fatigue cracks too small to be detected through this method. 

6.2.2 Anchor Zone Grout Void Series 

The Anchor Zone Grout Void Series specimens also successfully reached the full 

2,000,000 cycles of fatigue testing.  However, the author examined the strand within and 

adjacent to the grout void for any signs of fatigue cracking or individual wire breaks 

caused by the testing.  To examine the strand in detail, it was first removed from the 

grout encasement and anchor head, separated into individual wires, and thoroughly 

cleaned with a wire brush and steel wool pad.  Subsequent examination of the strand did 

not reveal any wire breaks or fatigue cracks visible to the unaided eye. 

Further examination involved visible dye penetrant inspection in accordance with 

ASTM E1417-05e1, Standard Practice for Liquid Penetrant Testing (ASTM E1417 

2005).  In general, this method is limited to detecting defects greater than 0.003 inches in 

width, although it varies between individuals (De Graaf and De Rijk 1981).  Visible dye 

penetrant testing of the strand for the Anchor Zone Grout Void Series did not reveal any 

fatigue cracks.  However, this finding does not preclude the formation of fatigue cracks 

too small to be detected through this method. 
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6.2.3 Anchor Zone Grout Void Corrosion Series 

As discussed in Section 5.2, the saltwater solution placed into the void behind the 

anchor head experienced an increase in its pH from 7 to between 12 and 13.  It is specu-

lated that hydroxides from the grout leached into the solution, causing it to become alka-

line.  This alkalinity caused a protective passive layer to form on the strand in the void 

and, consequently, resulted in pitting corrosion of the strand segments that were not en-

cased in grout.  However, over time the pH of the solution returned to a value around 7, 

most likely due to a combination of carbonation and reduction of the hydroxide leaching, 

which caused the strand to also experience uniform corrosion.  The result is shown in 

Figure 6-8 for Beam Specimen AZC-2. 

Unfortunately, the majority of the corrosion product was knocked off during the 

somewhat violent autopsy procedure.  It was necessary to use a 50-lb. jackhammer to re-

move the anchor head and strand from the end anchorage due to corrosion product at the 

 

Figure 6-8: Strand Corrosion within Void Behind Anchor Head 
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interface of the metals.  Nonetheless, signs of significant corrosion are still evident in the 

strand located within the void in the grout immediately behind the anchor head. 

The localized corrosion of the strand took the same form as that found on the test 

specimens discussed in Chapter 3.  Some of the localized corrosion formed within or very 

near the interstitial spaces between adjacent wires and took the form of elongated pitting.  

Typical hemispherical pitting formed at locations away from the interstitial spaces be-

tween adjacent wires.  Pit depths ranged from a minimum of 0.002” to a maximum of 

0.007”. 

Another interesting phenomenon that occurred for one of these specimens was the 

strand acting as a conduit for the solution.  This situation allowed corrosion to form with-

in the strand away from the void in the grout, as shown in the center strand of Figure 6-9 

for Beam Specimen AZC-3.  Furthermore, for this specimen, the solution traveled to the 

far end of the strand, as shown in Figure 6-10.  Although gravity helped this situation due 

to the vertical orientation of the specimen during exposure testing, this phenomenon also 

occurs in primarily horizontal strand (e.g., Turco et al. 2007).  The significance of this 

finding is that a single breach in the duct can allow corrosion to occur over a significant 

length of tendon beyond the breach, depending on the geometry and other characteristics 

of the tendon. 

6.2.4 Crown Grout Void Corrosion Series 

All three specimens experienced very similar corrosion of the strand in the area of 

the tendon that had the plastic duct removed prior to chloride exposure.  The photograph 



165 

in Figure 6-11 exemplifies the type and extent of corrosion experienced by these tendons.  

The two top strands in the figure were located within the confines of the grout and had at 

least 3/8” of grout on all sides.  The four bottom strands, on the other hand, were located 

tight to the bottom of the duct, with little or no grout between the strand and the plastic 

duct.  Once the plastic duct was removed, the strand had limited protection and suffered 

significant corrosion throughout its length.  This corrosion took the form of both uniform 

corrosion and pitting corrosion.  The uniform corrosion likely took place where there was 

minimal or no grout coverage.  The pitting corrosion likely took place where there was 

enough grout to form the protective oxide film but an insufficient amount to provide any 

long-term protection. 

 

 
  

 

Figure 6-9: Strand Corrosion Within and Away from Grout Void 
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Figure 6-10: Strand Corrosion at Anchor Head Opposite to Grout Void 

 

Figure 6-11: Strand Corrosion Experienced by GVC Beam Specimens 
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The localized corrosion of the strand took the same form as that found on the test 

specimens discussed in Chapter 3.  Some of the localized corrosion formed within or very 

near the interstitial spaces between adjacent wires and took the form of elongated pitting.  

Typical hemispherical pitting formed at locations away from the interstitial spaces be-

tween adjacent wires.  Pit depths ranged from a minimum of 0.003” to a maximum of 

0.010”. 

In addition, in a number of instances, the strand away from the bottom of the duct 

also suffered corrosion, although it was limited in its extent, as shown in Figure 6-12.  

This strand suffered corrosion at a location that coincided with a circumferential crack in 

the grout.  This crack allowed fairly rapid passage of the chlorides, which circumvented 

the slower method of diffusion through the grout, resulting in significantly less time-to-

corrosion at these locations. 

6.3 Summary 

The following section contains a brief summary of the results from the beam spe-

cimen forensic investigation.  The main purpose of autopsying the specimens was to ex-

 

Figure 6-12: Strand Corrosion of GVC Beam Specimen at Grout Crack 
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amine the condition of the tendon.  This forensic examination included all aspects of the 

tendon system: the duct, the grout, and the strand itself.  The findings are as follows: 

1. All twelve beam specimens were well grouted with only small air voids in the 

duct ribs at high points in the strand profile.  The grout also completely filled 

the end anchorages and fully encapsulated the strands. 

2. All twelve beam specimens experienced both longitudinal and circumferential 

cracking of the grout, with crack widths measuring between 0.001 and 0.005 

inches. 

3. All twelve beam specimens had some of their strands tight to the inside, bot-

tom surface of the plastic duct due to the two-point drape profile.  This condi-

tion resulted in minimal grout coverage between the strand and duct at these 

locations. 

4. In general, the plastic duct performed very well for all twelve beam speci-

mens, suffering only some minor scrapes or scratches. 

5. The plastic duct suffered minor gouging at one location for one beam (Speci-

men FR-3).  The gouging occurred due to a slight misalignment of the devia-

tor, causing the duct to bear more on the edge of the deviator than throughout 

its length. 

6. For all twelve beam specimens, the strand did not suffer any fatigue cracks de-

tectable through dye penetrant inspection. 

7. All three specimens from the AZC Series showed significant signs of corro-

sion for the portion of the tendons located within the grout void. 
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8. Specimen AZC-3 also showed signs of corrosion in the strand away from the 

grout void, indicating that the strand acted as a conduit for the saltwater. 

9. All three specimens from the GVC Series showed significant signs of both 

uniform and pitting corrosion for the strands located tight to the plastic duct. 

10. All three specimens from the GVC Series showed signs of corrosion on the 

strands located away from the plastic duct.  This corrosion coincided with cir-

cumferential cracks in the grout. 

11. The localized corrosion of the strand experienced by the AZC and GVC Series 

took the same form as that found on the test specimens discussed in Chapter 3.  

Pit depths ranged from a minimum of 0.002” to a maximum of 0.010”. 

 



170 

Chapter 7 
 

Findings, Conclusions, and Recommendations 

The overall objective of this study was to determine the viability of partially post-

tensioned concrete members in an aggressive environment, including the impact of cyclic 

loading.  This goal was accomplished by achieving the six specific objectives listed in 

Section 1.4.  Toward that end, this chapter first includes the findings from the experimen-

tal testing and forensic evaluation of the full-scale, post-tensioned concrete beam speci-

mens.  Next, conclusions are presented based on those findings as well as the individual 

strand testing and analyses from Chapter 3.  Finally, recommendations are presented 

based on the findings, conclusions, and opinions of the author. 

7.1 Findings 

Findings from the full-scale beam specimen testing and forensic evaluation are 

contained in Table 7-1.  The findings are grouped according to the source of the data. 
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Table 7-1: Summary of Findings for Full-Scale Beam Specimens 

Source Finding 

Strand Stress 
Determination 

The effective prestress ranged from 0.58fpu to 0.61fpu, with values 
of 0.58fpu for the Fatigue Reference Series (FR), 0.61fpu for the 
Anchor Zone Grout Void Series (AZ), and 0.60fpu for both the 
Anchor Zone Grout Void Corrosion Series (AZC) and the Crown 
Grout Void Corrosion Series (GVC). 
 
The results from the moment-curvature calculations indicated a 
change in strand stress of approximately 28.9 ksi, or 0.107fpu, for 
the partially prestressed specimens during the cyclic portion of 
the fatigue loading. 
 
The results from the finite element analysis indicated a change in 
strand stress of approximately 27.6 ksi, or 0.102fpu, for the par-
tially prestressed specimens during the cyclic portion of the fati-
gue loading. 
 

Exposure Testing For the AZC Series, the pH of the saltwater solution placed into 
the void increased over time due to leaching of hydroxides from 
the grout.  The higher pH caused a protective oxide film to form, 
resulting in pitting corrosion of the strand within the void. 
 
Both longitudinal and circumferential cracks were observed in 
the grout for all three beams from the GVC series.  Whether the 
cracks occurred due to shrinkage of the grout or during the initial 
10,000 cycles of fatigue testing is unknown. 
 
All three specimens from the GVC Series showed signs of corro-
sion at some point during the six months of exposure testing. 
 
The flexural cracks for the partially prestressed beams of the 
GVC Series continued to leak saltwater throughout the six-month 
duration of the exposure testing.  The crack widths were relative-
ly fine, measuring only 0.006 to 0.009 inches in width. 
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Table 7-1: Summary of Findings for Full-Scale Beam Specimens (cont’d) 

Source Finding 

Fatigue Testing All twelve beam specimens successfully reached 2,000,000 
cycles of fatigue testing. 
 
Typical flexural crack pattern for the partially prestressed speci-
mens consisted of four cracks spaced at 8 inches on center. 
 
Typical flexural crack widths for the partially prestressed speci-
mens ranged from 0.006 to 0.011 inches. 
 
Flexural crack widths increased from 15 to 30 percent during the 
course of the fatigue testing. 
 
One fully prestressed beam (Specimen GVC-1) experienced flex-
ural cracking. 
 
With the possible exception of Beam Specimen GVC-1, the ten-
dons did not show any signs of distress during the fatigue testing. 
 
All of the fully prestressed beams and six of the eight partially 
prestressed beams suffered longitudinal cracking along the top of 
the specimens at the anchor head and at the opening in the center 
region of the beam. 
 

Forensic  
Investigation 

All twelve beam specimens were well grouted with only small air 
voids in the duct ribs at high points in the strand profile.  The 
grout also completely filled the end anchorages and fully encap-
sulated the strands. 
 
All twelve beam specimens experienced both longitudinal and 
circumferential cracking of the grout, with crack widths measur-
ing between 0.001 and 0.005 inches. 
 
All twelve beam specimens had some of their strands tight to the 
inside, bottom surface of the plastic duct due to the two-point 
drape profile.  This condition resulted in minimal grout coverage 
between the strand and duct at these locations. 
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Table 7-1: Summary of Findings for Full-Scale Beam Specimens (cont’d) 

Source Finding 

Forensic  
Investigation 

In general, the plastic duct performed very well for all twelve 
beam specimens, suffering only some minor scrapes or scratches. 
 
The plastic duct suffered minor gouging at one location for one 
beam (Specimen FR-3).  The gouging occurred due to a slight 
misalignment of the deviator, causing the duct to bear more on 
the edge of the deviator than throughout its length. 
 
For all twelve beam specimens, the strand did not suffer any fati-
gue cracks detectable through the dye penetrant inspection me-
thod. 
 
All three specimens from the AZC Series showed significant 
signs of corrosion for the portion of the tendons located within 
the grout void. 
 
Specimen AZC-3 also showed signs of corrosion in the strand 
away from the grout void, indicating that the strand acted as a 
conduit for the saltwater. 
 
All three specimens from the GVC Series showed significant 
signs of both uniform and pitting corrosion for the strands located 
tight to the plastic duct. 
 
All three specimens from the GVC Series showed signs of corro-
sion on the strands located away from the plastic duct.  This cor-
rosion coincided with circumferential cracks in the grout. 
 
The localized corrosion of the strand experienced by the AZC 
and GVC Series took the same form as that found on the test spe-
cimens discussed in Chapter 3.  Pit depths ranged from a mini-
mum of 0.002” to a maximum of 0.010”. 
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7.2 Conclusions  

The following section presents conclusions based on the work performed during 

this research study.  These conclusions, aimed at satisfying the six specific objectives 

listed in Section 1.4, are limited to the scope of this study (see Section 1.3).  These con-

clusions also address the overall objective, namely that of determining the viability of 

partially post-tensioned concrete in an aggressive environment, including the impact of 

cyclic loading. 

Conclusions for Specific Objective No. 1: With regard to developing a relation-

ship between the amount of strand corrosion and the resultant fatigue capacity, the fol-

lowing conclusions are presented: 

1. An empirical relationship was the most reliable method of predicting the re-

sponse of corroded prestressing strand for the specific sequence of corrosion 

followed by fatigue to failure. 

2. Average pit depth offered the best correlation between fatigue capacity and 

the amount of localized corrosion. 

3. The fatigue capacity of corroded prestressing strand was well represented by 

an exponential decay function of the form shown by Eq. 7.1; where No is the 

mean fatigue life predicted from Paulson’s equation (i.e., with no corrosion 

present), Sr is the stress range in ksi, and d is the average pit depth for the 

strand in inches. 

N = No e (−34d) 7.1a

Log  No  = 12.67 – 4.23 Log Sr 7.1b
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Conclusions for Specific Objective No. 2: With regard to the potential of the 

strand fatigue-corrosion relationship to predict the response of full-scale, partially post-

tensioned beam specimens, the following conclusions are presented: 

1. Equation 7.1 successfully predicted that the beam specimens containing cor-

roded prestressing strand would reach the full 2,000,000 cycles. 

2. Although the result in Item 1 is promising, it is not possible to offer a defini-

tive conclusion as the full-scale specimens were only tested to 2,000,000 

cycles and not complete failure. 

Conclusions for Specific Objective No. 3: With regard to performance of the ten-

don – duct, grout, and strand – within the full-scale, partially post-tensioned beam speci-

mens, the following conclusions are presented: 

1. The grout within post-tensioning ducts will contain both longitudinal and cir-

cumferential cracking.  Furthermore, the potential for cracking is independent 

of the level of prestress. 

2. Without full encapsulation of the strand by the grout, the tendon will act as a 

conduit for chloride transport. 

3. Draped tendons in partially post-tensioned concrete members have a reduced 

resistance to chloride contamination due to their relative position within the 

grouted duct. 

4. A robust plastic duct system will perform extremely well under the combina-

tion of fatigue and exposure to chlorides. 

5. Steel saddles or pipes at tendon deviation points will eliminate the potential 

for puncturing plastic duct during the strand stressing operation.  However, 
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accurate alignment is critical to prevent the duct from bearing on the edge of 

the steel embedment. 

Conclusions for Specific Objective No. 4: With regard to quantifying the behavior 

of flexural cracks within the full-scale, partially post-tensioned beam specimens, the fol-

lowing conclusions are presented: 

1. Concrete members designed for a nominal tensile stress in the precompressed 

tensile zone less than or equal to 12 '
cf  will exhibit relatively fine flexural 

cracks (crack widths measuring less than or equal to 0.010 inches). 

2. The relatively fine flexural crack widths mentioned in Item 1 will still act as 

transport mechanisms for chloride contamination. 

3. Flexural crack widths will increase from 15 to 30 percent due to cyclic load-

ing during the life of the concrete member.  

Conclusions for Specific Objective No. 5: With regard to the role of grouting de-

fects on the durability and fatigue performance of prestressing strand for full-scale, par-

tially post-tensioned beam specimens, the following conclusions are presented: 

1. Grouting defects, such as voids and fine cracks, do adversely affect corrosion 

protection of the strand, allowing chlorides access to the strand. 

2. Grouting defects, such as voids and fine cracks, do not adversely affect fatigue 

performance of the strand. 

Discussion relative to Specific Objective No. 6 is contained in the recommenda-

tion section.  This specific objective dealt with developing a set of best practices for the 
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durability of partially post-tensioned concrete members in an aggressive environment, 

including cyclic loading. 

With regard to the study’s overall objective, partially post-tensioned concrete is a 

viable construction method in an aggressive environment, even with cyclic loading, but it 

relies on a robust plastic duct system as the primary protection method for the tendon. 

7.2 Recommendations  

With regard to developing a set of best practices for the durability of partially 

post-tensioned concrete members in an aggressive environment, including cyclic loading, 

the following recommendations are presented: 

1. A robust plastic duct system is required as it serves as the primary protection 

method for the tendon and also performs very well under cyclic loading. 

2. Install steel or plastic saddles at all deviation points to protect the duct during 

the stressing operation. 

3. Design for a maximum nominal tensile stress in the precompressed tensile 

zone of 12 '
cf .  This limit will result in well distributed and relatively fine 

flexural cracking of the concrete (crack widths measuring less than or equal to 

0.010 inches).  Furthermore, this limit will assure a minimum of 2,000,000 

cycles for the strand under the imposed live load without the need for detailed 

fatigue calculations. 

4. Design for a maximum compressive stress of 0.50  under full service load.  

This limit will prevent damage to the concrete in the form of spalling and 
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cracking within the compression zone during cyclic loading.  It will also limit 

the effect of creep on increasing deflections and the growth of flexural cracks 

due to cyclic loading. 

5. Post-tensioned concrete will crack in the anchorage zones due to bursting and 

dispersion tensile stresses.  This cracking can adversely affect the durability of 

a post-tensioned member and must be repaired.  

In addition to the recommendations for a set of best practices discussed previous-

ly, the following recommendations are also presented: 

1. Use Eq. 7.1 to predict the fatigue response of prestressing strand that exhibits 

localized corrosion.   

2. Complete further studies to evaluate the potential of Eq. 7.1 to predict the fa-

tigue response of full-size, partially post-tensioned concrete beams containing 

corroded prestressing strand. 

3. When inspecting failed tendons due to corrosion, consider fatigue as a poten-

tial cause due to similar fracture surfaces as that caused by hydrogen embrit-

tlement or stress corrosion cracking. 
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Appendix A 
 

Accelerated Strand Corrosion Process 

The most important consideration with respect to corroding the individual strand 

samples is to mimic the exact conditions encountered in the field.  Steel located in a high 

pH environment, such as concrete or grout, is protected from corrosion by the formation 

of an oxide film (Böhni 2000).  However, if chloride ions in sufficient concentration 

come in contact with this film, the passivating layer will break down, resulting in pitting 

corrosion (Böhni 2000). 

To mimic this mechanism, strand samples were placed in a simulated concrete 

pore water solution containing five percent by mass of NaCl salts.  The pore water solu-

tion consisted of deionized water mixed with the following concentrations of hydroxides 

(Christensen et al. 1992): 

 0.32 mol/L of KOH, 

 0.17 mol/L of NaOH, 

 0.07 mol/L of Ca(OH)2 

To accelerate the degradation process, the author subjected the strand samples 

within the above solution to an electrode potential of +200mVsce, as shown in Figure  

A-1.  This step artificially reduces the time required to corrode, and ultimately test, nu-

merous strand samples.  However, initial fatigue testing of these samples indicated very 

unexpected results.  All three strand samples failed at essentially the same number of 

cycles, approximately 310,000, even though the samples contained drastically different 
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amounts of corrosion.  (Without corrosion, the strand samples should have failed at ap-

proximately 740,000 cycles.)  Initially, the author considered the onset of severe hydro-

gen embrittlement as a potential cause.  However, hydrogen will not form at the applied 

electrode potential of +200mVsce, although some type of gas formed on the counter elec-

trode during the process. 

Furthermore, the potentiostatic anodic polarization of the strand resulted in an un-

usually dense pit distribution, as shown in Figure A-2.  Very closely spaced pitting occurs 

because the cathodic reaction is removed to the counter electrode, preventing the natural-

ly occurring cathodic protection state of the strand immediately adjacent to a pit (Jones 

1996).  The author subsequently abandoned this approach, as it would vary considerably 

from the conditions encountered within an actual structure. 

 

Figure A-1: Accelerated Corrosion Setup 



191 

 

 

Figure A-2: Artificially Dense Pitting Structure 
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Appendix B 
 

Strand Protection for Individual Strand Testing 

One of the most critical aspects of strand testing, either static or fatigue, involves 

protecting the strand within the end grip region.  Almost all gripping mechanisms employ 

serrated teeth to secure the tension specimen in place.  However, whether a wedging ac-

tion or hydraulic grip is used, the teeth will notch the specimen, resulting in significant 

stress concentrations.  These stress concentrations are substantial enough to cause the 

strand specimens to fail prematurely within the end grip region during nearly every test 

(e.g., Hill 2006, Paulson et al. 1983).  Unfortunately, it is impossible to use a dog-bone or 

upset end strand specimen due to the manufacturing process required to fabricate pre-

stressing strand. 

Researchers have employed a variety of measures to protect the strand during test-

ing, with various levels of success.  ASTM A416 (2005) recommends installing a materi-

al between the strand and grips to cushion the interface.  Aluminum foil, carborundum 

cloth, and bra shims are given as potential materials.  Paulson’s method (1983) involved a 

variation to the ASTM recommendations.  He used small ductile wires, aluminum foil, 

and a reusable chuck.  The process involved placing the wires within the interstitial spac-

es of the strand, wrapping the strand and wires with aluminum foil, and then placing the 

strand into the reusable chuck.  This method worked well and resulted in a significant 

number of fatigue failures within the gage length of the strand sample.  However, he later 
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refined the method by double chucking the ends to reduce slippage that occurred during 

some of the tests. 

Hill (2006) investigated a variety of methods employed by previous researchers, 

including Paulson’s method and several methods proposed by Preston (1985).  Preston’s 

recommendations included the use of the PLP Grip (no longer manufactured by Florida 

Wire and Cable Company), the Sand Grip, the Tinius Olsen Grip, and aluminum angle 

inserts.  The most successful method employed by Hill used aluminum tubing, 80 grit 

aluminum oxide, water, epoxy, and standard V-Grips.  The process involved splitting the 

aluminum tubing in half; creating a mixture of aluminum oxide, water, and epoxy; coat-

ing the inside of the tubing with the mixture; then placing the tubing around the strand 

ends and clamping it in place to cure.  Once cured, the specimen ends were placed in the 

V-Grip and installed in the testing machine. 

The author initially used the method proposed by Paulson, with limited success, 

and later switched to a variation of Hill’s method.  This method used 1/2” diameter alu-

minum tubing, 30 grit aluminum oxide, high strength/high modulus two-part epoxy (Si-

kadur 31 High Mod 2 Component Epoxy), and reusable chucks.  The process began by 

cutting the aluminum pipe into six inch long segments with a band saw.  Then the seg-

ments were split longitudinally into sections slightly less than half the original diameter.  

These sections were then wrapped around a dummy piece of strand and shaped closer to 

the actual strand diameter (approximately 0.464” across interstices and 0.508” across 

outer wire edges) with a vice grip.  The next step involved mixing the two-part epoxy and 

then adding approximately ten percent by volume of aluminum oxide grit.  At this time, 

the insides of two sections of the aluminum tubing were coated with the epoxy grit mix-
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ture, placed around the end region of a strand specimen, and clamped in place to cure.  

The result is shown in Figure B-1.  The same process was then repeated at the other end 

of the strand.  When the epoxy reached full strength, the strand sample was ready for fa-

tigue testing. 

 

 

 

 

Figure B-1: Strand End Treatment for Fatigue Testing 
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Appendix C 
 

Beam Specimen Construction Details 

In general, fabrication of the beam specimens followed typical construction prac-

tices for construction of the formwork; fabrication of the reinforcing cages; placement 

and curing of the concrete; installation and stressing of the post-tensioning tendons; and 

grouting of the tendons.  This appendix discusses the details of each facet involved in fa-

bricating the specimens.  Results of the material property testing are also contained with-

in this appendix. 

C.1 Formwork 

The formwork design was based on casting three specimens at one time.  These 

specimens coincided with each test series shown in the beam specimen test matrix (see 

Table 4-1).  A series of three specimens also allowed for economy of formwork and the 

ability to have the concrete mixed and delivered by a ready-mix supplier. 

Construction of the formwork followed traditional construction methods.  Mate-

rials for the majority of the formwork consisted of 1/2-inch-thick plywood and 2x4’s.  

However, for the complex trapezoidal shape along the center of the specimen and the 

NaCl reservoirs, the author used 1/2-inch-thick wood boards and both 1x2’s and 2x4’s.  

A photo of the basic formwork is shown in Figure C-1. 
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The most challenging part of the formwork design involved removing the speci-

mens without damaging the formwork so that it could be reused for all twelve specimens.  

The critical areas involved the post-tensioning bar, steel deviator, and tendon duct.   

To solve the problem with the post-tensioning bar, the author installed 2-inch-

diameter PVC tubing through 2-inch-diameter holes cut in the formwork endwalls.  The 

PVC tubing did not extend completely through the formwork but terminated at the trape-

zoidal form.  During fabrication of the specimens, the PVC tubing was placed through the 

endwall holes and threaded through the previously installed reinforcing cage.  However, 

to maintain alignment, the author cut 1-1/2-inch-diameter holes in the trapezoidal forms 

and installed the post-tensioning bar inside of the PVC tubing.  Thus, the post-tensioning 

bar extended completely through the formwork and maintained alignment and support for 

 

Figure C-1: Basic Formwork for Casting Specimens 
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the PVC tubing, yet was unbonded to the specimen.  During stripping of the formwork, 

the post-tensioning bar was removed, allowing removal of the beam specimen and reuse 

of the trapezoidal forms for subsequent specimens. 

The problem with the deviators and tendon duct was more problematic.  The plas-

tic tendon duct had to pass through the formwork for the NaCl reservoir.  This formwork 

also had to provide support for the steel deviators.  For the first series of specimens, the 

author designed the NaCl reservoir formwork to be removed intact.  However, in prac-

tice, this proved very difficult due to the confining work space and clamping effect from 

shrinkage of the concrete.  As a result, the formwork needed to be cut out of the reservoir 

and refabricated for each specimen. 

To condition the wood forms for reuse and provide form release during removal, 

the author coated the formwork with Duogard N.E., manufactured by W.R. Meadows.  In 

addition to acting as a form release agent, the Duogard N.E. sealed the wood and pro-

vided protection against warping from moisture.  Except for some minor repairs, all 

twelve specimens were able to be cast from the original formwork. 

C.2 Reinforcing Cage 

All reinforcement for the beam specimens was detailed in the laboratory from 

straight bars.  The decision to bend the bars in-house was primarily due to two factors: 

(1) the complex shapes and tight tolerances required for the specimens; and (2) the lack 

of local expertise in reinforcing bar detailing.  The author used a Hitachi VB16Y Rebar 

Cutter/Bender to fabricate the required shapes for the specimens.  All reinforcement was 
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detailed in accordance with ACI 315, Details and Detailing of Concrete Reinforcement 

(1999). 

Construction of the cages required considerable planning due to the complex de-

sign of the beam specimens.  The cage layout had to allow for subsequent placement of 

the NaCl reservoir formwork, prestressing bar PVC inserts, lifting inserts, and prestress-

ing strand deviators and plastic duct.  A completed cage is shown in Figure C-2 prior to 

placement into the formwork. 

 

Figure C-2: Completed Reinforcing Cage  
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C.3 Post-Tensioning Anchorage, Duct, and Deviator Hardware and Installation 

The author chose the VSL Type EC stressing anchorage for the post-tensioning 

tendon.  The benefits of the Type EC include: (1) use as both a live- and dead-end an-

chorage; (2) double flange design; and (3) compact size.  Based on the tendon design dis-

cussed previously, the author used galvanized 5-7 Type EC stressing anchorages.  The 

choice of galvanized was based on needing to eliminate the potential for corrosion of the 

anchorage, which was not a variable under study.  The 5-7 designation stands for 1/2-

inch-diameter strand in a maximum seven-strand tendon.  Figure C-3 is a photograph of 

the two-part wedges, anchor head, and anchorage used in the construction of the speci-

mens. 

The author chose the VSL PT-PLUS System for the tendon duct.  The benefits of 

a plastic duct include: (1) enhanced corrosion protection; (2) improved tendon fatigue 

resistance; and (3) reduced tendon friction.  In addition, when a tendon is external, as it 

 

Figure C-3: VSL Type EC Stressing Anchorage  
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was for a portion of the test specimens, the industry standard is the use of a plastic duct.  

Plastic duct also eliminates the phenomenon of strand-to-duct fretting fatigue, which re-

duced the number of test variables to consider. 

Due to the complexity of the beam specimens, the anchorages, deviators, and 

ducts required a very precise installation sequence.  First, the anchorages needed to be 

placed within the reinforcing cage while the cage was being tied.  This requirement was 

due to the corbel reinforcement along the end of the beam combined with the double 

flange of the Type EC anchorage.  Next, the completed reinforcing cage was lowered into 

the formwork, without the endwalls present.  Following that, the reservoir formwork was 

installed.  Then, the steel pipe deviators were installed into openings within the reservoir 

formwork.  Finally, the precut plastic duct was threaded through the reinforcing spiral at 

one end of the reinforcing cage, through the deviators and reservoir formwork, through 

the reinforcing spiral at the far end, and into the far anchorage. 

The final step involved securing all the elements.  The deviators were tightly 

wedged into the openings in the reservoir formwork, usually without the need for any 

shims.  Then the plastic duct was attached to the anchorages with duct tape.  The next 

step was to install the formwork endwalls and bolt the anchorages at pre-drilled locations 

in the endwalls.  At this point, small wood wedges were inserted into the deviator to align 

the duct with the bottom of the pipe.  The plastic duct was secured to the deviators at the 

ends away from the reservoir formwork with duct tape and electrical tape, which also 

served to seal the annular space between the deviator and duct.  Figure C-4 shows the 

completed formwork, reinforcing cage, deviators, prestressing anchorages, and plastic 

duct ready for concrete placement. 
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C.4 Concrete Mix Design, Placement, and Curing 

Normally, a structural engineer specifies a minimum 28-day compressive strength 

for different concrete elements within a structure.  The concrete supplier, usually based 

on previous mix designs and experience, will supply concrete with a target strength of 

200 to 400 psi above the minimum specified compressive strength.  In many instances, 

the concrete will be even more than 400 psi above the minimum specified strength.  It is 

beneficial to the concrete supplier to always exceed the specified value, whereas falling 

below the specified value can result in significant financial penalties. 

 

Figure C-4: Completed Specimen Setup Ready for Concrete Placement  
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However, for this study, the author had a target 28-day compressive strength and 

wanted to stay as close to this value as possible.  The author would rather have some 

batched concrete strengths fall slightly below the target then to ever have them substan-

tially over the target.  The target 28-day compressive strength was 4,000 psi, the value 

used to design the beam specimens. 

The largest sample set of mix designs available were based on specifications from 

the Pennsylvania Department of Transportation (PennDOT).  PennDOT’s categories of 

structural concrete mixes are referred to as Class A, Class AA, and Class AAA.  Class A 

has a 28-day structural design compressive strength of 3,000 psi, and a minimum 28-day 

mix design compressive strength of 3,300 psi.  Furthermore, based on discussions with 

the local testing agency, the Class A mix provided by Centre Concrete Company regular-

ly tests very near 4,000 psi.  Consequently, the author chose the PennDOT Class A mix 

provided by Centre Concrete.  The only change from the standard PennDOT Class A mix 

was to specify PennDOT 1B stone, which has a maximum 3/4" aggregate.  The standard 

mix uses a maximum 1-1/2” aggregate (2B), but the tight clearances within the beam 

specimens necessitated a smaller maximum aggregate size.  Table C-1 contains the mix 

design proportions for the PennDOT Class A provided by Centre Concrete.  The pozzo-

lan used in the mix was GranCem, a ground granulated blast-furnace slag manufactured 

by Holcim. 
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In addition to the quality control and volume available, the use of a ready-mix 

supplier also helped in placement of the concrete.  The front-end discharge trucks used by 

Centre Concrete were able to enter the lab and pull up adjacent to the forms.  Conse-

quently, placement of the concrete was directly from the truck’s chute into the formwork.  

During placement, the crew used hand-held vibrators to compact the concrete and remove 

any voids.  Even with the complex and congested formwork, there were no voids or ho-

neycombing observed in the finished specimens.  The final placement step involved 

screeding the concrete to the level of the top of the forms.  The concrete was bullfloated 

and then, after evaporation of the bleed-water, trowel finished. 

Table C-1: PennDOT Class A Mix Design Proportions Per Cubic Yard 

Type I Cement 367 lb. 

Pozzolan (GranCem) 197 lb. 

1B Stone (max. 3/4") 1760 lb. 

Sand (Type A) 1336 lb. 

Water 252 lb. 

Air-Entraining Admixture 
  (BASF MBVR) 8 fl. oz. 

Water-Reducing Admixture 
  (BASF Glenium 3030) 18 fl. oz. 
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All specimens were moist cured for seven days.  The curing consisted of leaving 

the specimens in the formwork, covering the top surface with wet burlap, and encasing 

everything in sheets of plastic.  The burlap was periodically re-wetted to maintain the 

moisture lost due to evaporation.  The concrete surface temperature reached a maximum 

of 105° Fahrenheit for concrete placed during the summer.  In the winter, the lowest sur-

face temperature recorded was 60° Fahrenheit.  The room containing the specimen form-

work was not heated or air-conditioned. 

C.5 Prestressing Strand Stressing Operation 

VSL provided a multi-strand stressing jack for prestressing the beam specimen 

tendons.  The jack included an electric pump and calibrated pressure gauges to monitor 

the overall force in the tendon.  The procedure for stressing the tendon consisted of the 

following: 

1. Thread the required number of strands through one of the anchor heads and 

install the two-part wedges.  This anchorage served as the dead end. 

2. Wrap the far end of the tendon in duct tape to facilitate threading through the 

prestressing duct. 

3. Thread the tendon through the prestressing duct. 

4. Remove the duct tape and thread the individual strands through one of the 

anchor heads, carefully lining up corresponding strands at the far end. 

5. Place the two-part wedges on the strands and snug fit the tendon and anchor 

head assemblies.   
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6. Install a retainer plate over the tendon at the live end.  The retainer plate al-

lowed the wedges to pull out slightly during stressing. 

7. Using a gantry crane, place the jack over the tendons. 

8. Record the strains in the vibrating wire gauges attached to the beam speci-

mens. 

9. Begin the stressing operation by placing a small amount of force on the ten-

don to tightly seat the wedges at the dead end. 

10. Stress the tendons to the full jacking force and record the value. 

11. Record the strains in the vibrating wire gauges attached to the beam speci-

mens. 

12. Remove the jacking force and allow the live end wedges to seat in the anchor 

head. 

13. Record the strains in the vibrating wire gauges attached to the beam speci-

mens. 

14. Remove the jack, and if everything looks sound, cut the strand tails with an 

abrasive grinder in preparation for grouting.   

The setup for the tendon stressing operation is shown in Figure C-5.  All beam specimens 

were tensioned at 28 days after casting. 
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C.6 Tendon Grouting 

Grouting of the tendons was performed in accordance with the Post-Tensioning 

Institute’s Guide Specification for Grouting of Post-Tensioned Structures (2003).  All 

grouting was completed within 24 hours of the stressing operation.  The author chose Si-

kaGrout 300 PT, manufactured by Sika Corporation, to grout the tendons.  SikaGrout 300 

PT is a high-performance, sand-free, prepackaged, cementitious grout for post-tensioning 

applications.  The author chose a high-performance prepackaged grout to reduce the po-

tential for any unplanned grouting defects such as bleed lenses.  Due to the relatively 

small rise in the duct at the crown, intermediate grout vents were not required, and grout-

 

Figure C-5: Prestressing Tendon Stressing Operation  
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ing was performed using grout tubes at both ends of the duct.  VSL supplied the tempo-

rary anchor head grout caps, plastic grout tubing, and mechanical shutoffs.  A photograph 

of the tendon grouting setup is shown in Figure C-6. 

After installation of the grouting attachments, the procedure for grouting the ten-

don consisted of the following: 

1. Measure the recommended amount of water for the prepackaged grout. 

2. Open both shutoffs attached to the grout tubes at each end of the tendon. 

3. Using an electric drill and paddle mixer, mix two 50-lb bags of SikaGrout 300 

PT in two five gallon buckets according to the manufacturer’s recommenda-

tions. 

4. Place the grout in the holding chamber of the hand-operated, positive-

displacement pump. 

5. Begin pumping grout into the duct. 

 

Figure C-6: Tendon Grouting Setup  
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6. Plug the vent holes in the temporary anchor head grout caps once consistent 

flow appears. 

7. Close mechanical shutoff in far end grout tube once consistent flow appears. 

8. Close mechanical shutoff in near end grout tube. 

Subsequent removal of the ducts and tendons during the testing and autopsy revealed ex-

cellent coverage of the grout within the tendons. 

The only variation from the grouting procedure discussed above involved the two 

series that had anchor zone grout void imperfections.  These specimens were placed ver-

tically and grouted from the bottom up.  This procedure allowed the author to stop the 

grout approximately 1” short of the anchor head, thus leaving the desired grout imperfec-

tion.  A photograph of this setup is shown in Figure C-7. 

C.7 Prestressing Bar Stressing Operation 

The prestressing bar extended between the corbels located at each end of the 

beam.  When the bar was tensioned, it provided a uniform moment to the beam cross-

section.  This force was calculated to provide the full dead and live load moment to the 

beam specimens as part of the durability study. 
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Stressing of the prestressing bar was accomplished with a 60-ton, through-hole, 

hydraulic ram.  The procedure for stressing the bar consisted of the following: 

1. Place the two halves of the prestressing bar through the 2-inch-diameter PVC 

tubing inserts in the beam specimens. 

2. Install an instrumented coupler between the two halves of the prestressing bar. 

 

Figure C-7: Grouting Setup for Anchor Zone Grout Void  
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3. Install the bearing plates and spherical hex nuts at each end of the prestressing 

bar. 

4. Record the strain in the vibrating wire gauge attached to the coupler. 

5. Install a temporary coupler and 3’ section of prestressing bar at the live end of 

the prestressing bar. 

6. Install bearing plates, two concrete blocks, and a 2-inch-thick support plate at 

the live end. 

7. Install the hydraulic ram, bearing plate, and spherical nut. 

8. Tension the prestressing bar with the hydraulic ram at increments of 10 kips, 

and record the corresponding strains in the vibrating wire gauge attached to 

the coupler. 

9. After reaching the desired prestressing bar force, tighten the spherical hex nut 

at the live end. 

10. Remove the jacking force. 

11. Record the strain in the vibrating wire gauge attached to the coupler. 

12. If required, retension the prestressing bar to adjust for any seating losses. 

Based on subsequent tensioning operations, it was found that there was very little seating 

loss due to the spherical hex nut configuration used to anchor the prestressing bar.  A 

photograph of the prestressing bar stressing setup is shown in Figure C-8.  A photograph 

of three finished specimens is shown in Figure C-9. 
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Figure C-8: Prestressing Bar Stressing Setup 

 

Figure C-9: Set of Three Specimens After Stressing of Post-Tensioning Bar 
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C.8 Beam Specimen Material Property Testing 

Both the concrete and grout were tested to verify the material properties of these 

constituents.  The results of the testing are contained in the following section. 

C.8.1 Concrete Testing 

The author tested the concrete for slump, compressive strength, and modulus of 

elasticity for each of the four batches used during the construction of the beam speci-

mens.  Each of the four batches measured 2-1/2 cubic yards.  Slump of the concrete was 

determined in accordance with ASTM C143-08, Standard Test Method for Slump of Hy-

draulic-Cement Concrete (ASTM C143 2008).  Compressive strength of the concrete was 

determined in accordance with ASTM C39-05, Standard Test Method for Compressive 

Strength of Cylindrical Concrete Specimens (ASTM C39 2005).  Modulus of elasticity of 

the concrete was determined in accordance with ASTM C469-02, Standard Test Method 

for Static Modulus of Elasticity and Poisson’s Ratio of Concrete in Compression (ASTM 

C469 2002).  Results of the testing are shown in Table C-2.  Note that the actual com-

pressive strengths came very close to the target compressive strength of 4,000 psi.  In ad-

dition to the tested value for modulus of elasticity, the table contains the calculated value 

based on the ACI-recommended equation and the average value from the compressive 

strength tests. 
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C.8.2 Grout Testing 

The critical properties for post-tensioning grout are flowability, bleed resistance, 

reduced shrinkage, and ability to protect the strand through a high-pH environment by 

completely filling the duct (PTI Guide Specification 2003).  Compressive strength is 

usually not a critical property provided the strength meets or exceeds the surrounding 

concrete strength, which it usually does.  In this study, testing of the compressive strength 

of the grout was a quality control measure.  As such, the grout was tested for compressive 

Table C-2: Concrete Material Properties  

Series Slump 
(in.) 

28-Day Compressive 
Strength (psi) 

Modulus of  
Elasticity (psi) 

Test Value Average Test Value 57000 '
cf  

Fatigue 
Reference 

 3760    
3-1/2 3965 3984 3,514,000 3,598,000 

 4228    

Anchor Zone 
Grout Void 

 4270    
4 3850 4084 3,727,000 3,643,000 
 4133    

Anchor Zone 
Grout Void 

with  
Corrosion 

 4413    
4 4030 4295 3,805,000 3,736,000 
 4441    

Crown Grout 
Void with  
Corrosion 

 3948    
3-1/2 3908 3909 3,453,000 3,564,000 

 3870    
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strength at seven days.  Compressive strength of the grout was determined in accordance 

with ASTM C109-07, Standard Test Method for Compressive Strength of Hydraulic Ce-

ment Mortars (Using 2-in. Cube Specimens) (ASTM C109 2007).  Results of the testing 

are shown in Table C-3. 

 

 

These results are consistent with the strength gains reported by the manufacturer 

and indicate that the material was mixed to the proper proportions.  Visual observations 

Table C-3: Post-Tensioning Grout 7-Day Compressive Strengths 

Series 
7-Day Compressive 

Strength (psi) 

Test Value Average 

Fatigue 
Reference 

6010  
5765 5789 
5593  

Anchor Zone 
Grout Void 

6332  
6770 6416 
6147  

Anchor Zone 
Grout Void 

with 
Corrosion 

5373  
5034 5132 
4990  

Crown Grout 
Void with 
Corrosion 

4749  
4058 4306 
4110  
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of the grout placement and subsequent forensic analyses indicated that the grout per-

formed in accordance with the manufacturer’s specifications.  
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Appendix D 
 

Vibrating Wire Strain Gauges 

This appendix discusses the particular vibrating wire strain gauges chosen, verifi-

cation of their acceptability, and “calibration” data for the prestressing bar couplers that 

act as “load cells.”   

The choice of vibrating wire strain gauges was based on many factors.  First, vi-

brating wire strain gauges have a history of long-term reliability (e.g., Barr et al. 2005, 

Burns et al. 1997).  Due to the length of time required for the durability portion of the 

study, the gauges must remain stable for a period of six to nine months.  Second, vibrat-

ing wire strain gauges have a history of successful use with reinforced and prestressed 

concrete (Burns et al. 1997).  Third, due to the particular specimen design, only axial 

strains occurred within the concrete beam.  Thus, a strain rosette was not required as 

these were the principal strains experienced by the specimens.  Lastly, vibrating wire 

strain gauges offer simplicity of use and thus a decreased potential for error.  The author 

chose Geokon Model 4150 vibrating wire strain gauges for the strain measurements. 

The author verified the acceptability of the Geokon Model 4150 vibrating wire 

strain gauges by comparing measured versus calculated strains on standard 6”x12” cy-

linders of the same mix design used for the full-scale beam specimens.  The calculated 

strains were based on the calculated stresses imposed by the cylinder test machine con-

verted to strains through the modulus of elasticity measured for the particular concrete 

placement (see Section C.8.1).  Figures D-1 and D-2 are plots of measured strains versus 
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calculated strains for the test cylinders.  Compared to a one-to-one relationship, which 

would indicate a perfect correlation, the strains have R2 values of 0.989 and 0.983 for 

Figures D-1 and D-2, respectively.  Therefore, the measured strains compared very well 

with the calculated strains and confirmed the accuracy of the strain gauges chosen. 

The load versus strain data for the coupler “load cells” are shown in Figures D-3 

through D-6. 
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Figure D-1: Measured versus Calculated Concrete Strains for a  
Standard 6”x12” Cylinder  

 

 

Figure D-2: Measured versus Calculated Concrete Strains for a  
Standard 6”x12” Cylinder  
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Figure D-3: Coupler Load-Strain Data for Fatigue Reference Series 

 

Figure D-4: Coupler Load-Strain Data for Anchor Zone Grout Void Series 
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Figure D-5: Coupler Load-Strain Data for Anchor Zone Grout Void Corrosion Series 

 

Figure D-6: Coupler Load-Strain Data for Crown Grout Void Corrosion Series 
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Appendix E 
 

Calculated and Measured Concrete Strains 

This appendix contains the calculated and measured concrete strains during the 

beam specimen jacking operation.  The calculated strains were based on the calculated 

stresses imposed by the jacking force converted to strains through the modulus of elas-

ticity measured for the particular concrete placement (see Section C.8.1).  The strain 

gauge locations are shown in Figure 4-9.  Only the fully prestressed specimens in each 

series were instrumented, as discussed in Chapter 5.   

 

 

Table E-1: Calculated and Measured Concrete Strains for Beam Specimen FR-1 

Gauge No. 
Strain (µε) 

Calculated Measured 

1 538 549 
2 269 233 
3 25 12 

 

Table E-2: Calculated and Measured Concrete Strains for Beam Specimen AZ-1 

Gauge No. 
Strain (µε) 

Calculated Measured 

1 521 556 
2 261 289 
3 24 41 
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Table E-3: Calculated and Measured Concrete Strains for Beam Specimen AZC-1 

Gauge No. 
Strain (µε) 

Calculated Measured 

1 517 539 
2 258 226 
3 24 33 

 

Table E-4: Calculated and Measured Concrete Strains for Beam Specimen GVC-1 

Gauge No. 
Strain (µε) 

Calculated Measured 

1 569 518 
2 285 222 
3 26 13 
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Appendix F 
 

Longitudinal Cracking Finite Element Analysis 

All of the fully prestressed beams and six of the eight partially prestressed beams 

suffered longitudinal cracking along the top of the specimens near the anchor head and at 

the opening in the center region of the beam.  The author initially noticed this cracking 

during an examination of the Fatigue Reference Series following fatigue testing.  Howev-

er, subsequent inspections of the remaining specimens revealed that the cracking oc-

curred after post-tensioning but before the fatigue testing.  Consequently, it was 

speculated that the cause of the cracking must be related to the strand stressing operation 

and be due to bursting stresses near the anchor head and dispersion forces near the “bath-

tub” region.  To investigate the cause further, the author performed a finite element anal-

ysis of the beam specimens under the loading caused by the jacking force.  Due to the use 

of a multi-strand stressing jack, the beams experience the full jacking force at the location 

of each end anchorage during the stressing operation. 

The purpose of the finite element model was to evaluate the elastic stresses 

caused by the jacking force prior to cracking in the concrete.  Consequently, the author 

modeled the concrete with a linear stress-strain relationship and ignored the affect of the 

mild steel within the beams.  The duct and deviator were modeled as cylindrical- and to-

rus-shaped voids in the concrete, respectively, and followed the same profile as the actual 

specimens.  The author chose the ANSYS® Academic Research Product, v. 11.0 (AN-

SYS), as the finite element package to perform the numerical simulation.   
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The finite element model is shown in Figure F-1.  Due to symmetry, the author 

constructed only a quarter-model of the beam specimen.  Along the two planes of sym-

metry, the boundary conditions allowed displacement parallel to the plane but restricted 

displacement perpendicular to the plane.  To complete the boundary conditions, dis-

placement was restricted in the y-direction along the bottom edge of the corbel.  Loading 

was applied as a pressure over the same area as the stressing jack, with the centroid lo-

cated to coincide with the actual anchor head location. 

The basic element used in the model was a higher-order, three-dimensional, 20-

node, hexahedral, solid element that exhibits quadratic displacement behavior.  This ele-

ment, referred to as SOLID186 by the ANSYS program, is well suited to modeling irre-

gular geometries (ANSYS 2007), such as those that occur with the beam specimens.  As 

 

Figure F-1: Finite Element Model for Longitudinal Cracking 
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shown in Figure F-1, an irregular mesh geometry resulted from the cylindrical- and torus-

shaped voids in the concrete used to model the strand duct and deviator, particularly since 

the duct was sloped between the beam end and the “bathtub” region.  Furthermore, SOL-

ID186 degrades to a 10-node tetrahedral element during auto-meshing in order to main-

tain proper element geometry, further accommodating irregular geometries (ANSYS 

2007).  The author generated the initial mesh through a controlled auto-meshing process.  

After an initial analysis, a mesh refinement procedure was followed at locations of coarse 

stress distributions and/or high stress gradients. 

Results of the analysis of the model for the jacking force are shown in Figure F-2, 

and a corresponding photograph of the longitudinal cracking for one of the beam speci-

men is shown in Figure F-3.  Figure F-2 is a plot of stresses perpendicular to the longitu-

dinal plane of the beam, with the red areas indicating tensile stresses ranging from 300 to 

1000 psi.  The uniaxial tensile strength of concrete is approximately equal to 5 '
cf  (Ne-

ville 1995), which translates into a tensile strength of 316 psi for concrete with a com-

pressive strength of 4000 psi.  (As shown in Appendix B, the compressive strengths for 

the beam specimens ranged from 3984 to 4295 psi.)  Consequently, the areas in red 

would be expected to crack during application of the jacking force while stressing the 

strands, particularly for the fully prestressed designs, and these areas coincide directly 

where the cracking actually occurred. 
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Figure F-2: Stresses Perpendicular to Longitudinal Plane During Jacking 

 

Figure F-3: Typical Longitudinal Cracking of Beam Specimens 
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The finite element analysis confirmed the hypothesis as to the likely cause of the 

longitudinal cracking.  The high tensile stresses near the end anchorage are bursting 

stresses caused by the high compressive force from the stressing jack.  The reinforcing 

spiral installed at this location was meant to carry these forces, provide confinement, and 

prevent failure of the local zone.  The end anchorage location was pushed to the edge dis-

tance limits imposed by the manufacturer, which increased the bursting stresses well 

above the tension capacity of the concrete.  

The high tensile stresses near the opening in the center region are caused by dis-

persion of the high compressive force from the stressing jack.  The researchers designed 

the general zone as a strut-and-tie to resist these forces (see Section 4.3.2).  Following 

recommended guidelines for the slope of the compressive strut, the tie forces should have 

been located approximately 14 inches from the end of the beam, which is about halfway 

between the end of the beam and the opening.  However, the opening disturbed the flow 

of forces, resulting in a shift of the elastic stresses.  Usually, a discontinuity is critical be-

cause it can shorten the dispersion zone, causing a corresponding increase in the tie 

forces (AASHTO 2008).  However, in this case, the opening elongated the dispersion 

zone, shifting the high tensile elastic stresses and causing the beams to crack near the 

openings.  The benefit of reinforced concrete is that the forces find their way to the rein-

forcing through redistribution after the concrete cracks. 

It is nonetheless important to point out two issues with regard to the cracking.  

First, all of the fully prestressed beams and six of the eight partially prestressed beams 

suffered longitudinal cracking, at least cracking visible to the unaided eye.  This result is 

consistent with the fact that the jacking force for the partially prestressed beams was only 
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two-thirds of the force for the fully prestressed beams, so the tensile stresses for the par-

tially prestressed beams are two-thirds of those shown in Figure F-2.  Second, cracking 

will often occur in the anchorage zone of post-tensioned concrete members, even fully 

post-tensioned concrete members.  Both bursting forces and dispersion forces occur due 

to the method of applying the prestressing force through an end anchorage, and there is 

no prestressing force in the direction of these resulting tensile stresses.  This cracking can 

impair the durability of a post-tensioned concrete member. 
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Appendix G 
 

Beam Specimen Crack Maps and Crack Width Measurements 

This appendix contains detailed crack maps and crack width measurements for 

each beam specimen.  The crack maps are shown in Figures G-1 through G-12, with the 

corresponding crack widths shown in Tables G-1 through G-4.  Crack width measure-

ments were taken with a crack scope – a 60-magnification microscope with an inscribed 

scale on the lens.  Initial crack width measurements were taken within the first 100,000 

cycles, with final crack width measurements taken within the last 100,000 cycles.  Crack 

width measurements were taken at two locations along each crack at the top surface of 

the beam.  Crack width measurements for the GVC Series were less precise, as it was dif-

ficult to remove all of the build-up in and around the cracks from the exposure testing.  In 

general, the flexural crack widths increased during the fatigue loading.  Some researchers 

have attributed this increase to creep, while others have attributed it to continued micro-

cracking occurring over time (ACI 423.5R 1999). 
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Figure G-1: Beam Specimen FR-1 Crack Map 
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Figure G-2: Beam Specimen FR-2 Crack Map 
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Figure G-3: Beam Specimen FR-3 Crack Map 
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Table G-1: Crack Widths for Fatigue Reference Series 

Specimen Crack 
Number 

Initial Crack  
Width (in.) 

Final Crack 
Width (in.) 

FR-1 1 0.004 0.004 0.004 0.004 
 2 0.003 0.007 0.003 0.007 
 3 0.005 0.003 0.005 0.003 
 4 0.004 0.003 0.004 0.003 

FR-2 1 0.006 0.006 0.007 0.008 
 2 0.007 0.008 0.008 0.008 
 3 0.008 0.008 0.010 0.009 
 4 0.008 0.008 0.009 0.009 
 5 0.006 0.006 0.006 0.007 
 6 0.008 0.007 0.010 0.009 
 7 0.009 0.008 0.011 0.010 
 8 0.009 0.008 0.010 0.010 
 9 0.002 0.002 0.002 0.002 
 10 0.001 0.001 0.001 0.001 
 11 0.001 0.001 0.001 0.001 
 12 0.002 0.001 0.002 0.001 

FR-3 1 0.007 0.007 0.008 0.009 
 2 0.008 0.008 0.010 0.011 
 3 0.007 0.007 0.009 0.009 
 4 0.007 0.009 0.009 0.010 
 5 0.007 0.007 0.009 0.008 
 6 0.007 0.007 0.009 0.009 
 7 0.008 0.007 0.010 0.009 
 8 0.007 0.007 0.009 0.009 
 9 0.002 0.002 0.002 0.002 
 10 0.001 0.003 0.001 0.003 
 11 0.001 0.001 0.001 0.001 
 12 0.002 0.001 0.002 0.001 
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Figure G-4: Beam Specimen AZ-1 Crack Map 
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Figure G-5: Beam Specimen AZ-2 Crack Map 
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Figure G-6: Beam Specimen AZ-3 Crack Map 
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Table G-2: Crack Widths for Anchor Zone Grout Void Series 

Specimen Crack 
Number 

Initial Crack  
Width (in.) 

Final Crack 
Width (in.) 

AZ-1 1 0.004 0.004 0.004 0.004 
 2 0.003 0.005 0.003 0.005 
 3 0.006 0.005 0.006 0.005 
 4 0.002 0.005 0.002 0.005 

AZ-2 1 0.008 0.007 0.010 0.009 
 2 0.011 0.009 0.014 0.012 
 3 0.009 0.009 0.011 0.010 
 4 0.005 0.005 0.006 0.007 
 5 0.006 0.007 0.008 0.009 
 6 0.006 0.007 0.007 0.007 
 7 0.005 0.007 0.007 0.009 
 8 0.001 0.002 0.001 0.002 
 9 0.003 0.002 0.003 0.002 

AZ-3 1 0.007 0.008 0.008 0.008 
 2 0.009 0.010 0.010 0.011 
 3 0.010 0.012 0.011 0.012 
 4 0.010 0.011 0.012 0.013 
 5 0.006 0.007 0.007 0.007 
 6 0.011 0.009 0.013 0.012 
 7 0.010 0.009 0.011 0.011 
 8 0.010 0.010 0.011 0.012 
 9 0.007 0.008 0.009 0.009 
 10 0.008 0.008 0.009 0.010 
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Figure G-7: Beam Specimen AZC-1 Crack Map 
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Figure G-8: Beam Specimen AZC-2 Crack Map 

1 2 3 4

5 6 7 8



240 

  

 

Figure G-9: Beam Specimen AZC-3 Crack Map 
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Table G-3: Crack Widths for Anchor Zone Grout Void Corrosion Series 

Specimen Crack 
Number 

Initial Crack  
Width (in.) 

Final Crack 
Width (in.) 

AZC-1 1 0.005 0.004 0.005 0.004 
 2 0.006 0.007 0.006 0.007 
 3 0.005 0.003 0.005 0.003 
 4 0.003 0.003 0.003 0.003 

AZC-2 1 0.008 0.007 0.010 0.009 
 2 0.009 0.010 0.010 0.011 
 3 0.009 0.008 0.012 0.011 
 4 0.008 0.008 0.010 0.010 
 5 0.008 0.006 0.010 0.008 
 6 0.010 0.009 0.011 0.011 
 7 0.009 0.008 0.010 0.011 
 8 0.008 0.008 0.010 0.011 

AZC-3 1 0.006 0.007 0.007 0.008 
 2 0.008 0.008 0.009 0.009 
 3 0.007 0.008 0.009 0.009 
 4 0.007 0.009 0.009 0.010 
 5 0.007 0.007 0.008 0.009 
 6 0.007 0.006 0.009 0.007 
 7 0.006 0.006 0.007 0.008 
 8 0.007 0.007 0.009 0.009 
 9 0.003 0.002 0.003 0.002 
 10 0.006 0.006 0.006 0.006 
 11 0.001 0.002 0.001 0.002 
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Figure G-10: Beam Specimen GVC-1 Crack Map 
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Figure G-11: Beam Specimen GVC-2 Crack Map 
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Figure G-12: Beam Specimen GVC-3 Crack Map 
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Table G-4: Crack Widths for Crown Grout Void Corrosion Series 

Specimen Crack 
Number 

Initial Crack  
Width (in.) 

Final Crack 
Width (in.) 

GVC-1 1 0.002 0.002 0.003 0.002 
 2 0.003 0.004 0.004 0.004 
 3 0.002 0.001 0.002 0.002 
 4 0.002 0.002 0.002 0.003 
 5 0.004 0.004 0.004 0.004 
 6 0.004 0.007 0.004 0.007 
 7 0.005 0.003 0.005 0.003 
 8 0.003 0.004 0.003 0.004 

GVC-2 1 0.009 0.007 0.010 0.009 
 2 0.008 0.006 0.010 0.008 
 3 0.007 0.008 0.009 0.010 
 4 0.006 0.006 0.008 0.007 
 5 0.007 0.007 0.008 0.009 
 6 0.008 0.008 0.010 0.010 
 7 0.008 0.009 0.010 0.011 
 8 0.008 0.008 0.009 0.009 
 9 0.002 0.002 0.002 0.002 
 10 0.001 0.002 0.001 0.002 

GVC-3 1 0.009 0.010 0.010 0.011 
 2 0.009 0.009 0.011 0.011 
 3 0.008 0.009 0.010 0.011 
 4 0.008 0.008 0.010 0.010 
 5 0.010 0.010 0.012 0.011 
 6 0.011 0.010 0.012 0.011 
 7 0.002 0.002 0.002 0.002 
 8 0.002 0.002 0.002 0.002 
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Appendix H 
 

Beam Specimen Autopsy Procedure 

This appendix contains the detailed autopsy procedure followed for each beam 

specimen.  Autopsying prestressed concrete members requires safety precautions due to 

the very high forces in each strand.  Autopsying post-tensioned concrete members can be 

particularly problematic since the strand is contained within a duct where it may or may 

not be completely bonded to the concrete section and has the potential to recoil during the 

autopsy procedure.  As such, the researchers consulted with members of the Florida De-

partment of Transportation and the University of Texas at Austin concerning their expe-

riences in autopsying post-tensioned concrete members.  With their help, the researchers 

developed a plan to minimize safety risks and maximize results while autopsying the 

beam specimens. 

The plan specifics varied depending on which specimens were undergoing autop-

sy.  For the Fatigue Reference Series and the Crown Grout Void Corrosion Series, the 

critical area of the strand to examine was the center region (including the portions within 

the deviators), for a total tendon length of approximately 3’-0” centered on the beam.  For 

these two series, this section of the tendon was critical for three reasons.  First, the center 

region represents the typical beam cross-section of the specimen, with the Fatigue Refer-

ence Series serving as the baseline condition.  Second, for the Crown Grout Void Corro-

sion Series, the center region was the location with the exposed grouted duct.  Third, the 

deviators were purposely selected to maximize local bending stresses in the tendon, 
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which may manifest itself through wire breakage or signs of fatigue cracking at these lo-

cations. 

The autopsy procedure developed for removing this portion of the tendon con-

sisted of the following: 

1. Remove the exposed portion of the plastic duct in the center of the beam with 

a Dremel rotary tool as was done for the Crown Grout Void Corrosion Series.  

This step was necessary in order to inspect the tendon for signs of cracking in 

the grout prior to the actual autopsy.  

2. Cut through the tendon adjacent to each deviator with a 7-1/4-inch-diameter 

diamond concrete blade attached to a Bosch Angle Grinder.  Once the tendon 

is cut at both ends, remove this portion from the beam specimen.  The result is 

shown in Figure H-1.  This step removed a considerable portion of the pre-

stressing force, with wires frequently pinging during the cutting operation.   

3. Saw cut the concrete above the tendon on each side of the “bathtub” for a dis-

tance of approximately 12” along the beam.  This step was accomplished with 

a 14-inch-diameter diamond concrete blade attached to a gas-powered saw, as 

shown in Figure H-2. 

4. Remove the concrete to expose the tendon on each side of the “bathtub” for a 

distance of approximately 12” along the beam.  This step was accomplished 

with a 50-lb jackhammer, and the result is shown in Figure H-3 after the steel 

deviator was removed. 
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Figure H-1: Removed Center Portion of Tendon 

 

Figure H-2: Saw Cutting of Concrete Above Tendon 
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5. Cut through the now-exposed portions of the tendon with the 7-1/4-inch-

diameter diamond concrete blade attached to the Bosch Angle Grinder.  Once 

the tendons are cut, remove these portions from the beam specimen. 

For the Anchor Zone Grout Void Series and the Anchor Zone Grout Void Corro-

sion Series, the critical area of the strand to examine was the portion at the anchor head 

that contained the void.  As previously mentioned, this imperfection allows chlorides 

access to the tendon and, in the case of cyclic loading, may allow localized bending 

stresses due to the lack of tendon support.  The autopsy procedure developed for remov-

ing this portion of the tendon consisted of the following: 

1. Remove the exposed portion of the plastic duct in the center of the beam with 

a Dremel rotary tool as was done for the Crown Grout Void Corrosion Series.  

 

Figure H-3: Concrete Removed to Expose Tendon 
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This first step was necessary in order to inspect the tendon for signs of crack-

ing in the grout prior to the actual autopsy.  

2. Cut through the tendon adjacent to each deviator with the 7-1/4-inch-diameter 

diamond concrete blade attached to the Bosch Angle Grinder.  Once the ten-

don is cut at both ends, remove this portion from the beam specimen.  The re-

sult is shown in Figure H-1.  This step removed a considerable portion of the 

prestressing force, with wires frequently pinging during the cutting operation.   

3. Saw cut the concrete above the tendon and end anchorage for a distance of 

approximately 18” from the end of the beam.  This step was accomplished 

with the 14-inch-diameter diamond concrete blade attached to the gas-

powered saw, as shown in Figure H-4. 

4. Remove the concrete at the beam end to expose the tendon and the top of the 

anchorage.  This step was accomplished with the 50-lb jackhammer. 

5. Cut through the now-exposed portion of the tendon immediately behind the 

anchorage with the 7-1/4-inch-diameter diamond concrete blade attached to 

the Bosch Angle Grinder. 

6. Remove the concrete to expose the remaining portion of the anchorage, and 

then remove the anchorage from the beam specimen.  The result is shown in 

Figure H-5. 

7. Jackhammer the anchor head and strand out of the anchorage.  The result is 

shown in Figure H-6. 
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Figure H-4: Saw Cutting of Concrete Above Tendon and Anchorage 

 

Figure H-5: Beam Specimen After Anchorage Removal 
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Figure H-6: Anchor Head and Strand After Removal from Anchorage 
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