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Abstract

18-mm-diameter (0.7-in.) strand has the ability to introduce almost twice the prestressing
force of 13-mm-diameter (0.5-in.) strand and 135% of the prestressing force of 15-mm-
diameter (0.6-in.) strand, which could result in a significant increase in the span capacity
of the current AASHTO bulb tee girders without having to modify the sections or acquire
new forms. To date, the information regarding the bond performance of 18-mm-diameter
(0.7-in.) prestressing strand is very limited, preventing its application despite its attractive
high-strength. Also, our understanding of the bond mechanism is incomplete and non-
quantitative; a rational understanding of the bond mechanism would help predict the bond
behavior and develop design guidelines. Therefore, this study concentrated on these two
topics. The finite element method was applied to simulate the bond between the
prestressing strand and concrete. A parametric analysis was conducted to analyze the
factors affecting transfer length. With the comparison of the non-pretensioned and
pretensioned pull-out tests, the contribution of each bond mechanism was quantitatively
analyzed. The tests indicated that the bond performance was dependent on the specimen
length and the pretension level, and the pretension force significantly affected the transfer

length.
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Chapter 1 : Introduction

Pretensioned members such as I-girders and bulb tees are widely used in the construction
of bridges. Currently the strand diameters used in these members are predominantly 13-
mm (0.5 in.) and 15-mm (0.6 in.). In sections like AASHTO I-girders and bulb tees, the
area in the bottom flange to accommodate the strands is limited. Using 18-mm-(0.7-in.-)
diameter strands can significantly decrease the required number of strands in a given
section for an equivalent span capacity. Alternatively, an equal number of the 18-mm
diameter strands can be used to accommodate longer spans for a given section with
higher concrete strength. Further, an increased roadway clearance can possibly be
achieved by using shallower members. States like Tennessee use AASHTO bulb tee (BT)
sections which have very limited room in the bottom flange when compared to Nebraska
University (NU) sections. Using larger diameter strands helps in increasing the span
capacity of the girders without increasing the number of strands in the bottom flange of
the section. Thus, these states which are using the bulb tee sections can obtain longer
spans without switching over to NU sections or changing their form work. The BT
sections with 18-mm-(0.7-in.-) diameter UHS strands prevent them from making
extensive changes to the design and fabrication procedures.

Despite the great advantage and attractiveness of using 18-mm-diameter strands, the
research conducted on these ultra high strength strands is very limited. The Pacific Street
Bridge over 1-680 in Omaha, Nebraska, is the first bridge in the United States to use 18-
mm-(0.7-in.-) diameter strands in the pretensioned concrete girders (Schuler 2009). Ma
and Burdette (2011) analyzed the transfer length and girder end confinement of

AASHTO BT girders with 18-mm-(0.7-in.-) diameter strands. Morcous et al. (2012)



conducted a number of tension tests to investigate the mechanical properties of 18-mm-
(0.7-in.-) diameter strands. Also, they tested 58 strand specimens using the North
America Strand Producers (NASP) test method and demonstrated that the bond of 18-
mm-(0.7 in.-) diameter strands was proportional to the concrete strength. However,
information about the bond performance of 18-mm-(0.7-in.-) diameter strands in high
strength concrete is still limited.

Bond, by definition, refers to the interaction and transfer of force between steel strands
and concrete. Without the bond, the pretensioned concrete members would not be
possible. For pretensioned concrete members, the anchorage and development of
prestressing force exclusively depends on the bond after the release of strands. The bond
in pretensioned concrete members may be categorized as the transfer bond and the
flexural bond, as shown in Figure 1.1. The transfer bond exists at the release of the
prestressing strand through the transfer of the prestress force from the strand to the
concrete in the end zone; the transfer length, Lt, is the distance from the end of the
concrete to the point where the strand stress reaches a constant level, the effective
prestress after losses, fse. The flexural bond starts acting when the external loads are
applied and causes the increase of the strand stress and concrete cracking, the flexural
bond length is the distance from the end of the transfer length to a point at which the
ultimate stress can be developed. In essence, bond controls the behavior of the

pretensioned concrete members; thus, the effect of bond is of great interest.
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Figure 1.1 Variation of prestressing steel stress

Extensive research on the transfer bond and flexural bond has been conducted
parametrically. There are a number of variables affecting the bond: strand diameter,
strand location and spacing, strand release method, strand surface condition, concrete
strength, concrete cracking, concrete age, curing condition and so on. Janney (1954)
tested prestressed concrete prisms to determine the distribution of prestress transfer bond
when the strand was released. The short beam specimens were three-point-loaded to
failure to investigate the flexural bond. The effect of the diameter and surface condition
of the steel wire and the concrete strength were studied. Hanson and Kaar (1959)
conducted an investigation of flexural bond in 47 beams pretensioned with seven wire

strands. The effect of the embedment length and diameter of strand on the bond



performance was studied. Stocker and Sozen (1970) conducted 486 tests of simple pull-
out specimens with short embedment lengths. Basic information on the relationship
between bond and slip was provided. A number of variables were investigated: size of
strand, concrete, lateral confining pressure, and time effect. A hypothesis on the nature of
bond for plain wire and strand was developed, and a simple conceptual model was
proposed to explain the bond characteristics. Abrishami and Mitchell (1993) studied the
bond characteristics of pretensioned strand along the transfer length and the development
length. The average bond stress was directly obtained from measured force in the strand
rather than the strains measured on the strands or concrete surface. Tabatabiai and
Dickson (1993) investigated the history of the development length equation, detailing
how the equation was formulated.

However, the understanding of the nature of bond is still incomplete because the sources
of bond are microscopic in nature. Bond originates from chemical adhesion, friction and
mechanical interlock between the strand and concrete. A rational understanding of the
bond mechanism would help reduce the amount of required testing and develop
guidelines for the design of pretensioned concrete members. A general concept of bond is
discussed by the previous research (Leonhardt, 1964; Stocker and Sozen, 1970; Russell
and Burns, 1993). Very little effort has been made to quantify the elements of bond
mechanism. Due to the rigid brittle behavior of the adhesion bond, it disappears as soon
as the relative slip occurs between the strand and the surrounding concrete. The slip
within the concrete members cannot be directly detected or measured, causing difficulty
in quantifying its contribution. This component is ignored in most cases. Friction, a

recognized main component of bond, is of large variability and unpredictability.



According to classic Column friction theory, there are two main factors creating the
friction: normal pressure and friction coefficient. Normal pressure is hard to obtain at the
interface, and its distribution along the strand and around the strand is complicated.
Furthermore, the friction coefficient is dependent on the surface condition of the strands,
causing the large variability. Mechanical interlock is attributed to the normal force,
friction coefficient between the strand and the concrete, and the pitch angle of the outer
wires of the strands. Therefore, it is very difficult to quantify its contribution to the bond
although it is traditionally regarded as the largest contributor to the flexural bond.

To date, information regarding the 18-mm-(0.7-in.-) diameter prestressing strand is very
limited, preventing its wide application despite its attractive high-strength. Our
understanding of the bond mechanism is incomplete and non-quantitative; a rational
understanding of the bond mechanism would help to predict the bond behavior and
develop design guidelines. The two topics described above are vital to the application of
the 18-mm-(0.7-in.-) diameter strand in practice and are of interest to this study.
Therefore, this study concentrates on these two topics and is outlined as follows. First,
the finite element method is applied to simulate the bond between the prestressing strand
and concrete. A parametric analysis is conducted to analyze the factors affecting transfer
length. Next, six traditional pull-out tests of non-pretensioned specimens are conducted.
The effect of the specimen length on the bond behavior, especially on the failure mode, is
discussed. Then, nine pull-out tests of pretensioned specimens are carried out. How the
pretension level affects the bond performance is revealed. Finally, with the comparison of
the non-pretensioned and pretensioned pull-out tests, the bond mechanism is

quantitatively analyzed. With the finite element analysis and the experimental results, the



bond performance of the 18-mm-(0.7-in.-) diameter strand in high strength concrete is

studied.



Chapter 2 : Finite Element Analysis of the Bond Performance

For the purpose of a better understanding of the bonding mechanism, the influence of
different variables on the stress distribution in strands and surrounding concrete, and the
effect of debonding on the performance of pretensioned concrete girders with 18-mm-
(0.7-in.-) diameter strand, a finite element (FE) analysis was conducted with ABAQUS.
Both the fully bonded model and the partially bonded model were analyzed. In the former
fully bonded model, no slip between strand and concrete occurred, while the bond
simulation in the latter, with consideration of relative slip, was based on the Coulomb
friction model. The distribution of concrete strain, the transfer length and the slip of
strand at the end of the girder were studied. By comparing the result of FE modeling and
the measured transfer length in the previous experiment, the effect of friction coefficient
of the strand was evaluated, and the FE models were validated. The debonding FE model
was established on the validated partially bonded model. A parametric analysis was
conducted, focusing on the impact of friction coefficient and the debonding length in the
end of girders.

2.1 Introduction

Traditionally, the Tennessee Department of Transportation (TDOT) has been using
AASHTO-PCI BT sections for its concrete bridges. These sections have limited bottom
flange widths where the prestressing strands are located. To increase span capacities of
these sections, other states have adopted a new section with a wider bottom flange width.
Producers in the State of Tennessee have raised concerns about the cost of the revised
new steel forms to accommodate a new section. As an alternative, research work is

underway testing larger diameter strand used in conjunction with high-strength concrete



and standard BT sections as an innovative and cost effective approach to increase girder

span capacity. An 18-mm-(0.7-in.-) diameter strand has the ability to introduce almost
twice the prestressing force of a 13-mm-(0.5-in.-) diameter strand and 135% of the
prestressing force of a 15-mm-(0.6-in.-) diameter strand, which could result in a
significant increase in the span capacity of the current BTs without having to modify the

sections or acquire new forms.

Strand debonding can be viewed as essentially de-activating part of the reinforcement of
the member in order to eliminate perceived excessive compressive or tensile stresses.

Debonding can be accomplished by enclosing a predetermined length of strand in a

plastic duct to prevent it from bonding to the concrete. When the strand is detensioned at

release, the strand’s prestressing force is not transferred at the end of the girder, but

begins to develop at the end of the duct. The position of the end of the duct could be well

into the span of the girder. This debonding moves stress created by the strand away from

the end of the girder towards the center where the self-weight of the girder can alleviate it.
The interaction between concrete and strands is complicated. The bond can be attributed

to adhesion, mechanical interlock and friction, depending on the extent of bond

development and the nature of the strand surface. For the purpose of a better
understanding of the bonding/debonding mechanism, the influence of different variables

on the stress distribution in strands and surrounding concrete, and the effect of debonding

on the performance of prestressed concrete girders, finite element analysis is commonly
conducted with some general FE software. Kannel et al. (1997) studied the end cracking

of a pre-tensioned I-shape girder numerically and experimentally. Three-dimensional (3D)

FE models were established, in which strands were simulated with truss elements and



materials were assumed linear elastic. Also, they evaluated the effect of strand debonding.
They concluded that strand cutting order affected the stress distribution in the girder end,
and appropriate debonding was beneficial for crack control. Baxi (2005) presented an in-
depth analytical study of the bond behavior of strands in the end zone of pre-tensioned
concrete girders. An axi-symmetric FE analysis of concrete cylinders using ABAQUS
was conducted to investigate the state of stress in the concrete surrounding the strands
just after transfer of prestress. Based on the FE program DIANA, Bolmsvik and
Lundgren (2006) studied the bond mechanism between strands and concrete and how
different detailing of the strand interface affected the behavior. A bond model was
calibrated by use of pull-through tests.

One objective of this research was to analyze the effect of debonding of 18-mm-(0.7-in.-)
diameter strand through 3D FE modeling. A parametric analysis was conducted and two
factors were investigated. One was the friction coefficient of the strand; the other was the
debonding length. The distribution of concrete strain, the transfer length, and the slip of
strand at the end were studied to better understand the bonding/debonding mechanism.
2.2 Modeling of Bond Behavior

As previously discussed the bond can be attributed to adhesion, mechanical interlock, and
friction, depending on the extent of bond development and the nature of the strand
surface. The concrete around the strand is in a tri-axial state. To better understand the
bonding/debonding mechanism and the influence of different variables on the strain
distribution and the slip of strands, three-dimensional (3D) finite element (FE) models
were established with ABAQUS. Both the prestressing strand and the concrete were

simulated by eight-node linear solid elements with reduced integration (C3D8R). The



process of force transfer from a tensioned strand to the surrounding concrete was
simulated by defining an “initial stress” in ABAQUS.

Both the fully bonded and the partially bonded models were simulated. In the fully
bonded model, the prestressing strand and the concrete were fast tied and no slip between
strands and concrete occurred. The interaction was simulated by “tie” in ABAQUS. With
the “tie” constraint, there was no relative movement between the two separate surfaces.
The fully-bonded model was an ideal model in which a perfect bond was assumed.

On the other hand, in the partially bonded model, the relative slip at the interface between
the strand and concrete was considered. The interface was modeled with “surface-to-
surface contact” capable of simulating both the normal behavior and the tangential
behavior. The normal behavior was set as “hard contact”, which meant the pressure
existed between surfaces and the strand and concrete surfaces cannot penetrate into each
other. In the longitudinal direction, the Coulomb friction model was introduced. The
Coulomb friction model defined a critical shear stress which was the product of the
pressure and the coefficient of friction. Apparently, the friction coefficient controlled the
bond-slip behavior and the strain/stress distribution in concrete and strands.

As for a perfect debonding, the bond strength between debonded strands and surrounding
concrete shall be zero, and the prestress force will not transfer to concrete in the
debonded region. In this article, the modeling of debonding was based on the partially
bonded model in which the interface was modeled with “surface-to-surface contact”. In
the case of debonding using preformed tube, the tangential behavior at the interface
between the debonded strand and its surrounding concrete was set as “frictionless”,

indicating no friction between surfaces in the debonded region. In the case of debonding

10



using split sheathing, weak bond strength at the interface was considered by introducing a
low friction coefficient.

2.3 Parametric Analysis of Partially Bonded Models

Parametric analysis was conducted based on the FE models with ABAQUS. In this
section, the influence of friction coefficient on the bond behavior was studied. To capture
the bond mechanism based on the Coulomb friction model, a prestressed concrete
cylinder girder with 18-mm-(0.7-in.-) diameter strand was modeled with ABAQUS. The
cylinder was 144 in. (3658 mm) long, and its diameter was 6 in (152 mm). The strand
was located at the center of the cylinder. The modulus of elasticity of concrete was 6641
ksi (45788 Mpa) and the Poisson’s ratio was 0.2 through a series of small scale
experiments. The modulus of elasticity of 18-mm-(0.7-in.-) diameter strand was 28800
ksi (198569 Mpa) and the Poisson’s ratio was 0.3. The cross section area of the strand
was 0.294 in.? (189.677 mm?), and the ultimate strength was 270 ksi (1862 Mpa). The
“initial stress” was 202.5 ksi (1396.2 Mpa) which was 75% of the ultimate strength. The
mesh of the FE model was shown in Figure 2.1. The X axis and the Y axis were the radial
direction, and the Z axis was the longitudinal direction of the cylinder. Because the
cylinder girder was symmetric, a model of a half-length (72 in. or 1829 mm) and % cross
section was simulated to decrease the number of FE elements. The boundary conditions

were that the three planes (plane X = 0, plane Y = 0 and plane Z = 0) were symmetric.

11



Figure 2.1 FE Model of cylinder girder

Burgueno and Sun (2011) calibrated the friction coefficient of 15-mm-(0.6-in.-) diameter
strand through a series of small scale experiment. The friction coefficient varied from
0.23 to 0.7. Because the friction coefficient of 18-mm-(0.7-in.-) diameter strand was not
available, a series of prestressed concrete cylinder girders with different friction
coefficients were studied. There were six cylinder models. One was the fully bond (FB)
model in which strand and concrete were tied fast without any relative slip, the other five
models were partially bonded models. The friction coefficients of the partially bonded
(PB) models PB030, PB040, PB050, PB060 and PB0O70 were 0.30, 0.40, 0.50, 0.60 and
0.70, respectively. The distribution of the longitudinal strain (EE33) in concrete of the
partially bonded model PB040 was shown in Figure 2.2. It revealed that EE33 increased
gradually from the cylinder end to the middle span. The maximum principal strain in the
beam end was shown in Figure 2.3. The Hoyer’s effect was captured in the wedge-shaped

12



strain contour. The red strain contour in Figure 2.3 revealed a maximum strain area
located at the end of the cylinder. The maximum principal strain along the radial
direction at three sections were investigated, as shown in Figure 2.4. At each section, the
maximum strain occurred at the interface of strand and concrete, and the strain decreased
along the radial direction. Within all three sections, the maximum strain was 990
microstrain. When the distance away from the center of prestressed strand was greater
than 1 in. (25.4 mm), the strain decreased to less than 200 microstrain. It revealed that the
strand dramatically transferred the prestressing force to the surrounding concrete within 1
in. (25.4 mm), indicating 2 in. (50.8 mm) spacing of adjacent strands could be

appropriate.

EE, EE33
{Avg: 75%)
+6.263e-05

Figure 2.2 Distribution of EE33 in concrete
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Figure 2.3 Distribution of maximum principal strain in concrete
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Figure 2.4 Maximum principal strain along radial direction; Imm = 0.039 in.
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Strain EE33 in the outer concrete surface along the cylinder was shown in Figure 2.5. In
the fully bonded model, EE33 approximated to the maximum within 4 in. (101.6 mm). In
the partially bonded model PB040, EE33 reached the plateau of maximum strain within a
longer distance although the maximum EE33 in both models was the same. The
distribution of EE33 revealed how the force transferred from the tensioned strand to the
surrounding concrete. In the transfer length experiment, the 95% average maximum
strain (AMS) method was adopted by Russell and Burns (1996). The AMS is the average
of all the strains on the plateau of the longitudinal concrete strain curve. In this article, 95%
AMS method was also adopted to analyze the transfer length. The result was shown in
Figure 2.6. The transfer length of the model PB030, PB040, PB050, PB060 and PB070
were 27.50, 20.75, 16.75, 14.25 and 12.00 in. (698.50, 527.05, 425.45 and 304.80 mm)
respectively. Apparently, the transfer length decrease with the increase of the friction
coefficient. According to AASHTO LRFD Specification, the transfer length depends on
the diameter of the strand. As for the 18-mm-(0.7-in.-) diameter strand, the transfer
length would be 42 in. (1066.8 mm) if AASHTO LRFD equation was used. However, our
previous experiment revealed the transfer length for 18-mm-(0.7-in.-) diameter strand
was about 21 in. or 533.4 mm (Ma and Burdette 2011). By comparison, the FE result of
PB040 was very close to the experimental result, indicating that 0.40 was an appropriate
friction coefficient for this strand. In the fully bonded model, the transfer length was
extremely low although the transfer length was theoretically expected to be zero due to
the perfect bond. In addition, the tensioned strand tended to slip back into concrete after
the prestress force was transferred. Thus, the slip of the strand at the end for all models

was studied and the result was shown in Figure 2.7. The slip of the model PB030, PB040,
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PB050, PB060 and PB070 was 0.06, 0.05, 0.04, 0.03 and 0.03 in. (1.52, 1.27, 1.02, 0.76

and 0.76 mm). It revealed that the slip at the end decreased with the increase of friction

coefficient.
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2.4 Parametric Analysis of Debonding

The simulation of debonding was based on the mentioned partially bonded model. As
discussed before, the transfer length in the FE model PB040 was very close to our
previous experimental result. Therefore, for the prestressed strand in the bonding region,
0.40 was an appropriate friction coefficient of 18-mm-(0.7-in.-) diameter strand. For the
strand in the debonding region, the friction coefficient of the debonded strand was
different due to the different debonding methods. Also, the influence of debonding length
was studied. The details of all nine debonding models were given in Table 2.1. The
debonding model was named according to the debonding length and the friction
coefficient in the debonding region. For example, the model 1-05 meant that the
debonding length was 1 ft. (304.8 mm) and the friction coefficient was 0.05. All
debonding models were categorized into three series according to the different friction

coefficient in the debonding region. Series-00 included the debonding model 1-00, 2-00
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and 3-00. Series-05 included the debonding model 1-05, 2-05 and 3-05. Series-10

included the debonding model 1-10, 2-10 and 3-10.

Table 2.1 Details of nine debonding FE models

Debonding Model

Debonding Length

Friction coefficient in the

Name (in.) Debonding region
1-00 12 No friction
1-05 12 0.05
1-10 12 0.10
2-00 24 No friction
2-05 24 0.05
2-10 24 0.10
3-00 36 No friction
3-05 36 0.05
3-10 36 0.10
1 mm=0.039 in.

For all nine debonding models, strain EE33 in the outer concrete surface along the

cylinder was shown in Figure 2.8, Figure 2.9 and Figure 2.10. The distribution of strain

EE33 of all nine debonding models was also compared with that of PB040 in which there

was no debonding. As shown in Figure 2.8, the slope of EE33 curve of Series-00 in the

end debonding region was zero. As shown in Figure 2.9 and Figure 2.10, the slope of

EE33 curve of Series-10 in the debonding region was greater than that of Series-05. It

revealed that the slope of EE33 in the debonding region increased with the increase of the

friction coefficient.
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The transfer length for all debonding models was also calculated with the 95% AMS
method. The result is shown in Figure 2.11. The transfer length increased with the
decrease of debonding length and the decrease of friction coefficient, indicating that the
friction at the interface in the debonding region contributed to the force transfer. When
the friction coefficient was zero, the transfer length of all debonding models was the
same as that of PB040, indicating that a perfect debonding did not change the transfer
length of the strands. For the cases of 36 in. (914.4 mm) debonding, when the friction
coefficient was 0.10, the transfer length approximated to 11.75 in. (298.45 mm). By
comparison, this transfer length was about a half of the transfer length of the FE model
PB040. Also, the friction coefficient and the debonding length affected the end slip, as
shown in Figure 2.12. The end slip increased with the increase of debonding length and

the decrease of friction coefficient.
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2.5 Conclusions and Discussion

FE modeling was used to analyze the performance of pretensioned concrete girders with
18-mm-(0.7-in.-) diameter strand. Both fully bonded and partially bonded models were
investigated. The measured transfer length in the previous test validated the partially
bonded model with an appropriate friction coefficient. The change of concrete strain
along the radial direction revealed that the strand dramatically transferred the prestressing
force to the surrounding concrete within 1 in. (25.4 mm), indicating 2 in. (50.8 mm)
spacing of adjacent strands could be appropriate. In the parametric analysis of the
partially bonded models, the transfer length increased with the decrease of the friction
coefficient, and the slip at the end increased with the decrease of friction coefficient. The
parametric analysis of the debonding models revealed that the transfer length increased
with the decrease of debonding length and the decrease of friction coefficient when the
friction coefficient was not zero. As for a perfect debonding in which there is no friction
between strand and concrete, the debonding length has no effect on the transfer length.
The end slip increased with the increase of debonding length and the decrease of friction
coefficient.

Currently, the FE analysis is focused on the performance of pretensioned concrete girders
at transfer. In the future, FE modeling will be conducted to analyze the flexural and shear
behavior of AASHTO-PCI BT Girders with 18-mm-(0.7-in.-) diameter strands. Full-scale
girder test will be conducted and the experimental results will be used to evaluate the FE
modeling. In addition, a numerical bonding/debonding model based on the relationship of
slip and bond stress will be proposed to further understand the bonding/debonding

mechanism.
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Chapter 3 : Material Properties and Pull-out Tests of Non-pretensioned
Specimens

An experimental program was conducted to investigate the bond performance of non-
pretensioned 18-mm-(0.7-in.-) diameter strand in high strength concrete. The mechanical
properties of the strand and the concrete were obtained through strand tension tests and
concrete compression tests. Six pull-out tests were conducted on prismatic specimens
made with a non-pretensioned strand embedded in the center of the concrete without
reinforcement. These specimens had different strand embedment lengths: 0.5 Lt (transfer
length), 1.0 Lt and 1.5 Lt of the 18-mm-(0.7-in.-) diameter strand. The relationship
between the strand slip and the pull-out force, the stress distribution along the strand, and
its development with the pull-out force were investigated. The results of the pull-out tests
indicate that the bond behavior is significantly affected by the strand embedment length.
The failure of the specimens of 0.5 Lt, 1.0 Lt and 1.5 Lt was sudden concrete splitting,
significant strand slip and rotation, and strand break at the chuck, respectively. A series
of typical curves of the pull-out force versus the strand free end slip are given to describe
the characteristic of the bond behavior for specimens with different strand embedment
length.

3.1 Introduction

Pretensioned members such as I-girders and bulb tees are widely used in the construction
of today’s bridges. Currently, the strand diameters used in these members are
predominantly 13-mm (0.5-in.) and 15-mm (0.6-in.). In sections like AASHTO I-girders
and bulb tees, the area in the bottom flange to accommodate the strands is limited. Using
18-mm-(0.7-in.-) diameter strands can significantly decrease the required number of
strands in a given section for an equivalent span capacity when used at the same spacing.
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Alternatively, an equal number of the 18-mm-(0.7-in.-) diameter strands can be used to
accommodate longer spans for a given section with higher concrete strength. Further, an
increased roadway clearance can possibly be achieved by using shallower members.
Many States use AASHTO bulb tee (BT) sections. These sections have very limited room
in the bottom flange when compared to other I-girder sections. Using larger diameter
strands help in increasing the span capacity of the girders without increasing the number
of strands in the bottom flange of the section. Thus, States that use bulb tee sections can
obtain longer spans without requiring a manufacturer formwork change. The BT sections
with 18-mm-(0.7-in.-) diameter strands enable prestress girder manufacturers to create
more efficient girder designs without requiring extensive changes in design and
fabrication procedures.

Despite the great advantage and attractiveness of using 18-mm-(0.7-in.-) diameter strands,
studies examining the design and use of these strands have been limited. Some examples
though are as follows: The Pacific Street Bridge over 1-680 in Omaha, Nebraska, was the
first bridge in the United States to use 18-mm-(0.7-in.-) diameter strands in the
pretensioned concrete girders (Schuler 2009). Song et al. (2013) analyzed the transfer
length and girder end confinement of AASHTO BT girders with 18-mm-(0.7-in.-)
diameter strands. Morcous et al. (2012) conducted a number of tension tests to investigate
the mechanical properties of 18-mm-(0.7-in.-) diameter strands. Also, based on the North
America Strand Producers (NASP) test, they demonstrated that the bond of 18-mm-(0.7-
in.-) diameter strands was proportional to the concrete strength.

Bond, by definition, refers to the interaction and transfer of force between steel strands

and concrete. In the 1950’s, Guyon (1953) demonstrated that bond developed between
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pretensioned strand and concrete, and Janney (1954) investigated the transfer bond and
flexural bond based on prism tests and beam tests and analyzed the effect of steel wire
diameter on bond. Extensive research (Brearley and Johnston 1990; Logan 1997; Rose
and Russell 1997) has been conducted on 13-mm-(0.5-in.-) and 15-mm-(0.6-in.-)
diameter strands which currently are widely used. However, information on the bond
performance of 18-mm-(0.7-in.-) diameter strands in high strength concrete is unavailable,
no ASTM standard test method exists, and the current AASHTO specifications (2012)
are not applicable for 18-mm-(0.7-in.-) diameter strand. Since this is a new product with
promising benefits, the mechanical properties of minimum embedment length and a
prediction of bond behavior in the flexural beam tests are required before this product can
be reliably used.

A simple pull-out testing procedure was used to study the bond characteristics of 18-mm-
(0.7-in.-) diameter strand. This procedure serves as a predictor for full-scale transfer and
flexure development tests. Specimens of three different lengths (0.5 transfer length (Lt),
1.0 Lt, and 1.5 Lt) were cast with 18-mm-(0.7-in.-) diameter strand and high strength
concrete. Using the pull-out test procedure, the relationship between strand slip and pull-
out force, along with the concrete surface strain distribution along the strand and its
development with force was investigated. The different failure modes of the pull-out tests
are also discussed. Existing pull-out studies have not quantified the effect of the strand
embedment length upon bond; however, results of earlier research indicate that the strand
embedment length affects the bond behavior significantly. This investigation of the

relationship between the strand embedment length and the failure mode of the pull-out
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tests provides a new way to determine the transfer length and will serve as a basis in
predicting bond performance in flexural beam tests.

3.2 Research Significance

The lack of research on the bond performance of the 18-mm-(0.7-in.-) diameter strand
prevents the wide application of this strand despite its increased efficiency attractiveness.
Thus, a thorough study of the bond characteristics of this strand in high strength concrete
IS necessary and important to provide guidelines for design. Also, there is no current
standard testing method to evaluate the bond strength for this strand. For the strands of
smaller size, pull-out tests are applied to short specimens to determine bond properties.
However, these tests do not consider the effect of strand embedment length; which our
study shows significantly affects bond behavior. In this research, three different strand
embedment lengths were used: 0.5 Lt, 1.0 Lt, and 1.5 Lt. Different bond behaviors for
these specimens were analyzed in this research.

3.3 Material Properties

3.3.1 18-mm-(0.7-in.-) diameter strand

The 18-mm-(0.7-in.-) diameter, Grade 1860 (270 ksi) strands used in this study were
uncoated seven wire low-relaxation strands with a nominal area of 190 mm? (0.294 in?).
By comparison, the nominal area of 13-mm-(0.5-in.-) diameter strand is 99 mm? (0.153
in?) and that of 15-mm-(0.6-in.-) diameter strand is 140 mm?® (0.217 in?). Thus, the
nominal area of the 18-mm-(0.7-in.-) diameter strand is 92% larger than that of the 13-
mm-(0.5-in.-) diameter strand and 35% larger than that of the 15-mm-(0.6-in.-) diameter
strand. Accordingly, the ultimate strength of the 18-mm-(0.7-in.-) diameter strand of the

same grade is significantly higher. For the 18-mm-(0.7-in.-) diameter strand, the yield
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strength is 318 kN (71.5 kips), which is 90% of ultimate tension strength. The nominal
breaking strength is 353 kN (79.4 kips) and the minimum load at 1% extension is 318 KN
(71.5 kips). The minimum ultimate elongation in 610 mm (24 in.) gauge length is 3.5%.
The modulus of elasticity is 196500 MPa (28500 ksi).

Three strand tension tests were conducted using a Tinius-Olson universal test machine in
the Laboratory at the University of Tennessee, as shown in Figure 3.1(a). All strand
specimens were cut from the same spool. A tensioning chuck was attached to the strand,
below which was attached a load cell which electronically recorded the load being
applied to the strand. The data from the load cell were compared to the tensile force
measured by the universal testing machine to check the calibration of the load cell. The
breaking strength of the strands were 346 kN (77.8 Kips), 366kN (82.4 kips), 362 kN
(81.5 kips), respectively. The average breaking strength was 358 kN (80.6 kips). For all
specimens, the modulus of elasticity was approximately 199,948 MPa (29000 ksi). As
shown in Figure 3.1 (b), the strand always broke at the chuck along a plane at about 45
degrees to the twist direction. Figure 3.1 (c) shows a typical unraveling of the strand after

failure.
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(b) Strand Break at Chuck (c) Strand Unraveling
Figure 3.1 Strand tension test

3.3.2 High strength concrete

High strength concrete (HSC) was used in the test. The concrete mix design is shown in
Table 3.1. Cement type Il was used to achieve high strength at an early concrete age.
No.8 limestone was used as coarse aggregate, and the fine aggregate was manufactured.
The water cement ratio was 0.309. Chemical admixtures, including a high-range water-
reducing admixture, water reducer and workability-retaining admixture were added to
reduce water content, improve early-age compressive strength, and adequate slump

without retardation. A series of 152.4 by 304.8 mm (6 by 12 in.) cylinders were cast to
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obtain the concrete compressive strength when the prism specimens for pull-out tests
were cast. On the first day, these cylinders were sealed with a plastic lid to prevent water
loss and then cured with the prism specimens in the same environment. The temperature
was 24.4 °C (76 °F). On the second day, they were demolded and capped with a sulfur
cap. After capping, the cylinders were stored in the moist room where the temperature is
23.3°C (74 °F) and the relative humidity was 100%. The typical failure mode is shown in
Figure 3.2. Through compression testing, the average concrete compressive strength at
one-day was 58.6 Mpa (8.5 ksi), and the average strength at two-days was 62.7 Mpa (9.1
ksi). All of the failure modes were Type 3 (Columnar vertical cracking through both ends,

no well-formed cones) as defined by ASTM C39.

Table 3.1 Concrete mix design (per 1 m®)

Cement type 111 kg | 466.1

Coarse aggregate kg | 826.9

Fine aggregate kg | 887.3

Water kg | 144.0

High-range water-reducing admixture | ml | 3959.9
Water reducer ml | 1228.9
Workability-retaining admixture ml | 1843.4

1 m®=1.3079 yd®; 1 kg = 2.2046 Ibs; 1 ml = 0.0338 0z

29



Figure 3.2 Typical failure mode in concrete compression test

3.4 Existing Pull Test Methods

ASTM A981 (2011) prescribes a pull test to evaluate bond strength for 15-mm-(0.6-in.-)
diameter steel prestressing strand. The procedure specifies that untensioned strand shall
be embedded in grout with compressive strength of 24 to 28 MPa (3500 to 4000 psi) for a
bond length of 400 mm (16 in.). Three other tests are also defined for untensioned
prestressing strands (Ramirez and Russell 2008). They include the PTI Bond Test, the
North American Strand Producers (NASP) Bond test and the Moustafa Test.

For the PTI Bond Test, the strands are pulled out from neat cement mortar; for the NASP
test, the strands are pulled out from a mortar consisting of Type Il cement, sand and
water. The Moustafa Test (Moustafa 1974) is known as Large Block Pull-out Test
(LBPT), which consists of 610 mm (24 in.) deep concrete blocks with a length and width
dependent upon the number of strands. For both NASP test and LBPT, the embedment
length is 457 mm (18 in.). LBPT was used by Logan (1997) and Rose and Russell (1997).
With LBPT for both 13-mm-(0.5-in.-) and 15-mm-(0.6-in.-) diameter strands, Logan
(1997) stated that LBPT was an accurate predictor of the general transfer and

development characteristics of pretensioned members. Ramirez and Russell (2008) found
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that the Moustafa and NASP test established the best correlation of a measure of bond
quality for strand and measured transfer length.

Obviously, bond performance is different for strands embedded in mortar and strands in
concrete. Thus, for the purpose of evaluating the bond performance of strands in
pretensioned concrete members, LBPT is more attractive. However, the typical LBPT test
only considers one specific stand embedment length, thus the effect of the strand
embedment length on the bond behavior cannot be analyzed using only this test.

3.5 Pull-out Specimen Size Consideration

In 1970, Stocker and Sozen (1970) conducted 486 simple pull-out tests on a variety of
strand configurations. In 433 specimens, the typical bonded length was only 25.4 mm (1
in.). In the remaining specimens, the bonded length was varied from 13 mm (0.5 in.) to
508 mm (20 in.). The tests were discontinued when the slip reached 3.81 mm (0.15 in.).
The tests provided the basic information on the relationship between bond force and slip
to understand the nature of bond. A parametric study was conducted to investigate the
effect of size of strand, strength, consistency, curing conditions, age, and settlement
conditions of concrete, lateral confining pressure, and time effects. Bearley et al. (1990)
studied the effects of a grit-impregnated epoxy coating on the bond behavior of strand.
The specimens were 203 mm %203 mm =305 mm (8 in. <8 in. <8 in.) concrete prisms.
However, the strand embedded length in these tests was significantly shorter than the
transfer length of the strands.

When investigating the bond behavior of prestressing strand within the transfer length,
the pull-out tests of very short specimens can only provide very limited information. One

objective of this research is to investigate the influence of strand embedded length on the
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bond behavior. For 18-mm-(0.7-in.-) diameter strand, the transfer length (Lt) was varied
from 610 mm (24 in.) to 788 mm (31 in.). These lengths were chosen to offer a
comparison to tests conducted by Morcous et al. (2010). Song et al. (2013) published that
the transfer length of 18-mm-(0.7-in.-) diameter strand in an AASHTO type | girder was
approximately 533 mm (21 in.). In this research, three different specimen lengths were
considered: 305 mm (1 ft.), 610 mm (2 ft.) and 915 mm (3 ft.). These lengths correlate
with the aforementioned studies and approximate what is believed to be 0.5, 1.0, and 1.5
times the transfer length.

Two specimens (A and B) were cast for the each specimen length. Thus, a total of 6
specimens (1A, 1B, 2A, 2B, 3A and 3B) were cast for non-pretensioned strand pull-out
testing. Each of the specimens was labeled with a two character identification code (ID).
The first character represents the specimen length or the strand embedment length (unit:
ft.). The second character designates the specimen number. An example prism is 2B,
which is 2-foot (609.6 mm) long and is the second specimen tested of that length.

Typical spacing between prestressing stands within girders is 50.8 mm (2 in.). According
to Song et al.%, 50.8 mm (2 in.) spacing is also appropriate for 18-mm-(0.7-in.-) diameter
strand. To ensure adequate concrete cover for the strand, a cross section of 152.4 mm (6
in.) by 152.4 mm (6 in.) was selected. The non-pretensioned strand was centered within
the cross section and embedded parallel to the prism specimen.

3.6 Specimen Fabrication and Test Set up

The concrete prisms were cast in reusable steel forms. The concrete was consolidated
using a vibrator. The prisms were stored in the lab where the temperature was 24.4 °C (76

°F). They were covered with two layers: wet burlap and then covered with plastic
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sheeting. The prisms were stripped on the next day, and tested on the third day. In this
way, the age of concrete on the pull-out test day was 2 days, which was the same for the
pretensioned strand pull-out tests addressed in the next chapter.

A DEtachable MEChanical (DEMEC) strain measurement system was used to measure
the concrete surface strain. The DEMEC strain points have small metallic discs of 6.35-
mm (0.25- in.) in diameter, which were placed along the centerline of the prestressing
strands and attached to the both sides of the concrete surfaces. The gage length was 200
mm (7.874 in.). Thus, the average concrete surface strain within the gauge length could
be calculated through the change of the distance between two DEMEC strain points. The
location of these strain points is shown in Figure 3.3. For the 305 mm (1 ft.) specimen,
two DEMEC strain points were symmetrically attached to the concrete surface along the
specimen, and the spacing is the gage length 200 mm (7.874 in.). Thus, only one average
strain in the middle length could be obtained for one side of the prism. For the 610 mm (2
ft.) and 915 mm (3 ft.) specimens, the spacing of two adjacent points was a half of the
gage length and they were symmetrically placed along the specimen length. Thus, 4
strains could be measured for the 610 mm (2 ft.) specimen on each side and 7 strains for
the 915 mm (3 ft.) specimen on each side. In the pull-out test, there were two ends:
jacking end and free end. Strain 1 is the strain closest to the jacking end while Strain 4 in
the 610 mm (2 ft.) specimens or Strain 7 in the 915 mm (3 ft.) specimens is the one

closest to the free end.
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Figure 3.3 Location of the strain points (unit: mm); 1mm =0.039 in.

A detailed description of the test set-up is given in Figure 3.4. It shows a horizontal steel
frame using Hollow Structural Sections HHS7 x 7 x 3/8 that was anchored to a strong
floor with bolts. A hollow hydraulic jack cylinder operated by a manually-controlled
pump was used to pull the strand, which was run concentrically through the steel frame
and the hollow jack. A doughnut load cell was placed behind the jack, and a chuck was
placed against the load cell. Therefore, a pull-out force was created with the elongation of

the jack cylinder.
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(b) Free end slip measurement with LVDT and caliper

(c) Jack elongation measurement with micrometer

Figure 3.4 Test apparatus
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The pull-out tests focused on the relationship among pull-out force, the end slip, and the
strain distribution. The force was recorded from the load cell. The jack cylinder was
manually controlled to increase the pull-out force step-by-step. The pull-out force
increased by 22 to 44 kN (5 to 10 Kips) for each step. There were two strand end slips: the
jacking end slip and the free end slip. Typically, an LVDT (Linear Variable Differential
Transducer) was used to record the end slips. A metal hook attached to the strand with
tape was connected to the LVDT. To validate the LVDT data, a micrometer was used to
measure the jack cylinder elongation reflecting the jacking end slip, and a caliper was
used to measure the “draw-in” at the free end of the strand. When the pull-out force was
sufficient to induce free end slip, the free end of the strand would rotate, making an
accurate measurement of free end slip with the LVDT difficult. The caliper measurement
of the draw-in was then used as the free end slip measurement instead of the LVDT
reading.

As mentioned previously, the concrete surface strain was taken using the DEMEC strain
system. The change of the concrete strain always lagged behind the increase of the pull-
out force. If the pull-out force was held constant, the concrete strain would slowly
increase with time. But the rate of strain increase extent would decrease with time. Thus,
there was a delay of about 3 minutes between strain measurements for each loading step.
After the measurement of the concrete strain on two sides, the average concrete surface
strain was obtained for each loading step. Typically, one pull-out test was completed

within 3 hours.
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3.7 Test Results for each Specimen

The pull-out loads versus free end slip and jacking end slip are shown in Figure 3.5 (a)
through Figure 3.5 (c). In the legend in Figure 3.5, the first two characters designated the
specimen ID; the rest designated the type of slip (free end or jacking end). Due to the
significant difference of both the slip and the pull-out force among different specimens,
the scale is only the same for the specimens with the same length. The jacking end slip
gradually increased as the pull-out force elongated the jack cylinder. In contrast, the free
end slip remained zero until the pull-out force increased to a force that caused relative
slip along the entire embedded strand.

The development of the concrete surface strains at different locations is shown in Figure
3.6 (a) through Figure 3.6 (f). The location of the measured strain, which is represented
by the strain identification number, is already shown in Figure 3.3. For specimen 1A/1B,
only strain 1 was obtained which was in the middle of the specimen. For other specimens,
the distance of two adjacent strains was 100 mm (3.937 in.), and the measured end strain
was approximately 55 mm (2.165 in.) away from the specimen end. Strains 1 through 4
were measured for specimen 2A/2B while Strains 1 through 7 were measured for
specimen 3A/3B. It should be noted that the strain could not always be recorded for the
last load step due to strand slip failure. The failure mode for different specimens is
discussed in a later section.

The 305 mm (1 ft.) long specimens (1A and 1B): As shown in Figure 3.5 (a), the
ultimate pull-out forces for these two specimen was very close, with the average of both
being 153 kN (34.4 kips); the free end slip for both was 6.553 mm (0.258 in.) and 3.632

mm (0.143 in.), respectively. The free end slip started when the pull-out force was
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approximately 10 kN (2.2 kips). Both the pull-out force and the slip gradually increased
until failure of the specimens occurred. The relationship between the force and the free
end slip was parabolic, while the jacking end slip increased linearly with the load. As
shown in Figure 3.6 (a) and (b), the concrete surface strain 1 linearly increased with the
load. The strain was approximately 150 microstrain when the load reached 150 kN (33.7
Kips).

The 610 mm (2 ft.) long specimens (2A and 2B): As shown in Figure 3.5 (b), free end
slip occurred in these specimens when the pull-out force was approximately 30 kN (6.7
Kips), indicating that the adhesion force between the strand and the concrete was lost at
this loading. Adhesion between the strand and concrete caused the initial slope of the
curves to be extremely steep. The maximum pull-out force of the strand was 263 kN
(59.1 Kips), while the ultimate force for the last loading was 227 kN (51.0 kips) with a
corresponding free end slip of about 25 mm (0.984 in.). The load versus free end slip
curve shows two stages of slip development; the free end slip increased linearly before
the load reaches approximately 200 kN (45.0 kips) with a slip approximately 2 mm
(0.079 in.). The loading then increased slowly and dropped suddenly at various intervals.
For specimen 2A, the recorded first pull-out force drop occurred when the load reached
213 kN (47.9 Kips), and the corresponding free end slip was 7.2 mm (0.283 in.); for
specimen 2B, the recorded first pull-out force drop occurred when the load reached 232
kKN (52.2 kips) and the corresponding free end slip was 8.5 mm (0.335 kips). A force drop
then occurred when the test was temporarily suspended to manually record the concrete
surface strain. If the strand had been pulled continuously instead of by step-by-step

loading, a force drop would not likely have occurred. During the stage of the force drop,
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there was increase in the free end slip and the jacking end slip, indicating the
development of the stand slip along the entire specimen. It was apparent that the extent of
force drop at the early time was smaller. For Specimen 2A, there were two distinct force
drops, both of which drop back to 227 kN (51.0 kips) three minutes after the previous
load; for specimen 2B, the ultimate force also dropped to 227 kN (51.0 kips). The pull-
out tests were discontinued, and the repeated force drops was regarded was deemed a
strand slip failure. It was observed that as the force drop occurred an accompanying
strand rotation occurred as well. The free end strand began to rotate when the pull-out
force reached approximately 200 kN (45.0 kips). With the increase in the force, the strand
continued to rotate. The ultimate free end rotation for specimens 2A and 2B was about
9.5 degrees and 7 degrees, respectively. The deviation was measured between the strand
centerline and the LVDT string, and the rotation angle was calculated. It should be noted
that the measured rotation angle was not very accurate.

In Figure 3.6 (c) and (d), the measured concrete surface strains at four locations along the
specimen are plotted. The strain 1 (jacking end) occurred earlier than the others, then
strain 2, strain 3, and finally strain 4, indicating that the pull-out force was gradually
transferred to the strand from the jacking end to the free end. At low loads, the concrete
surface strains slowly increased linearly with the load. When the load approached the
maximum, the strains began to drastically increase. Two reasons contributed to this
phenomenon. One is that the larger pull-out force results in a significant concrete strain
increase. The second reason is that time is required for the pull-out force to be transferred
to the strand and then to the surrounding concrete. Although there was a 3 minute pause

between loading steps, it seems that this waiting time was not long enough to allow the
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force to fully transfer to the concrete. A similar phenomenon occurred for the stress
transfer after the release of the prestressing strand, verifying that the concrete surface
stress within the transfer length develops with time (Song et al. 2013).

The 915 mm (3 ft.) long specimens (3A and 3B): As shown in Figure 3.5 (c), when the
pull-out force reached 60 kN (13.5 Kips), free end slip occurred, and the adhesion along
the entire specimen was lost. The maximum pull-out force was approximately 350 kN
(78.7 kips), which was the strand breaking strength. The ultimate free end slip for
specimen 3A was 1.6 mm (0.063 in.), and the slip for specimen 3B was 3.6 mm (0.142
in.). The curve of free end slip at the beginning was very steep. This was followed by a
distinct plateau for the jacking end slip curve when the pull-out force approached the
yield strength 318 kN (71.5 kips) and plastic tension behavior occurred within the strand.
On the other hand, the plateau for the free end slip curve is very short, and was test was
terminated when the strand broke at the chuck. A force drop also occurred for the longer
specimens. When the force was increased to 226 kN (50.8 kips), the force dropped 5 kN
(1.1 kips) which is only 2% of the pull-out force. It was noted that the strand rotation was
not detected for this longer specimen. Also, the strand break force was less than the
strand breaking strength measured in the previous strand tension tests, although these
strands are from the same spool, indicating that the pull-out force may have reached the
stand breaking force before the strand break failure in the pull-out tests. This
phenomenon may be attributed to the boundary condition change caused by the local
behavior at the chuck. In Figure 3.6 (e) and (f), the measured concrete surface strains at

seven locations along the specimen are plotted. The strain 1 (jacking end) developed
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earlier than other strains, then strain 2, strain 3, through strain 7. The curves for different

strain locations are almost parallel.
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Figure 3.5 Pull-out force versus strand slip at two ends for non-pretensioned

specimens; 1 mm =0.039 in.; 1 kN = 0.225 kips
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Figure 3.6 Development of concrete surface strain for non-pretensioned specimens;

1 kN = 0.225 kips
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3.8 Test Results Analysis and Comparison

Failure mode: For specimens with different lengths, the failure modes were totally
different. The failure of specimens 1A, 1B, 3A, and 3B was very brittle and sudden,
while the failure of specimens 2A and 2B was ductile. For specimens 1A and 1B with
length 0.5 Lt, the free end slip gradually increased with the pull-out force until a sudden
concrete splitting failure occurred. As shown in Figure 3.7 (a), a splitting crack located
along the entire specimen at the centerline of the specimen occurred separating the
specimen into two parts. Some grout powder was observed at the splitting interface
between the strand and the concrete. Also, distinct abrasion marks were detected at the
concrete/strand interface, indicating that the sudden slip severely damaged the interface
which resulted in the development of splitting cracks across the cross section.

For specimens 2A and 2B, the failure mode was strand slip and rotation, as shown in
Figure 3.7(b). After the pull-out force exceeded 200 kN (45.0 kips), the free end slip
drastically increased while the force fluctuated. Finally, the tape used for the LVDT hook
in the free end is close to the specimen free end. Accompanying the significant slip was
distinct strand rotation, which was observed from the angle between the strand and the
LVDT string.

For specimens 3A and 3B, the failure mode was the strand break at the chuck on the
jacking side (the strand dent is caused by the constraint of the chuck), as shown in Figure
3.7 (c). The fracture plane for each wires of the strand was approximately 45 degree to
the twist direction. At the beginning of the strand break, only one or some wires broke,

and then the whole strand broke as the jack continued to induce elongation.
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(a) Concrete splitting Failure for 0.5 Lt Specimens

(€)

(b) Strand slip and rotation Failure for 1.0 Lt Specimens

(M

(c) Strand break at the Chuck Failure for 1.5 Lt Specimens

Figure 3.7 Failure modes for specimens with different strand embedment length

The relationship between the pull-out force and the free end slip: For the 305, 610 and
915 mm (1, 2 and 3 ft.) long specimens, the maximum pull-out force were 153, 263 and
350 kN (34.4, 59.1 and 78.7 Kips), respectively. If we assume the bond stress is uniformly

distributed along the specimen, the average pull-out force per unit length for these
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specimens would be 0.50, 0.43 and 0.39 kKN/mm (2.86 , 2.46 and 2.18 Kkips/in.),
individually. This indicates that the shorter specimen has a higher bond stress to resist the
pull-out force, or the shorter specimen has a greater bond capacity per unit length in
comparison with the longer specimen. The ultimate free end slip of the 305 mm (1 ft.)
long specimens and the 915 mm (3 ft.) long specimens were significantly smaller than
that of the 610 mm (2 ft.) long specimens. As shown in Figure 3.8 (a), the initial slope of
the curves for the longer specimen was significantly greater than that of the shorter
specimen. For the 305, 610 and 915 mm (1, 2 and 3 ft.) long specimens (i.e. 0.5 Lt, 1.0 Lt,
1.5 Lt specimens), the average ratio of the pull-out force to the free end slip in the initial
stage was 90, 140 and 270 kN/mm (513.91, 799.42 and 1541.74 kips/in.). The ratio for
the 1.5 Lt specimens was almost twice of the ratio for the 1.0 Lt specimens, and is triple
of the 0.5 Lt specimens. The typical relationship between the pull-out force and the free
end slip is plotted in Figure 3.8 (b). For the 0.5 Lt specimens, the curve is parabolic until
a sudden concrete splitting. For the 1.0 Lt specimens, the free end slip initially linearly
increases with the pull-out force, and then the curve reaches a plateau where the slip
continuously increases while the pull-out force fluctuates. For the 1.5 Lt specimens, the
free end slip initially slowly linearly increases with the force, then the slip increases
faster, finally the strand breaks. Because of the adhesion force, the required pull-out force
is larger for the longer specimens to cause the initial free end slip. The loss of chemical
adhesion will be compensated by friction and mechanical interlock. The pull-out forces
activating the free end strand slip for the 305, 610 and 915 mm (1, 2 and 3 ft.) long

specimens approximate to 10, 30, and 60 kN (2.25, 6.74 and 13.49 Kips), respectively.
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Concrete strain distribution: The development of the concrete surface strains at different
locations under loading is presented in Figure 3.6. We observed that the development of
the concrete surface strain for the specimens of the same length is similar. For the
purpose of comparison, the concrete strain distribution measured at the pull-out force
close to the failure (the last measured strain for each pull-out test) was investigated. In
Figure 3.9 (a) and (b), the legend includes two parts: the first part is the specimen ID, and
the second part is the value of the pull-out force. It is shown that the concrete surface
strain along the specimen approximately linearly decreases from the jacking end to the
free end. Figure 3.9 (a) shows that the position of the curves for the longer specimen is
higher due to the larger pull-out force. Figure 3.9 (b) shows the concrete surface strain
distribution when the pull-out force is close to 250 kN (56.2 Kips), indicating the position
of the curves for the longer specimen is lower because the pull-out force is transferred to

concrete within a longer length.
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3.9 Conclusions and Discussion

The bond behavior of 18-mm-(0.7-in.-) diameter strands was studied through six non-
pretensioned pull-out tests of specimens with different strand embedment lengths (0.5 Lt,
1.0 Lt and 1.5 Lt,). The effect of strand embedment length on the bond behavior was
addressed. The relationship between the pull-out force and the slip, the concrete surface
strain distribution and development, and the specimen failure modes were investigated.
Based on the present study, the conclusions can be drawn as follows:

1. The specimens with different strand embedment length have different failure modes.
For the 0.5 Lt specimens, the failure mode was brittle concrete splitting along the entire
specimen. For the 1.0 Lt specimens, the failure mode was the significant strand slip
accompanied with strand rotation; the ultimate pull-out force fluctuates while strand
keeps slipping. For the 1.5 Lt specimens, the failure mode is the sudden break of strand at
the chuck.

2. The relationship between the pull-out force and the free end slip is different for the
specimens with different length. For the 0.5 Lt specimen, the curve is parabolic until a
sudden concrete splitting. For the 1.0 Lt specimen, the free end slip initially linearly
increases with the pull-out force, and then the curve reaches a plateau where the slip
continuously increases while the pull-out force fluctuates. For the 1.5 Lt specimen, the
free end slip initially slowly linearly increases with the force, then the slip increases
faster than before, and finally the strand breaks. The ultimate free end slips for the 0.5 Lt
and 1.5 Lt specimens are very small due to their brittle failure.

3. Although the maximum pull-out force for the longer specimen is larger, the shorter

specimen has a greater bond capacity per unit length. For the 305, 610 and 915 mm (1, 2
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and 3 ft.) long specimens, the maximum pull-out forces (bond capacity) are 153, 263 and
350 kN (34.4, 59.1 and 78.7 Kips), respectively; the average pull-out forces per unit
length for these specimens are 0.50, 0.43 and 0.39 kN/mm (2.86 , 2.46 and 2.18 Kips/in.),
respectively.

4. The initial slope of the force-free end slip curves of the longer specimen is
significantly greater than that of the shorter specimen. The slope for the 1.5 Lt specimen
is almost twice of the ratio for the 1.0 Lt specimen, and is triple of the 0.5 Lt specimen.

5. Except for the 0.5Lt specimen, pull-out force drop occurs during the pause of the jack
elongation when the force exceeds a certain level. However, the extent of the force drop
for the 1.0 Lt specimen is more distinct than that for the 1.5 Lt specimen. Furthermore,
the strand rotation is accompanied with the force drop for the 1.0 Lt specimen while no
apparent strand rotation is detected for the 1.5 Lt specimen.

6. The adhesion between strand and concrete was studied. Initially, the pull-out force
results in the loss of the adhesion to activate the free end slip. Once the slip occurs, the
loss of chemical adhesion will be compensated by friction and mechanical interlock. The
required force to cause the initial free end slip is larger for the longer specimen. The
pull-out forces activating the free end strand slip for 305 mm, 610 mm and 915 mm (1, 2
and 3 ft.) specimens are approximately 10, 30, and 60 kN (2.25, 6.74 and 13.49 Kips),
respectively.

7. The concrete surface strain linearly increases with the pull-out force. The distribution
of the strains along the entire specimen is approximately linear.

Through the analysis of the pull-out test results, it revealed that the bond behavior was

dependent on strand embedment length. The previous pull-out studies have not
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considered this factor; however, it is suggested that the three different strand embedment
lengths (0.5 Lt, 1.0 Lt, and 1.5 Lt) be considered as standard to evaluate the bond
behavior for the strand. Also, the relationship between the strand embedment length and
the bond capacity can be directly used as design guideline. When the 18-mm-(0.7-in.-)
diameter strand is used in prestressed concrete girders, it is suggested that 1.5 Lt should
be used as the minimum embedment length to avoid anchorage failure. The transfer
length could be analyzed from the failure mode of the pull-out test, because the failure
mode shall be strand break once the strand embedment length is longer than the transfer
length and the failure mode shall be strand slip when the embedment length is close to the
transfer length. This provides a new thinking way to determine the transfer length.

Finally, this pull-out testing revealed that the bond was a time-dependent process.
Although we waited about 3 minutes and then measured the concrete surface strain at the
end of the each loading step, it seemed that the time was not enough long to allow the
pull-out force to fully transfer from the strand to the concrete. No distinct concrete
surface strain was detected during the first several loading steps. The occurrence of force

drop indicated the development of strand slip from the jacking end to the free end.
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Chapter 4 : Bond Mechanism and Pull-out Tests of Pretensioned
Specimens

4.1 Introduction

Bond refers to the interaction and transfer of force between steel strands and concrete.
Without the bond, the pretensioned concrete members would not be possible. For the
pretensioned concrete members, the anchorage and development of prestressing force
exclusively depend on the bond since the release of strands. The bond in pretensioned
concrete members may be categorized as the transfer bond and the flexural bond. The
former exists at the release of the prestressing strand through the transfer of the prestress
force from the strand to the concrete in the end zone. The latter starts acting when the
external loads is applied and causes the increase of the strand stress and concrete cracking.
In essence, bond controls the behavior of the pretensioned concrete members; the effect
of bond is of great interest.

Extensive research on the transfer bond and flexural bond has been conducted
parametrically. There are a number of variables affecting the bond: strand diameter,
strand location and spacing, strand release method, strand surface condition, concrete
strength, concrete cracking, concrete age, curing condition and so on. Janney (1954)
tested the prestressed concrete prisms to determine the distribution of prestress transfer
bond when the strand was released. Also, the short beam specimens were three-point-
loaded to failure to investigate the flexural bond. The effect of the diameter and surface
condition of the steel wire, and concrete strength was studied. Hanson and Kaar (1959)
conducted an investigation of flexural bond in 47 beams pretensioned with seven wire
strands. The effect of the embedment length and diameter of strand on the bond
performance was studied. Stocker and Sozen (1970) conducted 486 tests of simple pull-
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out specimens with short embedment lengths. The basic information on the relationship
between bond and slip was provided. A number of variables were investigated: size of
strand, concrete, lateral confining pressure and time effect. A hypothesis on the nature of
bond for plain wire and strand was developed, and a simple conceptual model was
proposed to explain the bond characteristics. Abrishami and Mitchell (1993) studied the
bond characteristics of pretensioned strand along the transfer length and the development
length. The average bond stress was directly obtained from measured forced in the strand
rather than the strains measured on the strands or concrete surface.

However, the understanding of the nature of bond is still incomplete because the sources
of bond are microscopic in nature. Bond originates from the chemical adhesion, friction
and mechanical interlock between the strand and concrete. A rational understanding of
the bond mechanism would help reduce the amount of required testing and develop the
guideline for the design of pretensioned concrete members. General concept of bond was
discussed by the previous research (Leonhardt, 1964; Stocker and Sozen, 1970; Russell
and Burns, 1993). Very little effort has been made to quantify the elements of bond
mechanism. Due to the rigid brittle behavior of the adhesion bond, it disappears as soon
as the relative slip occurs between the strand and the surrounding concrete. The slip
within the concrete members cannot be directly detected or measured, causing the
difficulty in quantifying its contribution. This component is ignored in most cases.
Friction, a recognized main component of bond, is of large variability and
unpredictability. According the classic Column friction theory, there are two main factors
for the friction: normal pressure and friction coefficient. The normal pressure is hard to

obtain at the interface, and its distribution along the strand and around the strand is
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complicated. Furthermore, the friction coefficient is dependent of the surface condition of
the strands, causing the large variability. Mechanical interlock is attributed to the normal
force, friction coefficient between the strand and the concrete, and the pitch angle of the
outer wires of the strands. Therefore, it is very difficult to quantify its contribution to the
bond although it is traditionally regarded as the largest contributor to the flexural bond.
4.2 Research Significance

The primary objective of the research in this chapter was to investigate the bond behavior
of the prestressing 18-mm-(0.7-in.-) diameter strand in high strength concrete through the
pull-out tests of specimens with different pretension levels and specimen length (strand
embedment length). Firstly, 18-mm-(0.7-in.-) diameter strand is attractive due to its
larger strength capacity and concrete with high early strength contributes to accelerated
bridge construction. However, the bond of the prestressing strand is unknown. Secondly,
it is very important to introduce a standardized feasible and reliable pretensioned pull-out
test method. The previous research (Stocker and Sozen, 1970; Bearley and Johnson, 1990)
studied the bond behavior through the typical simple pull-out tests of the non-
pretensioned concrete members. Some members and participants of PCI’s Prestressing
Steel Committee even objected that a non-pretensioned pull-out test may not provide the
true bond information of pretensioned strand (Logan, 1996). In fact, it is reasonable to
believe there is a difference between the non-pretensioned and pretensioned strand
because of the Hoyer’s effect. Thirdly, both the level of pretension force and the
specimen length affect the bond; however, the effect of these two parameters has not
been addressed in the previous pull-out tests. Finally, the contribution of each component

of the bond mechanisms has never been quantified. By comparison of the results of the
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pull-out tests of the non-pretensioned and pretensioned speciemens, the bond mechanism
in the end zone of the pretensioned concrete members will be deeply investigated in this
chapter. Thus, a reliable pretensioned pull-out test method is proposed in this chapter, to
help understand the bond behavior of the pretensioned strand and quantify bond
mechanism.

4.3 Bond Mechanism

The resource of the bond between the prestressing strand and concrete includes adhesion,
Hoyer’s effect and mechanical interlock. Although the friction is not listed as a separate
bond mechanism, both Hoyer’s effect and mechanical interlock are dependent of the
friction (Russell and Burns, 1993). Without friction, the bond stress from Hoyer’s effect
would be zero and that from mechanical interlock would be reduced.

4.3.1 Adhesion

Adhesion is a chemical mechanism between the concrete and the steel. As shown in
Figure 4.1(a), it effectively prevents the relative slip at the interface until a critical stress
is reached. The adhesion is easily destroyed once slip has occurred, and the loss of
adhesion is immediate. The transfer zone is, in essence, characterized by the strand slip.
Since the release of the prestressing force, adhesion would have not contributed to the
bond in the transfer zone and can be neglected due to the relative slip.

4.3.2 Hoyer’s effect

Hoyer’s effect, referred to as “wedge action”, was investigated in 1939 (Hoyer and
Friedrich 1939). It is active exclusively in the transfer zone in the pretensioned concrete
members. This mechanism is shown in Figure 4.1(b). When the steel strand is

pretensioned, the tensile force causes a reduction of the strand diameter by Poisson’s ratio

61



as it is elongated. The tensile force is released once the surrounding concrete hardens.
Upon the release of the prestressing force, the strand loses its initial prestress and tries to
regain the original shape. However, the surrounding concrete prevents the lateral
expansion of the strand, causing a radial pressure and activating a high friction at the
interface between concrete and strand. This friction resistance opposes relative movement
at the interface. It is apparent that the bond stress and the radial pressure due to the
Hoyer’s effect are larger for the strand close to the free end.

4.3.3 Mechanical interlock

In the seven wire strand, six outside wires wrap a central wire in a helical pattern. As
shown in Figure 4.1(c), the “humped” shape of the strand bears against the ridges of the
surrounding concrete in the interstices of the strand. When the strand attempts to slip
relative to the concrete “envelope”, these concrete ridges will resist the displacement of
the strand. The concrete stress distribution around the strand is not uniform due to the
mechanical interlock. After the initial shear failure of the interlocking concrete ridges, the
interface become relatively rough. With further sliding, the concrete surface is abraded
and loose wear particles are formed at the interface.

Mechanical interlock is the largest contributor to the flexural bond. It depends on the
pitch angle of the outer wires of the strand, the friction coefficient and the normal force at

the interface.
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Figure 4.1 Bond mechanisms for pretensioned concrete members

4.4 |dealization of Bond Mechanism in Transfer Zone

Russell and Burns (1993) proposed an idealized bond mechanism in the anchorage end
zone. As shown in Figure 4.2, the bond for the transfer of pretensioned force is mainly
from Hoyer’s effect and mechanical interlock. Janney’s test results (Janney, 1954)
supported that most of the transfer bond developed due to the Hoyer’s effect, because the

wires were smooth in his transfer length experiments and thus mechanical interlock could
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not contribute to bond. As for the pretensioned strand, the relative contribution of each
bond mechanism is unknown, although Russell and Burns (1993) claimed that most of

the transfer bond probably was from Hoyer’s effect because mechanical interlock had not

been fully developed.
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Figure 4.2 Idealization of bond mechanism in transfer zone

4.5 Test Program

One objective was to quantify the contribution of each transfer bond mechanism. Three
sets of prisms with different specimen length were cast as shown in Table 4.1. The strand
and the concrete were the same as in the non-pretensioned pull-out test addressed in
chapter 3. The strand was located at the concrete center through the length of the
specimen. The identification code of the specimen includes two parts connected by “-”.

The first part represents the specimen length or the strand embedment length (unit: ft.).
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The second character designates the pretension force (unit: kips). Therefore, an example
prism was 1-60, which was the 1 ft (305 mm) specimen with pretension force 60 Kips
(267 kN). It was noted that there were two non-pretensioned specimens for each set (their
test results have been shown in chapter 3); thus, they were named as “X-00A” or “X-
00B”, in which “X” was specimen length (unit:ft). In chapter 3, these non-pretensioned
specimens were named as “XA” or “XB”.

As mentioned, the main objective was to investigate the bond property of the
pretensioned specimens. Three pretension levels were considered: 20, 40 and 60 kips (89,
178 and 267 kN). The specimens were cast and stored in the same environment as the
non-pretensioned specimens. The prisms were stripped and the pretensioned strand was
cut with the electrical saw 24 hours after concrete cast. The pullout test was conducted
two days after the concrete cast. In this way, the age of concrete on the pull-out test day
was 2 days, which was the same for the non-pretensioned strand pull-out test. Therefore,
the only difference of the pretenioned specimens in this chapter and the non-pretensioned
specimens in chapter 3 was the consideration of the pretension force which causing one
Hoyer’s effect within the transfer zone. Through the comparison of the pull-out test for
both non-pretensioned and pretensioned specimens, the bond mechanism could be
guantitatively investigated. In addition, with consideration of different specimen length
and pretension force, the relationship between the transfer length and the pretension force

level will be studied.
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Table 4.1 Summary of tests

Pull-out
_ _ Effecti_ve suck-in f_orcg Maximum Maximum Mea_sured
Specimen | Length | Pretension | pretension | before activating pull-out free end maximum Force Strapd Failure mode
ID (mm) | force (kN) force pull-out free end force slip (mm) concrete surface | drop | rotation
(KN) (mm) strand (KN) strain (1)
slip(kN)

1-00A 305 6 153 6.6 154 No No Concrete split
1-00B 305 10 153 3.6 142 No No Concrete split

1-20 305 89 62 1.9 85 181 50.3 219 Yes Yes Strand slip

1-40 305 178 32 2.3 80 187 49.7 244 Yes Yes Strand slip

1-60 305 267 61 3.0 80 190 99.8 218 Yes Yes Strand slip

2-00A 610 0 30 262 24.4 290 Yes Yes Strand slip

2-00B 610 0 25 264 26.4 228 Yes Yes Strand slip

2-20 610 89 13 0.5 110 321 89.6 330 Yes No Strand slip

2-40 610 178 159 0.9 222 331 21.7 455 Yes No Strand slip

2-60 610 267 236 1.9 268 329 14.3 465 Yes No Strand slip
3-00A 915 0 0 57 339 1.6 274 Yes No Strand break
3-00B 915 0 0 64 350 3.3 302 Yes No Strand break
3-20 915 89 72 1.2 96 323 24 467 No No Strand break
3-40 915 178 130 1.6 202 367 25 442 No No Strand break
3-60 915 267 217 2.2 240 374 15 483 No No Strand break

1 mm =0.039 in.; 1 kN = 0.225 kips
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As shown in Figure 4.3, an Il-shape horizontal steel frame using HHS7 x 7 x 3/8 were
anchored to the ground using bolts. Two chucks (Chuck A and B) were used in both ends
of the strand. Through the elongation of the jack cylinder, the strand was pretensioned.
The Load Cell against the Chuck A provided the value of the pretension force. The
concrete specimen was cast using steel forms. One day after the concrete cast, the
pretensioned strand was cut at the right cut point. The stand in the right free end lost the
initial prestress and swelled, resulting in a Hoyer’s effect. The suck-in in the free end at
transfer can be measured with caliper; the pretension force drop was recorded by the load
cell. In the pullout test, the pullout force was caused by the jack cylinder. The load cell
behind the Chuck A recorded the pullout force; LVDT A and B recorded the slip of
strand in the jacking end and the free end. During the process of the pull-out test, the
concrete surface strain along the specimen can be recorded using DEMEC strain gauge
system. The layout of the strain points was the same as that for the non-pretesnsioned
specimens. The concrete surface strain was measured twice before the start of the pull-out
test: just at the release of the pretension force and just before the pull-out test (one day
after the strand cutting). During the step-loaded pull-out test, the pull-out force was
manually controlled by the elongation of the cylinder, and the concrete surface strain was

measured 3 minutes after pause of cylinder elongation.
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Figure 4.3 Pull-out test setup for pretenisoned specimens

4.6 Test Results for each Specimen

The pull-out loads vs. free end slip and jacking end slip are shown in Figure 4.4 (a)
through Figure 4.4 (i). Due to the significant difference of both the slip and the pull-out
force among different specimens, the scale was only the same for the specimens with the
same length. The jacking end slip keeps increase since the pull-out force was caused by
the elongation of the jack cylinder. In contrast, the free end remains at zero until the pull-

out force increases to the extent that causes the strand slip along the entire specimen. The
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relationship between the pull-out force and the concrete surface strains at different
locations is shown in Figure 4.5(a) through Figure 4.5(i). The number in the legend
represents the strain point, and the location of the strain points is shown in Figure 3.3.
The 305 mm (1 ft.) long specimens (1-20, 1-40 and 1-60): Generally, the pretension
level was 75% of the strand ultimate strength. For the 18-mm-(0.7-in.-) diameter strand,
75% of the strand ultimate strength was 267 kN (60 Kips). For the specimen 1-20, 1-40
and 1-60, their pretension force was 89, 178 and 267 kN (20, 40 and 60 Kips),
respectively; and their effective pretension force after strand release was 62, 32 and 61
KN (13.9, 7.2 and 13.7 Kips), respectively. Although the pretension levels were
significantly different, the effective pretension forces were very close. It indicates that the
305 mm (12 in.) long specimen has a bond capacity limit to effectively transfer the
pretension force to the concrete. The transfer length was related to the pretension level.
When the pretension force was larger than 178 kN (40 kips), the transfer length for the
18-mm-diatmeter strand was longer than 305 mm (12 in.). This was validated by our
previous findings that the transfer length of the 18-mm-(0.7-in.-) diameter strand
approximates to 610 mm (24 in.) when the pretension force was 267 kN or 60 kips (Ma
and Burdette, 2011).

Force drop (described in chapter3) during the pull-out process was detected when the
pull-out force reaches a certain level. The force drop extent for the specimen 1-60 was
more apparent than that for specimen 1-40 and 1-20. For all pretensioned 305 mm (12 in.)
specimens, the strand in the free end starts to rotate when the pull-out force approximates
to 170 kN (38.2 kips). However, neither force drop nor strand rotation was detected for

the non-pretensioned specimen 1-00A and 1-00B. The ultimate pull-out force for the non-
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pretensioned specimen was about 150 kN (33.7 kips) while force drop in the pretensioned
pull-out force appears when the pull-out force approximate to 150 kN (33.7 kips). For all
pretensioned 305 mm (12 in.) specimens, the strand in the free end does not slip at the
beginning of the pull-out force. Instead, the free end strand slip starts when the pull-out
force increases from the initial effective strand force to 80 kN (18.0 kips) which was
close to the pretension level for specimen 1-20. For the non-pretensioned specimens, the
adhesion contributes little to the bond and it can be neglected; the free end slip occurs
once the pull-out force damage the chemical adhesion along the entire specimen. For the
pretensioned specimens, adhesion has already disappeared upon the release of the strand;
this initial steep load-slip curve was attributed to the Hoyer’s effect, and the free end slip
was activated because the tension in strand reduces the steel area and the radial pressure
on concrete, causing the damage of the Hoyer’s effect.

As shown in Figure 4.5(a) through (c), the concrete surface strain developes with time
and increasing pull-out force. The load-strain curve was composed of two stages. In stage
| (transfer stage), which was from the strand cut to the start of pull-out, the strain
continuously increases while the effective pretension force in the jacking end strand
decreases with time. In stage Il (pull-out stage), which was the pull-out process, the
concrete surface strain developes with the increasing pull-out force. For all 305 mm (12
in.) pretensioned specimens, the ultimate pull-out force and the ultimate strain were very
close despite of the different pretension level, indicating the bond capacity limit for this
short specimen.

The 610 mm (2 ft.) long specimens (2-20, 2-40 and 2-60): Apparent force drop occurs

for all three specimens, and this phenomenon was more notable for the specimen with
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higher pretension level. By comparison with the 305 mm (12 in.) specimens of the same
pretension force, the extent of force drop was larger. However, unlike the pretensioned
305 mm (12 in.) specimens, no stand rotation was detected. For the specimen 2-20, 2-40
and 2-60, the effective pretension force after strand release was 13, 159 and 236 kN (2.9,
35.7 and 53.1 kips). Unlike the pretensioned 305 mm (12 in.) specimens, higher
pretension level causes larger effective pretension force in the strand for the 610 mm (24
in.) pretensioned specimens, and the effective pretension force does not decrease with
time. For the specimen 2-20, 2-40 and 2-60, due to the Hoyer’s effect, the free end strand
starts to move into the concrete until the pull-out force increases from the initial effective
pretension force to 110, 222 and 268 kN (24.7, 49.8 and 60.2 kips), respectively.

As shown in Figure 4.5(d) through (f), the concrete surface strain developes with time
and pull-out force. In stage I, the concrete surface strain keeps increase while the
effective pretension force remains the same since the release of the prestressing strand.
This indicates the pretension force transfer was a time-dependent process. In the transfer
zone, the pretension force transfer to the surrounding concrete, and result in the
redistribution of strain within concrete. Higher pretension force causes higher effective
pretension force higher concrete surface strain. In stage Il, the concrete surface strain
increases with the pull-out force. The slope of the strain development curve of the points
close to the jacking end was smaller while that close to the free end was steeper. In other
words, the concrete strain close to the jacking end always increases faster than that close
to the free end with the increase of the pull-out force. Although the maximum pull-out
force was close for all 610 mm (24 in.) pretensioned specimens, the measured concrete

surface strain was higher for the specimen with higher pretension level, especially the
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specimen 2-20. This was because the effective pretension force of specimen 2-20 was
significantly lower than the other two specimens, resulting in the smaller concrete surface
strain in stage I. As mentioned in the section “Test program”, it was one day that was
from the strand cutting to the start of the pull-out test, while the pull-out test lasts only
three to four hours. Concrete strain distribution is a time-dependent process; longer time
helps the transfer of the force from the strand to the concrete and the development of the
concrete strain.

The 915 mm (3 ft.) long specimens (3-20, 3-40 and 3-60): As shown in Figure 4.5 (g)
through (i), neither apparent force drop nor stand rotation was detected. For the specimen
3-20, 3-40 and 3-60, the effective pretension force after strand release was 72, 130 and
217 kN (16.2, 29.2 and 48.8 Kips), respectively. However, for the non-pretensioned 915
mm (36 in.) specimen 3-00A and 3-00B, force drop of small amplitude occurs when the
pull-out force exceeds a certain level. Higher pretension level causes larger effective
pretension force in the strand for the 915 mm (36 in.) pretensioned specimens, and the
effective pretension force does not decrease with time. For the specimen 3-20, 3-40 and
3-60, due to the Hoyer’s effect, the free end strand start to move into the concrete until
the pull-out force increase from the initial effective pretension force to 96, 202 and 240
KN (21.5, 45.5 and 53.9 kips), respectively.

As shown in Figure 4.5(g) through (i), the development of the concrete surface strain was
similar to that of the 610 mm (24 in.) pretensioned specimens. The concrete surface strain
developes with time and pull-out force. In stage I, the concrete surface strain keeps

increase while the effective pretension force remains the same since the release of the
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prestressing strand. Higher pretension force results in higher concrete surface strain, and

higher pull-out force results in higher concrete surface strain.
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Figure 4.4 Pull-out force versus strand slip at two ends for pretensioned specimens;

1 mm =0.039 in.; 1 kN =0.225 Kips
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4.7 Test Results Analysis and Comparison

One day after concrete cast, the pretensioned strand was cut using an electrical saw. The
strand close to the cut point unraveled because of the sudden release of the pretension
force, as shown in Figure 4.6. It seems that a higher level of unraveling was accompanied
with a larger suck-in. The number in the legends in Figure 4.7 and Figure 4.8 represents
the specimen length (unit: ft). For example, the curve 1 represents the results for all three
1 ft (305 mm) pretensioned specimens with 89, 178 and 267 kN (20, 40 and 60 Kips)
pretensioned levels. As shown in Figure 4.7, higher pretension force results in larger
strand suck-in for the specimens of the same length. However, higher pretension level
does not always cause larger effective pretension force. In Figure 4.8, for the 610 mm (2ft)
and 915 mm (3ft) specimens, higher pretension level leads to larger effective pretension
force, and the two curves were close to each other; for the specimens of 305 mm (1ft), the
effective pretension force (one day after strand cut) was at the same level despite the
different pretension force. This disparity was because of the specimen length. As
mentioned, the transfer length for the 18-mm-(0.7-in.-) diameter strand approximates to
610 mm (24 in.) when the pretension force was 75% of the ultimate strand strength. Once
the specimen was longer than the transfer length, the bond within the transfer zone can be
fully developed to transfer the pretension force from strand to concrete. Otherwise, due to
the bond capacity limit, the bond in the end zone (shorter than transfer length) cannot
effectively transfer the pretension force no matter how high the pretension level was. In
Figure 4.9, two series of concrete surface strain distribution along the specimen was
plotted: one was the strain distribution one day after strand cut (just before the pull-out

test), and the other was the last measured strain distribution during the pull-out test. The
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legend includes two parts: the first part was the specimen ID, and the second part was the
corresponding effective pretension force or the pull-out force. As shown in Figure 4.9(a),
the concrete surface strain for the 305 mm (12 in.) specimens was located at the lowest
level due to the lowest effective pretension force. For the specimen 2-20 and 3-20, the
concrete surface strain along the entire specimen was also at the low level due to their
low effective pretension force. For the rest specimens in which the effective pretension
level was at a higher level, the concrete strain was at a higher level, and concrete strain
gradually decrease from the jacking end to the free end. The curves of the specimen 3-40
and 3-60 were located higher than those of the specimen 2-40 and 2-60, and the slope of
the former two was smaller than the latter two. In addition, the curve for the 915 mm (36
in.) specimens was composed of two parts: the curve part adjacent to the jacking end was
relatively flat and the curve part adjacent to the free end was steeper. In essence, the
transfer length was the length from the free end to the point from which concrete strain
stay constant. Based on this point, the transfer length for Specimen 3-20, 3-40 and 3-60
were approximately 350 mm, 450 mm and 650 mm, respectively, as marked with arrows
in Figure 4.9(a). This indicates that the higher pretension force requires longer transfer
length. In Figure 4.9(b), the strain curves for the longer specimens were located at higher
positions. The strain distribution along the specimen was approximately linear; the slope
of the curves for the longer specimens was smaller than that for the shorter specimens.

One day after strand cut, the pull-out test was conducted. The relationship between the
free end strand slip and the pull-out force for both non-pretensioned and pretensioned
specimens was plotted in Figure 4.10. The legend in Figure 4.10 shows the specimen ID.

For the specimens of the same length, the curves for the pretensioned specimens were
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located at higher position than those for the non-pretensioned specimens, and the curves
for the pretensioned specimens with higher pretension level were located at higher
position. The area enclosed by the curve of force vs. slip can be regarded as the pull-out
work; higher position of the curve indicates that larger pull-out work was required to
achieve the same free end strand slip. This disparity of required pull-out work was
because of the Hoyer’s effect. For the non-pretensioned specimens, the strand in the free
end starts slip when the pull-out force overcomes the adhesion bond of the entire
specimen. Once the chemical adhesion for a part of the strand was lost, the relative slip
occurs, activating the friction and mechanical interlock for that part of the strand. Slip
occurs at the jacking end at the beginning, and gradually accumulates to cause the free
end slip. For the pretensioned specimens, the adhesion was lost since the release of the
strand. Due to the Hoyer’s effect, the diameter of the prestressing strand swells, causing a
high pressure on the surrounding concrete and friction resistance. With the increase of
the pull-out force, the external force will result in the increase of the strand tension and
decrease of the strand diameter, causing the decrease of the radial pressure on the
surrounding concrete. This was detrimental to the Hoyer’s effect. When the pull-out force
increases to some degree, the strand in the free end starts to move into concrete. The pull-
out force at this moment can be regarded as the bond resistance due to the Hoyer’s effect.
With the further increase of the pull-out force and the strand tension, the decreasing bond
contribution from Hoyer’s effect will be compensated by mechanical interlock. More
involvement of mechanical interlock may increase the total bond capacity to resist the
external force. Thus, larger pull-out force was required to activate the free end slip for the

longer specimen. As shown in Table 4.1, for the 305, 610 and 915 mm (1 ft., 2 ft. and 3ft.)
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non-pretensioned specimens, the free end slip starts when the pull-out force approximates
to 10, 30 and 60 kN (2.2, 6.7 and 13.5 kips), respectively. For the pretensioned specimen
1-20, 1-40 and 1-60, the free end slip starts when the pull-out force approximated to 80
KN (18.0 kips). For the pretensioned specimen 2-20, 2-40 and 2-60, the free end slip
starts when the pull-out force reach 110, 222 and 268 kN (24.7, 49.9 and 60.2 Kips),
respectively. For the pretensioned specimen 3-20, 3-40 and 3-60, the free end slip starts
when the pull-out force reach 96, 202 and 240 kN (21.6, 45.4 and 54.0 kips), respectively.
It reveals that the required pull-out force activating the free end strand slip was close to
the pretension force, and larger than the effective pretension force.

In Table 4.1, the behavior difference between the non-pretensioned specimens and the
pretensioned specimens was revealed. For the 305 mm (1 ft.) speciemens, the existence
of the pretension force results in strand slip as the failure mode, instead of concrete split
for the corresponding non-pretensioned specimens; the maximum pull-out force for the
pretensioned specimens was close to 190 kN (42.7kips) while that for the non-
pretensioned specimens was close to 150 kN (33.7 kips), indicating that the former was
approximately 25% higher. For the 610 mm (2 ft.) speciemens, the failure mode was
strand slip; the maximum pull-out force for the pretensioned specimens was close to 330
KN or 74.2 Kkips (approximate 90% of the strand strength) while that for the non-
pretensioned specimens was close to 260 kN (58.5 kips), indicating that the former was
approximately 25% higher. For the 915 mm (3 ft.) speciemens, the failure mode was
strand break at the chuck in the jacking end; therefore, all specimens of this length were
regarded to have the same bond capacity although the maximum pull-out force was

different. It was noted that the 305 mm (1 ft.) and 610 mm (2 ft.) specimens were within
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the transfer zone while the 915 mm (3 ft.) specimens were longer than the transfer length.
The main difference of the bond mechanism between the pretensioned and non-
pretensioned members was the existence of the Hoyer’s effect. 25% higher bond capacity
for the pretensioned 305 mm (1 ft.) and 610 mm (2 ft.) specimens was due to the Hoyer’s
effect. For the 915 mm (3 ft.) specimens, although the bond capacity was the same for
both non-pretensioned and pretensioned specimens, the components of bond mechanism
were different. The bond capacity for the non-pretensioned specimens was dependent of
the friction and mechanical interlock while the bond capacity for the pretensioned
specimens was composed of Hoyer’s effect and mechanical interlock. By comparison of
the measured maximum concrete surface strain, the strain for the pretensioned specimens
was approximately 60% higher than that for the non-pretensioned specimens. In addition,
the different bond behavior for non-pretensioned and pretensioned specimens of different
length can be studied based on the existence of force drop and strand rotation, as shown
in Table 4.1. Due to the pretension force, the extent of force drop and strand rotation
could be reduced or even eliminated, indicating its stronger bond compared to the non-

pretensioned members.

Figure 4.6 Different levels of Suck-in and strand unraveling
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Figure 4.10 Comparison of force-slip curves during pull-out stage; 1 mm = 0.0393

in.; 1 KN = 0.2248 Kips
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4.8 Conclusions and Discussion

A reliable and feasible pretensioned pull-out test method was proposed in this chapter,
contributing to better understand the bond mechanism and evaluate the bond behavior of
pretensioned strand. The bond behavior of the 18-mm-(0.7-in.-) diameter strand was
studied with consideration of specimen length (strand embedment length) and pretension
level. Three sets of pretensioned pull-out tests of specimens with different lengths were
tested, and there were three different pretension levels for each set. The specimens were
investigated at two stages: transfer stage and pull-out stage. The different bond behavior
can be investigated based on the relationship between the pull-out force and strand slip,
the extent of force drop and strand rotation, the concrete surface strain development and
distribution, and the failure mode. By comparison of the pull-out test results for both
pretensioned specimens and non-pretensioned specimens, the bond mechanism was
quantitatively studied. In particular, the Hoyer’s effect, which was active exclusively
within the transfer zone for the pretensioned members, was analyzed based on the pull-

out test. The conclusions can be drawn as follows:

1. The pretension level affects the bond behavior significantly; larger pull-out work
was required to cause the same free end strand slip for the specimen with higher
level pretension. For the specimens of the same length, the pull-out-force-slip
curves for the pretensioned specimens were located at higher position than those
for the non-pretensioned specimens, and the curves for the pretensioned specimens
with higher pretension level were located at higher position. The higher position of

the curve indicates the larger pull-out work.
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2. The pull-out test results for the pretensioned prisms with different strand
embedment length were different. For the 305 mm (1 ft.) pretensioned specimens,
the failure mode was strand slip, and both apparent force drop and strand rotation
occur during the pull-out test. For the 610 mm (2 ft.) pretensioned specimens,
although the failure mode was still strand slip, no apparent strand rotation was
detected. For the 915 mm (3 ft.) pretensioned specimens, the failure mode was
strand break at the chuck; neither force drop nor strand rotation was detected. For
the non-pretensioned 305, 610 and 915 mm (1, 2 and 3 ft.) specimens, their failure
mode was concrete split, strand slip and strand break, respectively.

3. The effective pretension force was dependent of both the pretension level and
specimen length; a higher pretension force requires longer transfer length. For the
305 mm specimens, which were the half length of the typical transfer length, the
effective pretension was at the same low level no matter how high the pretension
force was. For the 610 and 915 mm (2 and 3 ft.) specimens, the higher pretension
force lead to higher effective pretension after strand cutting. This difference could
be explained by the bond capacity limit for the shorter specimen. Once the
specimen was longer than the transfer length, the bond within the transfer zone
can be fully developed to transfer the pretension force from strand to concrete.
Otherwise, due to the bond capacity limit, the bond in the end zone (shorter than
transfer length) cannot effectively transfer the pretension force no matter how
high the pretension level was. From the concrete surface strain distribution along
the specimen at transfer, for the specimens at 89, 178 and 267 kN (20, 40 and 60

Kips) pretension level, the transfer length approximate to 350, 450, and 650 mm
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(13.8, 17.7 and 25.6 in.), respectively. This also verifies that higher pretension
force requires longer transfer length.

During the pull-out test, the concrete strain close to the jacking end always
increase faster than that close to the free end, indicating that the pull-out force
was gradually transferred from the jacking end to the free end. For the concrete
strain distribution, when the pull-out load was close to the maximum, the strain
distribution along the specimen was approximately linear; the slope of the curves
for the longer specimens was smaller than that for the shorter specimens while the
strain curves for the longer specimens were located at higher positions.

. The Hoyer’s effect was evaluated quantitatively in two ways: the required pull-
out force activating free end strand slip, and the maximum pull-out force. For the
pretensioned specimen 1-20, 1-40 and 1-60, the free end slip starts when the pull-
out force approximated to 80 kN (18.0 Kkips). For the pretensioned specimen 2-20,
2-40 and 2-60, the free end slip starts when the pull-out force reach 110, 222 and
268 kN (24.7, 49.9 and 60.2 Kips), respectively. For the pretensioned specimen 3-
20, 3-40 and 3-60, the free end slip starts when the pull-out force reach 96, 202
and 240 kN (66.5, 45.4 and 54.0 kips), respectively. Higher effective pretension
force will cause the Hoyer’s effect more notable. Next, due to the Hoyer’s effect,
the maximum pull-out force (the bond capacity) for the pretensioned 305mm (1 ft.)
and 610 mm (2 ft.) specimens was 190 and 330 kN (42.7 and 74.2 kips) while that
for non-pretensioned 305mm (1 ft.) and 610 mm (2 ft.) specimens was 150 and
260 kN (33.7 and 58.5 Kips); the bond capacity for pretensioned specimens was

25 % higher than that for the non-pretensioned specimens. For the 915 mm (3 ft.)

98



specimens, the bond capacity was the same (the ultimate force was the strand
break strength 353 kN or 79.4 kips) for both non-pretensioned and pretensioned
specimens because the mechanical interlock compensates the lack of Hoyer’s

effect for the non-pretensioned members.

Through the pull-out tests of both non-pretensioned and pretensioned specimens, the
understanding of the bond behavior was more comprehensive with consideration of the
specimen length and pretension level. To begin with, the proposed pretensioned pull-out
test could be applied to analyze the bond in the transfer zone. Stand slip could be
regarded as an anchorage failure. For the pretensioned concrete members, the weakening
or the damage of the Hoyer’ effect in the transfer zone may result in anchorage failure.
Within the transfer zone, when the strand tension force was larger to some extent than the
effective pretension at transfer, the free end strand start to slip, indicating the damage of
the Hoyer’s effect. For the pretensioned concrete members, if the tension force at the
transfer length can be controlled to make the Hoyer’s effect effective, the anchorage
failure in the transfer zone may be avoided. In addition, the flexural bond may be
evaluated based on the pull-out test. If the pretensioned specimen was enough long, the
free end slip could be zero even though the pull-out force reaches the breaking strength of
the strand. The development length of the pretensioned strand may be obtained through
the pull-out test. In this way, no trial-and-error beam test is needed to analyze the

development length.
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Chapter 5 : Conclusions and Future Work
This chapter summarizes the accomplishments of this study along with conclusions and
recommendations for the future research.
5.1 Conclusions
The bond performance of the 18-mm-(0.7-in.-) diameter strand was studied. The finite
element method was applied to analyze the factor influencing the transfer length. Both
non-pretensioned and pretensioned pull-out tests were introduced to investigate the bond
behavior. Based on the finite element analysis and experimental study, the following
conclusions were made:

1. The parametric analysis of the partially bonded FE models indicated that the
transfer length increased with the decrease of the friction coefficient, and the slip
at the end increased with the decrease of friction coefficient. 50.8 mm (2 in.)
spacing of adjacent strands could be appropriate for 18-mm-diameter strand.

2. For the non-pretensioned pull-out test, the specimens with different strand
embedment length had different failure modes. For the 0.5 Lt, 1 Lt and 1.5 Lt
non-pretensioned speciemen, their failure mode was concrete split, strand slip and
strand break, respectively.

3. For the non-pretensioned pull-out test, the relationship between the pull-out force
and the free end strand slip was different for the specimens with different strand
embedment length. For the 0.5 Lt specimen, the curve was parabolic until a
sudden concrete splitting. For the 1 Lt specimen, the free end slip increased
linearly initially with the pull-out force, and then the curve reached a plateau

where the slip continuously increased while the pull-out force fluctuated. For the
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1.5 Lt specimen, the free end slip initially linearly increased slowly with the force,
then the slip increased faster than before, and finally the strand broke. The
ultimate free end slip for the 0.5 Lt and 1.5 Lt specimens was very small due to
their brittle failure.

For the non-pretensioned pull-out test, although the maximum pull-out force for
the longer specimen was larger, the shorter specimen had a greater bond capacity
per unit length. The initial slope of the force-free end slip curves of the longer
specimen was significantly greater than that of the shorter specimen.

For the pretensioned pull-out test, the strand embedment length also affected the
failure mode. For the 305 mm (1 ft.) pretensioned specimens, the failure mode
was strand slip, and both apparent force drop and strand rotation occur during the
pull-out test. For the 610 mm (2 ft.) pretensioned specimens, although the failure
mode was still strand slip, no apparent strand rotation was detected. For the 915
mm (3 ft.) pretensioned specimens, the failure mode was strand break at the
chuck; neither force drop nor strand rotation is detected.

. The force drop and strand rotation may be detected in the step-loaded pull-out test.
Their occurrence was related to the strand embedment length and the pretension
level.

. The pretension level affected the bond behavior significantly; larger pull-out work
was required to cause the same free end strand slip for the specimen with higher
level pretension.

. The effective pretension force was dependent on both the pretension level and

specimen length; a higher pretension force required longer transfer length. From
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10.

11.

the concrete surface strain distribution along the specimen at transfer, for the
specimens at 89, 178 and 267 kN (20, 40 and 60 Kkips) pretension level, the
transfer length was approximately 350, 450, and 650 mm (13.8, 17.7 and 25.6 in.),
respectively.

The force activating the free end strand slip was investigated. For the non-
pretensioned specimen, the free end strand started to slip once the adhesion along
the entire strand was lost. For the pretensioned specimen, the free end strand slip
was caused by the weakening or damage of Hoyer’s effect when the increasing
tension in strand results in the decrease of the strand diameter and radial pressure
on concrete.

The adhesion between strand and concrete was studied based on the non-
pretensioned pull-out test. The pull-out force activating the free end strand slip for
305, 610 and 915 mm (1, 2 and 3 ft.) specimens was approximately 10, 30, and 60
KN (2.2, 6.7 and 13.5 Kips), respectively.

Based on the pretensioned pull-out test, the Hoyer’s effect was evaluated
quantitatively in two ways: the required pull-out force activating free end strand
slip, and the maximum pull-out force. For the pretensioned specimen 1-20, 1-40
and 1-60, the free end slip starts when the pull-out force was approximatly 80 kN
(18.0 kips). For the pretensioned specimen 2-20, 2-40 and 2-60, the free end slip
starts when the pull-out force reached 110, 222 and 268 kN (24.7, 49.9 and 60.2
Kips), respectively. For the pretensioned specimen 3-20, 3-40 and 3-60, the free
end slip started when the pull-out force reached 96, 202 and 240 kN (66.5, 45.4

and 54.0 Kkips), respectively. Higher effective pretension force will cause the
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Hoyer’s effect more notable. Next, due to the Hoyer’s effect, the maximum pull-
out force (the bond capacity) for the pretensioned 305mm (1 ft.) and 610 mm (2
ft.) specimens was 190 and 330 kN (42.7 and 74.2 kips) while that for non-
pretensioned 305mm (1 ft.) and 610 mm (2 ft.) specimens was 150 and 260 kN
(33.7 and 58.5 Kips), respectively; the bond capacity for pretensioned specimens
was 25 % higher than that for the non-pretensioned specimens. For the 915 mm (3
ft.) specimens, the bond capacity was the same (the ultimate force is the strand
break strength 353 kN or 79.4 kips) for both non-pretensioned and pretensioned
specimens because the mechanical interlock compensates the lack of Hoyer’s
effect for the non-pretensioned members.
12. Force drop and the concrete surface strain change over time during the pull-out

test indicate that bond is a time-dependent process.

5.2 Future Work

With the existing pull-out test results, a mathematical model to predict the bond behavior

should be developed. The relationship between the bond stress and the strand slip should

be introduced into the finite element analysis to help predict bond behavior for the large-

scale pretensioned structures. In addition, the proposed pull-out test has provided a new

thinking way to determine the transfer length; similarly, the development length may be

determined based on the pull-out test.
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Abstract: A new method for cracks detection in bearms
is proposed by using the slope of the modeshape to detect
cracks, and by introducing the angle coefficients of com-
plex continuous wavelet transform. This study is aimed
at detecting the location of the nonpropagating trans-
verse crack. A series of beams with cracks that are sim-
ulated by rotational springs with equivalent stiffness are
analyzed. The mode shape and the slope of this lumped
crack model are calculated. Through complex continu-
ous wavelet transform of the slope of the mode shape us-
ing Complex Gausl wavelet (CGaul), the locations of
cracks are detected from the modulus line and the angle
line of wavelet coefficients. By comparison, the singular-
ity is much more apparent from the angle line of complex
continuous wavelet transform. This demonstrates that the
proposed method outperforms the existing method of
wavelet transform of the mode shape with real wavelets.
Also, this method carn detect cracks in beams with dif-
ferent boundary conditions. The influence of crack loca-
tions and crack depth on crack detection is discussed. Fi-
nally, the noise effect is studied. Through the multiscale
analysis, the locations of cracks may be detected from the
angle of wavelet coefficients.
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1 INTRODUCTION

In recent years, structural health monitoring and dam-
age detection have increasingly captured the atten-
tion of many researchers (Surace and Ruotolo, 1994,
Al-Khalidy et al., 1997; Ren and De Roeck, 2002a,b;
Ren and Jaishi, 2006; Jiang and Adeli, 2007; Xu et al.,
2007: Ren et al., 2008; Moaveni et al., 2009; Jafarkhani
and Masri, 2011; Xia et al., 2011). Cracks have the po-
tential to degrade the integrity of the structure, hence
it is important to identify cracks and repair resultant
damage in time to assure the safety and durability of
the structure. Since cracks result in the decrease of lo-
cal stiffness and the increase of damping, contributing
to changes of frequencies and vibration mode shapes
(Chondros and Dimarogonas, 1980; Yuen, 1985), most
of the reported modal parameter-based damage detec-
tion methods try to find the correlations between dam-
age and modal parameters (Pandey et al., 1991; Kim and
Stubbs, 2002; Yin et al., 2010).

Because of its localization characteristics, wavelet
transform helps to examine local data with a fine fo-
cus to provide multiple levels of details and approxi-
mations of signals (Mallat, 2001). In the past decade,
wavelet transform has been a prominent tool ap-
plied in many fields, such as transportation engineering
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(Adeli and Karim, 2000; Adeli and Samant, 2000,
Samant and Adeli, 2000, 2001; Ghosh-Dastidar and
Adeli, 2003, 2006; Jiang and Adeli, 2004), earthquake
engineering (Zhou and Adeli, 2003a,b), and structural
engineering (Jiang and Adeli, 2005; Kim and Adeli,
2005a,b; Adeli and Jiang, 2006; Jiang et al., 2007). As an
extension of the Fourier transform with adjustable win-
dow location and size (Daubechies, 1992), this method
becomes popular in damage detection. Han et al. (2005)
introduced wavelet packet energy rate index to detect
damage; both simulation and experiment showed that
this index was sensitive to structural local damage in
beams. Ren and Sun (2008) tested a series of damaged
beams and an intact beam, and detected damage from
measured vibration signals based on wavelet transform
combined with Shannon entropy.

To date, several researchers have tried to detect
cracks in beams via wavelet transform of static de-
flection profile or vibration mode shape. Liew and
Wang (1998) presented the attempt of an application
of wavelet transform in the spatial domain crack iden-
tification of structures. They identified the position of
a transverse open crack in a simply supported beam,
whereas such a crack was hardly detected via tradi-
tional eigenvalue analysis. Quek et al. (2001) exam-
ined the sensitivity of wavelet technique in the detection
of cracks in beams. The crack location was determined
and its depth was estimated through the wavelet analy-
sis of the vibration mode of a cracked cantilever beam.
Hong et al. {2002) identified the depth of a crack via
continuous wavelet transform (CWT) and implemented
the Lipschitz exponent as an indicator of the dam-
age extent. Douka et al. (2003) analyzed the funda-
mental vibration mode of a cracked cantilever beam
based on CWT. The position of the crack was deter-
mined by the sudden change in the spatial variation
of the transformed response, and the size of the crack
was predicted by an established intensity factor that
related the depth of the crack to the coefficients of
CWT. Ovanesova and Suarez (2004) conducted numer-
ical studies on a fixed-end beam and detected the crack
based on wavelet transform of response signal from
static or dynamic loads. Spanos et al. (2006) discussed
spatial wavelet analysis of the static displacement of
Euler-Bernoulli damaged beams, and built a wavelet
transform modulus map eliminating boundary effect.
Chasalevris and Papadopoulos (2006) analyzed the dy-
namic behavior of a shaft with two cracks that were
characterized by depth, position, and relative angle. The
method can identify these three parameters of cracks.
Cao and Qiao (2008) proposed a novel methodology of
using integrated wavelet transform to vibration mode
shapes. This technique can improve the robustness of
abnormality analysis of mode shape and identify mi-
nor damage in a relatively lower signal-to-noise ratio

(SNR) environment. Umesha et al. (2009) used results
of wavelet (Symlet) transform of the static deflection
profile and carried out a parametric study through vary-
ing location and size of crack, intensity of load, flexural
rigidity, and length of the beam. In these cases, a crack
model was introduced and crack was identified based
on wavelet analysis results of static deflection profile or
vibration mode shape. However, the singularity is not
evident enough to localize cracks because sometimes
the wavelet coefficients near cracks are too small due
to boundary condition, cracks location, cracks depth,
or noise effect. Thus, it is meaningful to obtain distinct
characteristics of wavelet coefficients at cracks to iden-
tify singularity.

[tis known that crack influences the curvature and the
slope more than the deflection of the beam, because the
curvature is the second derivative of the deflection and
the slope is the first derivative. This means that deriva-
tive operation contributes to the detection of singularity
for the signal uncontaminated by noise. Therefore, as
for the signal without noise, if the wavelet transform of
the curvature or the slope is conducted, the singularity
near the crack will be more distinct and easier to detect.
However, noise has an adverse effect on the derivative
operation so that such operation can enormously mask
the singularity ( Gentile and Messina, 2003). To compro-
mise the pros and cons of derivative operations for sin-
gularity identification, it is feasible and desirable to con-
duct the CWT of the slope of either the deflection (static
analysis) or the mode shape (dynamic analysis). Addi-
tionally, Tu et al. (2005) claimed that singularity can
be detected from the modulus maxima, and the com-
plex wavelets outperform real wavelets when the signal
is contaminated by noise.

The existing methods of crack detection concentrate
on the wavelet transform of the mode shape. In this
article, two ideas are introduced into the new method:
proposing the slope of the mode shape to detect cracks,
and introducing complex continuous wavelet transform
(Complex CWT) into crack detection. Especially, it is
proposed to detect crack from the angle characteris-
tics of complex wavelet coefficients. This method is cas-
ier to detect the exact locations of singularities, com-
pared with the CWT of the mode shape. Also, this new
method proves effective when it is used to detect singu-
larity contaminated with noise. All results show that the
proposed method has potential in detection of cracks in
beams.

2 CRACKMODEL

Three damage models were widely used including the
lumped crack model, the continuous crack model, and
the smeared crack model (Pakrashi et al., 2007). To
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date, some researchers have focused on how to simulate
the performance of crack in beams using the lumped
crack model (Rizos and Aspragathos, 1990; Ostachow-
icz and Krawczuk, 1991; Narkis, 1994). In the lumped
model (Dimarogonas and Paipetis, 1983, Liang et al.,
1992}, the crack is simulated by a rotational spring of
stiffness K, which is a function of d/ k, where d is the
depth of the crack and # is the height of the beam. A
greater value of d/ k results in a lower value of K. The
beam is divided into two separate parts by per crack.
The mode shapes of the two segments (Liang et al,
1992}, left and right of the crack, respectively, are

) = AjcoshAp + A sinhig + A3 cosAp + AysinAp
)

uy = Bycoship + BysinhAf + BycosAf 4 Bysinig
2)

where A and B;, i =1, 2, 3, 4, are constants to be de-
termined from the boundary conditions, A” is the nondi-
mensional natural frequency. g = x/ L, where x is the
coordinate along the beam, with the origin at the left
end, and L is the length of the beam.

Atthe crack 6 = R,
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where the slopes of the two beam segments, respec-
tively, are

u) = (Aysinh A8+ A cosh Af — Az sin A8 + AqcosAp)
(4)

ty =1 (BisinhAp + BycoshAf — Bssinip + BjcosAf)
(5)

Thus, if we find the discontinuity of the slope of the
mode shape shown in Equation (3) (Pakrashi et al,
2007), we can identify the location of crack in the beam.
From the boundary conditions and the continuity
condition at the crack, we can obtain the eigenequation;
and furthermore, the frequency (eigenvalue) and cor-
responding mode shape (eigenvector) of this cracked
beam are obtained since the determinant of the coef-
ficients in eigenequation should be zero. Liang et al.
(1992) derived the mode shape of a simply supported
beam with one crack and that of a cantilever beam with
one crack. In this article, the same method is used to cal-
culate the mode shape of beams with two or three cracks
with MATLAB. In fact, with every additional crack or
one more span, the eigenequation will have four more
constants (like 4 or B;) to be determined. For example,
in the numerical simulation of a three-span continuous
beam with three cracks, the mode shape is divided into
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U1, Uo, Uz, Ug, ts, and ue, because there are three cracks
and two interior support points. Thus, there are 24 con-
stants to be determined to calculate the mode shapes
and their corresponding slopes.

3 SINGULARITY DETECTION BASED ON
WAVELET TRANSFORM

To create a family of wavelet, a complex-valued func-
tion, ¥{x), that is localized in both time and frequency
domains is used

1 x—b
(X)) = — 6
ver0) == () ©)
where @ is the scale parameter and b is the transla-
tion parameter indicating the position. The CWT is a
valuable time-frequency analysis tool to detect singular-
ity effectively. For the square-integrable signal f(x), the
CWT W is defined as

Wf(a,b>:ﬁ[;mf(x>w*(x;b

where %* denotes the complex conjugate.

When wavelet transform is used for identification
of singularities (Mallat and Hwang, 1992), it is very
important to choose the appropriate vanishing mo-
ments. Gaussian wavelet (Gaus) is pth derivatives of the
Gaussian function f(x) = Cpefxi, whereas Complex
Gaussian wavelet (CGau) is developed from the com-
plex Gaussian function f(x) = Cpe’f"e’x2 by taking
the pth derivative. Both Gausp and CGaup have p
vanishing moments. When p is odd, the real part of
CGaup is antisymmetric whereas the imaginary part is
symmetric; however, when p is even, the real part is
symmetric whereas the imaginary part is antisymmet-
ric. Unlike CWT with real wavelets, the wavelet coef-
ficients of Complex CWT include two parts: modulus
and angle. Because of the symmetric characteristic
of CGau wavelet, at the position of singularity, the
real/imaginary part of the wavelet coefficient arrives
at a peak whereas the imaginary/real part vacillates
locally and has a zero-crossing at the same position,
contributing to a great value of angle of the wavelet
coefflcient.

When the signal is continuous but its derivatives dis-
continuous, the least vanishing moments should be two
so that the singularity can be detected via wavelet trans-
form. Thus, when the signal is the mode shape of the
cracked beam, the least vanishing moments (the vanish-
ing moments of Gaus2 is 2) should be two; when the
signal is the slope, the least vanishing moments (the
vanishing moments of both Gausl and CGaul are 1)
should be one. Mallat and Hwang (1992) discussed how

) dx  (7)
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to use wavelet transform modulus maxima to detect sin-
gularity of a signal and how to measure such singular-
ity with Lipschitz index. Tu et al. (2005) extended this
method and demonstrated that the modulus maxima
of a complex-valued wavelet can also detect and char-
acterize singularity, and it outperformed real wavelet
when a signal was embedded in an additive white
Gaussian noise environment. Considering the robust-
ness and convenience of detecting singularity, the CGau
wavelet family is employed in this article and the singu-
larity can be identified from the characteristic of wavelet
coefficients of Complex CW'T, especially from the an-
gle.

4 CRACKDETECTIONIN A SIMPLY
SUPPORTED BEAM

To validate the method of crack detection based on the
slope of mode shape using Complex CW'T, a simply sup-
ported beam with two cracks is analyzed in this section.
Both the mode shapes (Mode 1 and Mode 2) and the
corresponding slopes (Slope 1 and Slope 2), as shown
in Figure 1, are obtained using the mentioned method.
The depth, width, and length of the beam are taken
as 0.04 m, 0.02 m, and 1 m, respectively. The Young’s
modulus and the density of the beam are assumed to be
1905 10° N/m? and 7850 kg/m?, respectively. There are
two nonpropagating transverse cracks in the beam. One
crack (d/h =0.2) is located at x = 100 mm and the other
(d/h =0.4) at x = 400 mm. The nondimensional nat-
ural frequencies corresponding to the first and the sec-
ond mode shape (27 and 23) change from 3.14159 (=)
and 6.28318 (2) to 3.12146 and 6.25581 due to cracks,
which means the crack has slight influence on the fre-
quency. Accordingly, the mode shapes are basically the
same despite the cracks; therefore, it is hard to identify
the locations of the two cracks from the mode shape di-
rectly.

In Figure 2, the first two mode shapes (Mode 1 and
Mode 2) have been analyzed according to the tradi-
tional crack identification method using CWT (Gentile
and Messina, 2003; Chang and Chen, 2003). Since the
singularities of such signals are due to the discontinu-
ity of the slope (the first derivative) of the mode shapes
at the locations of cracks, Gaus? wavelet whose vanish-
ing moment is two has been chosen for analysis so that
there are peaks at the positions of cracks in the Cab
(wavelet coefficients of CWT) line. From the gray maps
of Ca,b for scale @ from 1 to 30, in Mode 1 only one
singularity is evident at x = 400 mm, whereas in Mode
2 there are two singularities whose locations are corre-
spondent to two cracks at x = 100 mm and x = 400 mm
in the beam. In the Cg,b line for scale a = 6, there are
two peaks at the positions of cracks. It is noted that it is

easier to find the singularity information of cracks from
the Ca,b line of the second mode shape (Mode 2) than
that of the first mode shape (Mode 1). The singularity
of the crack that is x = 100 mm is not apparent in Mode
1, whereas both of the two peaks indicating cracks are
evident in Mode 2. In fact, the difference of the ampli-
tude of the two peaks is resulted from the different lev-
els of the slope discontinuity at the cracks. For Mode 1,
the discontinuity of the slope at the second crack (x =
400 mm) is greater than that at the first crack (x =
100 mm) as shown in Slope 1 in Figure 1, leading to a
greater peak amplitude in Ca,b line at the second crack
as shown in Figure 2. In Slope 2, these two discontinu-
ities at the two cracks are almost the same, leading to
the same amplitude in Ca,b line.

The Complex CWT results of Slope 1 and Slope 2
using CGaul are shown in Figure 3. Not only from
the modulus, but also from the angle can we find the
locations of the two cracks. In the four gray maps in
Figure 3, the singularities are more apparent in Slope 2
than in Slope 1, and the singularities are more evident
in angle than in modulus. In the gray map of angle of
Slope 2, at x = 100 mm and x = 400 mm, there are two
bold lines that indicate the locations of the two cracks.
By comparison with the CWT using Gaus?2 as shown in
Figure 2, the modulus of the wavelet coefficients based
on Complex CWT with CGaul is similar, whereas the
value of coefficients are much greater although these
coefficients are on the same scale @ = 6. This advantage
contributes to localize cracks much easier. In the angle
line, only the zero-crossing point or the peak means the
singularity. In the angle line of Slope 1, at x = 100 mm
and x = 400 mm there are two zero-crossing points in-
dicating the two cracks. In the angle line of Slope 2, the
two distinct peaks at x = 100 mm and x = 400 mm in-
dicate the locations of the two cracks, whereas the two
sudden jumps at x = 250 mm and x = 500 mm do not
mean the singularities. In fact, such two jumps also help
us to judge whether there is a crack. In the modulus line
for Slope 2, as shown in the fourth subfigure in Figure 3,
there are two main waves (Wavel from x = 0 mm to
x = 500 mm, Wave2 from x = 500 mm to x = 1,000 mm)
and the joint is at ¥ = 500 mm. Accordingly, there is a
corresponding jump from -3 to O at this joint location in
the angle line for Slope 2, as shown in the last subfigure
in Figure 3. There is the other jump from 3 to -3 at x =
250 mm, where the wave crest of Wavel is in the corre-
sponding modulus line (modulus line for Slope 2), indi-
cating that there are cracks in Wavel fromx =0 tox =
500 mm. No such jump appears in Wave2 from x = 500
mm to x = 1,000 mm, indicating no crack in WaveZ2. In
fact, we can ignore such jumps to judge whether there
is a crack in a beam segment, because only a typical
evident peak in the angle line means a crack in the
beam. By comparison, the singularity from the angle
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Fig. 2. CWT of the first two mode shapes using Gaus2,

coefficients of the slope is the most apparent to detect
crack in beams, becauss the height of the peak in the
angle line is puch greater than that in the Cab line or
the modulus line, Also, it is shown in this example that
although singularity can be detected from the angle line
forSlope 1 and that for Slope 2, the latter is preferable,
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5 CRACK DETECTIONIN A CANTILEVER
BEAM

Through the analysis of a cracked simply supported
beam, the method based on the Complex CWT of the
slope of the mode shape proves more effective. In this
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Fig. 3. Complex CWT of the slopes of the first two mode shapes using CGaul.

section, a cantilever beam with two cracks is analyzed.
This beam is the same (the same size, the same mate-
rial property, and the same cracks) as the simply sup-
ported beary, only with the different boundary condi-
tion (the left end of the beam is fixed whereas the right
is fres). The fundamental mode shaps and its corre-
sponding slope are shown in Figure 4. The wavelet co-
cfficients for scale ¢ = 5 and @ = 9 are calculated based
on CWT of the mode shape using Gaus2 (Ce,b; GausZ;
Mode), CWT of the slope using Gausl (Cab; Gausl,
Slope) and Complex CWT of the slope using CGaul
(modulus; angle; CGaul; Slope), respectively. In
Figure 5, the left eight subfigures show the whole co-
efficients lines whereas the right sight subfigures show
the pruned coefficients lines. In the whole coefficients
lines, it shows that the extremely large value of coeffi-

clents at the boundary maks it difficult or even impossi-
ble to judge whether the beam is cracked and detect the
locations of cracks from Cab of CWT or modulus of
Coraplex CWT. To see the detailed information of co-
efficients, these boundariss are eliminated in the pruned
coefficients lines (the boundaries have been eliminated
in Figures 2 and 3). In the pruned cosfficients lines,
two peaks at x = 100 mm and x = 400 mm indicats
the locations of the cracks. The peaks for a higher scale
(¢ =9 are wider than that for a lower scale (¢ = 5),and
the coefficients for a higher scale (¢ = 9) are greater
than that for a lower scale (¢ = 5). By comparison,
the coefficient of the slope at the crack is much greater
than that of the mode, which demonstrates the wavelst
transform of the slope cutperforms that of the mode
shape.
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Fig. 4. The mode shape and its corresponding slope of the cantilever beam,

In the angle lines using ©Ganl, there is boundary of-
fect, too. But, it is casy to find the two distinet peaks
at cracks, unnecessary to eliminate the boundary. The
peak jumps from -3 to 3 and then back to -3 sharply
again. Finding such typical peaks means identifying
cracks. This makes crack detection much easier. Corg-
pared with CWT, the characteristic of the modulus lines
of Complex CWT is similar to that of Cgb lines of
CWT, whereas the angle indicates singularities more
evidently, which demonstrates the great advantage of
Complex CWT. In other words, boundary effect masks
the singularity in Cagb of CWT or in the modulus of
Complex CWT whereas boundary effect dossnot mask
the singularity in the angle of Complex CWT. It is not
necessary to eliminate the boundaries when we detect
cracks from the angle lines.

6 WINDOWING BY HANNING AS A REMEDY OF
BOUNDARY EFFECT

As previously stated, the boundary effect is detritnen-
tal to crack detection. In this article, Hanning window
is used to obtain the weighted signal as demonstrated
by Gentile and Messina (2003). In Figure 6, it shows the
wavelet coefficients lines of the Mode and 3lope of the
cracked cantilever beam windowing by Hanning. In the
Ca,b lines of Mode using Gaus2 for ¢ = 5, there is only
one very small peak at x = 400 mm indicating the sec-
ond crack, whereas it is difficult to find any peak in the
Ca b lines of Mode for @ = 9. In the Ca,b lines of Slope
using Gausl for both g =5 and ¢ = 9, there is only one
very small peak at x = 400 mm indicating the second
crack. This demonstrates CW'T cannot detect all cracks
although the coefficient at the boundary becomes zero
after windowing by Hanning. In the modulus lines of
Slope using CGaul for both ¢ = 5 and & = 9, there is
a very small peak at x = 100 mum and a distinet peak at
x = 400 mn indicating the two cracks. However, it iz
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very casy to detect all cracks from the angle coefficients,
In the angle lines of Slope using CGaul, the two peaks
are very apparent at x = 100 mm and x = 400 mm. As
stated in the example of the simply supported beam,
the jumps can be explained in the same way. The jump
from -3 to Oin the angle line is located at x = 540 o,
where the joint of the two waves is in the corresponding
modulus line. The huge jump from3 to -3 isat x =320
i where the wave crest is in the corresponding mod-
ulus line, indicating there are cracks in this wave from
x = O to x = 540 . Therefore, through window-
ing by Hanning, it is also easier to detect cracks from
the peaks in the angle line bassed on Complex CWT of
the slope of the mode shape.

7 INFLUENCE OF CRACK LOCATION AND
DEPTH ON CRACK DETECTION

A series of cracked cantilever bearns with the same size
and material properties as the previous example are
studied. There are also two cracks C1 (4/%k =0.2) and
C2 (d/h=04). C2 is always located at x = 400 mm
whereas the location of C1 (x-C1) varies from 50 mim
to 900 mm. Generally, the wavelet coefficient increases
with the crack depth which indicates the extent ofsingu-
larity. However, crack locations influence crack detec-
tion greatly because different crack locations result in
the different levels of the slope discontinuity, The three
left subfigures in Figure 7 show the Cgb lines of the
Mode using Gaus? for scale « =35 when the location of
C1is 100 mm, 500 i, and 700 mun, respectively. When
x-C1 = 100 ram, the peak at x = 100 mm is larger than
the peak at C2 (x = 400 mrn) although the crack C2 is
deeper than C1. When C1 and C2 are closs enough (x-
C1 = 500 mmy), causing the crack location effect negli-
gible, the peak at the deeper crack (C2) is larger than
that of the smaller crack, When x-C1 = 700 rar, the
peak at C2 ig very distinet, although it is difficult to find



14

Jiang, Ma & Ren
whole coeficients line  Ca.b; Gaus2, Mode X104 Cab; Gaus2: Mode  pruned coeficients kne
0
Zos g 4
S 3 4
=
So s
-4 4
05

100 200 300 400 S00 600 700 800 900 1000
Location x (mm)

2 whole coeflicients line  Ca b, Gaus1; Slope

100 200 300 400 500 600 700 800 900 1000
Location x (mm)

Cab: Gaus1. Slope  pruned coeficients ine

T = 0
s 3
=0 g 005
4 . . i " " . " . 01 P R 5 a — L .
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
Location x (mm) Location x (mm)
‘smmmn Modulus; CGau1: Stope i Modulus; CGaut: Slope  pruned coefcients kine
-’:; 1 Z 004
= 3
Sos o0
0 0
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
Location x (mm) Location x (mm)
. whole coeflicients ine Angle; CGau1: Stope s Angle: CGaut; Slope  pruned coefficients line
=z 0 0
N s
5
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 S00 600 700 800 900 1000
Location x (mm) Location x (mm)
a) Scale a=5
3 whole coefficients line  Ca,b; Gaus2. Mode x104 Cab; Gaus2 Mode  pruned coeflicients line
= 0
g | 3=
s
S N
-10
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
Location x (mm) Location x (mm)
whole coeflicients liné  Ca.b: Gaus1: Siope Cab; Gaus1:Slope  pruned coeflicients line
4
—~ 0 1
E 2 J 2005 1
To 5 03 1
015 R
100 200 300 400 S00 600 700 800 900 1000 100 200 300 400 S00 600 700 800 900 1000
Location x (mm) Location x (mm)
whole coeficients ine  Modulus. CGau1: Slope Modulus; CGau1; Siope  pruned coeficients ling
01
=g -
S Q
1 005
N s
0
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
Location x (mm) Location x (mm)
s whole coefficients line Angle; CGau1: Slope 5 Angle; CGau1; Slope  prumed coeflicients ling
S0 = 0
s b S /
5 5 . .
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 80O 900 1000
Location x (mm) Location x (mm)
b) Scale a=9

Fig. 5, Wavelet coefficients lines of the cantilever beam, forscale« =5 anda =9

118



Crack detection using comp lex conttnuons wavelst transform 185

5 x10”? Cab; Gaus2, a=5; Mode windowing by Hanning 5 x10” Ca,b; Gaus2; a=9; Mode windowing by Hanning
S &
g 0 g I 0 1
S $
100 200 300 400 500 600 700 8OO 900 1000 100 200 300 400 5000 600 TFOO 8O0 900 1000
Location x (mm) Location x (mm)
2 Cab; Gaus1; 3=5: Slope windowing by Hanning o Ca,b: Gaus2. 3=9; Mode windowing by Hanning
A ,
o =
g )
0.1 M M i " " " " M i 02 " n " i i i i i "
100 200 300 400 SO0 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
Location x (mm) Location x (mm)
004 Modulus; CGau1; a=5; Slope windowing by Hanning b4 Modulus; CGaul; a=8; Slope windowing by Hanning
E: 0.02 -‘g 005
3 W 1 | 4
=
s *
100 200 300 400 500 600 700 800 900 1000 160 260 360 360 SEID 660 ?E!D 3160 960 1000
Location x (mm) Location x (mm)
5 Angle; CGau1; a=5; Slope windowing by Hanning s Angle: CGaut: 3=9: Slope windowing by Hanning
- oy
= 0 5 0 1
) e
s S
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 €00 700 800 900 1000
Location x (mm) Location x (mm)
Fig. 6. Wavelet coefficie nts lines windowing by Hanning, for scalea =5 anda =9
a0 Cab; GausZ; a=5; Mode; x-C1=100 % Angle; CGaut; a=5; Slope; x-C1=100
)
s 0
=
&.
100 200 300 400 S00 600 700 800 900 1000 100 200 300 400 5000 600 7TOO 800 800 1000
Location x (mm) Location x (mm)
x10™ Ca.b; Gaus2: a=5; Mode: »-C1=500 Angle; CGaut: a=5; Slope; --C1=500
0 ] ¢
z ., J )
5 o
0
S+ 1 s
-6 4
100 200 300 400 500 600 70O 800 900 1000 100 200 300 400 500 600 700 800 900 1000
Location x (mm) Location X (mm)
x10™ Cab: Gaus2: a=5; Mode: x-C1=700 s Angle; CGaut; a=5; Slope: x-C1=700
~— a T —
=
S ] ¥
-6 4
100 200 300 400 500 6000 TOO 8OO 900 1000 100 200 300 400 500 600 700 BOO 900 1000
Location x (mm) g Location x (mm)

Fig. 7. Wavelet coefficients lines of the cantilever beam with different crack locations, forscale @ =35,

119



198 Jiang, Ma & HRen

-0.0006
-0.0005

-0.0004

-0.0003
-0.0002 4
-0.0001
o +
50 100

Cab of Mode using Gaus2

Illlll_

200 300 500 600
Location of C1 (mm)

700 800 9S00

Angle of Slope using CGaul

[I{1(§

800 900

o - .
50 100 0 300 500 600 70O

Location of C1 (mm)

Fig. 8 The influence of crack locations on the wawvelet coefficient at the crack, for scale a = 3.

the peak at C1. This shows that the singularity increases
when the crack is close to the fixed end. However, in
the angle lines shown in the three right subfigures in
Figure 7, the height of the two peaks are almost the
same; therefore, it helps to detect all cracks in the beam
without missing any. In Figure 8, it shows how Cg b and
angle change with the location of cracks. When Cl is
located in the left side of C2 (ie, the location of Cl is
less than 400 mm), Ca b at C1 decreases with increas-
ing x-C1 while Cg b at CZ almost stays the same, and
Cgb of C1 is greater than Ca b of C2 although C2 is
deeper than C1. When Cl is located in the right side of
C2(i.e.,thelocation of Clismore than 400 ), Ca b at
21 still decreases with increasing x-C1, while Cg b at C2
stays the same at a very high value. When x-C1 ismore
than 700 o, the extremely small ratio of Cgbat Cl to
Ca b at C2 masks singularity of Cl significantly, thereby
making it impossible to detect the crack Cl. However,
the angle coefficient of both C1 and C2 are almost the
same, and it doss not change svidently with the loca-
tion of cracks. It means that crack locations and depth
have little influence on the angle coefficients. Finding all
peaksin the angle lines means detecting all cracks in the
bearm.

To further demonstrate the influsnce of crack loca-
tion and depth on wavelet cocfficient, two casesofa can-
tilever beam are studiedas shown in Figure 9. In Case 1,
the two cracks are very close, but with different depths.
The relative depth (/%) of the crack at x1 = 400 mrm is
0.1, whereas d /% of the other crack at x2 = 450 mm is
0.6. In the Ca b line of CWT of Mode, only the deeper
crack can be detected. But, in the angle line of Complex
CWT of Blope, both cracks can be detected. In Case 2,
the smaller crack (d/% = 0.1} is close to the fixed end
(x] = 50 mm), whereas the deeper crack (d/%k = 0.6)
is close to the free end (x2 = 930 mm). In the Cab
line of CWT of Mode, only the smaller crack close to
the fixed end is detected and the deeper crack cannot
be detected, although the depth of the crack located at

x2 = 950 mm is much greater than that of the other
crack. But, in the angle line of Complex CWT of Blope,
both cracks are detected fromthe two peaks. Thersfors,
although the influence of crack depth and locations may
result in incapability of detecting all cracks from CWT
of the mode shape, the singularities in the angle cosffi-
clents show all locations of cracks in the beamm.

8 CRACKDETECTION IN A MULTISPAN
CONTINUOUS BEAM

Crack dstection from the slops of the mode shape us-
ing Complex CWT can be also applied in a multispan
continuous beam. A three-span continuous beam with
three cracks is analyzed in this section. The size of
the cross section and the material propertiss are the
same as those in the previously analyzed simply sup-
ported bearn. The total length of the bearm is 2,000 mum.
Two interior supporting points are located at 600 mm
and 1,400 mm, respectively. The locations of the three
cracks are at &40 mm, 1,700 mm, and 1,960 mm, re-
spectively. The depths of the three cracks are the same
and 4/ = 0.1, As shown in Figure 10, both the mode
shape and the corresponding slope are obtained. Re-
sults of wavelet transform for g = 5 and ¢ = 9 are shown
in Figure 11. In the top two subfigures in Figure 11, it
is difficult to detect the crack at x = 640 mmn and no
peak appears at x = 1,960 mm, based on Ca b lines of
Mode using Gauns2. In the modulus of cosfficients lines
of Slope using CGanl, the crack atx = &40 mmand the
crack at x = 1,700 run are detected for ¢ = 5. In the
angle line shown in Figure 11, there are three apparent
peaks indicating the locations of three cracks As pre-
viously discusssd, the jurnps (at x = 630 mm and x =
1,320 mum) appear at the wave joints in the modulus line,
Thewhole beamis divided into three segments by these
two jumps. The greater jumps (at x =400 mmand x =
1,800 ) are located at the crests of the two waves,
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Fig. 10. The mode shape and its corresponding slope of the thres-span continuous beam.
indicating that there are cracks in the corresponding as the uncontaminated signal to analyzs. The numbsr
beam segments. of sampling points is set N = 1,001 along the beam.

In the following simulations the mode shape is added

with a Gaussian white noise such that the SNR varies

9 EFFECT OF NOISE ON WAVELET ANALYSIS from 50 db to 75 db. The 8NR is defined as 3NR =
20logyo( ¥/ ¥y)db, where ¥ is the standard deviation

In this section, the second mode shape of the cracked of the signal and ¥, is the standard deviation of white
simply supported beam (Slope 2 in Figure 1) is used noise. The slope of the contaminated signal can be
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Fig. 11. Wawvelet coefficients lines of the continuous beam, for scale a =3 anda =25

obtained as the first derivative of this signal with the
difference method. On the one hand, the derivative
of the uncontaminated signal (the slope of the mode
shape herein) can reflect the singularity more clearly,
on the other hand, derivative operations of the signal
with noise normally magnify the adverss sffect of noise
to some extent so that the singularity may be masked
[Gentile and Messina, 2003).

As demonstrated by Mallat and Hwang (1992), the
signal is often dominated by the noise on the low scale,
but the signal may dorninate the noiss on higher scales
for a given SNR. If the signal localizes singularities of a
larger walue than the noise, the modulus maxima of the
signal on high scales can be discriminated from that of
noiss, and their amplitude increases slightly when the
scale decrsases. To demonstrate the advantage and of-
fectiveness of the proposed method applisd to signal
with noise, a multiscale wavelet analysis of the signal
with SNR = &5 db is shown in Figure 12, Although CWT
of the mods shape using Gaus2 can detect cracks at
x = 100 mrm and x = 400 mum as shown in Figure 2 when
the signal is not contaminated by noise, no singularities
appear at the locations of cracks as shown in the left
four subfigures in Figure 12 when SNR of the signal is
&5db. Theright four subfiguresin Figure 12 showthere-
sults of Complex CWT of the slope of the contarpinated
mode shape with SNR = &5 db. In the gray map of an-
gle using CGaul, there are two main bold lines along
the scales: one is black at x = 100 mm and the other
is white at x = 400 mm. There are also discontinuous

fine lines between x = 200 mm and x = 300 mm. Such
fine lines created by noise become narrower and nar-
rower with increasing scales and finally disappear at a
high scale ¢ = 26, We can also see this phenomenon
from the angle lines for multiscale, For scale & = 20,
there are two typical peaks (almost the sams shapes
of peaks for the uncontaminated signal in Figure 3) at
x = 100 mm and x = 400 mm whereas thers are many
narrow peaks between x = 200 mm and x = 300 mm.
For scale ¢ = 23, the same two peaks as shown in scale
a =205t exist at the same locations, whereas the width
or location of narrow peaks are different from those for
scale @ = 20, For scale ¢ = 26, only two typical peaksap-
pear at the locations of cracks and the effect of noise is
negligible.

The influence of different SNR is also analyzed in
Figure 13. Although the difference of SNER of the mode
shape is insignificant (one is 75 db and the other is
50 db), their slopes are substantially different. This is
agcribed to the notorious adverse effect of derivative
operation, which considerably magnifies noise to mask
the signal. In the gray map of angle when SNR =75 db,
the two bold lines in the color map clearly indicate the
locations of the cracks. Compared with the gray map of
angle in Figure 12 in which SNR = &5 db, these two bold
lines are rmore noticeable, and there are much less fine
lines created by noise. It means that the greater SNR
is, the clearer the singularity is. In this example, when
SNR is less than 50 db, the noise influence is dominant
and the singularity of the cracks is masked.
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10 CONCLUSIONS

In this article, a method based on Complex CWT has
been presented for crack identification in beam mem-
bers. A series of cracked beams with different boundary
conditions are analyzed. Both the mode shape and its
slope are calculated. Although it is difficult to detect the
local perturbations due to cracks directly, they are vis-
ible through wavelet transform. The main conclusions
drawn from this study are as follows.

1. The proposed method based on Complex CWT
proves effective in detection of cracks in beams.
Compared with CW'T, the singularity is much more
apparent in the angle line of Complex CW'T, even
when the signal is contaminated by noise.

2. The wavelet analysis of both the mode shape and
its slope can be used to detect the location of the
crack. By comparison, the singularity of the slope
is more obvious. Therefore, it is recommended to
use Complex CWT of the slope to identify the
crack.

3. The location of the crack can be detected from the
characteristic of wavelet coefficients lines through
multiscale analysis. At the crack location, there is
a peak or a zero-crossing in the modulus line or
the angle line of Complex CW'T of the slope. Es-
pecially, it is much easier to detect crack from ap-
parent singularity in the angle line. This method
can be used to detect cracks in a variety of beams.

4. The fundamental mode shape and its correspond-
ing slope may not be the best signal to detect the
crack. In this research, the second mode shape and
its corresponding slope are preferable when de-
tecting cracks in the simply supported beam.

5. Boundary conditions, crack locations, and crack
depth have great influence on the coefficients of
CWT using real wavelets, even making it impossi-
ble to detect all cracks. However, with the method
of Complex CWT of the slope of the mode shape,
all cracks can be detected from the angle line eas-
ily.

6. When the signal is contaminated by noise, the pro-
posed method of Complex CWT of the slope out-
performs the method of CWT of the mode shape.
Through the multiscale analysis, cracks can be de-
tected on high scales.
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Effelct of Shear Stud Connections on Dynamic Response
of an FRP Deck Bridge under Moving Loads

Xin Jiang'; Zhangguo John Ma, F.ASCE® and Jing Song?®

Abstract: The main objective of this study was to evaluate the effiect of shear stud connections on the dynamic response of the fiber-reinfonced
polymer (FRF)deck system under moving loads. A FRP deck bridge in Penns ylvania was studied hased on a ficld test and finite-clement (FE)
analysis. In the ficld test, the strain of cach stedl girder at the midspan was measured at three positions: top, midheight, and bottorn, In the FE
analysis, the connection between the steel ginders and the FRP deck was simulated as fully and partially composite, sepamately. Static perfor-
mance under a simplified tuck load was investigated based on these tvo FE models, and the FE analysis resuls were compared with the field
test resulis to validate the FE models. The FEmesults of the fully composite model and the partially compaosite model provide a lower bound and
an upper bound for the real response of the FRP deck system. Next, the dynamic behavior of the FR P deck system under moving loads was
studied based on the two verified FE models. Thes tatic or dynamic res ponse in the partially composite model of the FRP deck brid gewas greater
than the comesponding static or dynamic response in the fully composite model Also, it was shown that the dynamic response in the partially
composite model lags behind thatin fie fully composite model. Additionally, the FE analy sis revealed that the numberof shear stnd connections
affected the dynamic deflection, slip, and separation. Finally, the dynamic response of the FRP deck system was compared with that of the
commonly wsed RC system. DOL: 10,1061 ASCE) BE 194 3- 5592, 0000, © 201 3 American Society of Civil Engineers.

CE Database subject headings: Dynamic response; Fiber minforced pobymer, Brid gedecks  (irder bridges; Studs; Finiie element method;
Connections; Moving loads.

Author keywords: Dynamic response; Fiber-minforced polymer (FRF) deck: Steel Fginders; Shear studs; Finite-clement anabysis;

Composite action.

Introduction

It has heen demonstrated that the use of fiberreinforced polymer
{FRP) sandwich panels for brid ge deck construction is time-efficient
and structurally effective (Ji et al. 20010). They show great potential
for imegration into the highway infastructure by applying the
prefabricated and easily installed FRP sandwich pancls to the ac-
celeraed construction and replacement of deteriomated concrete
brdge decks. Cumrently, connections to an existing superstructune
arcsubdivided into those that provide nonco mposite bending action
and those that provide composite bending action. Traditionally,
connections between RC deck and prestressed concrete andfor steel
I-girders have been designed to develop a composite bending action
{ie., to transfer the horizontal shear developed between the deck and
the support girders). These connections are specified 0 have strain
compatibility and prevent relative movement between the deck and
the support girders.

Schollmayer and Keller { 2004) assumed deck-wo-girder adhesive
joints as being loaded by wplift forces only when the thickness of
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the adhesive layer was not less than 10 mm. An analytical model was
proposed that allowed the calculation of a representative approi-
mation of the complex uplitt stress stabe m the joint, and this model
was validated by numerical and experimental results. On the other
hand, shear stud connections ane commonly used in hybnd beams o
acoomplish the compositeaction. Slutter and Fsher (1965 ) proposad
design criteriator shear connectors in compaosite beams. The number
of shear connectors satisfied the fatigue criterion and also ensured
the ultimate strength of the composite section. It was noted that
the number of connectors requined by the former criterion wsually
greatly exceeded the latter, Furthermone, (Hlgaand et al. (1971)
studied the behavior of stud connectors in lightweight and nommal-
wizight concmete based on ascries of pushouttests, The shear streng th
ot studs was determined by the cross-sactional area of the studs, the
compressive stength, and the modulus of elasticity of the concrete.
Cattesco (1999 analyzed the steel and conerete composite beams
based on a numerical procedure, accounting for nonlinear behavior
of materiak and using an empirical load-slip relationship for shear
connectors. Xue et al. (AX)E) conducted 30 push-out tests to in-
vestig ate the influence of factors such as stud size, conorete strength,
stud welding technique, transverse reinforcement, and steel beam
type. The load-ship relationship also was analyzed. Pallares and
Hajjar {314, b) studied the behavior of headed shear studs em-
bedded in composite beams systematically.

Over the past decade, investigation was conducted to analyze
the behavior of shear stnds embedded in FRP decks, Moon et al.
{2002} evaluated the performance of three different shear studs used
for FR.P deck-to-girder connections. An expression was proposed
determine the longiudinal capacity for shear stud connections. The:
beanng strength of the bottom face sheet nepresented alowerbound,
and the shear stud capacity an upper bound. Park et al. (2006)

I. Bridge Eng. 2013 18:642-652.
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conducted a static load test 10 investigate the degree of composite
action for a bolted glss FRP (GFRP) bridge deck-to-girder con-
nection system, based on the analysis of newtral axis chan ges . Diavalos
et al. (2M1) evaluated a nongrouted sleeve-type connection system
for FRP bridge decks to steel girders. The neutral axis position for
twio spacings of connections was analyzed to investigate the com-
posite action.

Because of the section properties of the FRP composite deck,
which has relatively thin face skins and discrete webs with non-
structural filler material (foam), the composite action will not provide
the same magnitude of additional bending capacity to the suppont
girders as a comventional concrete deck. This raditional connecton
concept should not be blindly follvwed in the FRP compos ite deck-
to-ginder connection design. In the arca of deck replacement, con-
sidermg thesignificantdecrease of dead load when replacing concreie
deck with FRP deck, itis very attractive to nclax the mquirement on
the degree of composite action between the FRP deck and the Lower
girders to accelemte bridge construction {Li et al. 2010). Because of
significant differences in the basic material sysiems between FRPs
and concrete materials, designing interfaces betwesn thess materials
toensune consistent mechanical action i much more importantin the
overall design process, Cumrently, no specific guidelines or research
on thedesign of the number of fie shear studs in the FRP deck system
15 available, especially in the arca of the impact of shear sud con-
nections on the dynamic nesponse.

In this article, three-dimensional (304 FE models were estab-
lished with ABAQUS 6.1 1 to analyze the induence of shear studs
on a FRP deck bridge. The composite action between the steel
girders and the FRP decks were categorized into two types: fully
composite and partially composite. By comparison with the
results of a field test (Luo and Earls 2003), these FE models wae
validated. Furthermore, the dynamic response of the FR Pdeck bridge
under moving truck loads was analyzed based on these validaed FE
models. Based on these modeks, the influence of the number of shear
studs on the dynamic response of the bridge, the range of the mtio of
the maxmmum dynamic deflection to the maximum static deflection,
and the difference of dynamic response between the FRF and the
RC deck system were studied. In addition, the longitudinal slip and
the wvertical sepamation hetween the FRP deck and the steel girders
were studied based on the three partially composite models.

Description of Bridge

In this article, the Boyer Bridge in Pennsylvania was studied. [t is
a short-span (L = 12.64% m), simply supported composite structuns
using stael stringer-FRP dack systems. It consists of five galvanized
stringers (W10 > 155 Gr345) acting composiely with FRP deck
panck (DuraSpan, Martin Marietta Compaosites). The cellular FRP
deck and steel ginders are connected by shear studs at (L61-m
intervals along the longitudinal direction of the bridge. As shovamn in
Fig. 1(a), there are two headed shear shude acmss the steel girder
section in cach stud pocket which is subsequently poured with
nonshrink grout. Themoduli of elasticity of seel, grout, and FRP ame
200,000 MPa, 31,841.7 MPa, and 17,24 1.4 MPa, respectively. The
section properties arc shown in Table 1, which is based on the
information from Martin Manetta Compaosites.

Existing FE Analysis Used for Composite Beams

A decade ago, most research on shear stud conmections was mainly
based on extensive push-out tests. Although the st esuls werne
helptul for analy @ing the streng th of shear studs in composite beams,
expensive and time-consuming experiments were not good for

parametric analysis; very limited data can be obtained from these
tests, However, the behavior of s hear studs and the composite action
of the hybnd beam are complicaied: mumerus variables are in-
volved and interact mutually, inchiding the deflection of decks and
girders, the longitudinal slip and vertical separation between them,
the degmee of composite action, and so on. Moreowver, it is difficult i
show the overall effect of the influence of shear studs on the whole
compaosite structune from thie small-scale push-out fests, which only
comcentrabe on the local behavior, Thus, FE analysis was inroduced
to capture the complete behavior of the composite system.

In mecent years, FE analysis of steel-concnete composite beams
was conducted. Baskaret al. {:22M02) developed a 30 FE model with
ABAQUS 6_11, which predicted the ultimate load behavior of
steelconcrete compasite members accumately. The shear studs
were simulited by general beam elements with circular oross sec-
tions. The concrete slab was modelad with a 20-node quadratic brick
clement and minforcing bars with a mehar option. Three different
models wene adopted: concrete, cast inon, and elastic-plastic. Lam
and El-Lobody (20M5) proposed an effective numerical FE model
using ABAQUY 611 to simulate the push-off test. Concrete
strength and shear stud diameter were considered in parametric
studies. This FE model contributed to a better undersanding to the
failure modes and shear capacity of shear studs. Qucimoz et al. (2007)
esthlished a FE model of composite beams with full and partial shear
comnection with ANSFS 7.0, Elastic-plastic shell (SHELL 43) and solid
(SOLIDGS) elements wene usad for the steel section and the concncte
slab, respectively. The shear connectors were simulated by non bncar
springs (COMBIN). Load-deflection behavior, longitudinal shp at
the sieel-concrede interface, and distribution of stud shear force were
shdied.

However, to date, extremely limited pammetric studics have
been camied out through FE analysis on the composite FRP system.
Furthermonz, these studies were only focusad on the behavior under
static loads, seldom concerning the dynamic mesponse. Alnahhal
etal. (20¥) analyzed the fully composite behavior of a FRF bridge
deck system using ABAQUS 611, In the FE model, a perfect bond
between the girders and the FRP deck was assumed with no
consideration of the slip effect. Only a static monotonic loading
was considered in that study.

FE Model of Bridge

A 3D FE mode] of the Boyer Brid ge was established with ABAQLE
611, as shoown in Fig. 1(b). The r-axis was along the width of the
bridge, the y-axis along the verticaldirection, and the z-axis along the
span direction. The facings of the FRP panck were simplified as
a solid plate using eight-node lincar sohid clements with reduced
integration ({C30ER ), and the contribution of the core of the deck o
the load mesistance was neglected. The haunch and steel stringers
weme also modeled by CIDER. B was designed such that each
stringer had 42 shear studs embedded into the top FRP deck. The
composite action bebween the sieel girder and the FRP deck was
caegonized into tao types: fully composite and partially oomposite.
In the fully composite model, the deck and the girder were fast tied
through the haunch between them. This imteraction was simulated by
tie in ABA QNS 611, With the tic constraint, there was no relative
motion between the two sepamte surfaces. The fully composite
model was anideal model in which forces wene transmitted to other
members most efficienty. In the partially composite model, the
imteraction between the surfaces of the haunch and the ginders wen
modeled with surface--surface contact capable of simulating both
the mormal behavior and the tangential behavior between the sur-
faces, The normal behavior was set as hand contact, which meant that
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(2)

Fig. 1. Depiction of Boyer Bridge: (a) FRP deck system (courtesy of Mantin Marieza Composites); (b) FE model of FRP deck bridge

pressure existed between surfaces, and the tangential behavior was
set as frictionless, indicating that no friction existed between sur-
faces. Also, shearstuds, which were not only embedded into the FRP
deck but also tied to the steel stingers, were simulated by two-node
lincar russ elements (T3D2). The embedded element technique in
ABAQUS 6.11 is used © specity an element or a group of elements
that lic embedded in a group of host elements whaose response will
be used to constrain the translational degrees of freedom of the
embedded nodes. Obviously, it is the shear studs that lead to the
compasite action between the FRP deck and the steel stingers. Thus,

646 / JOURNAL OF BRIDGE ENGINEERING © ASCE /JULY 2013

the number of shear studs deermines the extent of this composite
behavior. In the latter part of the article, this effect was analyzed under
moving loads. The partially composite model was furtherdivided nio
three models with different numbers of shear studs: the designed
number of shear smds, double the designed number, and half of the
designed number. The FE results of these three partially composite
models and the fully compasite model were compared to evaluate the
contribution of shear stud connections to the compasite action.

To capture the typical response of the bridge, points in the steel
girders and the FRP deck were selected. AsshowninFig. 2, the five
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Table 1. Cross-Section Propertes of Steel Stringers and FRP Deck

Prospe iy [Mmensdon (mm)
Sieel aringers
Flange thickness 19,06
Flange width 318
Web thickness 12,7
Stringer spacing 1,752 60
FRF deck
Haunch thicknes 12,70
FRF flange thickness 16. 7%
Deck thickness 191,56
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Fig. 2. Load positions in the field tes {uniis = m)

ginders were named Gl, G2, G3, G4, and (G5, with spacing of 1.753
m along the x direction. Ao, D1, D3, DI1Z, AT, D23, and D28, all
of which wene the nodes of the dack at the midspan, were salectad to
analyze the behaviorof the FRP deck. D] and D328 werne on the edge
of the deck, whereas D3, D12, D17, and D23 were in the middle of
the comesponding neighboring ginders. D5 and D12 were m the
wheel tracks, where the maximum response of the deck may exist.

Static Performance in the Field Test

The positons of the ruck loads in Test | of the field test (Luo and
Earls 2¥)3) arc shown in Fig. 2. The front wheels (Pl and P2) were
just off the bridge. The centerline of the tnick was located at the
centerine of the second ginder (G2). Keelor et al. (2004) studied this
FRP deck bridge hased on the ficld test, focusing on the effective
flange width under static service loading. In this study, several FE
models were establiehed to investigate the stahic and dynamic
performance. In the FE model, the loading area at each side of the
truck was simplified as rectangular (250 510 mm). The weights of
the six loads P'1, P2, P3, P4, PS5, and PH were appmximately 4273,
3AW, 4727 4,273, 4,750, and 4,136 kg, respectively. Three-win
metal foil strain gauges were attached to the steel ginders at a lon-
gitudinal position located 35 mm from the midspan. As shown in
Fig.3, six strain gauges wene atached to cach stringer atthreeheight
lavels: the bottom face of the top Hange (Top), the midheight of the
stringer (Midheight), and the top face of the bottom flan ge (Bottom).
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Fig. 3. Longitudinal strain distribution: {4) locations of strain gauges;
{b) strain in G2

The longitudinal strain in the two FE models was compansd with that
in the field test. The FE analysis resultand the ested strain were very
close, validating the FE models. In the fully composite model, the
ratios of the midspan curvature of (31, G3, (¢, and G5 to that of (2
are (174, (1L.64,0.14, and (L03, respectively: in the partially composite
mivdel, the matios of the midspan curvature of G1, G3, (4, and G35 1o
that of (32 are (.68, 0L65, 0.1 1, and 0.02, respectively. These ratios
revcaled that the girders close to the loads took most loads although
all girders worked together as a whole through connections to the
deck. Also, the stram distribution in Fig. 2 revealed that the position
ofthe neutral axis in the fully composite model was higher than that
in the partially composite model, thus indicating that the degree of
compaosite action between the steel ginders and the FRP deck in the
fully composite model is higher. Furthermore, the stmin measured in
the field test was between the strain of the fully composie model and
the partially composite model The slope of the lon gitudinal strams
along the height of the ginder, indicating the curvature at the mid-
span, revealed the difference of the degree of composite action
between the two FE models and the field test. By comparison with
the midspan curvature of (G2 in the field test, the caorvature in the fully
composite model is about 153% lower, and the curvatune in the
partially composite model is about 109 higher, This comparison
suggested that the fully composite model provided alower bound for
the realres ponse of the FRP deck system, and the partially composite
mode] provided an upper bound.

Dynamic Response of FRP Deck Bridoe

Tao date, limited research has been camied out on the dynamic re-
sponscof FRP deck bridges. Alur et al. (2045) studied the dynamic
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response of three FRP bridge decks supported on steel or FRP
stringers through field ests. The investigators claimed that the
dynamic load allowance (DLA) factors were mostly within
AASHTO 199 LRFD bridge specification limits. Daly and
Cuninghame {2(06) examined the performance of a full-scale GFRP
bridge deck under static and dynamic wheelloading. They stated that
it was imporant to prevent local damage at web-to-flange con-
nactions and the parts close to bearing suppaorts. In the prasent study,
theeffect of shear stud connections on the dynamic response of FRP
deck bridges under moving vehicle loads was examined based on the
FE models validated by the field st in particular, only the forced
vibration without damping was considered.

The maximum dynamic deflection at the midspan of each girder
under the moving loads was comparad with the comesponding static
deflection. Both the fully composite model simulated by tie and the
partially composite model simulated with embedded shear studs and
surtace-to-surface comtact were studied. The truck loads passed
through the bridge within (L9 s at 20 m/'s, i.e., it was (L9 = from the
start of ruck loading onto the bridge to the moment that the ncar
wheels were just off the bridge. The locations of the loads in the
xdirection werethe sameas those in the field test shown inFig. 2. In
ABAQUS 611, the moving loads were ralized by step. The toml
time was divided into nine steps, and the duration of the cach step
was (1.1 5. The truck was loaded at a ditfferent position at each step,
ie., the six wheels of Pl through P6 were loaded at the different
locations of the bridge. When companing the maximum dynamic
response with the max mum static response at the mids pan, the latter
refered to the response when the truck loads P3 and P4 wene
located at the midspan, while Pl and P2 were in the left half-span
and P53 and P6 were in the right half-span. In this case, the static
response at the midspan reached the maximum according to the
influence line diagams. As shown in Fig. 4, for G1, GZ, and G3, all
of which took most loads, the dynamic or static deflection in the
partially composite model was greater than that in the fully com-
posite model, and the static deflection in the partially composite
model was even greater than the dynamic deflection m the fully
composite model. For G4 and (G35, the static or dynamic results in the
fully composie model were close to those in the partially composite
model. For G1, G2, G3, G4, and (G5 understatic loads, the ratios of
the deflection in the partially compaosite model to that in the fully
composite model were 1.29, 1 37, 1.36, (090, and (177, mspectively;
for each girder under moving loads, the mtios of maximum dynamic
deflection in the patially composite model to that in the fully
composite model wens 1.25, 130, 1.29,0.95, and 1.04, respectively.
This comparison nevealed that the defloction of the mamn girders (G 1,
(32, and (33} in the partially composite model was ap proximately
3% greater than the deflection in the fully composite model. In
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Watatic fully composite
Bdymamic fully campasite
Distatic partizlly composite
Bdynamic panzally composite

rrrrrrrrrrrrriy

Fig. 4. Maximum static or maximum dynamic deflection at the mid-
span of the ginders

addition, for (31 through (G5 in the fully composite model, the ratios
of the maximum dynamic deflection to the comesponding static de-
flection were 118, 1.10, 1.23, 1.73, and 2 48, mspectively ; whemeas,
for (1 through G5 in the partially composite model, the matios wene
115, 105, 117, 1.9, and 334, mspectively. This comparison
indicated that the d eflection of the main ginders may increase between
A and 2% as a result of the offect of the moving loads.

In the shear-studs design for the RC dack system, the number or
the spacing of the shear studs & the most important consideraton.
Shutter and Fisher {1965) proposed a design procedure with the
sufficient mumber of shear studs to assune the theometical static ul-
timate strength of the bndges in which the concrete deck was
supported by the lower sieel ginders. However, no specific guidelines
orrescarch on the design of the number of the shear sds in the FRP
deck systern is available to date. Based on the existing study on the
concreie-deck -steel-ginder compaosite sysiem, we only have a vague
picture of how many shear smds may affect the degree of the com-
posite action between the FRP deck and the ginder. As mentionsd
previoushy, from the point of static design of the FRP deck system, the
degree of composte action between the FRP deck and the lower
girders, which depends on the number of shear studs, is not a main
consideration considering the significant decrease of dead load,
However, we ame not sure how shear stnd connections affect the ca-
pacity and durability of a FRFdeck bndge loaded by moving vehicles.

In this article, to imvestig ate the effect of the number of shearstud
connections on the degree of composite behavior under moving
loads, the partially com posite model was further divided inio three
midels with different numbers of shear shuds: the designed number
of shearsds, double the designed mamber, and half of the designed
number. It was assumed that the shear studs did not fail, even if the
numbear of shear stud connections was reduced by half. The FE
results {the maximum dynamic downward deflaction at the midspan)
ofthese three partially compaosite models and of the fully composite
model are shown in Fg. 5. For (1, 52, and (G}, the maximum
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Fig. 5. Maximum dynamic deflection of FRP deck systemat mid span:
(a) girders: (b deck
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dowmwand defection increased a small amoun t with the reduction ot
themumber of shear shds , asshown in Fig. Ha). The number of shear
studs had no significant influence on the dynamic deflection of the
sieel ginders. However, this was not the case for the dynamic de-
fection of the FRP deck. For dack nodes D5 and D2, bath of which
weme in the wheel tmacks of the truck, the maximum dynamic
dowmwand deflection increased significanthy with the reduction of the
number of shear studs, asshown in Fig. 3(b). The maxirmum dowmmaard
deflection of the deck occurrad at D35, The maximum dowmrward
deflection at D5 was approcimatety 2230 mm in the model of double
shear studs, 25.14 mm in the model of designed shear stwds, and
2679 mim in the modelof half shear studs. This change indicated that
the maximum downward dynmamic defection in the deck decreased
by approximately 12% when the shear stud connections wens
doubled, and increased by about 7% when half of the connections
wene used.

The slip and sepamtion at the interface of the FRP deck and the
steel girder were also studied. In this article, shpis defined as the
longitudinal move of the deck relative to the ginder, wheneas sep-
aration is defined as the difference of the vertical deflection be-
tween the deck and the girder. The slip and separation not only
indicate the degree of the composite action, but also affect the
durahility of the structure. As shown in Fig. 6, the slip at the
midspan {z = L/2) was not evident in all three partially composite
models. However, the slip at the two ends (z =0 and ; = L) was
significant, and changed with the decrease of the number of the
comnections. Theslip difference between the maximum slip at z = ()
and the maximum slip at £ = L was studied. The slip difference in
the modz] of double shear studs was 1.96 mm, the difference in the
model of designed shear studs was 2,18 mm, and the ditference in
the model ofhalf shearsmds increased to2 45 mm. It revealed that
the slip at the ends increased with the decrease in the mumber of
shearstud connections . Also, Fig . 6 revealed that the maximum slip
oconmed duning (.45 s and {1.535 s, when the tuck armived at the
vicinity of the midspan. As mentioned previously, the intemaction
between the steel ginders and the FRF deck was simulated by
surface-to-surtace contact becanse the adhesive torce between them
was weak. The separation between them may occur at a specific
moment, as shown m Fig. 7. In the model of double shear shads, it
scemed that the shear shdd connections provided enough bond
force to avoid separation. In the modal of designed shear studs, the
separation was less than 1 mm, which also can be regarded as in-
significantbecause in the real structune there wasan adhesive fone at
the surface between the deck and gimders to avoid sepamation, even
it this force was weak. However, in the model of halt shear stds,
the sepamation may reach 4.5 mm [see Fig. 7ic)] at some specific
moments, It revealed that thens was a endency of separation when
the number of shear stud connections decreased to theextent that the
connections could not provide enough bond force between the FRP
deck and the steel girders.

Comparison of FRP Deck System and RC Deck
System under Moving Loads

Zhang and Cai (2007 ) claimed that both the load distribution factor
values and the dynamic response of FRP deck bridges wene greater
than those of concrete deck bridges, and that FRP deck brid ges with
partially composite conditions led to a greater girder load distri-
buticn and a larger dynamic displacement by comparison with those
of the FRF deck bridges with fully composite conditions. Based on
experimentally validated FE models, Chiewanichakom et al. (2007 )
studied the dynamic and fatigue response of a truss bndge in which
the old deteriorated concrete deck was replaced with a FRP deck.

Slip (mm)

1 il 02 03 04 05 ke @7 08 0%
(&) Time (s)

Fig. 6. Slip history of three parially composite models: {8) double
shear studs; (b) designed shear smds; (c) half shear studs

The numerical results suggesied that the fatigue life of FRP deck
system almost doubled by companson with the RC deck system.
Hag-Elsafi et al. (2011 ) studied the dynamic characteristics of the
Bentley Cresk Bridge with a FRP deck. It was shown that the fun-
damental frequency for the current structure with a FRP deck was
approximately 4 5% higher than that for the original structune with
a concmete deck. The maximum dynamic allowance estimated for
the FRF deck bridge was lower than that of the concrete deck
bridge.

In this article, the dynamic pefformance of the FRP deck bridges
with the comesponding RC deck bridges were compared basad
on the FE analysis of both the fully composite and the partally
compaosite models. The concrete deck wsed in the comparison was
a H-cm-deep, cast-insitu RC deck. The compressive strength of
conarete was 41.4 MPa, and the modulus of elasticity was 32,000
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Fig. 7. Separation history of three partially composite models: (a)
double shear studs; (b) designed shear studs; (¢) half shear studs

MPa. The partially composite models for both FRP and RC deck
systems used designed numbers of shear studs.

Asshownin Fig. 5, the maximum res ponse of the girders and the
decks occurned in (2 and D3, respectively; thus, their nesponse was
the concern. As shown in Fig. 8, the dynamic response in the FRP
deck systern was greater than that in the RC deck system, and the
vibration amplitude in the former was groater than that in the latter.,
Forthe girders in the FRP deck system, the vibmation amplitude in the
fully composite model was approximately 8% of that in the par-
tially composite model. As shown in Figs. 8 and 9, in the partially
composite model of the FRP deck system, the maximum dynamic
deflection of (G2 occumed at (145 s and another deflection peak
cxisted at (155 5, whercas the maximum dynamic deflection of DS
oocumed at (135 s and another deflection peak existed at (.45 s. In
Fig.6, theslip peaks {the slip history of z = Qand ; = L) ako existed
at .45 s and 1.55 5. The truck was located at the vicinity of the
miidspan between (045 and (1.35 5, indicating that when the moving
loads arrived at the midspan, the slip at the two ends and the girder
deflection at the midspan may reach the maximum, simulaneously.
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Fig. 9. Dynamic deflection hisiory of D3 in FRPRC deck systems

In addition, the lag phenomenon was obvious, As shown m
Fig. &, the dynamic response in the partially compaosite model of the
FRF deck system lagged behind that in the fully composite model.
This lag phenomenon was attributed to the different degree of
composite action between the FRP deck and the steel ginder. In the
fully composite model with the higher degree of composite action,
the FRP deck and the steel ginders wene tied fast to work as a whole
member; in the partially composite model, the load was taken by the
FRF deck dinectly, then was tansmitted 10 the girders fimugh the
interaction between the FRP deck and the steel ginders.

The maxirmum dowmarand dynamic deflections in the FRP and
RLC dock systems are shown in Fig. 10, The maximum downwand
deflections of (71 and (32 in the FRP deck system were considerab by
greater than those of theother three ginders, whercas the differenceof
the maximum downward deflections for all girders in the RC deck
system was not as significant, as shown in Fig. 1Ha). Inaddition, the
maximum downwand deflectons of 35 and D2 in the FRP deck
system wene much greater than those of the other deck nodes,
whereas the differences in the RC deck system were not as sig-
nificant, as shown in Fig. 10{b). In the RC deck system, the con-
nections between the deck and the girders were stronger than those
in the FRP deck system; thus, the RC deck may transmit mone loads
to the ginders farther from the load positions. Furthermore, Fig. 10
reveals thatthe ditference of maxirmim downwand defection betwesn
the deck and the ginder in the FRP deck system was significantly
greater than that in the RC deck system. The lower stiffness ot the
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FRF deck compared with the RC deck resulted in significant de-
Hection in the FRP deck. Finally, for the FRP deck system, FE
analysis revealed that the maximum downward deflection of the
ginder existed in (32, the maximum downward deflection of the
deck existed in the wheel tracks (D5 and [12), and the maximum
upwand deflection existed in the exterior girder (G 1 jand in the deck
edge (D).

Conclusions

The structural behavior of a FRP deck bridge, Boyer Bridge, was
studied based on FE analysis. Two ditterent FE models wenz ana-
lyzed: fully composite and partially composite. The static perfor-
mance of the bridge FE models was compared with the field test
results to verify the applicability of these two FE models. Further-
muome, these FE models were used to analyze the effect of the shear
stwd connections on the dynamic msponse of the bridge under
moving loads, focusing on the midspan detlection of the girders and
the FRP deck, and the slip and sepamtion at their interface. Also, the
dynamic response of the FRPdeck bridge was comparad with that of
the RC deck system. Based on the results of this study, the following
conchisions can be drawn:

. Thisstudy used tie to simulate the fully composite action and
surface-to-surface contact and embedded shear studs to sim-
ulate the partially composite action in the FE analysis. The
strain distribution along the heig ht of the girders revealed that
the position of the neutral axis in the fully composite model
was hig her than that in the partial Iy composite model, and the
curvatune at the midspan in the fully composite model was
smaller. The degree of composite behavior in the real structune
was between the fully composite action and the partially
composite action. The FE nesults of the fully composite modal

and the partially composite model provide alower bound and
anupper bound for thereal esponse of the FRP deck system.

2. Thesntic or dynamic response in the fully composite model
of tie FRP deck bridge & smaller than that in the partially
compaosite model. For Boyer Bridge, the deHections of main
girders in the partially composite model were approximately
)% greater than those in the fully composite model. Also, the
dynamic deflection of the main ginders may increase between
3 and 2% by comparison with the static response, a a result
of the dynamic effect of the moving loads.

3. The mumberof shear stud connections significantly affects the
composite action under moving loads. In this research, al-
though its infuence on the dynamic deflection of the ginder
was not significant, the maximum downwand deflection in the
deck decreased by approximately 12% when the shear stud
connections were doubled and mcreased by about 7% when
half of the conmections were used. In addition, the reduction of
the number of the shear studs may increase the slip at the
interface, and even lead to significant sepamation. Furthermone,
the slip at the two ends and the girder deflection at the midspan
may reach the maximum simulEneously.

4. The dynamic deflection history showed that the dymamic
nmesponss in the partially composite model lagged behind that
in the fully composite model.

5. In comparison with the RC deck bridge, both the dynamic
msponse and the vibmtion amplitude are greater in the FRP
deck bridge. The RC deck may transmit more loads o the
girders farther from theload positions, because of the stronger
connections between the deck and the girders. In addition, the
difference of maximum downward deflection between the
deck and the girder m the FRP deck system was sigmificanthy
greater than that in the RC deck system, because of the lower
stittness of the FRP deck compared with the RC deck.

This reseanch focused on the effect of the number of shear studs
and compared FRP and RC deck systems. For the purpose of better
unders anding the effect of shear studs on the behavior of FRFP deck
bridges, other factors, including the size and shape of the shear studs,
the: type of FRF deck, and the effect of ime and temperature should
be considered in future research; and expenmental tests should be
conducted to fully investigate the dynamic response under moving
loads, Finally, the extremely limited experimental data for FRF deck
bridges makes the FE analysis necessary and valuable.
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