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Prestressed concrete girders are prone to the formation of horizontal end cracks during prestress transfer.
These cracks propagate and progress extensively in deeper hollow-type pretensioned girders with larger
prestressing forces. This study examines the strand-debonding method to eliminate horizontal cracks at
the ends of hollow–type pretensioned girders by directly reducing the vertical tensile stresses resulting
from the prestress release acting on the strands. Finite element analysis is adopted to model the girder
and identify the cracking zone in the cross-section. Furthermore, the load-bearing capacity of the girder
is investigated through a four-point bending test using construction stage analysis in a numerical simu-
lation. The numerical results are validated through fabrication of an actual girder with geometrical and
mechanical specifications identical to those in the numerical model. The experimental findings match
the numerical results; the horizontal end cracks diminish with the application of the proposed method.
Furthermore, the study confirms the normal behavior of the girder against vertical loading; the girder can
resist the load, similar to a girder with an ordinary cross-section.
� 2021 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Prestressing is considered the most significant new direc-
tion in structural engineering, especially in bridge design, for its
long service life and limited maintenance cost [1–5]. However, pre-
stressing has existed for some time. David P. Billington presented
the history of prestressed concrete in four stages, reporting that
the first prestressed structures were designed and erected in the
United States in 1829–1830, and the first iron structure was
designed in Europe in 1836 [6,7]. The first prestressed concrete
bridge in Japan was constructed in 1953 and is still in use without
any major deficiencies. Despite the rapid development of pre-
stressed concrete and its importance in structural engineering, pre-
stressed concrete members still pose some challenges in their
functioning behavior. Prestressed concrete construction can be
performed by prestressing the strands, and is classified as preten-
sioning or post-tensioning [8].

Pretensioned concrete girders are favored over other super-
structure members because they efficiently span longer distances
as a result of their higher load–carrying capacity. Several factors
influence pretensioned girders after the cast concrete develops
the required initial strength. Tendon–concrete bond performance
is a dominant parameter that causes horizontal cracks when the
strands release.

Pretensioned girder end zones, where the prestress transfer
occurs, often exhibit characteristic horizontal cracking during or
immediately after the application of prestress to the concrete.
The prestress transfer from the wire to the concrete at the ends
of the pretensioned girders creates a region of stress concentration
[9–11], resulting in the formation of cracks during detensioning.
The cracks appear to be more severe in recently developed heavily
prestressed hollow girders, as shown in Fig. 1.

Cracks with smaller dimensions are acceptable and can be
sealed; girders with larger cracks present durability concerns [4]
as they provide pathways for the ingress of chlorides that compro-
mise the bond mechanisms between strands and concrete at the
ends [2]. The prestress force is gradually transferred through bond-
ing between the steel and concrete over a distance known as the
transfer length. The transfer length is defined as the bond length
required to fully transfer the effective prestress from the strands
to the concrete [5,8]. Through bond effects, compressive stresses
radiate from the strands into the concrete. A zone of compressive
stress develops radially toward the strands. The dispersion of
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Fig. 1. Location and pattern of horizontal end cracks in hollow–type girder.

Fig. 2. (a) Longitudinal section with five diaphragms; (b) Cross–section showing
strands position and hollow part of the girder (mm).
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compressive stresses causes tensile stresses to develop normally in
the direction of the prestressing strands. If the magnitude of these
vertical tensile stresses (principal stresses) is greater than the ten-
sile strength of the concrete, horizontal cracks develop at the ends
of the pretensioned girders. Compressive stresses propagate into
the member in a curved pattern until a linear stress distribution
results [9–11]. The end zone stress distribution in a pretensioned
concrete girder is a function of the location and magnitude of the
prestressing strands, the degree of bond between the strands and
the surrounding concrete, the amount of strand draping in the
end zone, the section geometry, and the concrete material proper-
ties [12].

The stress conditions in pretensioned beams are usually less
severe than in post–tensioned beams because the prestress force
is introduced gradually; however, the tensile stresses that develop
are often large enough to cause cracks in the member. Horizontal
end cracks in pretensioned bridge girders are a concern for girder
manufacturers and designers [4]. The cracks are most visible while
lifting the girders from the prestressing bed, shortly after the pre-
stress release. The bridge supports at the end of the girder are sus-
ceptible to corrosion through the deck expansion joints above the
girders at the ends of the bridge. Girder durability problems may
include corrosion of steel rebar or strands and lead to adverse
effects on the structural capacity [13–16]. Girders manufactured
with cracks may increase maintenance costs over the bridge ser-
vice life and may be structurally hazardous if corrosion agents flow
along the prestressing strands [17,18]. End zone cracks have been
observed in girders of different shapes including box girders, I-
shaped girders, hollow slabs, and tee beams [19]. Several studies
have been conducted to control horizontal cracking at the girder
ends. However, there is little research on hollow–type girders,
which are vulnerable to the development of horizontal end cracks
from prestressing forces [20].

This study applies the strand–debonding method to eliminate
horizontal cracking at the ends of a pretensioned hollow–type
BS12 girder through finite element analysis (FEA) software and
experiments. Several approaches adopted in previous studies can
reduce principal stresses, including strand configuration in the
cross–section, end zone reinforcement alongside the strand–
debonding, strand–cutting order, and draped strands [12,21].
These studies were conducted on ordinary, non–hollow sections.
This study demonstrates that only the strand–debonding method
can effectively eliminate horizontal end cracks in a BS12 girder
and similar girders. The approach involves debonding a few
strands at the ends of the girder to transfer the prestressing load
of the debonded portion further into the girder length. The
debonding process is performed by placing a plastic sheath around
the strand to remove the bond between the strands and the con-
crete. Debonding certain strands reduces the magnitude of the
principal stresses at the ends of the girder, which is the main cause
of horizontal cracking. It is extremely important to consider the
number of debonded strands, their debonded lengths, and their
1263
release patterns. Although the debonding method has been found
to be generally safe, these factors can have a significant impact if
they are not carefully considered. The cracks occur during prestress
application, which can affect the long–term durability of the girder,
especially in a saline environment, and result in serious damage. To
avoid this problem, methods to prevent cracking in various types
of girders must be developed. The BS12 girder was selected for this
study for its research feasibility, ease of manufacturing, and limited
references in the literature.

After selecting the girder type, numerical simulations were per-
formed using Midas FEA software to model the girder and evaluate
the horizontal end cracks and the vertical principal stress distribu-
tions at the ends of the girder. The main cause of horizontal cracks
in the girder end zones is principal stress exceeding the tensile
strength during the prestress release stage [23]. Debonding
selected strands can reduce the principal stresses, eliminating hor-
izontal end cracks. Prior to physical specimen preparation, two
models of the girder were created in Midas FEA with identical
parameters. All strands were fully bonded in one model; four alter-
nating strands were debonded in the other model to evaluate their
reaction.

There was concern regarding the load–bearing capacity of this
type of girder. With a longitudinal hole at the cross–section, there
was a possibility that the girder might not perform as well against
vertical loading as one with an ordinary cross–section. To check the
load–bearing capacity of the BS12 girder, a numerical model of the
girder was analyzed through a construction stage analysis using
Midas FEA; a four–point bending test was conducted on the actual
girder to verify the FEA results.

Based on the numerical and experimental results, the proposed
debonding method was found to be convenient and suitable for
preventing horizontal cracking at the ends of BS12 and similar
girders. Moreover, the results showed that girders with hollow–
type cross–sections can resist vertical loads, similar to girders with
ordinary cross–sections.
2. Description of girder

The specimen in this study is a pretensioned prestressed hol-
low–type BS12 girder with a hole in the middle of the cross–sec-
tion along its entire length, resulting in a considerable decrease
in the amount of concrete, as shown in Fig. 2a. The girder is simply



Fig. 4. Constitutive law for reinforcement [25].
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supported across an effective span of 12 m with a cross–section of
700 mm � 500 mm, as shown in Fig. 2b. It is reinforced with 12
longitudinal PC strands with a nominal diameter of 15.2 mm; ten
strands are distributed in the lower flange in the tension zone
and two are placed in the compression zone of the section.
SD295–type steel bars with a 200 GPa elastic modulus and a
10 mm diameter (D10) are used for transverse reinforcement and
placed in 100 mm, 150 mm, and 200 mm spacing along the girder,
as shown in Fig. 3. Fig. 4 shows the constitutive model of the
selected steel bars, which is an elastic–perfectly plastic model that
requires only an initial yield condition. SWPR7BL PC strands meet-
ing the JIS G 3536 standard with an elastic modulus of 200,000 N/
mm2 and a 138.7 mm2 cross–sectional area are selected [24]. The
allowable stress for the PC strands is 1440 N/mm2; some relaxation
occurs after prestressing, reducing the stress to 1295 N/mm2. After
detensioning, the axial force is transferred to the concrete and the
pretensioning stress decreases to 1110 N/mm2 in the strands [22].
Table 1 lists the sectional parameters and locations of the strands
in the girder.
3. Pretensioning

In pretensioned girders, cracks appear immediately after the
prestress is released in the construction process without the appli-
cation of an external load. Thus, the main loading considered for
nonlinear static analysis in numerical modeling is the prestressing
force. According to the Japan Road Association (JRA) specifications
for concrete bridges (2012), the transfer length should be approx-
imately 65 times the diameter of the strands [26]. The strands in
this study were 15.2 mm in diameter, and the transfer length in
the models was calculated to be 988 mm. Stresses in the concrete
were zero at the ends of the girder where the strand slip occurred.
At the end of the transfer length, the concrete carried the full effec-
tive prestress from the strands, as shown in Fig. 5. Prestressing
force was directly applied to the strands, assuming them to be
the truss elements in this model; a 187.2 kN prestressing force
was introduced to each strand after confirmation of 70% of con-
crete compressive strength through testing of cylindrical concrete
samples, as shown in Figs. 6 and 7.

The stresses transferred from the strands produced longitudinal
axial stresses in the concrete at the strand release. These are
known as effective stresses, and were calculated using Eq. (1)
based on JIS A 5373 2010.

rct ¼ rpt �
X

Ap � 1
A

0 þ Ye

Z

� �
ð1Þ

where rpt denotes the prestress acting on the strands immediately
after strand tensioning,

P
Ap is the cross-sectional area of all PC

strands, A’ represents the cross-sectional concrete area, Ye is the dis-
tance from the bottommost fiber to the neutral axis of the trans-
formed section, and Z is the section modulus of the bottommost
fiber. The effective stress design value at the bottommost fiber of
the girder is 16.7 N/mm2, as calculated from Eq. (1).
Fig. 3. Stirrup placement plan
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4. Numerical study

4.1. Finite element analysis

Finite element analysis is the primary tool used to predict
cracking behavior at the ends of pretensioned hollow–type girders.
One of the major advantages of finite element analysis is the ability
to obtain information for the entire domain of the model, in con-
trast to experiments in which information is obtained only from
measurement locations and data sampling at selected times. FEA
can provide reactions of the structure under arbitrary loading in
the form of strains and stresses in any direction. Understanding
the evolution and distribution of principal stresses is of particular
importance in this research. The principal stresses determine
where and to what extent cracking may occur. Plastic principal
tensile strains and strain paths are another way to interpret the
cracks and explain the behavior near the girder ends. The concrete
material properties listed in Table 2 were obtained from the com-
pressive strength according to Eqs. (2)–(4) [25]:

f t ¼ 0:23� f c
2
3 ð2Þ

Gt ¼ 10� dmax
1
3 � f c

1
3 ð3Þ

Gc ¼ 8:8� f c
1
2 ð4Þ

where ft is the tensile strength, Gt is the tensile fracture energy, Gc is
the compressive fracture energy, dmax mm is the maximum size of
coarse aggregate, and fc is the concrete compressive strength

4.2. Nonlinear analysis

EA software was used to simulate the girder end behavior. The
models were prepared to investigate the factors influencing the
principal stresses in prestressing that produce horizontal cracking
at the ends of the BS12 girder. These factors include the number,
position, and length of the debonded strands. To examine these
parameters, two girder models with identical characteristics and
material properties were considered.

Two types of concrete material properties (for nonlinear and
construction stage analysis) are listed in Table 2. In Case #1, all
strands of the girder were fully bonded. In Case #2, four alternating
and spacing in the girder.



Table 1
Sectional parameters for BS12 girder [22].

Concrete Cross–
section Area A(mm2)

Distance from centroid Geometrical moment
of inertia I (mm4)

Section modulus

Upper
surface
y’(mm)

Bottom
surface y
(mm)

Centroid of PC
strand Y(mm)

Upper
SurfaceZ0

c

(mm3)

Bottom
surface
Zp(mm3)

Centroid of PC
strands Zp(mm3)

Concrete
section

241,600 253.5 �246.5 �119.0 6.53 � 109 2.58 � 107 �2.65 � 107 �5.49 � 107

Transformed
section

250,023 257.5 �242.5 �115.0 6.82 � 109 2.65 � 107 �2.82 � 107 �5.94 � 107

Fig. 5. Bond stress distribution at the strand end [27].

Fig. 6. Concrete samples for compressive testing.

Fig. 7. Applied forces on PC strands.
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strands in the lower flange were debonded, as shown in Fig. 8.
Osman and French reported that the maximum number of
debonded strands in a cross-section should be 40% of the strands
or four strands [28]. As the girder section was symmetric, with
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eight strands in the bottom row, four alternating strands were
selected for debonding to reduce the principal stresses equally in
the cross–section of the girder.

Nonlinear FEA of concrete cracking simulations can be compu-
tationally expensive in terms of time and storage space [3]. Thus,
for efficient computation, only one–quarter of the girder was sim-
ulated in FEA considering the double symmetry in the applied
loading, geometry, and boundary conditions. Fig. 9 shows sectional
views, reinforcement model, and the degrees of freedom at the
boundaries. Considering the symmetry condition, translation in
the Z direction was restricted at the end of the model; translation
at the midpoint of the symmetry edges was restricted to the X–Y
plane, but the model was free to rotate in all three directions.

In the modeling, concrete, loading, and supporting plates were
modeled using three–dimensional hexahedral elements. Truss ele-
ments represent the PC strands; compressive forces were applied
to the truss elements as prestressing forces; the steel bars used
as stirrups were modeled using embedded reinforcement bar
elements.

4.3. Construction stage analysis

A four–point bending test was conducted using construction
stage analysis in the Midas FEA software to evaluate the load–bear-
ing capacity of the girder. The girder was assumed to be a beam–
like structure with simply supported boundary conditions, as
shown in Fig. 10. The concrete material properties adopted for non-
linear analysis correspond to the concrete not attaining its full
strength. For the construction stage analysis, the bending test
parameters were selected such that the concrete attained its full
strength. The constitutive laws for the materials in the analysis
are shown in Fig. 11. Bond stress and slipping threshold were
assumed to be 5.0 N/mm2 and 0.2 mm, respectively, and these val-
ues were selected based on a parametric analysis (pre–analysis)
[19].

5. Numerical results

5.1. Nonlinear analysis results

To examine the stress state associated with horizontal cracking
at the ends of the BS12 girder, the stress contour, principal stresses
along the vertical edge of the end section, and crack locations are
shown in Figs. 12 and 13. In Case #1, with all strands fully bonded,
the principal stresses in the end zones of the girder were greater
than the tensile strength of the concrete, and horizontal cracks
were likely to occur near the middle of the outer edge, as shown
in Fig. 14. However, debonding four alternating strands in the first
row of the lower flange reduced the principal stress below the ten-
sile strength, eliminating horizontal cracking in the end zones of
the BS12 girder, as shown in Fig. 15. Based on the numerical
results, the actual girder was prepared as in case #2, with four
debonded strands.



Table 2
Concrete material properties for BS12 girder model.

Compressive Strength
(N/mm2)

Tensile strength
(N/mm2)

Modulus of
elasticity (GPA)

Compressive fracture
energy (N/mm)

Tensile fracture energy
(N/mm)

Prestressing 35 2.46 29.5 52.1 0.1
Bending test 50 3.12 33 62.93 0.1

Fig. 8. Prestressing forces in PC strands: (a) Case #1; (b) Case # 2.
Fig. 10. Application of four–point bending test in the construction stage analysis.
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where ft is the tensile strength, Gt is the tensile fracture energy,
Gc is the compressive fracture energy, dmax mm is the maximum
size of coarse aggregate, and fc is the concrete compressive
strength.
Fig. 11. Constitutive laws for analysis models [29].
5.2. Construction stage analysis results

The load–displacement and load–strain results obtained from
the bending test simulations were analyzed. Fig. 16 shows the dis-
placement of the girder at two locations, at the center and at one–
quarter of the girder length. From the displacement and load
graphs, it is observed that the girder behaved elastically until the
yield point and began to deform with lower stiffness. Fig. 17 shows
the compressive and tensile strains at the top and bottom fibers of
the girder as a function of the applied load. The overall strain
response remained elastic until the yield point before the strains
started to increase.
6. Experimental program

6.1. Construction procedure

The experiment was conducted on a pretensioned hollow–type
BS12 girder to obtain test data to validate the numerical model.
The girder was fabricated in a factory with identical characteristics,
dimensions, and material properties as those in the numerical
model. The girder was 12500 mm long with a 12000 mm span
length and a 640 mm � 500 mm effective cross–sectional area.
Steel stirrups 10 mm in diameter with different spacings along
Fig. 9. (a) Longitudinal model (red line denotes one–quarter of the doubl
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the girder were provided to resist torsion at the middle and shear
forces at the ends of the girder. The girder was prestressed by 12 PC
strands 15.2 mm in diameter to provide the required stiffness. The
girder consisted of four longitudinal segments divided by three
intermediate and two ending diaphragms, and the hollow parts
were filled with cork, as shown in Fig. 18.
6.2. Prestressing stage

Once the strands were placed in the cross–section and pre-
pared for pretensioning, pretensioning forces were applied using
e symmetry), (b) Cross–sectional view, and (c) reinforcement model.



Fig. 12. Principal stresses in the half cross–section of girder in Case #1.

Fig. 13. Principal stresses in the half cross–section of girder in Case #2.

Fig. 14. End zone of girder with horizontal cracks.
Fig. 15. End zone of girder without horizontal cracks.
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hydraulic jacks and gradually increased to a limit load of
187.2 kN on each strand, as shown in Fig. 19. The strand–debond-
ing process was initiated by debonding four alternating strands
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with an equal transfer length (988 mm) in the tension zone
(lower flange) of the girder using a softer debonding material
consisting of a polymer plastic closed tube (polyvinyl chloride



Fig. 16. Load–displacement results of numerical model.

Fig. 17. Numerical model compressive and tensile strains at the middle of top and
bottom girder fibers.

Fig. 18. Specimen overview in experimental field.

Fig. 19. Prestressing force applied to the strands.
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pipe) with a diameter of 20 mm to eliminate bond effects
between the strands and the concrete.

The girder was equipped with three 100 mm KM–100–type
strain gauges connected to a data acquisition system (DAQ) to
obtain the strains at the girder end where the prestress transfer
takes place, as shown in Figs. 20 and 21. When concrete reaches
its cracking limit and the stress magnitude abruptly decreases,
the stress does not accurately describe the condition of the tested
member in this case, although the strain still develops and indi-
cates the loading condition. Thus, the strain was measured exper-
imentally to investigate the behavior of the girder under several
conditions; strain measurements were preferred over stresses.
The corresponding effective stresses were computed from the mea-
sured strains using Hooke’s law in Eq. (5).

r ¼ E� e ð5Þ
where r denotes the stress in the concrete, E is the elastic modulus,
and e is the measured strain.

6.3. Detensioning

Detensioning was initiated by reducing the oil pressure on the
hydraulic jack after 70% of the concrete strength was confirmed
following 18 h of steam curing, as shown in Fig. 22. The process
Fig. 22. Steam curing and detensioning process.

Fig. 21. Debonded strands and strain gauges at end of girder.

Fig. 20. Position of strands, debonded strands, and strain gauges.



Table 3
Experimental measured strains and corresponding effective stresses.

Gauge Number #1 #2 #3

Gauge distance from the end (mm) 300 550 800
Measured strain (ls) 229.72 210.04 249.4
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of gradually reducing the forces on all (fully bonded and debonded)
strands was continued until the prestress force was fully trans-
ferred from the strands to the concrete. Data was recorded in steps
during detensioning, immediately after detensioning, and after the
removal of the girder from the experimental bed.
Effective stress (N/mm2) 7.581 6.931 8.230
6.4. Bending test

The full strength of the girder was confirmed by testing the con-
crete cylinders after two weeks of casting. A bending test was con-
ducted to evaluate the load–bearing capacity of the girder,
assuming the girder to be a simply supported beam. A static load
was applied at two points on the mid–span of the girder using a
hydraulic jack, as shown in Fig. 23a. To determine the vertical
deflection behavior of the girder, two displacement meters were
mounted on the bottom fiber of the girder, one at the center and
another at one–quarter of the span length (1/4L), as shown in
Fig. 23b. External strain gauges were attached to the upper and
lower surfaces at the center of the girder to obtain the strains, as
shown in Fig. 24. To identify the tensile and compressive stresses,
the strains were converted to stresses using Hooke’s law. The load
was applied starting from zero and gradually increased to 335 kN.
Some small surface cracks appeared in the mid–bottom area dur-
ing loading but disappeared upon full unloading of the girder,
demonstrating the linear–elastic bearing behavior of the girder
7. Experimental results

7.1. Strain readings

Experimental data recording began with the monitoring of the
girder end zones where horizontal cracks occurred upon the
release of strands after the completion of detensioning. Table 3
lists the measured strains and the corresponding effective stresses
obtained from the three strain gauges at the end of the BS12 girder
Fig. 24. Position of surface strain gauges and strain measurement.

Fig. 23. (a) Bending test schematic; (b) Positions of displacement meters.
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immediately after the strand release process. The strains measured
by the embedded gauges are shown in Fig. 25.
7.2. Bending test results

The bending test results indicated that the load–bearing capac-
ity and reaction of the BS12 girder were in line with those expected
under actual loading. The performance of the girder was consistent
in terms of deflection and surface strain, showing a smooth propor-
tional response to an increase in load. The girder reached its full
strength in accordance with the design values; cracks started to
appear after the load exceeded the design yield strength, as shown
in Fig. 26. The cracks continued to increase in length and aperture
as the load increased. The girder fractured in the middle of the
upper fiber of the compression zone upon reaching an applied load
of 335 kN, as shown in Fig. 27. The measurements of the embedded
strain gauges on the upper and lower surfaces of the girder indi-
cated tensile and compressive strains during the loading process,
as shown in Fig. 28.
Fig. 25. Experimental strains along girder length after prestressing.

Fig. 26. Load–displacement relationship during bending test.
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8. Discussion

Horizontal cracks occur at the ends of pretensioned girders dur-
ing prestress release because prestress forces are transferred from
the strands to the concrete. In this study, a method based on
strand–debonding to effectively eliminate horizontal cracks at
the ends of a pretensioned hollow–type BS12 girder was examined
through a numerical study and verified by experimental results.
The parameters considered in this method were the length, config-
uration, and number of selected debonded strands.

The girder was modeled using MIDAS FEA software to simulate
two cases. In the Case #1 model, all strands were fully bonded. In
Case #2, four alternating strands were debonded in the bottom row
in the tension zone of the girder. In Case #1, the magnitude of the
principal stresses at the ends of the girder was observed to be
greater than the tensile strength of the concrete. Thus, horizontal
cracks occurred at the ends of the girder. However, in Case #2,
by debonding four strands over a distance equal to the transfer
length at the girder end, the magnitude of the principal stresses
decreased to a level less than the tensile strength of the concrete,
resulting in no cracking in the end zone of the girder.

To verify the obtained numerical results, the girder was fabri-
cated in a factory using Case #2 for both ends. Both ends of the gir-
der were monitored throughout the procedure, from pretensioning
to the end of detensioning. The method successfully reduced the
principal stresses below the tensile strength of the concrete by
debonding specific strands to eliminate horizontal cracking at the
ends of the girder.

The effective stress distribution was assessed at the lowermost
concrete fiber for the entire length using FEA, and compared with
the effective stresses obtained from the experiment and the theo-
retical design value. The numerical effective stress values were in
Fig. 28. Load–strain relationship during experimental bending test.

Fig. 27. BS12 girder condition after bending test.
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good agreement with the experimental values and the theoretical
values from Eq. (1), as shown in Fig. 29.

Based on the numerical and experimental results, the principal
stresses upon strand release can be controlled and reduced to a
level less than the tensile strength of the concrete by debonding
strands in specific numbers, positions, and lengths, preventing hor-
izontal cracking at the ends of BS12 and similar girders.

Load–bearing capacity is another concern in hollow–type gird-
ers because they have a hole in the cross–section through the
entire length; this feature was considered in this study. A numer-
ical model of the girder was created using a construction stage
analysis in FEA to investigate the load–bearing capacity of the gir-
der under vertical loading. The measured numerical results in the
form of load–strain and load–displacement curves were in accor-
dance with values recorded from the strain gauges and displace-
ment meters attached to the girder during the four–point
bending test in the experimental program, and proved the elastic
behavior of the girder.

To validate the obtained results, load–strain and load–displace-
ment curves of FEA model and experimental model were com-
pared. Fig. 30 indicates the good agreement of both numerical
and experimental results by showing bearing capability of hol-
low–type girders against vertical loads. Moreover, tensile and com-
pressive strains of FEA model and experiment were also quite
reliable as seen in Fig. 31.
Fig. 29. Comparison of numerical and experimental effective stresses with the
design value.

Fig. 30. Comparison of numerical and experimental compressive and tensile
strains.



Fig. 31. Comparison of numerical and experimental load–displacement curves.
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9. Conclusions

The purpose of this study was to implement a strand–debond-
ing method that can control horizontal cracks at the ends of a pre-
tensioned hollow–type BS12 girder that may occur during and
immediately after the strand release process. The load–bearing
capacity of such girders was also a primary concern; it was con-
firmed that the load–bearing capacity of hollow–type pretensioned
girders is not a concern. The numerical simulation results were
verified experimentally; the conclusions of this study are as
follows.

� Experimental and numerical (finite element analysis) results
were remarkably similar to each other.

� Debonding four strands in the lower flange of the BS12 girder
with a distance equal to the transfer length directly reduced
the amplitude of principal stresses below the tensile strength
of the concrete upon detensioning. Thus, horizontal cracks did
not occur at the ends of the girder.

� The study confirmed that without additional end reinforce-
ments, only the strand–debonding method can prevent hori-
zontal end cracks in the girder.

� Debonding strands with certain specifications was considered
for prestressed hollow–type BS12 girders. This method can be
adopted for girders with specifications similar to the BS12
girder.

� The construction stage analysis of MIDAS FEA revealed that pre-
tensioned hollow–type girders have sufficient load–bearing
capacity, similar to girders with ordinary cross–sections; this
was experimentally verified through load–strain and load–dis-
placement curves obtained from the four–point bending test.
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