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Precast segmental prestressed concrete box beam bridges have become the preferred construction
method for many elevated highway projects in recent years. These beams, which have internal and exter-
nal tendons, are increasingly popular because the internal tendons can improve the ductility of the beam,
and the external tendons are convenient for maintenance. This study experimentally investigates the
behaviors of segmental concrete box beams with hybrid tendons. Three scaled specimens with different
ratios of the number of internal tendons to the number of external tendons were tested in detail. The
experimental results showed that the ratio had a significant effect on the load-carrying capacity, ductility
and failure mode of the beams. The opening of gaps between the segments could not be avoided, and the
joint nearest to the applied load was determined to be the critical joint. The assumption that a plane sec-
tion remained planar under bending was suitable for a crack joint produced by the load. The stress incre-
ment rule of the external tendons and internal tendons, as well as the variation of the plain bar strain,
were determined.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past four decades, segmental bridges have been built
widely all over the world, especially in the United States, France,
Spain, Italy, and China, but most of these bridges are restricted to
the use of external or internal prestressing [1,2]. For these bridges,
the internal tendons were fully bonded, and the external prestress-
ing tendons were un-bonded. Many problems with segmentally
constructed bridges were found as a result of poor construction
practices and design errors [3]. In recent year, growing attention
has been given to the investigation, development and application
of the hybrid tendons systems for the segmental bridge.

Many test investigations on segmental structures have been
carried out in several countries over the last few decades. Algorafi
et al. [4] presented an experimental investigation of the structural
behaviors of externally prestressed segmental (EPS) bridge beams
under combined stresses. The studied factors included two differ-
ent external tendon layouts, two types of joints between segments
and different levels of torsional force applied at different load
eccentricities. It was concluded that the application of torsion re-
duced the vertical load and vertical deflection at the onset point
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of nonlinearity and at a failure load. Torsion not only altered the
failure load, tendon strain and beam deflection values but it also al-
tered the failure mechanism. Aparicio et al. [5] presented the re-
sults of a test program on externally prestressed concrete beams.
Five monolithic and three segmental beams were tested under
bending and combined bending and shear. The most significant re-
sults were presented, such as the carrying capacity, prestressing
steel stress increase at ultimate, and shear behavior of the open
joints. It was concluded that the tendon length, as well as the shear
behavior of the open joints, has a significant influence on the ulti-
mate load capacity of an externally prestressed beam.

Different FEM models were employed in attempts to reproduce
the behavior of the beams, such as joint cracking, opening and fail-
ure. Huang and Liu [6] presented an analytical model to investigate
the behavior of a prestressed segmental bridge with unbonded
tendons under combined torsion, bending, and shear loading. It
was concluded that the ultimate bending and shear strengths of
monolithic and segmental girders were nearly equal. Ramos and
Aparicio [7] and Turmo et al. [8,9] developed a finite element
method for the ultimate analysis of an externally prestressed
bridge, focusing on the response under combined shear and flexure
in service and at the ultimate limit state.

Studies on the relative shear transfer across the joints of
adjacent box segments were performed. The effect of the type of
joint and epoxy used were examined. The results showed that


http://crossmark.dyndns.org/dialog/?doi=10.1016/j.engstruct.2012.09.005&domain=pdf
http://dx.doi.org/10.1016/j.engstruct.2012.09.005
mailto:zhouyuanhua11@sina.com
http://dx.doi.org/10.1016/j.engstruct.2012.09.005
http://www.sciencedirect.com/science/journal/01410296
http://www.elsevier.com/locate/engstruct

624 A. Yuan et al./Engineering Structures 48 (2013) 623-634

the application of an epoxy-bonding agent provided better assur-
ance of the durability and ultimate shear capacity performance of
the joint [10,11]. Turmo et al. [12] presented a test study on the
behavior of segmental bridges, focusing on the response of dry
castellated joints under shear. Steel fiber reinforced concrete tests
were performed on panels with different levels of prestressing,
and the shear strengths of dry concrete joints with and without
steel fibers were determined. Mohsen et al. [13] and Acrockiasam-
y et al. [14] carried out a series of tests, including an examination
of the shear capacity of epoxy jointed single keys and tests of the
fatigue and water tightness at a segment joint. Finite element
analysis was also used to model the behavior of the joint speci-
mens. It was observed that all of the shear key specimens failed
by fracturing of the concrete along the joint with the shearing
of the key. It was observed that epoxy jointing of the specimens
enabled the section to attain its monolithic shear strength capac-
ity. The change in the geometry of the shear key caused strain
localization along the shear key base, leading to the formation
of multiple cracks. Under fatigue loading, the system maintained
excellent structural integrity, even after 6 million cycles of load.
The deflection measured during the test indicated that no loss
of posttensioning occurred as a result of fatigue. It was recom-
mended that AASHTO should be modified to consider the effect
of the epoxy. For the same concrete strength, there was an in-
crease of approximately 28% in the shear strength capacity for
the hot-weather epoxy specimen in comparison to the cold-
weather epoxy specimens. Kaneko and Mihashi [15] performed
an analytical study with the objective of developing a model to
describe the transition behavior between large single curvilinear
cracks and diagonal multiple cracks in shear key joints. The study
determined that the cracking transition is induced by a change of
the boundary condition. Rombach [16] estimated the ultimate
shear capacity of dry joints based on nonlinear finite element
analysis. The numerical investigations of the ‘bowing’ effect
showed a significant redistribution of the stresses in the top slab
of the bridge.

However, the internal tendons inevitability encounter prob-
lems, such as anchor corrosion, poor resistance to the repeated
application of tension, difficult replacement, and difficulty in pre-
dicting the magnitude of the prestressing force. External tendons
also encounter the problem that the prestressing force disappears
suddenly if the deviator or anchor block breaks down. None of the
previous studies has examined prestressed segmental concrete box
beams with both external and internal tendons. Recently, the Su-
tong Yangtze River bridge and the Nanjing No. 4 Yangtze River
bridge in China were built using such hybrid tendons. The con-
struction of such novel prestressed segmental concrete box beams
offers some advantages, such as the following:

(1) Reduction of the duration of construction at the site and
shortening of construction periods. The construction of the
segmental concrete bridges with both external tendons
and internal tendons can speed up when it is associated with
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a span-by-span construction process. For the construction of
each of the spans, the concrete segments are placed next to
each other, suspended from a beam or arranged in a mobile
falsework, and assembled by means of external prestressing
and internal prestressing.

(2) Improvement of the durability and quality of the structure
by factory production of segmental beams and the ability
to replace the external tendons over time and apply epoxy
resin between the joint faces of the segments.

(3) Improvement of the ductility by use of internal tendons. The
more significant characteristic of this beam construction is
the nonexistence of bond reinforcement crossing the joint
faces. Therefore, the addition of internal tendons will inevi-
tably improve the beam ductility because of the bonding
force.

The principal goal of this study highlights the behaviors of seg-
mental concrete beams with both external and internal tendons. As
far as the authors are aware, this is the first time that the response
of a segmental box beam to the use of a hybrid tendon configura-
tion has been studied. The effect of the ratio of external tendon
number to internal tendon number was considered to be an impor-
tant factor. The test results, including the load-deflection curves,
failure modes, stress variations of the tendon and plain bar, are also
given to provide a better understanding of the behavior of the seg-
mental concrete box beam with hybrid tendons.

2. Test specimens

To investigate the effect of hybrid tendons, three prestressed
segmental concrete box beams were precast using the long-line
match casting method. The details of the beams are shown in
Fig. 1. It was assumed that the bridge box beam would be con-
structed in the Nanjing No. 4 Yangtze River bridge. The scaling fac-
tor of the specimen was one-tenth. Each beam consists of 12
segments, and there were five types of segments, indicated by let-
ters from A to E. The dimensional details of a half section of the box
beam are shown in Fig. 2. It was observed that the thickness of the
bottom slab changed at the C segment from 12 cm to 10 cm, and
the thickness of the web changed at the D segment from 10 cm
to 8 cm. The specimens had a height of 60 cm from the upper sur-
face of the top slab to the downward surface of the bottom slab,
and they also had a width of 150 cm at the top flange.

Three segmental box beams were produced separately. Epoxy
resin was spread on the joint surface. After all segments were
assembled, a prestressing force was applied to ensure that the
epoxy resin could spread uniformly. The commercially available
epoxy consists of a mixture of two resins that are combined at
specified proportions to achieve the finial bonding material. A very
thin layer of epoxy, approximately 1 mm on each side, was applied
to the surfaces of both the male and female joint area. Then, the
high strength mortar was grouted into the sheath after the internal
tendons were inserted into the sheath and tensioned.
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Fig. 1. Divided segment components (units: cm).
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Fig. 2. Specimen dimensions and tendon allowance ducts (units: cm).

There were six allowance ducts inside of the box beam for the
internal tendons, six allowance ducts at the end of the beam, and
a deviator for the external tendons. Another two ducts were set
aside for the constructional tendons. The additional internal ten-
dons were placed in the top floor to ensure that no cracking oc-
curred with the application of the prestressing force. For the

three segmental beams, the ratios of constructional tendons to
internal tendons to external tendons were 2:6:2, 2:4:4, and
2:2:6. For convenience, the three segmental prestressed concrete
beams (SPCBs) are called SPCB2-6-2, SPCB2-4-4 and SPCB2-2-6,
respectively. The per bonded internal tendons consisted of seven
wires of ®5 mm (the area of each tendon was 98.7 mm?) per
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Fig. 3. Shear key joint type: concave (left), convex (right) (units: cm).

Table 1
Property of materials.
Concrete type Compressive Concrete modulus  Density
strength (MPa)  of elasticity (MPa)  (kN/m?)
Silicate cement concrete  32.2 2.37 x 10* 25.0

strand. Unbonded external prestressed tendons were used, which
were only in contact with the beam at the anchorages and deviator.
The external tendons, similarly to the internal tendons, contained
seven wires of ®5 mm (the area of each tendon was 98.7 mm?)
per strand, except that the external tendons were enclosed in a
PE sheath.

To ensure a uniform distribution of the prestressed forces on
the beam and local load bearing capacity, eight thick steel plates
(100 mm x 100 mm x 12 mm) and one thick steel plate
(550 mm x 100 mm x 12 mm) were placed at the end of the beam.

The exact dimensions of the keys, such as the shear key depth
and center-to-center distance on each side of the joint, are shown
as Fig. 3. The male-female shear key had the same scaled dimen-
sions as those in the actual design of the precast concrete segment.
The trapezoidal shape of the key had a 10 cm x 4 cm base area and
an 8 cm x 2 cm top area with a 1 cm depth.

Depending on the type of mix, the properties of the aggregate,
and the time and quality of curing, commercially produced con-
crete can be prepared with compressive strengths up to C40. Table
1 shows the properties of the concrete used in the test. The com-
pressive strength is a mean value obtained from three cubic spec-
imens with standard deviation 3.1 MPa.

Because of the high creep and shrinkage losses in concrete,
effective prestressing can be achieved with very high-strength
steels, in the range of 1860 MPa or higher. Such high-stressed
steels are able to counterbalance these losses in the surrounding
concrete, and they have adequate leftover stress levels to sustain
the required prestressing force. Table 2 shows the strengths and
geometrical properties of the bonded tendons and unbonded ten-
dons with seven wires.

The fabrication of the precast hollow box girder specimens is
summarized in Fig. 4.

3. Test setup and instrumentation

The assembly of the beam was carried out by arranging the seg-
ments close together on a temporary parallel steel tube. The exter-
nal prestressed tendons were laid through the anchors and
deviators, and the internal prestressed tendons were also placed
by the anchors.

The beam was tested with two concentrated loads applied to
the 1/3 span location. A four-point load with a 1834 mm length
and 700 mm width was applied using a jack with a capacity of
1000 kN. The magnitude of the load was recorded by the load cell.
The prestressed load was applied using a jack with a capacity of
300 kN at each tendon. The prestressing force was also measured
by the load cell sensor.

The supporting arrangement at the bottom of the beam was de-
signed to simulate a hinge support with two solid steel shafts with
diameters of 50 mm. At one end, the beam was fixed against axial
and vertical deformation, and only rotation was allowed. At the

Table 2
Seven wire standard strand for prestressed concrete.
Types of reinforcement Nominal diameter Breaking strength Nominal strand Friction Weight per
of strand (mm) of strand (fpu) (MPa) area (mm?) coefficients meter (kN/m)
Bonded 1x7—¢12.7 1860 98.7 / 0.84
Unbonded 1x7—¢127 1860 98.7 0.004 0.84

ir-siadedoo
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(2) Steel binding (3) Casting of odd (4) Casting of even
numbered segments numbered segments

(5) Tendon placement (6) Spreading of epoxy resin (7) Duct grouting

Fig. 4. Fabrication procedure.
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Fig. 5. Test setup and instrumentation layout.
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Fig. 7. Relationship between the deflection and the vertical load.

other end of the beam was a roller support that allowed both axial
and rotational deformation.

Vertical deformation was measured using a displacement trans-
ducer located at the L/2 span, the L/4 span and the support.
Mechanical dial gauges were placed at different locations on the
crack joints. Strain gauges were placed at the top and side surfaces
of the No. 6 segment. The entire test setup and instrumentation
distribution are shown in Fig. 5.

Before the test began, the external tendons and the internal ten-
dons were tensioned. The limitations of the control prestressing for

The vertical load was applied gradually until failure. Before the
load reached its maximum value, the force control method was
adopted. When the beam reached its maximum load-carrying
capacity, the displacement control method was adopted.

Fig. 6a-c shows the distribution of the deflection along the seg-
mental box beam length for each beam at different values of the
vertical load. As the vertical load increased, the vertical displace-
ment of the beam also increased gradually, behaving as a mono-
lithic beam. No relative vertical displacement between the
segments was observed at any point during the test.

Fig. 7 shows the load-vertical deflection curves at the mid span
for all types of hollow box girder. The relationship was initially lin-
ear, and the response became nonlinear until failure with further
increase of the applied load. In addition, it was observed that at
any value of the vertical load, the deflection of the beam increased
with increasing load. Consequently, the stiffness of the beam
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decreased as the load increased because of the joint crack, the non-
linear behavior of concrete in compression, yielding of the steel
and geometrical non-linear behavior.

In the case of the SPCB2-6-2, SPCB2-4-4 and SPCB2-2-6 beams,
the relationship was linear up to vertical loads of 200 kN, 130 kN
and 90 kN, respectively. After those values, the response was non-
linear up to 880 kN, 690 kN and 480 kN, respectively. This result
also indicates that the ratio of the internal tendon number to the
external tendon number had a significant effect on the load bearing
capacity of the beam. Greater numbers of internal tendons resulted
in higher achieved load bearing capacity of the beam.

To reflect the physical characteristics of the beam, the following
definitions of structural ductility are adopted.

o Deflection ductility: p, = Au/A,.
o Energy ductility: p; = Et/Ey,

where A, =midspan deflection at ultimate failure; A, =midspan
deflection at yielding of tension steel; E;, = area under the load-
defection curve at ultimate failure (total energy); and E, =area
under the load-deflection curve at yielding of tension steel.
However, with hybrid tendons segmental beams, there is no
yield point. The definitions of equivalent yield point proposed by
Park are adopted in present study. The yield deflection A, is taken
as the deflection at the hypothetical yield point of an equivalent
perfectly elasto-plastic system with an elastic stiffness equal to
the secant stiffness of the section at 75% of the peak resisting load
and a yield load equal to the peak resisting load itself. The ductility
indices were calculated for all the three beams tested in this study,
and these are summarized in Table 3. From this table, it is evident

that the beam with higher hybrid ratio failed in a more ductile
manner than did the other two beams with lower hybrid ratio.
The use of the internal tendons increased both the deflection ratio
and energy ratio. Therefore, we recommend that the ratio of this
hybrid tendons should not be less than 1:1.

4.2. Width of the open cracks near joints

From Fig. 8, it was observed that the segment joint remained
closed with applied loads as high as 0.2P,. At such a low range of
applied vertical loads, the segmental prestressed beam behaved
as monolithic beam. However, after reaching the decompression
bending moment, the opening cracks between the segment near
joints increased until failure as the applied load increased. Fig. 8
also shows that the width of the cracks did not increase linearly
with increasing load. In particular, the width of one of the cracks
was much greater than that of the others. This phenomenon was
mainly attributed to the presence of critical cracks near the 2# or
4# joint, where the first joint was located at the pure moment zone
and nearest to the applied load location. Fig. 8c shows that the
opening crack widths of the 2# and 3# cracks were much larger
than the others. This result indicates that there were two plastic
hinge emergences during the test because of the deviator failure
prior to the crush of the concrete joint.

4.3. Tendon force variation
Figs. 9 and 10 illustrate the variations of stress in the internal

tendons and the external tendons with the application of vertical
load for all beams. With the increase of the applied load, the
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Fig. 12. The width distribution across opening joint section at various loading increments.
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Fig. 13. Strain variation of the plain bar at the bottom slab.

tendon stress remained constant until the cracking load was
reached. With a further increase of the applied load, the response
increased as a result of the extension of the tendon length. When
the beams failed because the concrete was crushed, the strength
of the internal tendons reached as high as 1860 MPa, which was
the standard tension strength of the tendons. The strength of the
external tendons reached approximately 1400 MPa. From these
figures, it can also be concluded that the stress increases of the
internal tendon and external tendons were approximately 40%
and 30%, respectively.

Another well known phenomenon can be observed by compar-
ing Fig. 9 with Fig. 10. From the cracked load to the ultimate load,
the incremental stress of the internal tendons was greater than that
of the external tendons. This phenomenon certainly attributed to
the fact that internal prestressing has strain compatibility with
the surrounding concrete and the external prestressing has only dis-
placement compatibility at the points in contact with the concrete,

this is to say, at anchorages and deviators. Also external tendons has
lower lever arm and the second-order effect. The shift of the tendon
eccentricity and possible slippage at the deviation points occurred
during the test, especially at the ultimate load stage.

4.4. Concrete strain variation

Fig. 11 shows the longitudinal strain in the concrete at various
points across the mid-span section along the height. Because some
slippage had occurred between the internal tendon and the sur-
rounding concrete, some deviation from linearity was also observed.
Bernoulli’s principle was not completely applicable to the concrete
in the neighborhood of the crack joints. The assumption that a plane
section subjected to bending remained planar after bending did not
hold in the regions of the segmental beam without cracks.

However, if the width of the joint opening was measured over a
dial gauge length (15 cm) that included one joint crack, Bernoulli’s
principle was found to apply to this average tensile strain. Fig. 12
shows the width distributions measured across sections of a crack
joint at the failure regions with various loading increments. It is
evident from Fig. 12 that the measured width profiles were reason-
ably linear. Certainly, the assumption of plane sections remaining
planar was sufficiently accurate for the purpose of design. As the
load increased, the compression strain at the top increased at a
high rate because of redistribution of stress caused by opening.

4.5. Longitudinal plain bar strain variation

Fig. 13 shows the strain variation of the longitudinal plain bar of
the bottom slab at the No. 6 segment for all beams with the mo-
ment. The curves clearly consist of two straight lines. From the zero
point to the turning point, the strain in the plain bar increased and
decreased the compression strain produced by prestressing. At the
turning point, the compression strain in the plain bar was reduced
to zero. From the turning point to the point of failure, the longitu-
dinal plain bar began to acquire tensile strain as the applied load
increased. However, the bar strain was very small and far from

(a) no cracks under a small load

(b) opening

(c) diagonal cracks

of a joint

(d) further opening of joints
crushing

(e) crack propagation

(f) failure due
to concrete

Fig. 14. SPCB2-6-2 box beam failure sequence and failure mode.
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(a) no cracks under small load

(b) opening of a joint

(c) crack propagation

(d) cracks in the flange

(e) deviator cracks

(f) failure due to concrete
crushing

Fig. 15. SPCB2-4-4 box beam failure sequence and failure mode.

B A e

(b) further opening of joints

(a) opening of a joint

(d) crack propagation

(e) top surface concrete
crushed

(c) cracks at deviator

(f) failure due to deviator

Fig. 16. SPCB2-2-6 box beam failure sequence and failure mode.

the yield strain. The strain remained small because the No. 6 seg-
ment was subjected to pure moment action, and no unbalance
force was produced.

4.6. Failure mode

Before the opening of the joints occurred, the segmental hybrid
prestressed beam worked as an integrity structure. As the load in-
creased, the decompression bending moment was reached. The ini-
tial compressive stress produced by the prestressed force was
reduced to zero. When the crack load was reached, a critical joint
opened. A slight increase in load resulted in further wide cracking.
Consequently, the contact area between the segments was re-
duced, and the compression fiber of the concrete was increased.
With this increase in strain, the distribution of the compressive

stress in the concrete became distinctly nonlinear. Because the ten-
don content of the section was right, the tendons reached their
yield strength before the concrete reached its maximum capacity.
The reduction in the neutral axis depth caused a slight increase
in the lever arm. The flexural strength of the joint section was
reached when the strain in the extreme compression fiber of the
concrete was reached.

Figs. 14-16 show the beam failure sequence. In general, some
cracks developed near the joint as the vertical load increased.
The failure of SPCB2-6-2 and SPCB2-4-4 occurred suddenly when
the top slab concrete was crushed. However, the failure of beam
SPCB2-2-6 occurred because of deviator destruction.

Additionally, diagonal cracks only appeared in the web of beam
SPCB2-6-2. This result indicates that as more inclined external ten-
dons were used, higher shear resistance was achieved.
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5. Conclusions

A series of tests were conducted to study the behaviors of pre-
cast segmental box beams with internal and external tendons.
Some important conclusions are listed as follows:

(1) As the ratio of the internal tendon number to the external
tendon number was varied from 6:2 to 4:4 and 2:6, the test
results indicated that the ratio had a significant effect on the
load-carrying capacity and ductility of the beam. As more
internal tendons were laid out, higher load-carrying capacity
and better ductility were achieved. Therefore, the ratio of
this hybrid tendons not less than 1:1 was recommended.

(2) It was shown that joint opening was difficult to avoid at the
three different prestressing levels. A significant amount of
gap opening was observed next the joint at the pure bending
zone in each test, and one of the cracks developed a critical
crack opening adjacent the joint nearest to the applied load.
For a beam with a multi-deviator, if the deviator was
destroyed prior to the crushing of the beam concrete, more
critical crack opening was observed.

(3) The stress increments of the internal tendons and external
tendons were approximately 40% and 30%, respectively.
Because the external tendons were laid out inside of the
box beam near the neutral axis and had a second-order
effect, their stress increment was less than that of the inter-
nal tendons.

(4) In the regions where no cracks appeared for the mid-span
segment, the assumption that a plane section subjected to
bending remained planar after bending did not hold. How-
ever, for a crack joint, the measured strain profiles were rea-
sonably linear. The assumption that plane sections remained
planar was suitable for the purpose of design.

(5) The variation of the plain bar strain showed that the strain
was small and far from the yield strain. Its moment-strain
curves consisted of two straight lines. From the zero point
to the turning point, the initial compression strain produced
by prestressing was released. From the turning point to fail-
ure, the plain bar acquired tensile strain, which was caused
by the frictional force between the internal tendons and the
surrounding concrete. It is recommended that a minimum
reinforcement ratio p not less than 0.2 could be adopted.

(6) As the bending moment increased, the opening between the
joints increased, and small cracks developed near the devia-
tor, as well as in the concrete at the top slab of the middle

segment. Two of the three beams failed because the concrete
was crushed at the top of the critical joint between the seg-
ments. Another beam failure occurred suddenly because the
deviator was destroyed. The use of inclined external tendons
prevented the appearance of diagonal cracks in the web.
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