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Precast concrete segmental (PCS) box-girders are widely used in bridge construction, while studies on flexural behaviors of PSC box-
girders with dry joints are insufficient. Six large-scale PCS box-girders with dry joints were tested to failure under two-point loading
in this study. Strain increments, tendon forces, deflections at mid-span, and cracks were recorded during the tests. Multiple factors
were investigated with regards to their influence on flexural performance of girders. It is found that most specimens failed due to the
excessive force in tendons, while the specimen with external tendons failed due to concrete compressive crushing. Larger shear span
ratio resulted in greater increase in tendon force and concrete strain during loading and, accordingly, the lowest ultimate flexural
capacity. Lower concrete strength resulted in larger increase in concrete strain and tendon force during loading and relatively smaller
deflection at failure. For the specimen with four segments, a significant increase in tendon force and smaller deflections at failure was
observed as compared with specimen 1, though the failure load was similar. Numerical simulation is further conducted, where it is
found that the area of prestressed tendon and the number of joints have a significant influence on ultimate flexural bearing capacity
and deflection; besides, deflection control standard of PCS girders should be stricter than that of the integral cast girder. *e corbel
joints, in general, show better ultimate performance than the castle-shaped joints.

1. Introduction

Precast concrete segmental (PCS) girders have been widely
applied in mid-/long-span bridges due to their rapid as-
sembly, excellent quality control, low life-cycle cost, and
mitigated environmental disturbance. In the past decades,
extensive studies were conducted on PCS girder bridges
concerning the shear strength of epoxy and dry joints with
various geometries [1–5]. It was observed that the average
shear strength inmultiple-keyed dry joints is less than that in
single-keyed dry joints in view of imperfections in occlusion
of keys [1] and the failure of the epoxied joints was brittle [2].
Alcalde pointed out that as the number of shear keys in-
creases, shear stress across the joint decreases [3]. Numerical
evaluation of the shear behavior of a Ferro Casting Ductile

(FCD) metal shear key [4] indicated that a combination of
high-quality concrete and higher prestressing force would be
safer when a FCD shear key is applied in segmental dry
joints. Additionally, it is observed that shear capacity of the
joints increased by approximately 40% as the confining
stress increased by 50% [5].

Besides, behavior of PCS girders with internal, external,
or hybrid tendons [6–10] and performance of girder under
different loading (i.e., pure bending and combined shear and
bending) have been investigated, although currently, such
studies are still limited. Yuan investigated the influence of
two different loading types and indicated that three-point
bending load could reduce the vertical deflection at the onset
point of nonlinearity [7]. Jiang studied flexural behavior of
precast segmental beams with hybrid tendons and revealed
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that flexural strength of fully segmental beams with hybrid
tendons is 30% less than that of the monolithic beam [8].*e
failure mode of dry joints is different from that of epoxied
joints, and stirrups contribute little to the bearing capacity of
the segmental interface under combined shear and bending;
thus, the stirrups are not included as factors in this ex-
periment [9].

More recently, steel fibers were used in PCS girders to
increase shear strength and ductility [11–15]. Turmo [16]
investigated unbonded precast segmental girders with steel
fiber-reinforced concrete and found that conventional shear
reinforcement is ineffective in the shear capacity test. Load
bearing capacity of ultra-high-performance fiber-reinforced
concrete structures with dry joints was investigated exper-
imentally and theoretically [17]. Tests on precast segmental
beams with an unboned carbon fiber-reinforced polymer
(CFRP) tendon showed that stresses in the tendons in the
ultimate loading condition were low, ranging from only
about 66% to 72% of the nominal breaking tensile strength
[18]. A parametric study was performed to investigate the
influence of panel thickness, concrete strength, and bolt
pattern on the performance of the fiber-reinforced beams
[19].

However, more investigations are still needed to reveal
the flexural behavior of PCS box-girders with dry joints, such
as the influence of concrete strength, the number of shear
keys, shear span ratio, odevity of the segment number, and
hybrid use of tendons. Besides, comparison between precast
segmental box-girders and monolithic ones requires further
investigation, so as to develop a specific deflection control
criterion for the precast girders and to improve bridge
design. In this study, six large-scale PCS box-girders with dry
joints were tested to failure under two-point loading. Strain
increments, tendon forces, deflections at mid-span, and
cracks were monitored and recorded during the tests.
Multiple factors, such as concrete strength, odevity of the
segment number and the number of shear keys, shear span
ratio, and layout of tendons, were investigated with regards
to their influence on the flexural performance of girders.
Numerical models are developed and validated based on the
test results, and the influences of other parameters not
considered in the tests are investigated.

2. Description of Stepwise Loading Tests

2.1. Test Specimen. In this study, six PCS box-girders were
manufactured with the length of 4m, being 1/8 scaled of
simply-supported girders used in the Jinghu high-speed
railway [20], and the relatively large-scaled specimens
guarantee the authentic representing of real structures.
Characteristics of specimens are displayed in Table 1. Sus-
tained loading was applied for more than one year prior to
the tests [21]. *e specimens except specimen 2 are made of
C50 concrete with the mean compressive strength of
55.2MPa, while specimen 2 used C40 concrete with the
mean cubic compressive strength of 44.3MPa. Two bonded
prestress strands were placed symmetrically in specimens 1
to 5, as shown in Figure 1, while specimen 6 adopted a hybrid
tendon layout with two internally bonded and two externally

unbonded ones, as shown in Figure 2. *e nominal strength
of all the strands is 1860MPa, and the net cross-sectional
area of strands is 139mm2. An HRB400-grade hot-rolled
ribbed bar with the diameter of 8mm and the nominal yield
strength 400MPa was used both for longitudinal rein-
forcements and transverse stirrups, and the stirrup spacing
was 100mm in all segments.

As shown in Figure 3, all the girders are symmetrically
loaded at two points with a contact area of
300 mm× 300mm. *e distance from the center line of the
steel plate to the support is 1.075m except for specimen 4
(with the distance of 1.205m), and accordingly, the shear
span ratio of specimen 4 is 3.09 while that of the other
girders is 2.76. Girder segments in the pure bending zone are
the focus of this study. EM sensors and vibrating wire strain
gauges (VWSGs) were installed at the mid-span to measure
the change in tendon forces and tensile strains, respectively.
In addition, concrete strain gauges were pasted at the mid-
span with the distances of 60mm, 180mm, and 325mm to
the lower girder surface, respectively. Displacement gauges
were placed at the mid-span and two girder ends, as shown
in Figure 4.

During the tests, the girders were subjected to increasing
static load. Before the loading reached 120 kN (i.e., the
predicted yielding load), the load increment was 10 kN;
thereafter, 5 kN was adopted to better describe the non-
linearity in this stage. During the loading, joints between
segments were gradually opening with cracks accumulating
at the root of shear keys. Figure 5 shows specimens 1 and 4
under the final step loading, where significant joint opening
could be observed. Besides, joints in the pure bending region
showed larger opening than the others. When the loading
approached the ultimate state, the sound of concrete
crushing and spalling can be heard.

2.2. Results and Discussion. For specimens 1 to 5, they were
regarded failed when tendon forces approached the ultimate
value (i.e., 260 kN), followed by the rapid increase in girder
deflections. Note that the rate of deflection during the test
ranged from 0.188mm/min (at the beginning) to 2.738mm/
min (at the end of test). Table 2 shows the original and final
tendon forces during the tests. To avoid the sudden rupture
of the tendons, the loading was not actually reached 260 kN,
but stopped at 238.02 kN to 258.79 kN for specimens 1 to 5.
Figure 6 further shows the increase in tendon forces during
the loading, where the data acquisition frequency was 0.1Hz.
It is found that specimen 4 with larger shear span ratio had
the fastest increase in tendon forces, while the change in
specimen 6 is mild since there were another two external
tendons in this specimen. Other specimens (i.e., specimens
2, 3, and 5) showed slightly faster increase in tendon forces
than specimen 1. For specimen 6, the failure occurred when
the compressive crushing appeared at the top flange of the
girders, while due to the sufficient internal and external
tendons, the final tendon forces were only about half of those
in other specimens. Besides, there was an increase of
55.82 kN in tendon force of internal tendon (bonded), while
at the anchor, the increase was only 0.083 kN. For the
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external tendon (unbonded) in specimen 6, the increase was
58.53 kN, which is basically identical to that of internal
tendon at mid-span.

According to the load-deflection curves in Figure 7,
specimen 4 showed the lowest flexural capacity among the
six girders, showing the significant influence of the shear
span ratio. *e ultimate deflection of specimens 5 is much
smaller than that of specimens 1 although the ultimate
bearing capacities are close to each other. *is is because
specimen 5 has an even number of segments (i.e., four) and
there was a segment joint at the girder mid-span, resulting in

the reduction in local bending stiffness and larger tendon
forces. Specimen 2 also showed comparatively smaller de-
flection at failure, due to its lower concrete strength that
resulted in larger tendon force increments. In general, the
flexural capacities of specimens 1, 2, 3, and 5 are close to each
other. *e ultimate bearing capacity of specimen 6 is sig-
nificantly higher than that of the others as there were more
tendons; accordingly, the deflection at failure was com-
paratively small since the stiffness of specimen 6 is very large.

Figure 8 demonstrates the change in concrete strains
obtained from the strain gauges embedded near the bottom
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Figure 1: Specimen 1 (dimension unit: mm) [21]: (a) profile of a segment; (b) section at support.

Table 1: Characteristics of specimens.

Specimen Concrete grade Number of segments Shear span ratio Number of shear keys Tendons
1 C50 5 2.76 2 Internal
2 C40 5 2.76 2 Internal
3 C50 5 2.76 3 Internal
4 C50 5 3.09 2 Internal
5 C50 4 2.76 2 Internal
6 C50 5 2.76 2 Internal and external
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of the girders at the mid-span. In general, the strain in-
crements of specimens 2 and 4 are much larger than those of
the others, as shown in Figure 8(a), indicating that the
concrete grade and span ratio significantly affect the strain

increments. Specimen 4 showed a sudden drop in strain
increments during the final load step, which was probably
due to the concrete tensile fracture near the mid-span of the
girder. *e strain increments in specimen 3 were close to
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Figure 2: External tendons in specimen 6.

Figure 3: Two-point loading.
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Figure 5: Specimens under the final step loading: (a) specimen 1; (b) specimen 4.
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those in specimen 1 (both were comparatively small), showing
that the number of shear keys has an insignificant influence on
strain increments, and specimens 1 and 3 have relatively
smaller strain increments. Specimen 5 has slightly larger strain
increments than specimens 1 and 3, which is probably due to
the fact that this specimen has four segments and the joint
coincides with the mid-span section, which weakened the
local stiffness. For specimen 6 with hybrid tendons, the ex-
ternal tendons increased the bearing capacity significantly, as
shown in Figure 8(b); accordingly, the strain increments kept
increasing to 400 με in the final step. Such a large increment is
due to that larger initial compressive stress existed in speci-
men 6 since there were another two external tendons.

Figure 9 shows the strain distribution along girder
heights of specimen 1, where values under different load
levels (i.e., 30, 60, 90, and 120 kN) were recorded. Two cross
sections were selected for measurements, i.e., the mid-span
cross section (section 1) and the cross section near shear keys
(section 2, with a distance of 400mm tomid-span), as shown
in Figure 1. As the loads increased, the height of the
compressive zone decreased and the neutral axis shifted
upward, while the assumption of the plane section was kept
prior to the load of 60 kN. *ereafter, significant nonlinear
strain distributions were observed, which is due to the
gradual opening of joints. It is also found that the com-
pressive strains increased faster in Figure 9(b) than those in
Figure 9(a), which is due to the existence of shear joints that
weakened the cross section and high normal stiffness be-
tween shear keys.

*e initial cracking loads of specimens 1 to 6 were 40 kN,
36 kN, 30 kN, 20 kN, 30 kN, and 60 kN, respectively. It is
found that specimen 4 with larger shear span ratio and
specimen 6 with hybrid tendons had the smallest and largest
cracking loads, respectively. Lower concrete strength, even
number of segments, and more shear keys resulted in lower
initial cracking loads.

Figures 10 and 11 show the crack distributions on the
front and back profiles of specimens 1 and 5, where cracks in
specimen 1 were mainly at the joints in pure bending, while
the cracking in the combined bending and shear zone were
much fewer. However, for specimen 5, cracks are found at all
three joints. Figure 12 further compares the cracking of top
flanges of the two specimens, where concrete crushing in
specimen 1 was observed at the joint near mid-span, while
there were more cracks in specimen 5 but no crushing.

3. Numerical Simulation and
Parametric Analysis

3.1. Numerical Modeling. *e tested girders were modeled
by using the finite element software DIANA, and the eight-
node composite degenerated curved shell element CQ40S
was used to simulate concrete element, as shown in Fig-
ure 13, which is capable of simulating the mechanical be-
havior of thin-walled post-tensioned concrete structures and
facilitates modeling of embedded distributed reinforcement
and bonded prestressed tendons [22]. *e nonprestressed
reinforcements in two perpendicular directions are auto-
matically embedded in shell elements and modeled via re-
inforcement grid elements. *e thickness of each layer of
grid is determined according to the spacing and diameter of
the steel reinforcements, and the location point defines the
position of the grid in the thickness direction of the shell
element. In CQ40S, the integration scheme over the element
area is a reduced 2× 2 Gauss integration, while in the
thickness direction, 3-point Simpson integration is applied
[22].

Tendons shown in Figure 13(e) were modeled through
the reinforcement bar element in DIANA, which are au-
tomatically generated and defined with a few location points
and shape functions. DIANA searches the shell elements for
the intersections of the tendons with the shell element

Specmen 1
Specmen 3
Specmen 5

Specmen 2
Specmen 4
Specmen 6

20 40 60 80 100 120 140 160 1800
Load (kN)

0

50

100

150

In
cr

ea
se

 in
 te

nd
on

 fo
rc

e (
kN

)

Figure 6: Increase in tendon forces during loading.
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Table 2: Original and ultimate tendon forces.

Specimen Original tendon force (kN) Ultimate tendon
force (kN)

1 118.52 243.72
2 120.28 258.79
3 120.64 243.72
4 98.64 238.02
5 108.36 238.24
6 100.20 156.02
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boundaries. *ese intersections serve as location points,
which define the relationship of the tendons to their sur-
rounding shell elements. *e tendons are divided into
segments by these location points, and the embedded ten-
dons are constrained to the finite element mesh. *ey
contribute stiffness to the FE model, and their strains are
calculated from the displacement field of the mother shell
elements, where the tendons are bonded to surrounding
shell elements [22]. Each particle of a reinforcement bar is
separately performed in DIANA, and the isoparametric
element in the axis is divided for two particles in the nu-
merical integration. Integration points are marked with a
small triangle. In each integration point, DIANA determines
an x-axis tangential to the bar axis. *e number of inte-
gration points is dependent on the element that the particle
of the reinforcement bar is embedded in [23].

*e interface element CL24I was applied for the simu-
lation of shear key behaviors, which is a line to line con-
nected interface element between edges of two curved shells
[23] and works through the three couples of nodes on each
element. *e girder mesh and the internal bonded prestress
tendons are shown in Figure 14.

3.2. Material Constitutive Model. In this study, the total
strain-based crack model was selected to simulate the
concrete crack propagation (DIANA 2008), which is defined
according to the tensile and compressive concrete behaviors.
According to whether the direction of crack is consistent
with the direction of principal stress, the total strain-based
crack model can be further divided into the fixed orienta-
tion-based crack model, the rotating orientation-based crack
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Figure 11: Crack distributions of specimen 5: (a) front profile; (b) back profile.

(a) (b)

Figure 12: Cracks on top flanges of specimens 1 and 5 after the tests (plan view); (a) specimen 1; (b) specimen 5.
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model, and the rotating to fixed orientation-based crack
model. In this study, the rotating orientation-based crack
model was selected. Meanwhile, the Rots model is chosen as
the crack bandwidth specification. *e Hordijk tensile
softening curve, as shown Figure 15(a), was selected to
simulate the tensile mechanism with the tensile strength
2.64MPa coupled with Poisson’s reduction model. In
Figure 15(a), ft is the tensile strength while GI

f/h represents
the tensile fracture energy per width unit with the unit N/m
or N/m in DIANA, which is MODE-I fracture energy. *e
compression curve adopts the fib 2010 compressive model,
as shown in Figure 15(b) and the reduction model due to
lateral cracking recommended in JSCE 2012 [24]. fc in
Figure 15(b) represents the compressive strength, and the

compressive strength of C50 and C40 is the same as the
material test, which is 55.2MPa and 44.3MPa, respectively.

Structural Shell Interfaces is chosen as line to line con-
nected interface element class. *e material model of interface
elements between shells adopts the Coulomb friction in order
to simulate the mechanical behaviors such as tension, contact,
compression, and friction between segmental shear keys of dry
joints under bending. *e 3D line interface between shells in
DIANA is selected with both the normal and shear stiffness
modulus, respectively, and stiffness and mechanic behaviors of
CL24I are shown as in Figures 16(a) and 16(b), respectively.
Post-tensioned force is applied as load on the numerical model
of tendons according to the measured value [21]. *e New-
ton–Raphson iteration is adopted in the nonlinear analysis,
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where force and displacement are combined as the conver-
gence norm. *e convergence tolerance is 0.001, and the abort
criterion is 10000 times. A step size of 10 kN before 120kN and
5kN after that was used and the maximum number of iter-
ations is 500 in each load step.

3.3. Numerical Simulation Results. Figures 17(a)–17(f) show
the numerical simulation results, where the numerical simu-
lation results are close to the test results, indicating the

presented numerical modeling is capable of accurately simu-
lating the girder behavior. Besides, Figures 18(a)–18(f) com-
pare the increase in tendon forces, where the simulation match
well with test results. Based on the validated models, param-
eters that are not considered in the tests are further investi-
gated, including the thickness of top plate, the initial post-
tensioned prestress force, and the area of prestress tendon and
another kind of joint (i.e., the corbel joint as shown in Fig-
ure 19). Other parameters and material constitutive models are
the same as for specimen 1. Table 3 summarizes the
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Figure 14: Numerical modeling of the test specimen: (a) finite element mesh; (b) tendons.
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Figure 15: Constitutive models for tensile and compressive behavior in DIANA [24]: (a) tension softening model; (b) fib 2010 compressive
model.
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Figure 17: Comparison of test and numerical simulation results: (a) specimen 1, (b) specimen 2, (c) specimen 3, (d) specimen 4,
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characteristics of these analysis cases; for comparison, the
integral cast girder with continuous longitudinal steel rein-
forcements is also modeled. Analysis results are listed in Ta-
ble 3, and load-deflection curves of cases 1 to 5 are shown in
Figure 20.

According to Table 3, compared with PCS girders, both the
ultimate flexural bearing capacity and ultimate deflection of
integral cast girder are significantly larger, with the increase of
82.14% and 64.52%, respectively, mainly due to the continuity
of longitudinal steel reinforcements. Besides, ultimate deflec-
tions of PCS girders with 4 segments tend to be lower than
those with 5 segments. In addition, the change in initial post-
tensioned load and top plate thickness do not have a significant
influence on the ultimate bearing capacity, while the reduced
area of prestress tendon results in both far lower ultimate
bearing capacity and ultimate mid-span deflection. As ex-
pected, when larger initial post-tensioned load is adopted, the
ultimate deflection becomes significantly smaller, but the

ultimate bearing capacity has an insignificant change. *e
corbel joints, in general, show better ultimate performance than
the commonly used castle-shaped joints. *is might be due to
the fact that as compared with the castle-shaped joint, the
corbel joint has less contact surfaces and has more uniform
stress distribution under bending. On the other hand, the
castle-shaped joint may have more complex stress distribution
due to local compression under bending, resulting in concrete
crush and loss in tendon forces.

4. Conclusions

*is study investigates the flexural behavior of PCS box-girders
withdry joints under bending loads,whichhas not been studied in
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Figure 19: PCS girders with corbel joints.

Table 3: Characteristics of analysis cases.

Case Parameters
concerned Value Ultimate

load (kN)

Ultimate
deflection
(mm)

1 Integral casting — 255 85.21

2 Castle-shaped
joint 5 segments 140 51.79

3 Castle-shaped
joint 4 segments 130 36.4

4 Corbel joint 5 segments 145 58.68
5 Corbel joint 4 segments 155 49.58

6 *ickness of
top plates 100mm 135 54.94

7
Area of
prestress
tendon

104.25mm2 100 39.35

8 Initial post-
tensioned force 180 kN 140 43.64

Case 1 (integral cast)
Case 2 (castle-shaped joint, 5 segments)
Case 3 (castle-shaped joint, 4 segments)
Case 4 (corbel joint, 5 segments)
Case 5 (corbel joint, 4 segments)
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Figure 20: Load-deflection curves of cases 1 to 5.
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depth previously. Based on the presented work, conclusions are
drawn as follows:

(1) Specimens with only internal bonded tendons were failed
under bending load due to the excessive force in tendons.
Among them, larger shear span ratio had greater increase
in tendon force and concrete strain during loading and,
accordingly, the lowest flexural capacity. Lower concrete
strength showed a significant increase in concrete strain
and tendon force during loading, resulting in relatively
smaller deflection at failure. With more shear keys,
specimen 3 had only an insignificant influence on the
girder behavior. However, for the specimen with 4 seg-
ments, a more significant increase in tendon force and
small deflections at failure was observed, though the
failure load was similar with specimen 1.

(2) Specimen 6 adopted external tendons in addition to the
internal ones; therefore, it had much larger flexural
capacity and slower change in tendon force during
loading; accordingly, the deflection at failure was the
smallest. *e failure of specimen 6 was due to the
concrete crushing at top flanges, which is different
from other specimens and is more similar to the over
reinforcement failure.

(3) Larger shear span ratio and hybrid tendons resulted in
the smallest and largest cracking loads, respectively,
while lower concrete strength, even number of seg-
ments, and more shear keys could result in lower
cracking loads. As compared with specimen 1, there
were more cracks but no crushing in specimen 5 with
four segments.

(4) Numerical simulation shows that the integral cast
girder has larger ultimate bearing capacity and ul-
timate deflection compared with PCS girders. Ac-
cordingly, deflection control standard of PCS girders
should be stricter than that of the integral cast girder.
Besides, the changes in thickness of the top plate and
initial post-tensioned force have an insignificant
influence on the ultimate bearing capacity, while the
area of prestress tendons significantly affects both
ultimate capacity and ultimate deflection. *e corbel
joints, in general, show better ultimate performance
than the commonly used castle-shaped joints.
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