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+is paper presents an experimental and numerical investigation on the flexural behavior of unbonded prestressed concrete (PC) T
bridge girders.+ree unbonded PC T bridge girders with different prestress degrees spanning 3mwere selected to perform four-point
bending tests and then determine the flexural performance. Flexural capacity, crack development and failure mode, load-deflection
curves, strain in longitudinal rebars, and stress in prestressing strands of unbonded PC T bridge girders are experimentally analyzed.
Subsequently, three-dimensional finite element (FE)models are built and validated by experiments to investigate the effect of different
design parameters on flexural behavior of bridge girders. Results generated from experiment and numerical studies show that the
flexural destruction behavior in unbonded PCT bridge girders experiences elastic, elastic-plastic, and ductility stages, similar to that of
PC T bridge girders. +e prestress degree and load location have significant influence on the destruction process in unbonded PC T
bridge girders. A lower effective prestress degree can reduce the distribution range in cracks and also increase the width of cracks.
Stress in prestressing strands under anchor increases rapidly after concrete presents obvious cracks, and the fracture area within
prestressing strands increases with the elevation of prestress degree. +e aim of this study is to provide a reference for the design and
practical application of unbonded PC T bridge girders.

1. Introduction

Unbonded prestressed concrete (PC) bridge girders belong
to post-tensioned concrete girders with prominent char-
acteristic applying prestress mainly dependent on anchors
and also little friction between prestressing strands and
concrete. Unbonded PC bridge girders present many ad-
vantages, namely, convenience to stretch, lower cross-sec-
tional height, reducing friction loss of prestress, preventing
rust of strands after concrete crack, and avoiding the quality
problem caused by grouting. +erefore, unbonded PC
bridge girders have a wide application prospect and value
during the construction of medium- and small-span bridges
and the reinforcement of old bridges.

In the past few decades, some experiment and numerical
studies have been performed to investigate flexural behavior
in unbounded PC beams. Peng et al. [1] proposed calculation
methods on flexural capacity of unbonded PC concrete

members together with ultimate stress of unbonded pre-
stressing strands. Moreira et al. [2] undertook a finite ele-
ment (FE) simulation of unbonded PC beams and then
developed a convergence method of Newton-Raphson
scheme. Páez and Sensale [3] presented an analysis approach
on over time of unbonded PC beams and then improved the
formulas of calculating loss in prestress. Lazzari et al. [4] put
forward suggestions of design procedures in bonded and
unbonded PC flexural members. Li et al. [5] studied bending
performance of unbonded PC beams with basalt fiber and
reclaimed aggregate by experiments and established the
formulas of calculating the flexural capacity and maximum
crack width in unbonded PC beams. Kim et al. [6] evaluated
flexural performance of post-tensioned PC beams with
2400MPa of high-strength strands dependent on eleven test
specimens, and results showed that design criteria provided
from ACI 318 [7] and AASHTO [8] underestimated increase
of stress in high-strength strands. Bonopera et al. [9]
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performed an experiment on PC I-shaped beam using a
parabolic unbounded tendon and then confirmed the fun-
damental frequency was not adapt to predict prestress loss.
Because the strain of unbonded prestressing strands is
uniformly distributed along the girder length, unbonded
prestressing strands often fail to completely reach the ul-
timate strength when the girder is destroyed. And the code
standards of ACI, JGJ, and DIN emphasized the necessity of
calculating the flexural strength in unbonded PC structures.
However, most of the studies focused on rectangular- or
box-section beams, and less information on T girders
[10, 11]. Further, limited studies have focused on flexural
behavior, including flexural capacity, failure mode, load-
deflection, and stress in prestressing strands of unbounded
PC T bridge girders with different prestress degrees.

+is study aims to investigate the flexural behavior of
unbonded PC T bridge girders with different prestress de-
gree counting on experimental and numerical studies. First,
the ultimate flexural capacity and failure mechanism of
unbonded PC T bridge girders are investigated through the
load-to-destruction test. Second, FE models used to verify
experiments are applied to analyze factors affecting the
flexural capacity of unbounded PC T bridge girders. Finally,
some recommendations for the design and practical ap-
plication of unbonded PC T bridge girders are provided to
engineers and designers.

2. Experimental Program

To investigate the flexural behavior of unbonded PC T
bridge girders, three unbonded PC Tgirders, herein referred
to as SP-A, SP-B and SP-C, were prepared and tested.

2.1. Test Specimens. According to the principle of equivalent
stiffness, three scaled experimental specimens are designed
based on a selected T bridge girder with span of 20m.
Traverse and longitudinal sections of specimens are shown
in Figure 1. +e total length and clear span of specimens are
3300mm and 3000mm, respectively. +e height and width
of cross-section are all 600mm. +e height and thickness of
the web are 420mm and 240mm, respectively. +e design of
strength in concrete is 40MPa. +e prestressing strands are
made of 3× 7As15.2 using tensile strength of 1860MPa. +e
tensile strength of rebars and stirrup is 400MPa and
300MPa, respectively. +e prestressing strands with dif-
ferent prestress degree (25.6%, 10.3%) are tensioned after 28
days of concrete casting. Herein, the prestress degree can be
defined as the ratio of tensile stress to design stress. +e
fabrication procedure is shown in Figure 2.

2.2.Material Properties. +ematerial properties in concrete,
rebars, and prestressing strands were examined using uni-
versal testing machines, as shown in Table 1.

2.3. Test Equipment and Procedure. +e four-point bending
test was carried out to investigate the flexural behavior of
unbonded PC T bridge girders. Specimens were simply

supported at both ends, and pressure testing machine with
measurement range of 2000 kN was selected to provide the
test load. +e load was implemented through a load dis-
tributing beam supported at two load-acting points on the
test girders. Herein, the distance between the load-acting
points in SP-A, SP-B, and SP-C was 500mm, 750mm, and
500mm, respectively. A pressure sensor was placed between
pressure testing machine and load distributing beam to
record the enforced loading. Displacement meters were
installed at the mid-span and quarter-span to record the
deflection, as shown in Figure 3. +e design testing pa-
rameters in SP-A, SP-B, and SP-C are summarized in
Table 2.

+e loading process was divided into two stages: pre-
loading and formal loading. Preloading of 50 kN with in-
terval of 30min was implemented to eliminate the gap
between the servo loading system and the test girders. At the
formal loading stage, the load increased by a level of 50 kN
each time until the mid-span deflection reached 50mm;
thereafter, the load step size became smaller increased by a
level of 20 kN each time until structure was thrown into
failure. At each level of loading, the deflection of test girders
and the strain in rebars were automatically recorded de-
pendent on displacement meter and strain gauges, respec-
tively. Stress in prestressing strands was obtained by
recording the deformation of pressure sensor. +e ap-
pearance and propagation of concrete cracking and the
development in crack width, detailedly observed and
recorded, were utilized to analyze the development law of
crack in unbonded PC T bridge girder under different
prestress degree and load conditions.

3. Experimental Results

Flexural capacity, crack development, failure mode, load-
deflection curves, strain in longitudinal rebars, and stress in
prestressing strands are used to investigate flexural behavior
of unbonded PC bridge girders.

3.1. Flexural Capacity. Visual observations along with test
recording were made during and following loading tests to
capture significant changes in unbonded PC T bridge
girders. +ese observations, together with recorded load
value and mid-span deflections, were utilized to acquire
flexural capacity and failure mode in unbonded PC T
bridge girders. +e flexural capacity in SP-A, SP-B, and
SP-C, dependent on experiments, is 500 kN·m, 506 kN·m,
and 468.75 kN·m, respectively. +e flexural capacity of SP-
C is significantly lower than that of SP-A and B; this is due
to the fact that low prestress degree cannot entirely
contribute the power of prestressing strands when con-
crete is completely crushed in large deformation. +ere-
fore, the flexural capacity in unbonded PC bridge girders
is influenced by different prestress degree, as shown in
Table 3.

3.2. Crack Development and Failure Mode. +e initiation
and development of cracks in SP-A, SP-B, and SP-C are
shown in Figure 4. Herein, the numbers next to crack
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Figure 1: Layout of specimens. (a) Traverse section. (b) Longitudinal section.
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Figure 2: Fabrication procedure of T bridge girders. (a) Steel frame. (b) Strain gauges. (c) Concrete curing. (d) Pressure sensor.
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represent loading grade. Further, the numbers at the
bottom of girder indicate the spacing in main cracks and
the distribution zone of all cracks. +e initiation and de-
velopment process of cracks on both sides in the tested
girders are highly consistent, which is different from box
girders. +is is due to the fact that mechanical behavior in
two web of box girders may be not symmetric during
loading process.

For SP-A, a small clicking sound was emitted when the
specimen was loaded to 200 kN; simultaneously, two tiny
vertical cracks initially appeared within web bottom of the
pure bending region. As the load continued to increase, the
initial cracks continued to expand and extend. When some
oblique cracks began to appear on the web, the two initial
tiny cracks had extended towards the loading point. SP-A
continued to be loaded to 750 kN; concrete between the two
loading points on top flange began to crack and then be
slightly crushed. In the process of the load increased to
800 kN, SP-A gradually failed following concrete crushing
and stripping between the loading points, as shown in
Figure 4(a). For SP-B, an initial tiny crack occurred under a
load of 230 kN. +ereafter, some oblique cracks developed
between the supports and loading points under a load of
about 400 kN.When the load reached 800 kN, multiple main
cracks extended to top flange. Flexural cracks continued to
propagate until the failure in the girders occurred, while
concrete in top flange crumbled slightly. For SP-C, two
initial tiny cracks occurred under loading 150 kN. Contin-
ued to be loading, the main cracks gradually extended to top
flange. When the load reached 750 kN, SP-C exhibited

flexural failure, and concrete in top flange was severely
striped off.

+e crack distribution features in SP-A, SP-B, and SP-C
were various under different prestress degree and load
conditions. +e crack distribution of SP-A was in the range
of 1700mm at mid-span. Herein, four main cracks were
found on the surface with spacing of 210mm, 290mm, and
150mm, respectively. +e distribution range of fracture in
SP-B was wide that could reach 1900mm, and five main
cracks were generated uniformly in the range of 190mm to
250mm. Due to the lower prestress degree in SP-C, the main
cracks develop rapidly and the damage was concentrated in a
slightly small range with 1600mm.

Figure 5 describes the development process of the main
crack width in specimens, where the normalized load ca-
pacity can be defined as a ratio of load applied to ultimate
flexural capacity. Cracks rarely occur on specimens in the
elastic stage, while the critical point of cracking is between
0.20 and 0.28 in specimens. +en, as the load increases, the
crack width increases to 0.3mm. +is crack width has
reached limit state as per provisions from AASHTO [12].
+e corresponding normalized load capacity in SP-A and

Table 1: Properties of concrete, rebar, and prestressing strand.

Symbol Material Ec (Ep) (MPa) fcu (MPa) fy (MPa) fu (fp) (MPa)
C40 Concrete 3.25×104 45.41 — —
A8 Rebar 2.10×105 — 334.34 445.48
B12, B14, B16 2.01× 105 — 421.7 589.60
7As15.2 Prestressing strand 1.95×105 — 1860 1920

2000kN pressure testing machine

Counter-force rack

Load distributing beam

Pressure sensor

Support
Displacement meter

Support

Test girder

Figure 3: Test setup and servo loading system.

Table 2: Design testing parameters in SP-A, SP-B, and SP-C.

Specimens Load spacing (mm) Pretension (kN)
SP-A 500 200
SP-B 750 200
SP-C 500 80
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SP-B is between 0.50 and 0.55, which meets the require-
ment of ultimate state under normal serviceability [13]. As
the load continues to increase, the development of main
crack width in SP-B is slower as compared to SP-A and SP-
C. +erefore, the cracks development of specimens indi-
cates that high prestress degree and large load spacing can
delay the propagation of main cracks in flexural zone of the
girder.

3.3. Load-Deflection Curves. Figure 6 shows the load-de-
flection curves of SP-A, SP-B, and SP-C at the mid-span,
which can be divided into four stages, namely, the elastic
stage, the elastic-plastic stage, the ductility stage, and the
unloading stage.

For SP-A, the mid-span deflection exhibits a linear re-
lation with increasing loads in the elastic stage. SP-A enters
elastic-plastic stage when the load is applied up to 200 kN
(25% of the maximum load).+e stiffness presents an obvious
variety after concrete cracking, as shown in Figure 6(a). +e
maximumdeflection can reach 10mm(L/300) in this stage. In
the ductility stage, mid-span deflection increases rapidly due
to degradation of flexural stiffness. Finally, when the load
reaches 800 kN, the mid-span deflection is 62mm (more than
L/50).+en, SP-A is regarded as failure, which exhibits ductile
failure [14]. After unloading, the residual deflection is 46mm,
presenting a good ductility and deformation recovery
capability.

+e load-deflection curves of SP-B and SP-C are similar
to that of SP-A, as shown in Figures 6(b)∼6(c). In the be-
ginning, the load-deflection curves in SP-B and SP-C present
linear states before cracking loads of 250 kN and 150 kN
(28% and 20% of the maximum load), respectively. When
the load exceeds 450 kN for SP-B and 350 kN for SP-C, SP-B
and SP-C enter the ductility stage. Subsequently, the max-
imum mid-span deflection is 58mm in SP-B and 64mm in
SP-C. After unloading, the residual deflection in SP-B and
SP-C is 43mm and 52mm, respectively.

+e load-deflection curves in SP-A, SP-B, and SP-C, with
similar trend at the initial loading stage, present an obviously
different tendency towards the final stage of loading, as shown in
Figure 6(d). +ese curves, indicating high prestress degree
within a specific range, can effectively improve the flexural ri-
gidity after concrete cracking in unbonded PC T bridge girders.

3.4. Strain in Longitudinal Rebars. Taking SP-A as an ex-
ample, strain in longitudinal rebars varying with loads is
shown in Figure 7. A-1 is located in top flange, and also A-2,
A-3, and A-4 are located in web top, web middle, and web
bottom, respectively.

It can be seen from Figure 7 that strains in longitudinal
rebars, except A-4, are small when the applied loading is less
than cracking loads. As the load continues to increase, the
longitudinal rebars in top flange present negative strain due
to compression. When the load increases to 400 kN, the
strain of rebars in A-4 is 2040 με. When the load is up to
800 kN, the rebar in A-1 reaches yield and the negative strain
is 2460 με, with concrete being severely crushed.

3.5. Stress in Prestressing Strands. +e stress in unbonded
prestressing strands is assumed to be uniformly distributed
along the girder and can reflect the flexural behavior of
unbonded PC T bridge girders. Herein, the micro-strain in
pressure sensor can be measured by instrument, and the
stress in prestressing strands can be calculated by

P � Δε × k,

σ � P/Ap,

⎧⎨

⎩ (1)

where P is the tension in prestressing strands, △ε is the
micro-strain in pressure sensor, k is the calibration pa-
rameter of pressure sensor with 1.2698, 1.2559, and 1.2903 in
SP-A, SP-B, and SP-C, respectively, Ap is the area of pre-
stressing strands, and σ is the stress in prestressing strands.

+e load-stress curves in prestressing strands of SP-A,
SP-B, and SP-C are shown in Figure 8. +e change of stress
in prestressing strands is tiny at the early loading stage with
small deflection of bridge girders simultaneously. After the
yield point, stress in prestressing strands increases rapidly
due to the large bending deflection of bridge girders; herein
the change of stress in SP-C is significant. +e stress in
prestressing strands of SP-A, SP-B, and SP-C is 1414.4MPa,
1396.4MPa, and 1658.9MPa, respectively. +is difference is
mainly due to the fact that SP-C presents the lowest prestress
degree and the largest mid-span deflection. +erefore, the
stress in prestressing strands is mainly related to the bending
deflection of bridge girders.

After tests, prestressing strands, difficultly pulled out
from the tube, were found that some strands had been
fractured, as shown in Figure 9.+e fracture ratios of strands
in SP-A, SP-B, and SP-C are 57.1%, 42.8%, and 9.5%, re-
spectively. Wherein, considering the initial stress, the ulti-
mate tensile stress of prestressing strands in SP-A, SP-B, and
SP-C is 1890.4MPa, 1872.6MPa, and 1849.3MPa, respec-
tively, which is lower than the tested tensile strength of
1920MPa.+is is due to the fact that prestressing strands are
not completely perpendicular to anchorage port and also the
tensioning of three strands is uneven in one specimen.
+erefore, during the prefabrication of unbonded PC bridge
girders, multiple unbonded prestressing strands should be

Table 3: Summary of test results.

Specimen Prestress degree
(%)

Cracking load
(kN)

Maximum load
(kN)

Flexural capacity
(kN·m)

Maximum mid-span
deflection (mm)

Residual deflection
(mm)

SP-A 25.6 200 800 500 62 46
SP-B 25.6 230 880 506 58 43
SP-C 10.3 150 750 468.75 64 52
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Figure 4: Crack pattern in SP-A, SP-B, and SP-C (×10 kN). (a) SP-A. (b) SP-B. (c) SP-C.
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simultaneously tensioned and perpendicular to anchorage
port, preventing the fracture of prestressing strands.

4. Numerical Studies

A three-dimensional finite element (FE) model, taking into
account material and geometric nonlinearity, is established
using ANSYS to further investigate the flexural behavior of
unbonded PC T bridge girders.

4.1. FiniteElementModel. As shown in Figure 10, concrete is
modeled with SOLID65; rebars and prestressing stands are
modeled with LINK8. Cushions and supports are modeled
with thick rigid units of SOLID185. +e bond condition
between rebars and concrete is established by constraint
equation. Further, the constraint of prestressing strands in
the z direction is released, except at the both ends, so as to

consider the unbonded action. Same nodes are utilized to
simulate the perfectly bonded behavior between support
and bottom surface of bridge girder, and this method is
also applicable to cushion and top surface of bridge girder.
Unbonded PC T bridge girders are simulated under the
same conditions as the experimental tests.

4.2. Analysis Details. +e numerical studies in concrete are
realized through MELAS model. Herein, the stress-strain
relation is provided dependent on a traditional Hognestad
model [15]. +e numerical studies in rebars and prestressing
strands are performed using BKIN model, wherein the
stress-strain relation of them is applied utilizing an ideal
elastic-plastic model [16].

+e above FE model is adopted to simulate the flexural
behavior of unbonded PC T bridge girders.+e load, applied
on the cushion, is utilized to simulate uniform loads. An
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Figure 6: Load-deflection curves. (a) SP-A. (b) SP-B. (c) SP-C. (d) SP-A, SP-B, and SP-C.
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automatic time step together with load substeps in range of
50–120 is employed to perform the nonlinear analysis. +e
convergence norm of forces, 0.05, is used to attain an ef-
fective solution.

5. Model Validation

+e predictions of flexural behavior from FE models are
compared with the results generated from flexural ex-
periments on specimens to verify the effectiveness of
numerical analysis. Figure 11 shows the comparison of

load-deflection curve generated from tests and numerical
analysis, wherein the load-deflection curves of tests are in
good agreement with that of numerical analysis, and the
error between the test results and FE model is less than
1%. In the later ductility stage, the slope of load-deflection
curves obtained by numerical analysis is slightly larger
than that obtained by experimental. +is is mainly due to
the fact that the prefabrication of model girder is chal-
lenging to meet the ideal state. As shown in Figure 12, the
distribution, development, and location of cracks and the
crushed state of concrete in compression zone generated

Tensile yield

Compressive
yield

Yield load

Lo
ad

 (k
N

)
Cracking load

A-1 A-2
A-3
A-4

0 2000 4000 6000 8000 10000–2000
Rebar strain (με)

A-1
A-2

A-3
A-4

0

100

200

300

400

500

600

700

800

900

Figure 7: Load-strain curves in longitudinal rebars.

St
re

ss
 in

 p
re

str
es

sin
g 

str
an

ds
 (M

Pa
)

�e cracking load 
of SP-C/A/B

�e yield load 
of SP-C/A/B

100 200 300 400 500 600 700 800 900 10000
Load (kN)

0

200

400

600

800

1000

1200

1400

1600

1800

SP-A
SP-B
SP-C

Figure 8: Load-stress curves in prestressing strands.

8 Advances in Civil Engineering



(a) (b)

(c)

Figure 9: Fracture in prestressing strands. (a) SP-A. (b) SP-B. (c) SP-C.
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from tests are in good agreement with the numerical
analysis results. +erefore, the developed FE models can
accurately simulate the flexural behavior of unbonded PC
T bridge girders.

6. Parametric Studies

Parametric studies were conducted using the validated FE
models to investigate the effects of concrete strength, re-
inforcement ratio, prestress degree, and bending angle on
flexural behavior of unbonded PC T bridge girders, as shown
in Figure 13.

Concrete strength has little influence on the flexural
performance of unbounded PC bridge girders in the elastic
stage and elastic-plastic stage (see Figure 13(a)). However,
improving concrete strength can slightly enhance the ulti-
mate flexural capacity of unbonded PC T bridge girders in
the ductility stage. When the concrete strength increases
from C40 to C60, the ultimate flexural capacity increases by
4.9%. +is is mainly due to the fact that compressive zone
concrete has a certain contribution to the flexural
performance.

+e effect of different reinforcement ratios on flexural
behavior of unbounded PC bridge girders is studied by
changing the area of bottom tensile rebars, as shown in
Figure 13(b). It can be found that increasing reinforcement
ratio can significantly improve the ultimate flexural capacity
of bridge girders. Compared with FE-A, the ultimate flexural
capacity of the other two FE models is increased by 8% and
12%, respectively.

Increasing prestress degree cannot significantly improve
the ultimate flexural capacity of unbounded PC bridge
girders. However, it can effectively enhance the flexural

rigidity, thus delaying the cracks’ opening. +erefore, the
flexural behavior of unbonded PC T bridge girders can be
improved by increasing prestress degree, as can be seen in
Figure 13(c).

+e load-deflection curves in unbonded PC T bridge
girders with prestressing strands bending angle of 0°, 4°, 9°,
and 12° are utilized to study its effect on flexural behavior of
unbounded PC bridge girders, as shown in Figure 13(d).+e
stress loss in unbonded prestressing strands resulted from
friction is slight, so that the load-deflection curves with
bending angle of 0°, 4°, and 9° are basically coincident.
However, the load-deflection curve with bending angle of 12°
appears slightly different. +e excessive bending angle
cannot be applicable to prestressing strands in unbonded PC
T bridge girders.

7. Practical and Design Implications

Unbonded PC T bridge girders illustrated herein are utilized
to apply in construction of medium- and small-span bridges
and rapid replacement of hollow-slab bridge girders with
serious diseases. When combined with the fact, controlling
the bending angle of prestressing strands less than 12° and
increasing prestress degree appropriately without cracking
in top flange can improve the flexural performance of
unbonded PC T bridge girders. For practical design of
unbounded PC T bridge girders, the flexural behavior of
bridge girders can be effectively improved with high-
strength concrete and high-ratio rebars in bottom flange
simultaneously. Further, the prestressing strands are sug-
gested to be simultaneously tensioned in the prefabrication
process of unbonded PC T bridge girders to ensure the same
stress in each strand [17–19].

�e third crack

�e first crack

�e second crackCrush

Figure 12: Comparison of concrete cracks from tests and numerical analysis.
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8. Conclusion

Based on the information presented in this paper, the fol-
lowing conclusions can be drawn:

(1) +e flexural destruction behavior of unbonded PC T
bridge girders experiences elastic, elastic-plastic, and
ductility stages, similar to that of PC T bridge girders.
Unbonded PC T bridge girders present superior
ductility and deformation-recovery ability after
unloading.

(2) +e prestress degree has a significant influence on
the destruction process in unbonded PC T bridge
girders. +e main cracks in unbonded PC T bridge

girders have obvious characteristics with concen-
trated distribution, small number, and large width
when deceasing prestress degree.

(3) Increasing the load spacing can significantly improve
the flexural capacity and also slightly enlarge the
distribution range and number of cracks, while the
width of cracks can be reduced.

(4) Stress in prestressing strands under anchor increases
rapidly after concrete presents obvious cracks. +e
unsynchronized tensioning of prestressed strands
can easily lead to partially fractured in strands.

(5) Merely increasing concrete strength has a slight
influence on the flexural rigidity and flexural
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Figure 13: Load-deflection curves with single parameter. (a) Concrete strength. (b) Reinforcement ratio. (c) Prestress degree. (d) Bending
angle.
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capacity of unbonded PC girders. +e ratio of lon-
gitudinal rebars at the bottom has a significant in-
fluence on the flexural behavior in the elastic and
elastic-plastic stage.

(6) +e flexural behavior of unbonded PC T bridge
girders can be affected when the bending angle of
prestressing strands reaches a certain level.
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