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ABSTRACT

At present, prestressed concrete (PC) beams are widely used in bridge
engineering to improve bridge span, crack resistance, etc. Both bonded and unbonded
prestressing can be used in practice, however, there are few works on the effect of the
bond between concrete and tendon on the mechanical behavior of PC beams. This
paper conducts a numerical study to reveal the influences of different bond conditions
on the flexural behavior of PC beams with various amounts of prestressing tendons.
The numerical models of simply supported beams and continuous beams based on 3D
solid elements are established by Abaqus, and it is calibrated by experimental data.
The result shows comprehensive aspects of behavior, including the deflection, flexural
strength, tendon stress, neutral axis evolution, and moment redistribution.
KEYWORDS: bond effect; prestressed concrete; numerical modeling; Abaqus; flexural
behavior

1 INTRODUCTION

Prestressing technique can increase the bridge span and improve the crack
resistance, which are achieved by sacrificing the superfluous deformation reserve of
prestressed concrete (PC) structures. Therefore, this technique has widely been
applied to various types of bridge structures.

According to bond conditions, PC beams can be divided into bonded or unbonded
prestressed ones. In the bonded prestressed concrete (BPC) beam, the stress in a
prestressing tendon depends on the section, while it depends on the member in the
unbonded prestressed concrete (UPC) beam. The difference between the two bond
conditions causes a noticeable discrepancy in flexural behavior. Some studies have
focused on the differences caused by the bonded effect. For example, Hussien et al.

' Graduate student
2 Graduate student
3 Professor


mailto:loutiejiong@dec.uc.pt

The 2024 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM24)
19-22, August, 2024, The K hotel, Seoul, Korea

(2012) indicated that the ductility, initial stiffness, and ultimate deflection of BPC beams
are all superior to those of UPC beams. Lou et al. (2017) conducted a numerical
investigation of the beams prestressed by bonded and unbonded fiber reinforced
polymer (FRP) tendons, and the results revealed distinct failure modes for the two
types of beams: the BPC beam’s failure may be caused by FRP tendon rupturing when
using low prestressing reinforcement ratios, while that in the UPC beams always is
caused by concrete crushing. Pang et al. (2022) utilized a nonlinear finite element
method developed by Lou et al. (2013) to study the difference in the flexural behavior
between BPC and UPC beams with steel tendons at various prestress levels. However,
other crucial parameters have not yet been investigated, e.g., the amount of the
prestressing tendon.

The paper conducts a comparative numerical study between BPC and UPC
beams. Simply supported and continuous PC beam models with different bond
conditions based on 3D solid elements are established by Abaqus, and they are
verified by experimental data. The parameter variables in this numerical study are
amounts of prestressing tendons. Six simply supported beams are investigated to
obtain their comprehensive aspects of behavior, including the deflection, flexural
strength, tendon stress, and neutral axis evolution. Additionally, the moment
redistribution is studied in continuous beams.

2 DEVELOPMENT AND VERIFICATION OF THE MODEL

2.1 Method of modeling in Abaqus

The use of Abaqus for modeling concrete structures is both well-established and
widely recognized. Therefore, this paper will only describe the key steps involved:

(1) The concrete was modeled using the C3D8R element, which is an 8-node
linear brick and reduced integration element that can effectively avoid shear self-
locking.

(2) Prestressing tendons and reinforcement steel bars are modeled using a truss
element, ignoring the dowel action between steel reinforcement and the concrete.

Stiffness spring

Real tendon

Virtual tendon
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Fig. 1 Modeling of the unbonded tendon in Abaqus

(3) Regarding the interaction of concrete and prestressed steel, different bond
conditions determine different modeling strategies. For BPC beams, the bond-slip
behavior are ignored, and thus prestressing tendons and ordinary steel bars are both
embedded in the concrete. For UPC beams, the friction between the tendon and the
duct is ignored. An improved simulation method suggested by Liu et al. (2020) is
adopted in this work. In this method, the implementation of unbonded tendons is
achieved through numerous stiffness springs, as shown in Fig. 1. Specifically, two
virtual tendons, parallel to the real tendon, are established directly above and to the
right of it. These virtual tendons are embedded into the concrete, and their elastic
modulus is set very small, so as to negate any significant reinforcing effect on the
concrete. Numerous high-stiffness springs are then placed between the virtual and real
tendons to constrain the real prestressing tendon to move in unison with the concrete in
the longitudinal and lateral directions while allowing radial stretch freely. Due to the
large number of stiffness springs established, it is necessary to use Python
programming for batch modeling.

(4) The prestress is applied by a cooling method.

2.2 Constitutive relations of the materials

The Concrete Damage Plasticity (CDP) model, which is integrated within the
material functionality module of Abaqus, was employed. The parameters for the model
were chosen as follows: the dilation angle of 36°, the eccentricity of 0.1, the biaxial to
uniaxial compressive strength ratio f,,/f,, of 1.16, the invariant stress ratio K of

0.6667, and the viscosity parameter of 0.0005. In addition, the Poisson's ratio is 0.2.
About the stress-strain curve of concrete, the compression segment adopted is
suggested by EN (2004), as shown in Fig. 1(a) and Eq. (1), while the tension segment
adopted is the same as that in Pang et al. (2022), as shown in Fig. 1(a), where the
ultimate tensile strain ¢, is 10 times the cracking strain ¢_, and f, is the concrete

tensile strength. The tensile and compressive damage factors are assumed to be zero
due to monotonic loading.
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The prestressing tendon’s constitutive relationship adopts that suggested by
Menegotto (1973), as shown Fig. 1(b) and Eq. (2), while an ideal elastoplastic model is
adopted for the nonprestressing steel, as shown Fig. 1(c).
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where: O, K,R are parameters; E, is the prestressing tendon’s elastic modulus; f,,
is the prestressing tendon’s yield stress.
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Fig. 2 Constitutive relationships of the materials

2.3 Verification of the model

Two simply supported test beams, a UPC beam (Specimen A-3) and a BPC
beam (Specimen D-3) in Tao and Du (1985), were selected to validate the proposed
model. The details of these two beams are shown in Fig. 3. Third-point loads are
applied.
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Fig. 3 Details of test beam specimens (mm)

The material properties of D-3 are the following: the concrete compressive
strength £, is 35.6 MPa; the concrete tensile strength £, is 3.25 MPa; the concrete

elastic modulus E_ is 34 GPa; the ultimate compressive strain &, of concrete is 0.36.
The elastic modulus for prestressed tendon E, and ordinary reinforcement £ is 200
GPa. The yield strength f, and ultimate strength f,, of the prestressing steel are
1360 MPa and 1660 MPa, respectively. The effect prestress o, is 879 MPa. The



The 2024 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM24)
19-22, August, 2024, The K hotel, Seoul, Korea

yield strength of the ordinary steel f, is 430 MPa.The areas of the prestressing

tendon 4, and the ordinary steel 4 are 156.8 mm?and 236 mm?, respectively.

For A-3, The material properties are the following: the concrete compressive
strength f, is 30.6 MPa; the concrete tensile strength £, is 2.95 MPa; the concrete

elastic modulus E, is 33 GPa; the ultimate compressive strain of concrete ¢, is
0.0038. The elastic modulus of prestressed tendon E, and ordinary reinforcement E,
are 205 GPa and 200 GPa, respectively. The yield strength f, and ultimate strength
/.. of the prestressing steel are 1465 MPa and 1790 MPa, respectively. The initial
prestress o, is 820 Mpa. The yield strength of ordinary steel f is 430 MPa. The

areas of the prestressing tendon 4, and the ordinary steel 4 are 156.8 mm? and
236 mm?, respectively.
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(a) Bonded beam: D-3 (b) Unbonded beam: A-3

Fig. 4 Comparison between the load-deflection curves

Fig. 4 shows the load-deflection curves obtained from the experimental test and
the Abaqus. The proposed numerical model successfully replicates three stages during
the loading, i.e., an elastic stage, a cracked elastic stage, and a post-yielded stage, and
these are similar to the corresponding tests. Moreover, the yielding load and the
ultimate load obtained from the test and Abaqus are both similar. Consequently, the
proposed model can well simulate the flexural behavior of UPC and BPC beams.

3 FLEXURAL BEHAVIOR OF SIMPLY SUPPORTED BEAMS

In this part, six beams were studied to explore the bond effect on the flexural
performance of simply supported PC beams. The geometric dimensions and



The 2024 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM24)
19-22, August, 2024, The K hotel, Seoul, Korea

reinforcement details of these beams were identical, as shown in Fig. 5. The
investigated variable is the amounts of the prestressing tendon, while other design
parameters are equal, as shown in Tab. 1. Regarding beam designation, 'B' signifies
bonded, 'U' signifies unbonded, 'S' signifies simply supported beam, and numbers 1, 2,

3 correspond to decreasing areas of the prestressing tendons A4,, namely: 600 mm”,
450 mm*, and 300 mm”’.
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Fig. 5 Schematic diagram of investigated simply supported beams (mm)

Tab. 1 Design parameters of investigated simply supported beam

Concrete Ordinary Steel Prestressing Steel

fck ft Ec & f y Es As f y f pu Ep O-p0
MPa MPa GPa “ MPa GPa mm? MPa MPa GPa MPa

30 2.9 33 0.35% 400 200 450 1580 1860 195 950

3.1 Load-deflection curves

Fig. 6 shows the load-midspan deflection curves of the beams with various
amounts of the prestressing tendon. Typically, the load-deflection curves of PC beams
exhibit three stages, which are demarcated by the initiation of cracking in the concrete
and the yielding of ordinary steel. In addition, both the load-carrying capacity and
ultimate deflection of BPC beams exceed those of UPC beams. Moreover, as the
amount of prestressing tendons decreases, the differences in ultimate load between
BPC and UPC beams decrease. This phenomenon occurs because the ultimate stress
of bonded tendons is almost the same due to tendon yielding irrespective of the
amount of tendons, while the ultimate stress of the unbonded tendons increases with
decreasing in tendon amount. Therefore, the ultimate stresses of the two types of
prestressing tendons become closer, resulting in closer load-carrying capacities.



The 2024 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM24)

19-22, August, 2024, The K hotel, Seoul, Korea

——BS-1
——BS-2
——BS-3
- - -US-1
- --USs-2
- --Us3

T T T T T T 1
0 50 100 150 200 250 300
Deflection (mm)

Fig. 6 Load-deflection curves of the simply supported beams
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Fig. 7 Development of tendon stress with the applied load

Fig. 7 shows the relationship between the increment of tendon stress and the
applied load. With increasing loads, the stress increments in unbonded tendons follow
a triphasic relationship with those in bonded tendons: equivalence, lesser magnitude,
and eventual equivalence. These phases correspond to the three stages of the load-
deflection curve. In the first stage, where the concrete remains uncracked, the load is
primarily resisted by the concrete. In the second stage, from the onset of concrete
cracking to the yielding of the ordinary steel, the stress increment in unbonded tendons
grows more slowly than bonded tendons, due to their ability to freely elongate. In the
final stage, after the ordinary steel yielding, the load is mainly carried by the
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prestressing tendons, leading to equal stress increments in both unbonded and bonded
tendons.
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Fig. 8 Development of tendon stress with the midspan deflection

Fig. 8 shows the relationship between stress in prestressing tendons and
deflection. At the same deflection, due to identical geometric dimensions and materials
of the beams, stresses in similar types of tendons are equal. With increasing deflection,
after the beam cracks, the stress in unbonded prestressing tendons increases
significantly slower than that in bonded tendons. Upon beam failure, the ultimate stress
of unbonded tendons is lower than that of bonded tendons, and unbonded tendons
often do not yield, even in the beam with a low amount of prestressing tendons, leading
to a significant linear relationship between the stress in unbonded tendons and
midspan deflection. This may provide a solution for resolving the issue of determining
stress in unbonded tendons. Conversely, bonded tendons typically yield, resulting in a
significant nonlinear relationship between stress and displacement.

In addition, the ultimate stress in both bonded and unbonded tendons diminishes
as the amount of prestressing increases. The decrease in ultimate stress for bonded
tendons is negligible due to yielding, whereas it is pronounced for unbonded tendons.
As a result, the difference in ultimate stress between these two tendon types grows
with increased prestressing.

3.3 Neutral axis depth

Fig. 9 shows the evolution of the neutral axis as the load increases in beams with
various amounts of the prestressing tendon. It should be noted that the data presented
in the figure represents only a segment of the entire loading process, which is also of
interest to us. Because from the completion of prestressing to the initial phase of
loading, the depth of the neutral axis undergoes a significant change. From the figure,
after cracking, the neutral axis of UPC beams shifts upward faster than that of BPC
beams, while UPC beams also show a shallower ultimate neutral depth compared to
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BPC beams due to the lower ultimate stress in unbonded tendons. Additionally, higher
amounts of prestressing tendons increase the ultimate neutral axis depth and widen the
gap of the ultimate neutral axis depth between the two types of beams.
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Fig. 9 Neutral axis evolutions at midspan

Furthermore, Pang et al. (2022) have already noted that the stabilizing of crack
evolution and the vyielding of ordinary reinforcement influence the evolution of the
neutral axis. This can also be observed from Fig. 9. However, the effect of yielding of
ordinary reinforcement is not pronounced in the beams studied, possibly due to the
high ratio of the amount of the prestressing tendon to the ordinary reinforcement, which
mitigates the yielding effect of ordinary reinforcement.

4 MOMENT REDISTRIBUTION OF CONTINUOUS BEAMS

In this part, six prestressed continuous beams with identical geometric
dimensions are investigated, as illustrated in Fig. 10. Similar to the previous section,
these beams differ only in the areas of prestressing tendons, with all other design
parameters being identical, as shown in Tab. 2. In the beam designation, 'C' signifies
continuous beam, and numbers 1, 2, 3 correspond to decreasing areas of prestressing

tendons 4,, namely: 500 mm?, 400 mm?, and 300 mm?.
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Tab. 2 Design parameters of investigated continuous beams

Concrete Ordinary Steel Prestressing Steel

fck fr E, s fy E, 4 AS’ fpy fpu Ep Opo
MPa MPa GPa “ MPa GPa mm? ym2 MPa MPa GPa MPa

324 264 345 035% 400 200 400 200 1564 1840 200 790
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Fig. 10 Schematic diagram of investigated continuous beams (mm)

4.1 Moment ratio evolutions
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Fig. 11 Load versus moment ratio curves

Fig. 11 shows the ratio of the center support moment to the midspan moment
evolves with increasing of the load. It should be noted that these moments have
already eliminated the moments caused by secondary effects. Before the cracking load,
the moment ratio remains constant, indicating that no moment redistribution has
occurred. After the concrete cracks, the moment ratio gradually decreases, reflecting
the transfer of moment from the central support to the midspan. As shown in the figure,
the moment redistribution is greatly affected by the stabilizing of crack evolution and
the yielding of the ordinary tensile reinforcement. This can be interpreted as changes in
the relative stiffness at the midspan and central support, which are considered the most
critical factors influencing moment redistribution (Lou et al. 2020).

As illustrated in the figure, after the cracking of the concrete, the moment ratios
under identical loads for UPC beams are consistently less than those for BPC beams.
This indicates a more severe moment redistribution in UPC beams compared to BPC
beams. Lastly, the ultimate moment ratio of UPC beams is less than that of BPC beams,
implying a greater extent of ultimate moment redistribution in UPC beams. Moreover,
reducing the amount of prestressing tendons diminish the differences between the two
types of beams.

5 CONCLUSIONS

® The ultimate load-carrying capacity and the ultimate deflection of UPC beams
are consistently lower than those of BPC beams. Reducing the amount of
prestressing tendons mitigates the differences in ultimate load-carrying
capacities.

® Unbonded tendons exhibit lower ultimate stresses compared to the bonded
tendons, typically showing a significant linear relationship between the tendon
stress and midspan deflection because the unbonded tendons have not
yielded. Decreasing the amount of prestressing tendons reduces the
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disparities in ultimate stress between the two tendons.

® The ultimate neutral axis depth of UPC beams is usually lower than that of
BPC beams. Decreasing the amount of prestressing tendons diminishes both
the neutral axis depth and the disparities in ultimate neutral axis depth
between the two types of the beams.

® UPC beams demonstrate a greater ultimate degree of moment redistribution
compared to BPC beams. Reducing the amount of the prestressing tendon
enhances the ultimate degree of moment redistribution while diminishing the
disparities in ultimate moment redistribution between the two types of the
beams.
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