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1- Abstract:

The post-tensioned (PT) concrete member can be reinforced with either bonded or unbonded
prestressing tendons. The bound condition of tendons may influence the flexural and shear
performance of various PT concrete members. The primary purpose of this study is to provide a
direct comparison between the experimental behavior of tested fully prestressed unbonded post-
tensioned (UPT) T-beams with different ratios of prestressing steel. A detailed nonlinear finite
element analyses were conducted using the developed modeling techniques.
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Several analytical and numerical approaches exist for modeling concrete structural members.
Finite-element analysis (FEA) is a numerical method widely applied to concrete structures based
on the use of the nonlinear behavior of materials. The challenge of modeling prestressed concrete
structures lies in treating the interface between concrete and prestressing tendons—the FEA-
modeling technique discussed in this study is based on general-purpose finite-element packages.

Two 5.00 m length fully unbonded prestressed T-beams were designed and cast using normal
strength concrete (NSC). The girders were instrumented to monitor deflection, post-tensioned
losses, tendons, and concrete strains. The girders were load tested (until failure), predominantly
under flexure. Their service and ultimate results, including cracking, flexural stiffness, flexural
strength, were investigated and compared with FEA results. The software package ABAQUS was
used to simulate these girders and their bonding conditions to verify the accuracy of FEA. An
excellent agreement was achieved for numerical and experimental crack patterns. A comparison of
finite element modeling (FEM) with experimental results for deflection up and down from load
shows satisfactory consistency up to failure throughout the load history of the beam. Compare
FEM and experimental results. Finite-element modeling overestimates stress in prestressed tendons
at the ultimate state of specimens.

Keywords: Unbonded tendon; modeling; performance; post-tensioned concrete;
ABAQUS; and Finite-element

2- INTRODUCTION:

Prestressed concrete is essential in many applications today to fully use concrete
compressive strength and, through proper design, control cracking, and deformation. In
General, prestressed concrete can be constructed in one of two ways: unbonded post-
tensioned (UPT) concrete, and bonded post-tensioned (PT) concrete. Although the design
methods have been developed for prestressed concrete for a long time, understanding the
structural mechanism in PT concrete members still needs to be significantly enhanced in
many aspects. Only a few studies have compared the behavior of PT concrete simple
members with different types of tendon systems or tendon bonding conditions. It was
conducted a series of PT beam tests by (Mattock, Yamazaki, Kattula, & Proceedings,
1971), it was investigated the difference in ultimate bending moment strength between
bonded and non-bonded PT beams. To assess flexural strengths, (Cooke, Park, & Yong,
1981) tested 12 PT one-way slabs with bonded or unbonded tendons. These essential data
are reexamined in this study as the basis to validate the proposed numerical modeling to
better understanding the lack of direct experimental comparisons in the researches
mentioned above, one of this paper's main focuses is to develop a reliable, general-
purpose, finite-element modeling approach for unbonded PT members. With the developed
numerical techniques in many other areas where experimental assessment is usually
complicated, past experiments were robustly reproduced to extend and apply the modeling.
Numerical assessment for the effects of tendon unbonded is carried out as the first attempt
to provide the proposed modeling. The effect of tendon unbonded condition on the
moment-shear interaction (that is, transfer of unbalanced moment by eccentric shear) was
investigated at unbonded PT.
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It was using the finite element for modeling applications to prestressed concrete have been
studied for decades since the pioneering work of (Ngo & Scordelis, 1967). The key to
simulating different types of prestressed systems lies in simulating the bond between
tendons and the surrounding concrete. This type of numerical modeling is relatively
straightforward and many researchers has been used at their studies (Kawakami, Ito, &
structures, 2003; Mercan, Schultz, & Stolarski, 2010; Stavroulaki, Stavroulakis, Leftheris,
& structures, 1997). In contrast, numerical simulations of bonded (before grouting) or non-
bonded post-tensioned members require non-bonded formulations. Previous studies on this
formulation have been carried out by a small number of research groups(El-Mezaini,
Balkaya, & Citipitio g ~ lu, 1991; El-Mezaini & Citipitio g ~ lu, 1991; Kang & Scordelis,
1980; Vecchio, Gauvreau, & Liu, 2006) developed nonlinear iterative procedures to
simulate non-bonded and bonded PT systems, which are limited to beam members.(El-
Mezaini et al., 1991; Vecchio et al., 2006) developed the link element to study the sliding
behavior of unbonded tendons.(Vecchio et al., 2006) created a formulated model for the
slip behavior of fully and partially unbonded tendons in PT beams. They incorporated this
into their nonlinear finite element algorithm. However, the applicability of the algorithm is
limited to the two-dimensional membership case and is not available to the public. The
current study used a series of numerical simulations using the (ABAQUS 2008) finite
element analysis (FEA) package to simulate the structural performance of fully unbonded
UPT T-Beams with different ratio of prestressing steel. A practical and accurate modeling
approach was developed and applied to successfully evaluate the performance of PT
members. With the help of the developed modeling techniques, it can be easy to study the
following parameters and its effectiveness at the beam performance.it should refer that the
change at the ratio of the prestressing reinforcement Aps cause change at the applied
prestressing force fye at the section which directly effect at the hole performance of the
girders. So, it should be discussed the previous studies at these points.

2.1- Effect of the Amount of Prestressing Steel on the Performance of
(UPT):

The amount of prestressing steel, A, is a factor strongly affecting the strength and
deflection capacity of the beams with unbonded tendons. In the case of monolithic beams
with unbonded tendons, it was found that as the area of prestressing steel increased, the
ultimate strength capacity of the structure increased, but the deflection capacity decreased.
In other words, the beam is less ductile with the increase in the area of the prestressing
steel (Lou, Lopes, Lopes, & Materials, 2012; Lou, Lopes, & Lopes, 2016; Tanchan, 2001,
Tao & Du, 1985). All the beams tested by (Tao & Du, 1985) with low values of combined
reinforcement ratio were very ductile as they underwent large deflections of 90 to 120 mm
at failure.

In addition, stress increments in tendons are also affected by Aps. The ultimate deflection
decreases with the increase of the prestressing reinforcement ratio. (Lou et al., 2016)
examined the tendon stress increment with the variation of prestressing reinforcement ratio
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and found that the tendon stress increment at the ultimate stage decreased almost linearly
as the reinforcement ratio increased.

2.2Influence of Effective Prestress on the Performance of (UPT):

The effective prestress in the tendons, fp, is one of the main factors that strongly affect the
performance of prestressed concrete beams. In the case of monolithic beams with
unbonded tendons, f,e was found to affect the structure's failure modes, crack patterns, and
plastic rotation capacity(Tam & Pannell, 1976; Tan & Ng, 1997).

The effects of f,e on the behavior of (UPT) were investigated in several studies(José
Turmo, Ramos, & Aparicio, 2006; J Turmo, Ramos, & Aparicio, 2005) . The conclusions
can be summarized as follows:

1- fye directly impacts the crack pattern, at which the lower the fpe, the higher the
crack pattern.

2- fue shows no influence on the stiffness of the structure while cracks are closed but
strongly affects the stiffness once the cracks open, i.e., the higher the fpe, the
stiffer the structure.

3- The maximum deflection at failure is also affected by the prestress. The higher
the fye, the greater the failure deflection.

4- The increase in fy leads to increases in the load-carrying capacity of the
structure.

(J Turmo et al., 2005) also noted that a minor decrease in the prestressing level could lead
to a rapid loss of structure safety. It is seen from the above review that studies have been
conducted to investigate the effects of f,e on the segmental beams’ stiffness, crack width,
strength, and deflection capacity of the structure. However, it is noted that these studies
were conducted on segmental beams with unbonded tendons. Furthermore, the effects of
foe On the flexural performance of segmental beams regarding failure modes, stress
increment in the tendons, ultimate strength, and deflection capacity. Also, different failure
modes, such as tension-controlled or compression-controlled sections, and experimental
and theoretical comparison between concrete damage, also the stiffness degradation study
will be addressed in this study.

3- Experimental Details:

Four-point bending flexural tests were conducted up to failure on two full scales simply
supported prestressed processes, all data is presented in Table. (1).

Each prestressed concrete T-beam is longitudinally reinforced by two kinds of steel bars
(i.e. common steel bars and prestressed steel strands) for tension, only common steel bars
for compression zones and 10mm diameter steel bars with a center-to-center spacing of
90mm - Shear bar to center. The spacing of stirrups and the variable values of
reinforcement ratios are in accordance with the provisions of (Committee, 2008). Typical
dimensions, reinforcement details, and geometry of test specimens are shown in Fig. (1).
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To monitor the beam'’s vertical deflections during the test were also measured using linear
variable deflection transducer, LVDTs at different locations Fig. (1). The beams were
loaded with two concentrated point loads applied simultaneously..

Table (1): Details of Tested Specimens:

Strand Diameter No. of Strands
Legend Beam Condition cc
(mm) (mm)
(G1)
Simple 15.24 2 25
B1-25-0.6"
(G2)
Simple 12.70 2 25
B2 -25-0.5"

P/2 P/2

1oy 1 | | IR

—S 5
{1 ""'
i LVDT i
Jso} .Lil worl LvoT Lol Z{Z

1400 l 1100 l 1100 l 1400

Figure (1): Details of Location of Applied Load and LVDT for (G1 — G2)

3.1- Test Setup and Instrumentation:

The beam was subjected to two concentrated loads at 1400 mm from the simple beam end
edge using hydraulic jacks with 800 kN capacity. The loads were measured using a load
cell of 800-kN capacity, as shown in Fig. (2).

Steel plate

Hydraulic jack

Test specimen

Load Cell

2400 mm

Rigid base

| |
4700 mm
Figure (2): Test Setup for Tested Beams
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4- NUMERICAL MODELING OF UNBONDED PT MEMBERS

The FEA techniques developed and described in this section for modeling the unbonded
post-tensioned (PT) members, which include material assumptions, element types, and
analysis procedures, with more excellent details given elsewhere (Huang, 2012)

4.1- Concrete and Steel Material Modeling:

Concrete is modeled by using the built-in “damaged plasticity model” in ABAQUS (2008).
By utilizing this model, the three-dimensional stress-strain governing equations are
determined from the uniaxial stress-strain relationship of concrete. The uniaxial
compressive stress-strain relationship is estimated based on an existing empirical model
(Carreira & Chu, 1985). The tensile relationship is assumed linear before cracking and is
modeled considering tension stiffening for post-cracking behavior. The tension stiffening
effect is assumed to be minor, so the stress after cracking almost linear decreases to a
negligible value at approximately two times the cracking strain. An elastic-perfectly plastic
model is employed for the uniaxial stress-strain behavior of non-prestressed mild steel,
while a nonlinear model is used for post-tensioning tendons. The nonlinear stress-strain
relationship of PT tendons is determined;(Devalupura & Tadros, 1992) developed an
empirical model for Grade 270 seven-wire strands or the results obtained from the tension
tests for the other types. For simplification, the nonlinear stress-strain curve is broken into
piecewise linear segments. All uniaxial nominal stress-strain relations are converted into
actual stress-strain relations shown in Fig. (3).
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Figure (3): Finite Element Modeling Uniaxial Stress-Strain Models
4.2- Modeling Interaction Between Reinforcement and Concrete:

All non-prestressed deformed reinforcement is assumed to be perfectly bonded to concrete
(that is, no bond slip is considered), as the concrete cover and spacing between reinforcing
bars are almost significant in typical post-tensioned beams and slabs. Furthermore, the
bond-slip effects are considered trivial because of the small bar size and amount of non-
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prestressed steel in typical PT members. The constraint of perfect bond is implemented in
the modeling using the embedding technique. The non-prestressed deformed steel bar truss
element nodes embedded in the concrete are forcibly treated to meet the displacement
compatibility with the surrounding concrete brick element nodes, thereby ensuring the
perfect bond between the steel bar and the concrete.

The unbonded state of prestressed tendons was modeled using previously developed spring
methods (Huang, 2012; Huang, Kang, Ramseyer, Rha, & Mechanics, 2010) or contact
formulations, where inequality constraints in the contact area are enforced by penalized
methods, as shown in Fig. (4).

4.3- Modeling Prestressing Procedures:
To obtain finite element modeling (FEM) bending behavior of a pretensioned T-beam, the

beam geometry is modeled, constrained, and meshed; non-prestressed steel and stirrups are
added to the model; The bottom side is pre-tensioned with eight equal eccentric bars, and
the load area is applied Fig. (5).

tendon end node constrained with
neighboring concrete nodes

tendon (contact with inner face of duct)
MPC __
beam ] ———
constraint | duct (embedded in to concrete) 1

bonded or unbonded PT maodeling
based on contact formulation

trivial tendon

tendon spring
spring method (Huang et al, 2010)

Figure (4): Modeling Details for Bonded or Unbonded PT tendons.

Figure (5): Typical Half Beam Detailed, Meshed with Simulated the Strand Curvature, End Anchor and
Reinforcement.
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5-Numerical Results and Validations:

5.1 Load-Deflection Curves Comparison:

The finite element analysis and experimental results of the upward and
downward deflection of the load are shown in Fig. (6). As noted, excellent
consistency was obtained throughout the load history of the beam until failure.

4

- ,.' o

3 —s—ABAQUS % 2
] o ABAQU S ABAQUS

+—EXPERMINTAL o ’ EXPERMINTAL

Sl e = =
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Displacement (mm) Displacement (am]

Figure (6): Comparison of Numerical and Experimental Load-Deflection Curve Specimen’s G1 and G2

5.2 Effect of Amount of Prestressing Steel, Aps:

Two beams with different prestressing reinforcement ratios are considered in this
section in order to investigate the effect of Aps on the flexural behavior of fully
unbonded post-tensioning (UPT) T-beams. Both beams have the same fpe/fpu ratio of
0.75. Beam failure mode observed at tension-controlled at beam G2, it has more
ductile cracking behavior compare with G1. The change in Aps affects the load-
carrying capacity and stress increment in the tendons, As observed in Fig. (7),
increasing Aps results in an increase in the crack load and maximum load-carrying
capacity of the beam G1 also increases the stress increment in the tendon at the
ultimate stage due to absence the non-prestressed reinforcement at the tension
zone also the availability to slippage at the tendons due to the absence of the grout
bond.

Since the stress increment in the tendon is generated by the deformation of the beam
and it shows to be linearly related to the deflection of the beam, this increment in
the tendon stress explains the reduction in the deflection capacity of the beam,
when Aps increases the strands resists all the applied loads after the concrete reached the
crack point. Beam G1 deforms approximately 57 mm at the ultimate stage while
those for Beam G2 are 80 mm, respectively. Similar conclusions were made from
previous studies on monolithic beams with internal unbonded tendons (Lou et al.,
2012; Lou et al., 2016; Tanchan, 2001; Tao & Du, 1985) as the area of pre-stressing
steel increased, the ultimate strength capacity of the structure increased, and the
deflection capacity decreased
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Figure (7): Comparison of FE modelling results of tendon Stress Increases Vs. Applied Load for

Gl and G2

The prestressing reinforcement ratio also affects the crack distribution and

the concrete stress distributions. The yield point is adopted in this study to

represent the transition between the first stage of behavior when the

cracks still close and the second stage when the cracks open. Two

numerical models with different values of Aps are built, varies from 198 to

280.mm2 which lead to increasing at the prestressing force with ratio 30%

almost.

The concrete compressive stresses in the bottom fiber at the mid span, oc,
due to fpe are measured, which are in between 4.39 MPa and 29.80 MPa
(oc/fc = 0.12 to 0.68), As observed in Fig. (8), It is seen from the figure that
there is an almost relationship between the ratio fpsyp/fpe and the
prestressing reinforcement ratio. In other words, As observed in Fig. (8), when
the prestressing reinforcement ratio increases to 40%, an increase of about
12% is observed in the tendon stress. This observation deserves attention
during the analysis and design of the structure for the calculation of cracking
load, which is required for the calculation of the beam’s deflection. Existing
design codes (ASTM Industry Handbook; Committee, 2008)
recommend the use of the effective prestress fpe for the calculation of the
cracking load for the stress

increment in the tendon at the cracking is small.
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Figure (8): FE modelling Results of Concrete Stress and Strain at the Failure Loading G1 and G2

However, it can be seen from this study that the stress increment in the
tendon at cracking is considerably larger than the effective prestress f,. and
the increment is related to the prestressing reinforcement ratio. Therefore,
the increase in the tendon stress at the yield point should be taken into
consideration during the calculation of the crack load in order to yield a
better prediction of the beam’s deflection. prestressed tendons at the
ultimate state of specimens.

6. Conclusions:

- The numerical models reported in the literature developed using Abaqus software
capture well the responses of the segmental concrete beams. The verified numerical
models are used to conduct intensive simulations of behavior of segmental beams with
different parameters for tension-controlled, compression-controlled and balanced sections.
Flexural behavior of fully unbonded prestressed (UPT) T-beams with unbonded tendons
in terms of failure modes, crack pattern and stress increment in the prestressing tendons
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are discussed.

- From the parametric study, it was found that the effective prestress in the tendons
strongly affects the bearing capacity, deflection and failure mode of concrete segmental
beams. Beams with higher effective prestress have greater load-carrying capacity but less
deflection in the final stage. With the same prestressing amount, the change in effective
prestress can lead to the change in the failure modes from compression or tension-
controlled failures.

- Increasing the prestressing reinforcement ratio leads to the increase in the load-
carrying capacity of the segmental beams, but decreases the beam’s deflection. The stress
increment in the tendon at the cracking/opening of the crack is found to be considerable in
this study however it is not considered in the current design codes. 2% to 12% increase in
the tendon stress at the cracking/opening is observed in this study and this stress
increment is directly related to the area of prestressing steel.
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