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Abstract: The modeling method of unbonded effects is a challenging and hot topic for the structural
performance analysis of unbonded and partially bonded post-tensioned concrete beams. The main
concerns accounting for the unbonded effects are the longitudinal free-slip behaviors and the vertical
deformation compatibility relationship between the unbonded tendon and concrete beam. Three
modeling schemes, namely, the beam—truss element model, the slipping cable element model, and
the slack spring model, are presented in this paper. These modeling schemes are, for the first time,
systematically compared regarding applicability, convenience, and accuracy. Then, these modeling
schemes are applied to experimental beams with different tendon layouts and bonding conditions,
including external tendons, internal unbonded tendons, and partially bonded tendons. The beam—
truss element model and the slipping cable element model are only applicable to the fully bonded
and unbonded members, respectively. The slack spring model is recommended as the generally
applicable model for analyzing post-tensioned concrete beams with different bonding conditions.
Crucial suggestions are put forward as to the zero-length slack spring element, which have the
potential to improve the prediction accuracy for tendon stress. In addition, parametrical analysis is
conducted to determine the influence of unbonded length on flexural performance. With the increase
of unbonded length, the flexural capacity of the beam will decrease, but the self-centering performance
can be improved. Interestingly, the effects of unbonded length on the structural deformability are not
monotonic, and the reasons for this are clarified.

Keywords: unbonded tendon; partially bonded beam; prestressed concrete beam; numerical model;

finite element

1. Introduction

The unbonded prestressing tendon has become a popular option for constructing
post-tensioned concrete beam due to its significant advantages of facilitating site operation,
replaceability, and preferable deformability [1,2]. The main types of unbonded tendons
include internal unbonded and externally prestressing tendons [3]. In particular, the
unbonded tendon elongation can no longer be calculated based on the plane-section
assumption, but is related to the overall deformation of the concrete beam between the
anchor points; this is generally called the unbonded phenomenon. The unbonded effects
cause quite different structural performance, as compared to bonded members [4,5], which
presents challenges for structural analysis and design [6,7].

Over the past few decades, numerous experimental studies have explored the me-
chanical properties of unbonded prestressed concrete beams [8-11]. For the uncracked
beam, the influence of the unbonded effects on the structural stiffness is small enough to
ignore, because the tendon stress increment is tiny [12]. Once the concrete beam cracks,
the tendon elongation will significantly develop along with the structural deformation.
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Notably, the unbonded tendon stress is uniformly distributed along the tendon length
rather than stress-concentrated at the crack cross-section, like the bonded members. There-
fore, the flexural performance becomes complex to predict, because the tendon stress can
not be directly determined [13]. Even though many efforts have been made to propose
simplified formulas to predict the flexural capacity and tendon stress increment [14-16],
significant differences still exist between the predictions and tests. The main reason is the
mutual influence between tendon elongation and structural deformation, which is difficult
to describe entirely through simple equations.

Recently, more and more new materials and novel structural designs have been applied
to improve the construction technology and working performance of unbonded prestressed
concrete beams [17-22]. Noteworthily, the partially bonded prestressing tendons have
received more attention and discussion [23]. Losanno et al. [24] conducted two partially
bonded prestressing concrete beam tests to determine the effects of grouting defects on
flexural performance. The tests by Hu et al. [25] and Janet et al. [26] showed that the partially
bonded tendon can help achieve both a high rotation and ultimate load capacity. These
developments involve more complicated mechanical behaviors, requiring the use of finite
element model analysis to study their performance. The critical issue is the appropriate
modeling method for the unbonded effects [27].

Typically, with the ignored friction, the unbonded tendon stress is equalized within
the length between anchorage points. The tendon deforms vertically with the beam but
free-slips along the tangent direction. Currently, two kinds of numerical models are usually
adopted to analyze the structural performance of unbonded prestressed concrete beams:
the solid element model [28,29] and the beam—truss element model [30-35]. In the solid
element model [28,29], the interactions between tendons and concrete beam are modeled
by hard contact and frictionless interaction to consider the unbonded effects. However, it is
considerably time-consuming due to the nonlinearity of co-existing materials, geometry,
and boundaries. The beam—truss element model [30-35] has significant advantages in
computational efficiency. In this model, the concrete beam is generally modeled by the
beam element, and the simulation of unbonded prestressed tendons is a core issue that
needs to be addressed. Some researchers proposed a new element type, the “slipping
cable element” model, to simulate the unbonded effects [32-34]. They took the unbonded
tendon as a whole element to calculate the tendon elongation, stress, and stiffness rather
than conventional truss elements that deform independently. However, the slipping cable
element can be only used to model the completely unbonded members, and is not applicable
to partially bonded members [24]. Moreover, most general finite element software does
not include the “slipping cable element”, which can only be analyzed by self-developed
procedure. However, modeling in general finite element software using the two-node
truss element and connecting it with the beam node by a rigid beam is a process which
can only be used for bonded members [36]. Jaiswal proposed an excellent modeling
method which involved removing the rigid link between the truss and beam elements in
the unbonded region to consider the unbonded effects [30]. He applied this method to the
natural frequency analysis of unbonded members in elastic. Nevertheless, this method is
also limited as to ultimate behavior analysis, with large deformation due to the ignored
vertical deformation compatibility relation between tendon and beam in the unbonded
region. Recently, a new model idea has been proposed, one which involves introducing the
slack spring into the conventional beam—truss element model to simulate the unbonded
effects equivalently [37]; this is called the “slack spring method”. The zero-length element
was introduced between the auxiliary node and truss node with rigid axial stiffness and
zero tangential stiffness. In this way, the vertical deformation compatibility relation and the
tangential unbonded effects can be satisfied simultaneously. However, the “slack spring
method” is mainly used for the internal unbonded straight tendon. Still, the applicability
validation for different tendon layouts (curved or draped tendon profiles, etc.) and bond
conditions (fully or partially unbonded) has not been well studied.
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In general, two main issues still need to be clarified for the modeling of unbonded
tendons. First, the “slipping cable element” model and the “slack spring” model are widely
used schemes for modeling unbonded tendons, but the associated simulation accuracy
is still not well compared and discussed. Second, the “slack spring” model is currently
only used for the internal unbonded straight tendon; whether it can be popularized for
curved or draped tendons, or in fully or partially unbonded conditions, should be studied.
To address these two main issues, three analyses are conducted in this paper. First, the
modeling schemes, including the beam-truss element, slipping cable element models, and
slack spring models, are systematically reviewed and compared for applicability. Second,
a detailed theoretical analysis is conducted for the “slack spring” method, and error
sources and suggestions for improvement are proposed for the simulation of unbonded
tendons with different profiles and bonding conditions. Further, with the suggested
slack spring method, the influences of unbonded length on the flexural performance are
studied by parameter analysis. Some interesting influence rules for unbonded length as to
deformability, carrying capacity, and self-centering performance are concluded.

2. Modeling Schemes for Unbonded and Partially Bonded Tendons

2.1. Mechanical Characteristics of Post-Tensioned Concrete Beams with Different
Bonding Conditions

The bonding conditions in post-tensioned concrete beams include completely bonded,
unbonded, and partially bonded members, as shown in Figure 1.

S Unbonded
Grouting \ region
bonding region
(a) Completely bonded members (b) Unbonded members (c) Partially bonded members

Figure 1. Prestressed concrete beams with different bonding conditions.

For a fully bonded prestressed concrete beam, the grouting in the duct makes the
deformation between the tendon and the surrounding concrete compatible, as shown in
Figure la. The axial and rotational deformation and structural deflection of the concrete
beam will cause tendon elongation. The sectional deformation can satisfy the plane-section
assumption, showing better bearing capacity and ductility.

For unbonded members (including internally unbonded prestressed members and
externally prestressed members), the compatible deformation condition is only satisfied at
the anchorage point, as shown in Figure 1b. The tendon’s vertical deformation develops
along with the structural deflection in the unbonded area, but there is no connection in
the axial direction. Usually, the friction between tendon and concrete is slight, and the
free-slip assumption is adopted. In this situation, the tendon stress is equalized between
the anchorage points. The tendon elongation depends on the whole structural deformation
rather than only sectional analyses like those of bonded members. The modeling method
used for the unbonded effects of tendons is a hot topic, and will be further discussed in
this paper.

For partially bonded members, the bonded and unbonded areas co-exist in the ducts,
as shown in Figure 1lc. This situation mainly corresponds to the bonding defects caused
by tendon corrosion [24,38] or artificial construction seeking to improve structural per-
formance [25]. The mechanical behaviors of these members are more complicated when
considering the bonded and unbonded conditions simultaneously. To the authors” knowl-
edge, there are still very few studies on modeling methods and performance comparisons
for partially bonded concrete beams, topics which will be discussed in this paper.
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2.2. Modeling Schemes and Applicability Comparisons

From the view of computational efficiency, the fiber beam element-based model
is usually considered more appropriate than the solid element model for the flexural
performance analysis of prestressed concrete beams [39,40]. The basic modeling idea based
on the nonlinear fiber beam element is shown in Figure 2. For the loading case in Figure 3a,
the representative modeling schemes (semi-structural analysis model) for different bonding
conditions are as depicted in Figure 3b—d. The main differences between these models for
different bonding conditions are the adopted element types for tendons and the connections
for concrete beams and tendons.

concrete fiber

“rebar fiber

> concrete beam node

auxiliary node for
surrounding concrete

tendon node

Figure 2. Truss—fiber beam element model for the prestressed concrete beam.

(1) Model I is the conventional bonded prestressed concrete beams model, as shown in
Figure 3b. The concrete beam is modeled by the fiber beam elements, and the tendons are
modeled by the two-node truss elements. The concrete beam and tendons are meshed to
ensure they have the same longitudinal coordinates, and the rigid beams are built between
them to model the connections. With the rigid beam, the tendon elongation will only
be controlled by the deformation of the connected beam element, and the stress of the
adjacent tendon elements will be independent. Therefore, the unbonded effects cannot be
considered in Model I.

(2) In Model II, the new element type named the “slipping cable element” is used
to model the fully unbonded tendons. For unbonded members, the critical problem is to
model the constant stress mechanical characteristics within the whole unbonded tendon
length. This element type takes the tendon between anchorage points as an entire element,
one which consists of multiple segments and nodes, as shown in Figure 3c. The element
elongation will be calculated during each iterative step to ensure the same stress within
the tendon. The finite element formulas have been reported in references [33-35]. This
method has been verified to be accurate for modeling unbonded tendons. However, this
new element type has not been developed in the general finite element software, and the
self-compiled program is needed [41]. Moreover, the downside is that this method can only
be used for fully unbonded members, not partially bonded members, due to the co-existing
bonded and unbonded conditions beyond the element assumption.

(3) Model 11l is an improvement of Model 1. The tendons are also modeled by the
traditional truss element. However, the additional auxiliary nodes were built at the location
of the tendon centroid to model the surrounding concrete. The rigid beam elements were set
between concrete beam nodes and auxiliary nodes to transform the structural deformation
to the surrounding concrete. The connections between the tendon nodes and auxiliary
nodes were coupled for vertical degree-of-freedom (DOF) (ky equals a considerable value)
and set to zero-stiffness spring (ki = 0) in the longitudinal direction (called “slack spring
method” in this paper), as shown in Figure 3d. In this way, the stresses in the adjacent truss
elements can be realized as approximately equal. Further, if we set k; to be a considerable
value, the model can also be applied to the analysis of bonded members. Chen et al. [37]
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applied this modeling method for the internal unbonded tendons using the existing element
types in OpenSees software [42]. This is a worthwhile method, because it can be realized
by the built-in element types in most finite element software. However, there are still two
issues that need to be clarified. First, Chen et al. [37] only analyzed the straight unbonded
prestressed members. It is necessary to discuss the applicability to more complicated
tendon profiles, such as curvilinear internal unbonded and draped external tendons. Then,
it needs to be determined whether the “slack spring method” can be popularized to analyze
the behaviors of partially bonded members by adjusting the different values of k;. This
paper mainly contributes to researching and validating these two problems and further
discusses the effects of different bonding conditions on structural performance.

P¢ élé *P

I

O | prestressed -
. tendon concrete beam
| <

tendon node
<

rigid beam

concrete _

two-node truss
element for tendon

(a) Prestressed concrete beam under load

be fore/d eformation

beam node

concrete beam

mulg

\ , \
- A ,'\-’
fiber beam element for * load after d eformation v
(b) Model-I (for bonded prestressed concrete beam)
before/ deformation

deformation uniform
distributed stress

(c) Model-II (slipping cable element method for unbonded prestressed concrete beam) /
zero length element Zejlirll:‘?rim 121115 i‘;lgl;
with slack spring N
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k=0 -
S/‘i’(‘/r R
ili d T
auxiiiary no slack direction 60‘\1'(;7
| Model-1II-1 Model-III-2

load :
(d) Model-III (slack spring method for unbonded effects)
Figure 3. Modeling schemes for prestressed concrete beams with different bonding conditions.

For Model 11, taking a tendon node as an analytic target, the force diagram can be
drawn as in Figure 4. The static equilibrium equations built in x and y directions are shown
in Equation (1). The combination of two equations yields Equation (2). If unbonded effects
are satisfied, the condition T1 = T, # 0 must be satisfied. Equation (2) can be transformed
into Equation (3). This is simple but valuable. The prerequisite for the unbonded effect to
be satisfied by Model III is that the direction of the zero-length element should be on the
bisector line of the angle between the truss elements. For the straight unbonded tendon,
the direction obtained by Equation (3) is vertical. However, for the tendons with curved or
draped profiles, the suggested direction of the zero-length element should be determined
according to the slope of the tendon profile rather than the descriptions adopted by Chen
et al. [37]. To verify this conclusion, we build two models for Model III, named Model III-1
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(zero length element along with the vertical direction) and Model I1I-2 (zero length element
along with the angular bisector), respectively.

Y F=0, Tysinag + Tpsinay + Nsinf =0

Y. F, =0, Tycosay + Tr cosap + Ncost =0 M
Ty sin(f —a1) + T sin(f —ap) =0 (2)
9 — (a1 + ar) 3)
2
~_7beam node truss
ioid b , element-2 N
rigid beam—/| ¥\ truss T,
uxiliary node y ! element-1
/
o —r1_%_ O—2 ma N NA—TT &
tend on node
(a) Connection of tendon node (b) Force decomposition at tendon node

Figure 4. Connection and force decomposition of tendon node for Model III.

However, we noticed that the tendon’s dip angle and structural deformation will
constantly change under loading. So, even though we define the zero-length element by the
direction of Equation (3), the angular deviation § will inevitably appear following the beam
deflection. Defining the coefficient f =1 — (T /T>) describes the degree of non-uniform
distribution between two truss elements. Substituting 8 = (¢; + a3)/2 + J into Equation
(2), Equation (4) can be obtained. With the increase of ¢ caused by structural deformation,
the nonuniformity relative to the adjacent truss element will increase. The suggested
element direction in Equation (3) can decrease the initial deviation. In addition, the angular
deviation ¢ is mainly caused by structural deflections, which is small compared with
(a1 + x2)/2, for purposes of practical engineering. The effects of  will be analyzed in the

following section.
T 2
p=1—- = (4)

T tan(”%“)/tané—l—l

Table 1 shows the summary and comparisons between different modeling schemes. It
can be seen that Model Il is a promising method for members with different bonding condi-
tions. The model validation and detailed discussion are presented in the following section.

Table 1. Comparisons between the modeling schemes for different bonding conditions.

. Applicability Element Type )
Modeling Can It Be Used in Validati
Schemes Bonded Unbonded Partially Bonded Concrete Tendon General FE Software? ' 2hdation
Members Members Members Beam
Model 1 Yes No No Beam Truss Yes Yes
Model I No Yes No Beam Slipping cable No Yes
element
Model ITI-1 Yes Yes Yes Beam Truss Yes No
Model III-2 Yes Yes Yes Beam Truss Yes No

2.3. Computational Procedure

All of the analysis models are built in OpenSees V2.5.0 software [42] because of its
open-source advantages and powerful nonlinear analysis capability. In particular, the
slipping cable element in Model 1l is built employing the program pre-developed by the
authors in OpenSees v2.5.0 [32,33]. The other models are all built using the built-in element
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type in OpenSees v2.5.0 software. In the numerical model, the concrete beam element size
is 50 mm, and the tendon element is meshed with the same element amounts and nodal
coordinate in the longitudinal direction as the concrete beam.

The materials used in the analysis mode include concrete, steel reinforcement, and
prestressing tendon. The concrete is simulated by the “Concrete 02” model [43]. The “Rein-
forcingSteel” model is employed to simulate the material nonlinearity of steel reinforcement
according to the suggestion of reference [44]. The “Steel 02” model is adopted to simulate
steel tendons [33].

The numerical models are loaded from two analysis steps. First, the prestressing force
is applied to the tendon by way of initial stress according to the control tension stress. Then,
externally applied forces are loaded on the model by displacement-controlled loading up
to failure.

3. Model Verification
3.1. Externally Prestressed Concrete Beam

The specimen named SSS1, in the experiment conducted by Au et al. [45], is taken
as an example in order to verify the feasibility of the mentioned modeling schemes for
the unbonded behavior simulation of the external tendon. The specimen was a simply
supported concrete beam with a span length of 4.5 m. The structural design details and
loading schema are shown in Figure 5. The material characteristics of concrete, rebar, and
tendon are listed in Table 2. The external tendons were designed with a harped profile,
the effective tendon depth dp, of which was 112 mm at the beam end and 168.8 mm at the
midspan. The external tendon was post-tensioned at 28 days of age, then monotonically
loaded up to failure on the same day. Under four-point loading, the failure is caused
by the tensile reinforcement yield and the top flange’s concrete crushing at the midspan
cross-section. Three different models mentioned in Section 2 are employed to predict the
whole-process structural behavior.

100N load cell for P P 100N load cell for A-A
(tendon force monitoring ¢ rA ¢ tendon force monitoring 300
*
S == L | ldo == ST —— ]
« deviator | | free slip external tendon Asg
A *,LVDT for midspan deflection monitoring O =
. 4+ S R 4+ B
100 1350 100 A 100 1350 100 200 | aal®
200 4500 A
. .
¢ *
unit: mm 100 100 100
Figure 5. Dimension details and loading schema of specimen SSS1.
Table 2. Material characteristics for specimen SSS1.
Bottom Rebar Top Rebar Concrete Tendon
Specimen Ag1 Agp Ap fpe
(mm?) fy (MPa) (mm2) fy MPa) f.(MPa) fi(MPa) E.(GPa) (mm?) (MPa) E;, (GPa)
SSS1 402 549 317 492 58.3 3.0 50.7 198 357 201.9

Figure 6 compares the predictions and the test results of load-deflection and deflection-
tendon stress increment curves. The comparisons clearly show the noteworthy influences
of the slip effect of the external tendon at the deviators on flexural performance. For
Model I, the slip effects at the deviators are not considered. The tendon elongation is
independent of the different tendon segments, which is subtly different from the actual
behavior of the external tendon. The tendon elongation of Model I mainly occurred at the
middle tendon segment, “Seg-2”, causing the higher tendon stress increment and structural
flexural capacity. Model I overestimates the structural stiffness and flexural capacity after
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the mild rebar yielding, without considering the slip effects. For Model 1II, the external
tendon is taken as a whole element, and the slip effects are naturally considered during the
deriving of the finite element formula. On the basis of Model I, the longitudinal relaxation
spring determined by Equation (3) is introduced at the deviators in Model III to consider
the slip effects. The tension redistribution phenomenon among the tendon segments will
occur in Model IIT due to the zero “slack spring” stiffness in the longitudinal direction. In
equilibrium, the tendon stress is approximately equal anywhere within the tendon length,
satisfying the assumption of unbonded effects. Model II and Model III analysis results are
very close and agree well with the tests for flexural capacity and tendon stress increments.

100 1200
. t Yielding © [ |—o— Test result
g go | ofrebar % 1000F | Model- Seg-2
Z = [ [ Model-II
% g 800F [ Model-IIT Seg-1
g 60 —o— Test result & r
% —— Model-I LE) 600 |-
& 40 —— Model-Tl 2 .
i -------- Model-IIT £ 400}
n [ L
g 06, S 200 I 1

Cracking g Seg-1
= Seg-2
0 0 50 100 150 200 0 0 50 100 150 200

Midspan deflection (mm)
(a) Load-deflection curves

Midspan deflection (mm)
(b) Deflection-tendon stress increment curves

Figure 6. Comparisons using the experimental results of specimen SSS51.

Further, let us increase the midspan dp, to 1/10 span length (d, = 450 mm), and
the dip angle 6 of the draped tendon to 35.3°. For this situation in which the included
angle between the tendon segments is large, the orientation of the relaxation spring at the
deviators in Model III has non-negligible effects on the flexural behaviors. Three numerical
models are built and analyzed for comparisons, including Model II with slipping cable
element, Model III with longitudinal relaxation spring along the beam length (named
Model 1II-1), and Model II with tangential relaxation spring (named Model III-2). The
analysis results are plotted in Figure 7 for comparison. It can be seen that the orientation of
the relaxation spring will influence the results of the analysis, and merits attention. Model
III-1 slightly underestimates the flexural capacity, by 3%. The reason for the deviation
in Model II-1 is that the relaxation spring orientation is in the longitudinal direction, in
which the horizontal component of Seg-1 equalizes the tendon force of Seg-2. So the tendon
force of the middle segment of Seg-1 is smaller than that of Seg-2, causing a prediction
of lower flexural capacity. With the suggested tangential relaxation orientation, which is
perpendicular to the angle bisector of tendon segments (Model III-2), the analysis results
are close to the slipping cable element model (Model II). It should be noted that the method
exemplified by Model III-2 can be easily realized in the general finite element software
without additional program development, like that of Model II.



Buildings 2024, 14, 1682

90f19

200F

= —_
o €]
=) =)

T

Midspan moment (kN-m)
a1
=)

Model-

g

longitudinal
, re:laxe}tior_l

1400

—_

N

o

(=}
T

—— Model-II
—— Model-III-1
Model-1I1-2

[ | — Model-II
—— Model-III-1
Model-III-2

1000

T

800
250

1200
1150
1100

1050
75,

II1-1 Model-III-2

Nz

tangential
lrela_xatilon .

600
400 Seg-2
Seg-1

Tendon stress increment (MPa)

200

9(

! 8Q 85

o

Load cell

30

(a) Load-deflection curves

60

Deflection at midspan (mm)

25 50 75

Deflection at midspan (mm)
(b) Deflection-tendon stress increment curves

9 120 150 180 0 100

Figure 7. Effects of the relaxation spring orientation on the flexural behaviors.

3.2. Internal Unbonded Prestressed Concrete Beam

A 4.8 m + 4.8 m continuous test beam with internal unbonded tendons, named
YLAZ2 [46], is selected to verify and determine the applicability of the above-mentioned
methods for modeling the internal unbonded tendons. The details of the structural dimen-
sions, cross-section, and loading pattern are shown in Figure 8, and the related material
parameters are listed in Table 3. The diameter of the steel reinforcement used was 12 mm,
and its elastic modulus and yield strengths were 361 MPa and 200 GPa, respectively. The
prestressing tendon’s yield strength, ultimate strength, and elastic modulus are 1680 MPa,
1941 MPa, and 197 GPa, respectively. The tendon profile was designed using the piecewise
quadratic equations [46]. The relation between the beam deformation and the tendon
elongation was more complicated than that of the straight tendon profile. The internal
unbonded tendon was prestressed at 28 days of age, and then third-point loading was
applied at each span up to failure. With the increasing load, the top mild rebar Ay, at the
middle support cross-section was first-yielded, and then flexural failure occurred at the
midspan cross-section almost simultaneously. The tendon was still elastic at the ultimate,
which differs from those of bonded members. The analysis results for load-deflection
and load-tendon stress increment as determined by different modeling schemes, and their
comparisons with the test results, can be seen in Figure 9. The method of Model I equiva-
lently takes the specimen as bonded members, overestimating the flexural capacity and
the tendon stress. The results of Model II and Model III-2, with the unbonded effects
considered, are matched well with the tests for both flexural capacity and tendon stress
increment. The slight deviations between predictions and tests are mainly caused by the
possible friction and material randomness.

Left span Right span

P2

1 1600 1
T As T

P2
1600 1
T

35

l P2

Load cell

i

00¢

P -~
=~ ™~

!

0¢€C

=
-
- =]

- = - g - - = =]

-

A

LVDT for midspan deﬂection)nonitoring 20 20

1600

Ast

I\

* -~ Ast * Internal unbonded

tendon

35

150

1600 1 1600 1600 Iy 1600 . 200

2001 |
*

T

1600 |
t

5000 i i 5000 '

unit:mm

Figure 8. Details of the specimens YLA2 and YLC2.
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Table 3. Parameters for the continuous test beams with internal unbonded tendons.
. Asl AsZ AS3 As4 AP fPe
Specimen (mm2) (mm2) (mm?) (mm?) fc(MPa) fi(MPa) E.(GPa) (mm?) (MPa) Ep (GPa)
452.4 226.2 226.2 226.2
YLA2 (4012) 2012) 2012) 212) 36.7 3.85 36.2 140 1196 197
160 160
140 140}
Z 120¢ = 120} :
~, 100 ., 100 '
2 "g i Stress at the failure H
2 80 9 80 cross-section !
ol r - .
2 el —o— Test L.eft span E 60 B Test-Left span
o r Test-Right span Q, —o0— Test-Right span
< 40 Model-1 Z 40 Model-I
ol T Model-II-2 20| Model-TI-2
Model-ll | [ “F  |..... Model-III
0 N 1 1 1 N 1 N 1 N 0 1 N 1 N 1 N 1 N
0 10 20 30 40 50 60 0 100 200 300 400 500

(a) Load-deflection curves

Midspan deflection (mm)

Tendon stress increment (MPa)
(b) Deflection-tendon stress increment curves

Figure 9. Analysis results for comparisons between different modeling schemes.

The effects of the orientation of the relaxation springs in Model III on the tendon stress
distributions are further discussed here. For comparison purposes, we collect the tendon
stress results from different models under the same midspan deflection of 40 mm. The
discussed models include Model II with slipping cable element, Model I1I-1 with relaxation
springs defined along the beam length direction, and Model III-2 with relaxation springs
defined perpendicular to the angle bisector of tendon segments. The comparisons of the
results are shown in Figure 10. The tendon stress in Model II is uniformly distributed
within the whole element, which fully satisfies the frictionless and free-slip hypothesis.
For Model 111, there are some differences in the tendon stress along the beam length. The
standard deviation of the tendon stress by the Model III-1 method is 5.54 MPa, while for
Model III-2 with the suggested relaxation springs orientation, the standard deviation is
reduced to 1.25 MPa, which is closer to the goal hypothesis. The relaxation springs method
with the suggested orientation (Model III-2) can be adopted to simulate the behavior of
the internally prestressed concrete beams, and the analysis results are close to those of the
slipping cable element model (Model II).
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B
[}
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S 1600
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Figure 10. Tendon stress distribution along the beam length under the same deflection.
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3.3. Partially Bonded Prestressed Concrete Beam

Losanno et al. [24] conducted a series of specimen tests to discuss the effects of grouting
conditions on the flexural behaviors of prestressed concrete beams. Three specimens with
different bonded states are collected here to verify the modeling method for partially
bonded members, namely, B-HP (full grouting for bonded members), U-HP (no grouting
for unbonded members), and PB-M-HP (no grouting at midspan for partially bonded
members), respectively. The specimens were simply supported concrete beams with span
lengths of 6.6 m. The design details of the specimens are shown in Figure 11, and the
material properties are listed in Table 4. Tendon prestressing was imposed after 28 days of
concrete curing. The actuator with 3000 kN loading capacity applied two-point loads at the
midspan, spaced 850 mm apart, and all specimens were monotonically loaded to failure.
The load cells were arranged at the beam ends to monitor the tendon stress variations,
and the LVDT, with maximum strokes of 500 mm, was placed at the midspan to test the
deflection change with increasing loads.

Br P/2 iL,
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Figure 11. Design details of the specimens with different grouting conditions.
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Table 4. Parameters for partially bonded prestressed concrete beam.
Concrete Steel Reinforcement A8 Tendon AS 15.2
Specimen >
feu (MPa) Es (GPa) fy (MPa) Ap (mm?) E, (GPa) fpe (MPa) fpy (MPa) fpu (MPa)
B-HP 33.8 200 450 140 203.4 716.5 1782 1969
U-HP 338 200 450 140 2034 7735 1782 1969
PB-M-HP 33.8 200 450 140 203.4 740.0 1782 1969

From the above analysis cases, we can conclude that Model III-2 can be used to model
the behaviors of prestressed concrete beams with different bonded conditions by setting
different connection stiffness values for the relaxation springs. For bonded members, the
tangential and normal stiffness of the springs can be set to a significant value (such as
1 x 10'® N/mm, as in this paper). For unbonded members, the tangential stiffness can be
set to zero for all springs. The zero-stiffness spring can be set in the unbonded area for
partially unbonded members. Model I can only be used to model the bonded members,
and Model II can only be used to model the unbonded members. Therefore, in this section,
only Model III-2 is employed to analyze the behaviors of three specimens.

Figure 12 shows the analysis results and the comparisons with the tests. With the
degradation of the bonding state (from B-HP, PB-M-HP, to U-HP), the structural flexural
capacity and ultimate displacement are all decreased. The modeling method of Model I1I-2
can successfully capture the effects of bonding conditions on these responses.
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Figure 12. Analysis results of comparisons for cases with different bonded conditions.
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As reported in reference [24], all of the specimens displayed flexural failure at the
midspan cross-section, but the failure modes had some differences, due to the different
bonding conditions. A significant opening crack was observed at the midspan cross-section,
dominating the failure of unbonded specimen U-HP. The concrete beam was almost elastic
in the other regions. For bonded specimen B-HP, the cracks were distributed in a broader
range, and the crack spacing was smaller than in U-HP. The failure mode was between U-
HP and B-HP for partially bonded specimen PB-M-HP, the major cracks of which appeared
in the unbonded region and were slight in the other areas.

Based on the results of the analysis, the ultimate sectional curvature distribution at the
peak loads is collected and compared with the experimentally observed failure modes, as
shown in Figure 13. The locations of the more significant sectional curvature represent the
failure cross-section with large plastic deformation. It can be clearly seen that the plastic
deformation is concentrated at the midspan for unbonded specimen U-HP, and the other
parts are almost elastic. The plastic deformations are distributed in a broader range for
bonded specimen B-HP. Interestingly, for partially bonded specimen PB-M-HP, the sectional
curvature distribution in the bonded area is close to the bonded members and close to
unbonded members in the unbonded area. The results of the analyses match well with the
observed failure mode from the tests, validating the effectiveness of the modeling method
of Model III-2.

4
2.0x10 —0— B-HP (Analyzed)
| | —o—U-HP (Analyzed)
—2—PB-M-HP (Analyzed)

1.5%1074

1.0x1074

5.0x107)

0.0

Sectional curvature (1/mm)

. 1 . - 1 . 1 . 1 , Unbonded region, 1 . 1 . 1 — . 1 .
0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000 6600
Location (mm)

(a) Sectional curvature distribution at the ultimate states from analysis model

(d) Failure of unbonded members

Figure 13. Failure modes comparison based on the results of the analysis.

Based on the validation of these prestressed concrete beams with different bonding
conditions, we can conclude that Model III (slack spring method) is an effective model
for predicting structural deformation, carrying capacity, and failure modes. Moreover,
we suggest setting the orientation of the zero-length element on the angular bisector
line between the adjacent truss elements (Model III-2). The Model III-2 can improve the
prediction accuracy of tendon stress distributions, compared with Model III-1.
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4. Discussion

Based on the validated model, the Model III-2 method is further used to discuss the
effects of the degree of unbonded conditions on the flexural performance. The specimen
PB-M-HP by Losanno et al. [24] is employed here as the prototype beam for numerical
analysis. The structural dimensions and the design details can be seen in Figure 11. The
length of the unbonded area «L is taken as the only variable to be discussed. The unbonded
area length «aL is set from 0 to 6600 mm, with a step size of 600 mm (« ranges from 0 to 1).
The control stress for prestressing is 800 MPa. The focused performance indicia include
deformability (maximum deflection), carrying capacity, and self-centering behaviors.

With the specified loading pattern in Figure 11, all models are loaded up to failure, and
the load-deflection curves are shown in Figure 14a. To compare the models’ self-centering
behaviors, all numerical beams are firstly loaded to the same midspan deflection (100
mm) and then unloaded to zero force. The residual deformation resqq is obtained for
comparisons, as shown in Figure 14b. The main indices of the results from these models,
including maximum midspan deflection, peak load, and residual deformation resygg, are
listed in Table 5. The curves of these indices, along with the changing of the unbonded area
length parameter «, are plotted in Figure 15. In Table 5 and Figure 15, the definition of the
RES index follows the calculation of Chen et al. [37], and RES =1 — res1q/100.

180
160 1601 jncrease of the
—~ ~ 140} wunbonded length,
Z 140 Z a=0to 1
& 120 s, 120p
g 100 g 100f 0
= increase of the L 80
E 80 unbonded area length, E [
a =0to 1 a L
& 60 o=0to & 60
< 40 Cracking 1 < 40 | 1
20 ’ Monotonic loading ‘ 20 ’ Cyclicloading ‘
O 1 1 1 0 1 1 1 1
50 100 150 200 0 20 40 60 80 100 120

Midspan deflection (mm)
(a) Monotonic loading

Midspan deflection (mm)
(b) Cyclic loading

Figure 14. Load-deflection analysis results of numerical models with different bonding conditions.

Table 5. Analysis results of the numerical models.

« Maximum Peak Load P D:.{ff)srln(igglon RES Index
Deflection (mm) (kN)
res100
0.0 190.1 159.3 17.800 0.822
0.1 134.1 154.5 17.700 0.823
0.2 119.1 152.4 17.270 0.827
0.3 109.1 150.9 10.890 0.891
0.4 106.1 149.7 3.660 0.963
0.5 107.1 148.2 2.679 0.973
0.5 111.1 146.2 1.817 0.982
0.6 117.1 144.0 1.215 0.988
0.7 124.6 141.6 0.872 0.991
0.8 132.1 139.3 0.707 0.993
0.9 139.1 137.0 0.626 0.994
1.0 146.1 134.8 0.630 0.994
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Figure 15. Curves of maximum deflection, peak load, and RES index, along with the parameter «.

Based on the comparisons, we find some interesting conclusions:

(1) Before the cracking of the concrete beam, the effects of the unbonded effects can be
ignored. This result is consistent with the research conclusion of Bonopera et al. [12]. Their
test showed that the specimen’s stiffness with a parabolic unbonded tendon and a bonded
one is similar. However, the situation changes after the concrete beam cracks. The tangent
slope of the load-deflection curve decreases, along with an increase of the unbonded area
length. During this stage, the stiffness contributions of the tensile area are mainly from
steel reinforcements and tendons. Along with the increase of unbonded area length, the
tensile force increments of the tendon will decrease, causing a decrease of the tangent slope.

(2) As expected, the flexural capacity shows a decreasing trend with the increase of
unbonded length, and the peak load of the unbonded member is 23.1% lower than that
of the bonded member. Interestingly, we find that the variation of maximum deflection
with unbonded length is not monotonic. The maximum deflection decreases for cases of
« ranging from 0 to 0.4, and then increases for cases of « ranging from 0.4 to 1.0. The
reason is revealed by the maximum deflection prediction equation of Peng et al. [16], as
shown in Figure 16 and Equation (5). Values &, and c, denote the concrete ultimate
compressive strain and neutral axis height, respectively. L, is the plastic hinge length of
the idealized curvature distribution curve. From Equation (5), we find that the maximum
deflection is mainly affected by L, and c,. Based on the previous analysis in Figure 13a,
we know that L, and ¢y both decrease with the increase of unbonded length, causing the
above-mentioned non-monotonic phenomenon. For cases with small unbonded lengths,
the decrease of L, dominates the reduction of maximum deflection. With a large unbonded
length, the ultimate tendon stress decrease causes the reduction of ¢, and increase of

maximum deflection. Lol L L
€
Umax = p4u = }ZLCCH (5)
u

v v
N27AN BT A RN

(a) Failure mode

l Lp l )
Actual — - I Idealized
distribution .- < distribution
N d=&w/c
t iy
! L T

(b) Sectional curvature distribution

Figure 16. Failure mode and idealized curvature distribution of the prestressed concrete beam.



Buildings 2024, 14, 1682

16 of 19

(3) The residual deformation is mainly caused by the plastic of concrete, rebar, and
prestressing tendon. Under the same structural deflection, the unbonded tendon stress is
smaller than the bonded ones and even still elastic without plastic strain. Therefore, the
self-centering performance of unbonded members is better than that of bonded members,
as shown in Figure 15c.

In summary, the unbonded length significantly influences partially bonded concrete
beams’ deformability, carrying capacity, and self-centering behaviors. Moreover, the influ-
ence rule is not simply monotonic for the deformability. Currently, study on the partially
prestressed concrete beam is still limited, due to its more complicated behaviors and con-
struction scheme. However, perhaps we can set an appropriate unbonded length according
to the balance of deformability, flexural capacity, and self-centering properties to improve
the overall structural performance, a possibility which should be further studied.

5. Conclusions

This paper systematically presents three modeling schemes for analyzing post-tensioned
concrete beams with different bonding conditions: the conventional beam-truss element
model (Model I), the slipping cable element (Model II), and the “slack spring method”
(Model III). The slack spring model is recommended as the generally applicable model for
analyzing post-tensioned concrete beams with different bonding conditions. The direction
and stiffness of the slack spring in Model III are proposed to improve the accuracy of the
analysis. The applicability of these models is analyzed and compared by verifications with
the experimental beams, and the effects of unbonded length on flexural performance are
parametrically analyzed. The conclusions are as follows:

(1) Model lis adequate for the analysis of bonded prestressed members. Model II can
capture the flexural behaviors of unbonded members well, but it cannot be used
to analyze partially bonded members. Moreover, the application of Model II goes
beyond the function of most finite element software, and a self-complied procedure
is needed.

(2) Model Il is applicable for analyzing prestressed concrete beams with different bond-
ing conditions (bonded, unbonded, and partially bonded members). The prediction
accuracy can be improved by setting the orientation of the zero-length element, along
with the angular bisector between the adjacent truss elements (Model III-2).

(3) With increased unbonded length, the flexural capacity decreases, but the self-centering
performance is improved. The effects of unbonded length on structural deformability
are not monotonic, showing a trend of declining and then rising along with the
increase in unbonded length.

(4) An experimental study on the flexural performance of post-tensioned concrete beams
with different bonding conditions needs to be conducted in the future to verify the
modeling schemes thoroughly. More accurate information on the practicability of
the proposed FE models can thus be provided. The influences of unbonded length
on flexural capacity, deformability, and self-centering performance will be further
experimentally verified.
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Nomenclature
The symbols and acronyms used in the context:

Agi Cross-sectional area of steel reinforcement;

Ap Cross-sectional area of tendon;

o Coefficient of unbonded length;

a1, 09 Included angle between the tendon segment and the concrete beam;
B Degree of non-uniform distribution between two truss elements;
Ecu Concrete compressive strain at ultimates;

Au Sectional curvature at ultimates;

0 Included angle between axial force N and x direction;
o Angular deviation of the tendon;

Cu Depth of compression zone;

dp Effective height of tendon;

Ec Elasticity modulus of concrete;

Es Elasticity modulus of steel reinforcement;

Ep Elasticity modulus of prestressed tendon;

fe Compressive strength of concrete prisms;

feu Compressive strength of concrete cube;

ft Tensile strength of concrete;

fpe Effective prestress of tendon;

fry Nominal yield strength of tendon;

f pu Ultimate tensile strength of tendon;

fy Yield strength of steel reinforcement;

Lp Plastic hinge length;

N Axial force of the zero-length element;

k¢ Longitudinal stiffness of the slack spring;

kv Vertical stiffness of the slack spring;

T1,T» Tendon force;

Umax Maximum midspan deflection;

LVDT Linear variable differential transducer;
resjgp  Residual deformation after unloading from 100 mm midspan deflection.
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