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Abstract. A sophisticated finite element modeling approach is proposed to simulate unbonded post-
tensioned concrete slabs. Particularly, finite element contact formulation was employed to simulate the
sliding behavior of unbonded tendons. The contact formulation along with other discretizing schemes was
selected to assemble the post-tensioned concrete system. Three previously tested unbonded post-tensioned
two-way and one-way slabs with different reinforcement configurations and boundary conditions were
modeled. Numerical results were compared against experimental data in terms of global pressure-deflection
relationship, stiffness degradation, cracking pattern, and stress variation in unbonded tendons. All
comparisons indicate a very good agreement between the simulations and experiments. The exercise of
model validation showcased the robustness and reliability of the proposed modeling approach applied to
numerical simulation of post-tensioned concrete slabs.
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1. Introduction

Since the first post-tensioning method applied in U.S. buildings in the mid to late 1950s (PTI
2006; Klemencic et al. 2006; Chacos 2007; Bondy 2012), unbonded post-tensioned (PT) slabs are
widely used in the buildings, especially for parking structures. Recently, PT slab systems are used
not only for parking structures but also high-rise office buildings to reduce story heights.
Regardless of widespread use of PT slabs in building construction, nonlinear structural behavior of
unbonded one-way and two-way PT slabs are not fully deciphered. Using a reliable finite element
model, this topic can be investigated effectively instead of expensive and labor-intensive
experimental studies. According to this demand, a 3-D finite element model of unbonded PT slabs
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has been developed in this study.

Until now, there are not many research papers for numerical modeling of unbonded PT
members. Kim et al. (2009) developed a sophisticated 3-D finite element model for simulating the
nonlinear flexural behavior of unbounded PT beams. To verify the accuracy of the proposed 3-D
finite element model, numerical analysis results were compared with experimental results.
Furthermore, very limited research work has been performed for numerical modeling of unbonded
PT slabs. The finite element procedure proposed by Van Greunen and Scordelis (1983) was able to
analyze both of bonded and unbonded pre-stressed slabs. The procedure was incorporated into a
computer program, which is capable of analyzing the prestressed slabs with the consideration of
time dependent effects, material and geometric nonlinearities. Two numerical analyses were
carried out in the study including a pre-tensioned concrete column tested by Aroni (1968) and a
continuous two-way unbonded PT slab tested by Scordelis et al. (1959). The analysis maintained a
good agreement with the experiment for the pre-tensioned column, while the modeling scheme
was partially consistent with the PT slab test data in the inelastic range. Van Greunen and Scordelis
(1983) explained that the discrepancies found at the failure stage were caused by the coarse mesh
and difficulty of modeling the actual tendon forces at major interior cracks. Recently, Rabczuk and
Zi (2008), Kwak and Son (2010), and Vecchio et al. (2006) modeledthe unbonded or bonded
tendon behavior in conjunction with concrete structures.

The objectives of this research are: 1) to propose reliable numerical models which can trace the
nonlinear behavior of unbonded PT one-way and two-way slabs with accuracy; 2) to compare the
overall structural behaviors of unbonded PT slabs through testing and simulation; 3) to investigate
crack propagation, strain, pressure, and deflection of unbonded PT slabs through testing and
simulation. This paper is a journal version paper which has been developed based on the short
version conference paper (Kim et al. 2011) of the 2011 International Conference on Computational
Technologies in Concrete Structures and the Conference Chair’s recommendation.

2. Structural tests of post-tensioned slabs
2.1 Test specimens

Three two-way PT slabs (PTS-1, PTS-2 and PTS-6) and three one-way PT slabs (PTS-3, PTS-4
and PTS-5) were tested as listed in Table 1. All slabs were reinforced with unbonded post-
tensioning tendons and bonded mild steel. Table 2 summarizes the dimensions and boundary
conditions of each specimen. The two-way slabs (PTS-1, PTS-2, and PTS-6) were simply
supported on four sides of the slab with some rotation allowed. The one-way slab specimens had
three different boundary conditions on span ends: 1) PTS-3 had fixed conditions on both ends; 2)
PTS-4 was pinned on one end and fixed on the other end; and 3) PTS-5 was pinned conditions on
both ends.

Slab thickness was 76 mm for all specimens. PTS-1, PTS-2, and PTS-6 (two-way slab) had a
footprint of 2.76 m by 2.76 m including end supports, and the clear span length in each principal
direction was 2.7 m (Fig. 1). Mild steel wire mesh with a size of 2.13 m by 2.13 m was placed at
the compression surface of each slab mainly to prevent damage during transportation. The amount
of mild steel, which varied for each specimen, is provided in Table 1.The simple support fully
restrained the slab vertical displacement at the edge with a clamp.

The one-way slabs (PTS-3, PTS-4 and PTS-5) had various footprints depending on the support
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Fig. 1 Draped tendon profiles and loading conditions for test specimens
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Table 1 Summary of steel reinforcement and measured concrete strength for specimens

Post-tensioning tendons Compressive mild

. L Tensile mild steel per unit . Fe
Specimens per urrlTl]tmw;g:rP:](Aps), width (Ars), mm2mm ste(eAI p;er n:J;lzt/r\;]vﬁth MPa
ps/s
16-6.35 mm strands 4 X 4-4/4 WWM 6 x 6-10/10 WWM
PTS-1
(two-way) ea. way 102x102 MW 25.8/25.8 152x152 MW 9.1/9.1 40.9
Y (0.14) (0.254) (0.06)
PTS-2 16-6.35 mm strands 6 x 6-10/10 WWM 6 x 6-10/10 WWM
ea. way 152x152 MW 9.1/9.1 152x152 MW 9.1/9.1 41.1
(two-way) (0.14) (0.06) (0.06)
- 16-6.35 mm strands 2o o mmation & 6 x 6-10/10 WWM
in span direction e 152x152 MW 9.1/9.1 39.5
(one-way) (0.14) ea. fixed end (0.06)
' (0.673) '
PTS-4 16-6.35 mm strands S_Gégs'smn;]maﬁ)gfof; 6 X 6-10/10 WWM
in span direction B 152x152 MW 9.1/9.1 41.1
(one-way) (0.14) ea. f(|(>)<e7d) end (0.06)
27-9.5 mm at top &
16-6.35 mm strands 6 x 6-10/10 WWM
PTS-5 in span direction 9-95mmatbottom 455 150 w9191 37
(one-way) (0.14) ea. fixed end (0.06)
' (0.673) '
PTS-6 16-6.35 mm strands 6 x 6-10/10 WWM 6 x 6-10/10 WWM
ea. way 152x152 MW 9.1/9.1 152x152 MW 9.1/9.1 36
(two-way)
Y (0.14) (0.06) (0.06)

WWM = Welded Wire Mesh; f°. = Concrete compressive strength
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Table 2 Dimensions for test specimens

. Boundar
Specimens Iy It I, I Conditioz
PTS-1, PTS-2 and PTS-6 2,756 mm 2,692 mm 2,756 mm 2,692 mm Pin-Pin
PTS-3 3,251 mm 2,642 mm 2,642 mm 2,642 mm Fixed-Fixed
PTS-4 2,997 mm 2,667 mm 2,642 mm 2,642 mm Fixed-Pin
PTS-5 2,692 mm 2,692 mm 2,642 mm 2,642 mm Pin-Pin

I; = Slab length in the span or one direction;

I, = Support center-to-support center length in the span or one direction;

I, = Slab length in the transverse or the other direction;

I, = Support center-to-support center length in the transverse or the other direction.

boundary conditions as indicated in Table 2 and Fig. 1. Twenty-five No. 3 (d, = 9.5 mm) tension
bars were placed at a spacing of 102 mm in the span direction of the one-way slabs, and nine No.3
bars were placed as tension reinforcement at a spacing of 356 mm at the fixed end of the one-way
slabs. Additionally, the 6 x 6 — 10/10 (152 x 152 MW 9.1/9.1) wire meshes were used for all one-
way slab specimens to prevent cracks during installation of the specimens.

Fig. 1 shows the draped tendon profiles and loading conditions used for the specimens. The
pressure was applied upward through the hydraulic water bag which was located under the PT slab
specimens, so the top surface of the slabs at mid-span was referred to as the tension side. Fig. 2
shows the post-tensioning reinforcement layout plan for the specimens. A total of sixteen post-
tensioning tendons were placed in each direction of the two-way slabs, and in the span direction of
the one-way slabs. The spacing of uniformly distributed tendons was 152 mm for the two-way
slabs, and thus the cross-sectional area of the tendons per unit width was 0.15 mm?®mm. For the
one-way slab, two tendons were grouped with a spacing of 57 mm between each tendon, and the
two-tendon group was then uniformly distributed with a spacing of 305 mm between the groups.
Post-tensioning tendons were stressed to about 0.7f,, before transfer, resulting in an effective stress
(fe) of about 0.65f,, after transfer, where fy, is the specified tensile strength of prestressing steel.
More detailed information regarding the specimens is available elsewhere (Kim et al. 2012).

2.2 Materials

Normal-weight concrete with a design compressive strength of 34.5 MPa was used. Concrete
mixes were prepared according to ASTM C-94-05 (ASTM 2008). The concrete was proportioned
using Portland cement and fly ash with a water-cementitious materials ratio of 0.34 (weight per
volume ratio), resulting in a slump of about 76 mm. The concrete compressive strength measured
at test date for each specimen is indicated in Table 1. The average measured concrete strength was
39.2 MPa.

For post-tensioning, 6.35 mm diameter 7-wire strands were used in each direction of the two-
way slabs and in the span direction of one-way slabs. These were Grade 270 ASTM A-416 strands
(ASTM 2008) with a specified ultimate strength (f,,) of 1862 MPa and cross-sectional area (Ays) of
23.2 mm? The individual prestressing strands were inserted through 7.1 mm inner diameter plastic
tubes.

Two different types of non-prestressed mild steel were used: 1) Welded Wire Mesh (WWM)
produced in accordance with ASTM A-185 and 2) ASTM A-615 deformed reinforcing bars
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(ASTM 2008). For the tension mild steel of two-way slabs, the WWM with a specified yield
strength of 414 MPa was used, whereas Grade 60 No. 3 (d, = 9.5 mm) reinforcing bars with a

specified yield strength of 414 MPawere used as tension reinforcement of the one-way slabs
(Table 1).

2.3 Test setup and procedure

All of six post-tensioned slabs were tested under uniformly distributed area loads or pressureby
using a hydraulic water bag (Figs. 1 and 3). The water pressure was gradually increased at
approximately 6.9 kPa increments.

Testing was stopped when the slabs reached anyone of the following three criteria: 1) when

excessive cracks (several large cracks at the edges) were visually observed; 2) when the deflection
in the slab reached close to L/120, where L is the span length; and 3) when the post-tensioning
stress reached nearly 75% to 85% of the ultimate tensile strength (0.75f,, to 0.85f,,).
During the testing, a wide variety of measurements were monitored (Fig. 3), including pressure,
deflection, strain (in mild steel), and change in post-tensioning forces. The applied pressure was
monitored by the pressure gauge. The displacement transducers used to measure the deflection
were linear variable differential transformers (LVDTs) with 100 mm of travel. Strain gauges were
mounted on the steel rebar or wire mesh at mid-span and end support. Load cells were placed at
the ends of the unbonded post-tensioning tendons to record the post-tensioning forces during the
post-tensioning and external loading.

v T i sy , " (2
2 8% § . St M e (i

Fig. 2 Tendon layout for one-way and two-way slabs

Fig. 3 Test set-up for one-way slabs (PTS-4) under uniformly distributed pressure (Bottom: fixed
support end; top: pin support end)
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3. Numerical modelling & analysis of post tensioned slabs

In this section, the modeling details of one-way and two-way post-tensioned slabs using
ABAQUS, advanced finite element analysis software (HKS 2011), are described which includes
material assumptions, element types and analysis procedures

3.1 Concrete modeling

Concrete is simulated by a built-in “Concrete Damaged Plasticity” constitutive relation in
ABAQUS. The damage factors that define stiffness degradation are neglected in the simulation
primarily due to the monotonic loading used in the experiment. It has been confirmed that the
behavior of post-tensioned concrete members under monotonic loads is not sensitive to damage
factors, especially when the compressive damage is not dominant (Huang et al. 2010). The
uniaxial stress-strain relation in compression is defined according to the model proposed by
Carreira and Chu (1985). The tensile behavior is assumed to be linear before reaching tensile
strength, defined as ., = 0.625Vf". A so-called tension stiffening effect is used to simplify
interactions of concrete and deformed bars when cracking occurs. For heavily reinforced members,
tension stiffening is suggested such that the stress reduces to zero at a total strain of about ten
times the strain at cracking (HKS 2011). Such large tension stiffening could introduce
unreasonable mesh sensitivity for lightly reinforced members like PT slabs. Therefore, when the
stress reduces to a residual (non-zero) stress, the strain is set to be about two times the strain at
cracking in this study.Other factors were defined so as to yield the best results of analyses of slabs
with and without prestressed reinforcement (Huang et al. 2011). For example, the dilation angle
was set as 50°.

3.2 Steel modeling

An elasto-perfectly plastic model is employed for modeling conventional non-prestressed mild
steel. The bilinear uniaxial stress-strain relationship along with a yield stress of f, and elastic
modulus of Es is reasonably accurate to define the mild steel behavior, because all simulations are
monotonically loaded. Conversely, prestressing steel is modeled by using an empirical nonlinear
stress-strain model developed by Devalapura and Tadros (1992) for Grade 270 seven-wire strands.
This nonlinear stress-strain relation is simplified to be piecewise linear. All uniaxial nominal
stress-strain relations used in this study are converted into true stress-strain relations for material
data input.

3.3 Elements

Non-prestressed mild steel and prestressing steel are modeled using three dimensional 2-node
linear truss elements (T3D2 in ABAQUS element library). Concrete and tendon sheathing are
formulated by using three dimensional 8-node linear brick elements with the reduced integration
rule (C3D8R in ABAQUS element library). Five layers are arranged in the vertical direction of
slabs, ensuring the accuracy of bending stiffness. Typical dimension of an element is about 25.4
mm for all models. Fig. 4 shows the mesh generation for PTS-1 using ABAQUS.
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Fig. 4 Mesh arrangement for PTS-1
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Fig. 5 Modeling of unbonded PT systems

3.4 Interactions between steel and concrete elements

Non-prestressed mild steel is assumed to be perfectly bonded, which can be achieved by using
the “Embedded region” constraint. Nodes of mild steel elements embedded into concrete elements
are displacement compatible with concrete nodes, which ensures perfect bonding. The sheathing
elements are also embedded into concrete elements to ensure compatibility of deformation. The
unbonded condition between prestressing steel and sheathing is directly simulated using “surface-
to-surface contact” in ABAQUS/Explicit formulation. The penalty method is employed to enforce
the contact constraint. The selectedcontact formulation physically models the behavior of the
prestressing steel and sheathing that are in contact with each other. The tangential behavior of the
contact is frictionless which allows the tendon to be free ofslip. The assumption of idealized
frictionless contact for unbounded tendons is reasonable (Mecchio et al. 2006, Kang and Wallace
2008). The Beam Multiple-Points Constraints (MPC) is used, providing a rigid beam between
nodes of an unbonded tendon and an anchorage, such that the deformation compatibility at the
anchorage location is achieved. An overview of modeling of unbonded tendon systems is
illustrated in Fig. 5. Figs. 6 and 7 show the meshed slab models with unbonded tendons for one-
way and two-way slabs.
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Fig. 6 Modeling of two-way PT slab systems (PTS-1)

Fig. 7 Modeling of one-way PT slab systems (PTS-3)

3.5 Analysis procedures

Two analysis steps are included in the simulations to represent prestressing and external
loading stages, respectively. The frictionless nature of unbonded tendons is maintained from the
initial step of the simulations. The explicit dynamic analysis is employed for all simulations to
guarantee converged solutions. The small tension stiffening effect introduced for concrete material
causes great material nonlinearity due to violent cracking. Consequently, conventional nonlinear
numerical scheme frequently suffers and fails to reach asolution. The tested slabs were subjected
to uniformly distributed pressure, which was appliedvertically upward. All simulations carried out
in this study are force-controlled.

4. Numerical modelling & analysis of post tensioned slabs
In this study, total six PT slabs (one-way & two-way) were tested and among them, three (PTS-

1, PTS-3 and PTS-5) were chosen based on the reliability of the test data and boundary conditions.
These three PT slabs were modeled, simulated and compared with test results.
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4.1 Cracking

Fig. 8 shows the crack patterns (analysis vs. test) on the tension surface and Fig. 9 shows cracks
in one direction (analysis vs. test).The crack patterns generated from numerical analysis can be
well matched with the crack patterns observed from the tests as shown in Figs. 8 and 9.The
compression (bottom) surface of each specimen was not accessible for observation of cracks
during testing. After the first crack appeared in the tension (top) surface, additional cracks were
marked and crack patterns were recorded. As expected, diagonal cracking patterns were observed
in the two-way slab (PTS-1). Since the square panel with the same reinforcing details in two
principal directions was tested, the crack patterns were symmetrical with respect to both principal
axes (Fig. 8). The symmetric cracks observed from the two-way slabs indicate that the area
load/pressure was quite uniformly applied on the slabs. For the one-way slabs (PTS-3 and PTS-5),
flexural cracks were concentratedon the tension (top) surface at the location where positive

Symmetrical boundary

Symmetrical boundary

Fig. 8 Crack patterns (PTS-1)

Symmetrical boundary

Symmetrical boundary

Fig. 9 Crack patterns (PTS-5)
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moment was the largest (Fig. 9). Such crack patterns exhibited during the test are very similar to
those obtained from numerical analyses. After the test, the bottom surfaces of the slabs were
examined. Almost no cracking was observed on the bottom surface of the two-way slabs (i.e., no
concrete crushing was noted). The testing was stopped when one of failure criteria was met. It is
noted that special safety precautions are essential in the testing of an unbonded post-tensioning
system.

4.2 Pressure (Uniformly distributed slab surface load) - deflection behavior

Figs. 10-12 show the pressure-deflection graphs of PTS-1, 3 & 5 to validate the accuracy of the
proposed numerical model. In these comparison graphs, experimental test results are plotted in
dotted lines and numerical simulation results are drawn in solid lines. In general, overall structural
behaviors (pressure-deflection behavior) showed an excellent agreement between experimental &
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Table 3 Measured and simulated values at first cracking (P¢;) and maximum pressure (Ppax)

Pressure at first cracking Maximum pressure

_ [P.]. kPa 5 o
Specimen (graph observation) pccrr';xsm/ [Pra], kPa P:zz ET;/
Exp. Num. Exp. Num.

PTS-1 28.7 33.6 0.85 45.0 41.4 1.08
PTS-3 17.0 195 0.87 45.0 441 1.02
PTS-5 13.0 145 0.89 28.8 324 0.89

Table 4 Measured and simulated pressure at the specific center deflections of the slabs

Pressure Pressure Pressure Pressure
at 3 mm deflection at 6 mm deflection at 10 mm deflection  at 20 mm deflection
. kPa kPa kPa kPa
Specimen
AExp / AExp /
Exp.  Num. ABxp | Exp.  Num. ABxp | Exp. Num. Exp. Num.
ANum ANum ANuUm ANuUm

PTS-1 134 133 101 284 265 1.07 34 35 0.97 45 42 1.07
PTS-3 125 162 077 221 243 091 28 31 0.9 44 44 1
PTS-5* 49 41 120 83 99 0.84 14 14 1 17 19 0.89

*Excessive cracking

numerical results as shown in Figs. 10-12. Related to a two-way PT slab (PTS-1), the second slope
of the bi-linear behavior starts around 34 kPa (with 8 mm deflection) for the numerical analysis
model. Related to one-way PT slabs (PTS-3 and -5), these one-way slabs also showed an excellent
agreement. So, overall behavior can be traced well through numerical simulation using
developedPT slab models proposed in this study.

As observed in Figs. 10-12, the slabs behaved linearly during the initial stages of loading in
general. The first crack (tension crack) appeared inany of thetest slabs was defined as the
hairlinecrack which occurredon the top of the slab and the corresponding pressure was defined as
the pressure at the first cracking (Table 3). Once the two-way slab (PTS-1) cracked under about
28.7 kPa pressure, itexhibited reduced flexural stiffness as evidenced by the pressure-deflection
relationships shown in Fig. 10. The second stage of the linear behavior of the cracked elastic slab
continued until the yielding of non-prestressed mild steel began to occur under about 45.0 kPa
pressure. As the flexural tensile cracks increased in number and width, the pressure-deflection
curve started to show tri-linearity and slope reduction. After the mild steel yielding, a significantly
reduced stiffness was noted. A similartri-linear pressure-deflection behavior was also observed in
the experiments of other two two-way slab specimens (PTS-2 and PTS-6).

Similar behavior of the one-way slab was noted. The boundary condition affected the pressure-
deflection behavior. As the number of pinned supports changed from 0 to 1 to 2, the stiffness and
load carrying capacity were reduced. Testing of PTS-5 with two pinned supports was stopped due
to excessive cracking. The pressure-deflection relationship of the PTS-3 specimen with two fixed
supports also became nonlinear rather than tri-linear (Fig. 11), while PTS-5 exhibited a distinctly



598 Uksun Kim, Yu Huang, Pinaki R. Chakrabarti and Thomas H.-K. Kang

bi-linear pressure-deflection relationship (Fig. 12). This indicates that the initial stiffness and post-
cracking behavior of unbonded PT slabs were improved by the increased fixity of the end
supports. It is particularly important in terms of the serviceability of slender PT members. Hence,
in order to minimize floor vibrations, application of restrained boundary conditions is strongly
recommended. The stiffness degradation of one-way slabs was well reproduced by the developed
nonlinear finite element model, which thus can be used to conduct a detailed vibration analysis of
PT floors in the future.

Table 4 shows the comparison between measured and simulated pressure at the specific center
deflections of the slabs. It can be noticed that nonlinear behavior of one-way and two-way slabs
can be traced with accuracy through numerical simulations as shown in Table 4. To figure out the
effect of boundary condition, the center deflection of PTS-3 (two fixed ends) is compared with
those of PTS-5 (two pinned ends) in Table 4. It clearly shows that PTS-3 had a lot less center
deflections compared to PTS-5 under the same pressure load.

4.3 Stresses in post-tensioning tendons and non-prestressed mild steel

Unlike bonded prestressed or conventionally reinforced concrete members, the prestressing
strands in the unbonded post-tensioned members never reach their ultimate strength (f,,). This is
because the ultimate strength (f,,,) of unbonded tendons is not dependent on the localized strain at
the flexural critical section, but depends on the total member elongation, number of spans and/or
plastic hinges, span-to-depth ratio, and loading type (Kang and Wallace 2008, ACI Committee 318
2011). Just before loading of the slabs, the post-tensioning forces in the strands were recorded. The
average effective stress (in this case before external loading) was normally kept between 65% and
70% of the ultimate strength of the strands. As the loading increased, the tendon stress increased
nonlinearly. The rate of tendon stress increase was very small (about 0.005% of f,) before concrete
cracking, but became increasingly larger as the slab deflection increased until the ultimate load.

On the other hand, as the slabs were loaded and started to crack, the stress in the mild steel

LOAD CELL-LC-03— LOAD CELL-LC-04
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Fig. 13 Pinned-pinned one-way slab layout (PTS-5)
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Table 5 Measured and simulated pressure at the specific center deflections of the slabs

Water

pressure LCO1 (kN) LCO02 (kN) LCO03 (kN) LCO04 (kN) LCO5 (kN)
(kPa)

Exp. Exp. Num. Exp. Num. Exp. Num. Exp. Num. Exp. Num.
0.0 31.3 28.4 29.9 28.4 30.0 28.4 30.6 28.4 30.6 28.4
34 31.3 28.5 29.9 28.5 30.0 28.6 30.6 285 30.6 28.5
6.9 314 28.7 29.9 28.7 30.0 28.7 30.6 28.7 30.6 28.7
10.3 315 28.8 29.9 28.8 30.0 28.9 30.6 28.8 30.6 28.8
13.1 315 28.9 29.9 29.0 30.0 29.0 30.6 28.9 30.7 28.9
13.8 315 29.0 29.9 29.0 30.0 29.0 305 29.0 30.7 29.0
17.2 322 29.7 30.6 29.8 30.6 29.9 31.0 29.8 31.3 29.7
20.7 32.8 30.5 314 30.6 31.3 30.7 31.7 30.6 32.0 30.5
24.1 335 311 321 31.2 31.9 31.4 32.3 31.2 32.7 311
27.6 34.1 31.8 32.8 31.9 325 32.0 33.2 31.9 33.3 31.8
28.8 34.3 320 32.9 321 32.7 32.3 33.3 321 334 32.0

Increase 0.66 0.81 0.68 0.84 0.61 0.87 0.61 0.83 0.62 0.81

started to increase and became close to yield stresses; however, no significant yielding was
observed from the strain gauge data. For example, strain in the wire mesh of PTS-1 started to
increase as the external loading was increased, and reached a maximum strain of about 0.002 at an
external pressure on the slab of 45 kPa. The stresses of the wire mesh in the two-way slabs nearly
reached the yield stress near the ultimate load, but it cannot be said that the nonlinear pressure-
deflection behavior is attributed to the yielding of the mild steel. Rather, the nonlinear behavior
was related to the significant concrete cracking. Note that the nonlinear behavior of the tendons
was modest, as it was kept within the elastic range. Numerical analyses also verified that little mild
steel yielding occurred.

Monitoring the unbonded PT forces through numerical simulation is very challenging due to
the following reasons: a) contact and friction behavior between PT stands and sheathing; b) force
transfer mechanism in the anchorage system; and c) actual tendon profile. In spite of these
difficulties, according to Table 5 and Fig. 13, the increase pattern of PT strand forces can be traced
using the proposed numerical model in this study. The measured increments in PT force are
smaller than the numerical results. This is because the numerical model does not consider the
friction losses along the PT tendons and the measured tendon forces were read from the load cells
mounted at the end of tendons. However, the measured forces at 28.8 k Pawater pressure were
quite close to the numerical values, indicating that almost no friction appeared to exist between the
concrete and the PT tendon at the ultimate stage and that the numerical model is quite reliable.

5. Conclusion

Based on the comparison between the experimental data and numerical analysis results, it is
concluded that the numerical model developed as part of this study is capable of reproducing the
behavior of post-tensioned one-way and two-way slabs with unbonded tendons, including the
cracking occurrence and pattern, global pressure (uniformly distributed slab surface load) —
deflection relationship, stiffness degradation due to cracking, influence of different boundary
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conditions, stresses or forces in unbonded post-tensioning tendons and non-prestressed mild steel,
and unbonded tendon stress distribution along the length of tendon at ultimate.
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