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Loss of effective prestress and accurate detection of actual stress in existing precast prestressed concrete bridges are two major
challenges in the bridge industry. In this respect, this research aims at an improved method for the critical decompression moment
(DM) test of cracked sections depending on the stress change rate of tensile rebars. A calculation method for total effective
prestress of prestressing strands in the tensile region is derived with the assumption of the plane section and pre-decompression
elastomer. The proposed method is verified by laboratory tests on beams and numerical analysis and by addressing effective
prestress issues of existing simply supported beams. The determination results of the critical decompression state show that the
proposed method (i.e., the stress change rate of tensile rebars-load curve) is more sensitive and reasonable than the traditional
stress increment, i.e., load curve method. The evaluation results of the total effective prestress are more reasonable than the
traditional method based on the steel stress relief hole technique or frequency test results. Compared with the existing methods for
estimating the prestress using the mid-span deflection or crack width, the proposed method is more reasonable in theory and

calculation. It provides a guide for the evaluation and reinforcement of aging bridges.

1. Introduction

Prestressed concrete bridges occupy a relative majority
position in bridge engineering because of their advantages,
such as simple construction, convenient mold casting, and
low cost. Due to issues such as low design load, long ser-
vicing time, indeterminate estimation of effective pre-
stressing decay effect, and overloading, most of the
prestressing concrete bridges in service are cracked at
varying degrees. It imposes significant challenges to the
bridge technical state diagnosis and accurate reinforcement.
Especially for partial prestressed concrete structures where
cracking is allowed, the cracked sections are usually located
at the mid-span of fully or partially PC beams. Most of the

cracks are in the closed state under dead loads while
remaining open under live loads. The cracks experience a
repeated condition of closing-opening-reclosing-reopen-
ing, known as “breathing cracks” [1]. Karayannis and
Chalioris [2] introduced the design method of partially
prestressed concrete structure based on crack width and
proposed the design program and useful chart. The direct
design method of partially prestressed concrete beams
based on plastic mechanics theory was proposed by
Alnuaimi and Bhatt [3] verified on indoor model beams.
The prestressing decay phenomenon raises the uncer-
tainties in shrinkage, creep, and load capacity [4-6],
making it difficult to estimate the actual remaining effective
prestress of the main beam under service. The following
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issue is crucial for exiting bridges and has received in-
creasing attention: how to determine the effective tension
of prestressing (P/S) strands at a later stage.

Many scholars have studied the testing methods of the
existing stress state of bridges in service. Osborn et al.
pointed out that there are some appreciable deviations
between measured prestress losses and losses predicted by
models provided in codes. However, Halsey and Miller have
reported good agreement between predicted and empirically
determined losses. Bagge et al. introduced the destructive
methods (including crack moment method, decompression
load method, and stress relief method) and nondestructive
methods (including exposed strand method, drilled hole
methods, and saw-cuts method) for residual stress detection
of bridges in service. Decompression load, referred to as
“DL,” is the load that enables cross-sectional internal forces
to reach a critical decompression state (in this text, applied
load in addition to dead load). And the stress relief technique
and decompression load methods were analyzed and tested.
Garber et al. [7] conducted experimental research on 30
prestressed beams. The loss of prestress was measured by
using vibrating wire gauges embedded in test specimens. The
results were compared to those determined using several
different estimation procedures, suggested by ACI Com-
mittee 423. Civjan et al. [8] introduced an instrument to
estimate stress levels in prestress strands in existing mem-
bers and pointed out that the strand forces were consistently
estimated to within ten percent of the actual load. Maji and
Negret [9], Ahlborn et al. [10], and Ghorbanpoor [11] de-
tected the prestress loss of P/S strands of existing bridges by
means of the shape memory alloy (SMA), acoustic emission
technology, and magnetic flux leakage principles, respec-
tively. They effectively detected the change in prestress loss.
However, there is a drawback that the appropriate sensor
equipment must be embedded in the main beam in advance.
This is obviously inconvenient when dealing with a large
number of bridges. Cawley and Adams [12], Clough and
Penzien [13], Saiidi et al. [14], Dall et al. [15], and Housner
and Belvin [16] proposed the method to predict the prestress
of P/S strands based on the natural frequency of the
structure. They conducted tests to find the change in the
frequency of prestress loss and proposed the modified
formula for effective flexural stiffness, (EI)e = (1 + 1.75 N/fe)
Elg. However, this formula has not been universally rec-
ognized by the bridge community. Later, Miyamoto et al.
[17] and Kim et al. [18] indicated that the relationship
between prestress loss and modal parameter change had
not been successfully established. The advantage of the
second method is to directly set up the correlation between
the resultant force of effective prestresses and the vibration
frequency of the main beam. However, the damage degree
and prestress level of existing bridges will influence the
natural frequency of the structure, and the structural
damage identification theory would fail to reach maturity.
Therefore, the previous prediction method for effective
prestress is deemed not matured. Li et al. [19] proposed a
horizontal tension-increment method to find the actual
stress in P/S strands, and the detection principle is similar
to reference [8].
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On the other hand, the vertical crack near the mid-span
of the main beam is a typical Type I crack in fracture
mechanics. The height of the compression zone is the full
section height before the closure of the fracture section. If the
analysis is carried out according to the converted section
method based on the assumption of the plane section in the
literature [20], the section properties are the same as that of
the uncracked section, and the difference of the influence of
closed cracks on the stress field of the section cannot be
considered. The traditional finite element method (FEM)
needs to constantly update the meshing to simulate the
development of cracks, and the preprocessing is very
complex and even impracticable. The literature [21-24]
analyzes the mechanical properties of structures with cracks
by introducing the extended finite element method (XFEM)
proposed by Belytschko et al., USA. In this method, step
function and split point asymptotic function are introduced
to enhance the description of material and deformation
discontinuity problems. The approximate displacement
solution is obtained under the frame of unit decomposition,
which provides a new idea for the analysis of the mechanical
properties of prestressed concrete bridges with closed cracks.

In short, although existing literature pertinent to the de-
termination of effective prestress of existing bridges has been
well reported, there are still many issues in the accurate de-
termination of the effective preloading of simply supported
beams with breathing cracks, and in the analysis of the me-
chanical performance of the partial prestressed members with
closed cracks [25-29]. This paper derives a calculation formula
for the total effective prestress of prestressing strands in the
tensile region based on the assumption of plane section and
pre-decompression elastomer, where the test load for de-
compression moment (DM) is referred to as “DL” method. The
proposed method is verified by laboratory tests and numerical
analysis. It provides a guide for the evaluation and rein-
forcement of aging bridges. The detection principle of the
method proposed in this paper is similar to the one used by
Bagge et al. Their measured parameters are the displacement
across cracks or the increment of concrete strain on the surface,
while the measured parameters in this paper are the increment
of steel bars stress across the closed cracks. Because the test in
this paper is a single point loading at the mid-span section of
the test beam, the crack crosses the mid-span tensile zone to
foresee the embedded sensor. In the real bridge test, according
to the preloading test before the load test, when the closed crack
is reopened, the position of the closed crack is marked, and
then the protective layer concrete of the outermost rein-
forcement can be removed artificially at the crack position, and
the steel strain gauge is pasted on the surface of the rein-
forcement at the position of the crack and then the formal
loading test can be conducted.

2. Analysis Principle and Calculation Model

In prestressed concrete structures with breathing cracks, the
cracks are closed under the dead load. The force calculation
model of the section is shown in Figure 1. The effective
prestress is closely related to the cracking moment of the
section. But due to the discreteness of tensile strengths of
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F1GURE 1: Diagram showing the simplified mechanical model.

concrete, it is difficult to estimate the actual effective pre-
stress of the section according to measured cracking mo-
ments. When the section with closed cracks is cracked again
due to an additional load, there is no concern on the discrete
tensile strength as the concrete tensile strain becomes
completely disabled in this case. In the case of re-cracking, if
the nonlinear effect of the prestressed concrete section with
closed cracks is not considered (more discussed in Section
5.2), the cracking moment of the section is approximately
equal to the DM. The correlation between effective prestress
of P/S strands in the tensile region and the measured
cracking moment can be established according to the plane
section and elastomer assumptions in conjunction with the
calculation theory of prestressed concrete beams.

2.1. Principle for Effective Prestress Determination by the
Pretensioning Method. Figure 1 shows the simplified me-
chanical model, when the normal stress of concrete at the
center of gravity (c.g.) of the resultant force of P/S strands in
the tensile region is equal to zero for pretensioned flexural
members (0,,) calculated by [20, 30-32]
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Equation (1) is used to calculate the stress in the tension
zone of the prestressed concrete section, while equation (2)
is for computing the cracking moment of the prestressed
concrete section. In the case of cracked structures, the
cracked concrete in the tensile region cannot withstand the
tensile strain, especially when the section with closed cracks
is decompressed again, causing a lower stress level to be in
the elastic range. If there is no nonlinear relation on the
cracked section, i.e., & = 0 and f,; = OMPa, then equation
(2) can be rewritten as

Iy (Np Nyo-ep Iy
Mcrzapc'iz A7+17.y0 R
Yo 0 0 Yo

)
= e |
P Ao Yo P

Based on equation (3) and considering the critical
redecompression state, the effective prestress of P/S strands
in the tensile region is given by
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Using equation (4), the average effective prestress of P/S
strands in the tensile region can be determined by
NPO M cr

Op = = : 5)
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And the average effective strain of P/S strands in the
tensile region can be calculated by
NPO Mcr
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2.2. Principle for Effective Prestress Determination by the
Posttensioning Method. Similarly, for posttensioned flexural
members, we have
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For cracked structures, the cracked concrete in the
tensile region cannot resist any tensile strain, i.e., & =0
and f,, = 0; then, equation (8) can be rewritten as
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Based on equation (9) and considering the critical
redecompression state, the effective prestress of P/S strands
in the tensile region is given by

Mcr
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Using equation (10), the average effective prestress of P/S
strands in the tensile region is determined by
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3. Effective Prestress Analysis Based on the
Critical Decompression Moment Test for PC
Beams with Breathing Cracks

The decompression moment is proposed by Indian scholar
Ramaswamy [33]: the virtual external moment when the
prepressing stress of the outermost concrete in the tensile
zone is offset to zero. For statically determinate structures,
when the internal force of the test section reaches the critical
decompression state, the sum of the moment under the dead
load and test load is the decompression moment of the
section. Then, the effective prestressing force of the strand in
tensile zone can be calculated by equations (4) and (10),
respectively. To verify the accuracy and consistency of the
analysis principle and calculation model above, a test of 6
model concrete beams with the typical size of 800cm
(length) x 30 cm (width) x 50 cm (height) and C50 strength
was conducted. The P/S strands are the high strength, low
relaxation strands. The nominal diameter is 15.24 mm. The
test first adopts the single-point loading method to test
beam’s mid-span section with the loading up to the cracking
state. Under the single-point loading, the first major crack
and subsequent cracks occur around the embedded sensor at
the mid-span section of main beam or in the rebars near the
beam ends (Model JMZX-416AT, sensor length=~20cm,
strand=30 cm long connected to the rebar on the lowest edge
of the main beam with butt welding). After the completion of
loading, unload to zero, put the main beam on the flat
ground, and retract the anchorage device of strands si-
multaneously. Stretch the strands of test beam again by the
design test scheme after recovering the residual deformation
of test beam for 24 h, conduct the graded loading (23 steps
totally are listed in Table 1) on the beam again, and record
the strains, deflections, and cracks of controlling section at
each load level. For the loading mode, load step by step by
Jack during the test process, and put the proving ring be-
tween Jack and reaction frame to control the test load. The
test setup and the location of the instrument in the mid-span
section are shown in Figures 2-4, respectively.

3.1. Test Parameters. To avoid the influence of the material
dispersion and construction technology between different
samples on the test law, the voids of the samples were not
grouted during the test. Only the tensile control stress was
changed in each set of tests. Then, the test results were
compared and analyzed under different tensile stress control
conditions. The load gradation and control parameters of
test beams are listed in Table 1.

3.2. Test Method. In this paper, the stress increment of the
cross-crack steel bars with closed cracked section is used in
the tensile zone. In order to ensure the reliability of the test
results and ensure that the first crack crosses the embedded
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rebar meter sensor in the middle of the span (sensor types:
JMZX-416AT, the sensor length is about 20 cm. There are
about 30 cm connecting rebars at both ends. But welding is
used to tie both ends of the rebar with the rebar at the bottom
edge of the main beam), the single point loading of the mid-
span section is adopted in this test. The loading method is
shown in Figure 2. And the test load and loading steps are
shown in Table 1.

The model beam in this paper is a simply supported
beam. When the mid-span section is loaded at a single point,
the internal force of the L/2 section under both constant load
and test load is the maximum. The first vertical crack and the
main crack in the mid-span section appear directly below the
Jack in the mid-span section. This crack appears first, de-
velops fastest, and owns the highest height and the widest
width (as shown in Figure 5). And there are several small
cracks in the cross-sections far away from the mid-span.
Under the action of the same level of load, the farther the
distance from the mid-span section, the later the crack
appears, the shorter the length, and the smaller the width.
Since the core part of the rebar meter sensor embedded in
the mid-span is about 20 cm, the first crack and the main
crack are basically under the Jack of the mid-span section,
ensuring that the crack can cross the steel bar meter sensor in
the tensile zone of the mid-span.

3.3. Test Results and Analysis. According to the above test
methods, the traditional stress increment-load curves were
analyzed, as shown in Figure 6. The stress variation rate
versus load curves obtained by the proposed method [34] are
shown in Figure 7; the evaluation errors of the effective
prestresses calculated according to Reference [20] are shown
in Table 2.
As indicated in Figures 6 and 7 and Table 2,

(1) The traditional test analysis method is not sensitive
to the stress change of the cracked section in the
tension zone under the critical decompression state,
while the test load and stress change rate method
proposed in this study can definitively determine the
critical decompression state with closed fracture
sections.

(2) The error between the experimental load and the
theoretical load predicted by the proposed method is
larger than that predicted by the effective pre-
stressing force. This is mainly because the total
bending moment of the section caused by the ef-
fective prestressing force includes the constant and
test loads. At the same time, it also shows that the test
load is more sensitive to the assessment of the ef-
fective prestress of the section than the total com-
pression dissipation moment of the section.

(3) According to the improved stress-relieving moment
test results proposed in this study, the calculated
effective prestress is close to the theoretical calcu-
lation result with the maximum error less than 7%
which is practically acceptable. The proposed
method gives more reasonable prediction than the
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TaBLE 1: Summary of the investigated system parameters.

Specimen Strength characteristics Tension-control stress of ~ Average effective tensile DM (N-mm) Load Maximum test
P of strands strands (MPa) stress of strands (MPa) series load, kN
1 Nyo 818.4 786.16 81917919.7
1.25N,0 1023 980.67 102186849.3 23 90
#2 1.7Nyo 1395 1323.79 137939661.7

Single-end tension was used during the test. The load sequences at the middle section are 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 62.5, 57.5, 65, 70, 80, 75,
77.5,72.5,82.5, 85, and 90 (unit: kN). The effective prestress calculation method and parameters are taken from the Chinese code “Specifications for design of

highway reinforced concrete and prestressed concrete bridges and culverts.”

FIGURE 2: Data acquisition and loading test.
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FIGURE 3: Instrument installation at the mid-span section of test beam.
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FIGURE 6: Stress increment vs. load curve by the traditional method (by test data).
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TaBLE 2: Error analysis of the calculated results with different strength characteristics.
P g
‘ N Strength ¢ Mx10T Pex10' DMy x 107 \ »0
Specimen  characteristics o (N'mm) (N) (N mm) Piheory X 10 Error Opotheory Opotest Error
strand (N) (%) (MPa) (MPa) (%)
1 Nyo 4.62 2.50 7.62 2.81 -10.9 786.16 731.01 =7.0
1.25Np 4.62 3.75 9.96 3.89 -3.5 980.67 955.94 -2.5
#2 1.7Nyo 4.62 5.75 1.37 5.79 -0.8 1323.79 1315.82 -0.6

Mg is the mid-span moment of the test beam under a constant load. The weight of the test device and Jack is about 1 kN. Ny is the tensile force of each
strand = 114.576 kN. Pyeg; and Pyeory are, respectively, the theoretical and experimental vertical loads at the mid-span of the test beam.

previous empirical method based on crack width and
mid-span deflection.

(4) It can be seen from Figure 6 that when the pre-
stressing force of #1 specimen is increased from N,
to 1.25Npg, the stress increment at the same mea-
suring point of L/2 section also decreases on the
whole [28]. It is consistent with the experimental
results in reference [28]. However, because the
crack morphology and damage degree of the L/2
section about #2 specimen are not completely
consistent with #1 specimen, the change rule of
stress increment of #2 specimen is somewhat dif-
ferent from #1 specimen. But it does not affect the
judgment result of the critical decompression state
of each beam under different prestressing force
conditions.

4. Numerical Analysis on the Critical
Decompression State of Closed Crack Sections
Based on Fracture Mechanics

The vertical crack near the mid-span of the main beam is a
typical Type I crack in fracture mechanics. When the in-
ternal force state with a closed cracked section does not
reach the critical decompression state, the height of the
compression zone is the height of the full section. If the
analysis is carried out according to the converted section
method based on the assumption of the plane section in
literature [20], the section properties are the same as that of
the uncracked section, and the difference of the influence of
the closed crack on the stress field of the section cannot be
considered.

4.1. Model Beam Information. In order to understand the
crack development and the stress variation of the section
near cracks during the process of crack closing to crack
reopening, the extended finite element method (XFEM)
[21-24] based on Abaqus program [35] was used to simulate
cracked sections.

4.1.1. Section and Material. The material, structural size,
position of reinforcement and strand, and the effective
prestress of the strand in the mid-span section of the
simulated beam are identical to those of the test beam de-
scribed in Section 3.

4.1.2. Boundary Conditions. One end of the test beam is
provided with hinged support at 250 mm from the end; the
other end is provided with only the vertical support.

4.1.3. Effective Prestress. The effective prestress in the
strands was calculated using Midas program [36].

4.1.4. Load Application and Meshing. Because the simulated
object is a SS beam, the distribution of internal forces and the
stress state of the section are only related to the magnitude of
load; and the position of section, the development state of
material and cracking, the similarity of internal forces, and
deformations of other sections cannot be taken into account
in the calculation. The magnitude of the load in mid-span: in
order to avoid the abnormal local stress, the vertical load is
adopted; the action area is 300 mm x 500 mm, and the
concentrated load is equivalent to the total force of the
loading stages, consistent with those in Table 1.

Element discretization: solid elements for the concrete in
the main beam spaced at 500 mm longitudinally (reduced to
10 mm within the middle 500 mm), 10 mm vertically, and
75 mm transversely; and truss elements for rebars and P/S
strands (element length =5mm). The discretized finite el-
ement model is shown in Figure 8.

4.2. Calculation Parameters and Closed Crack Simulation
Method. In order to simulate the actual situation that the
concrete cannot bear the tensile strain at the closed crack in
the middle section of the main beam, the prefabricated
(known position) crack analysis method of XFEM [30-34]
was adopted in this study, and the crack position was set on
the lower edge of mid-span. Considering that the concrete
material at the crack can bear pressure but cannot bear the
tensile strain, theoretically, the maximum principal tensile
stress of the material should be strictly set at 0 MPa. At the
same time, according to the literature [37], the fracture
energy Gp of concrete material in the initial cracking state is
Gp = J odw, where o is the tensile stress in the fracture zone
of the cracking section and w is the corresponding defor-
mation with o, indicating that the fracture energy is pro-
portional to the tensile stress of the material. However,
because the concrete material with closed crack cannot bear
tensile stress, its fracture energy in a strict sense should also
be set as ON/mm. On the other hand, considering the
discreteness of the concrete material itself and the conver-
gence of the calculation software ABAQUS, in order to be
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Figure 8: Discretization of the finite element model.

close to the actual stress state of the model test beam in
Section 3, this paper refers to the actual mechanical property
parameters of the concrete material (the standard axial
tensile strength of C50 concrete is 2.65MPa [20], and the
measured fracture of C40 concrete can be more than 0.12 N/
mm [37]). Considering the law that the fracture energy of
concrete is proportional to the strength, it is assumed that
the maximum principal tensile stress of concrete is 0.01 MPa
and the fracture energy is 0.01 N/mm (which are two or one
order of magnitude smaller than the test results of normal
materials) in this simulation with closed cracks. If the
fracture energy is modified to 0.001 N/mm, the calculation
results of the model can still converge without affecting the
judgment results of the critical pressure extinction state.
Only in this way, we can simulate the reality that the
concrete fiber with closed crack cannot bear the tensile
strain. The specific calculation parameters are listed in
Table 3.

4.3. Calculation Results of Concrete Stress at the Lower Edge of
the Cracked Section. The strain calculation results of the
concrete and steel bars at the lower edge of the section
with closed cracks in the mid-span tested in Section 3 are
shown in Figures 9-11. Figure 11 shows the numerical
analysis results of concrete stress within the range of the
mid-span section with closed cracks (longitudinal bridge
direction 1 cm, the full height of the beam 50 cm) of the
model test beam in Section 3. In order to more clearly
show the re-opening of the crack in the main beam with a
closed crack element under the critical decompression
state, the first two columns in Figure 11 present the
concrete stress distribution within the full height range of
the main beam, while the third column only shows the
development of the crack at the lowest edge of the beam
element.
As shown in Figures 9-11 and Table 4,

(1) As we can be seen from Figures 9 and 10, the slope
change at the abrupt transition point of the test load-
stress change rate curve of rebars in the tensile zone
is more obvious than the test load-stress increment
curve of rebars in the tensile zone before and after the
internal force of the test section reaches the critical
decompression state. And the former mutation point
is easier to be determined. The results are consistent
with the experimental analysis in Section 3.

(2) According to the stress analysis results of the rebars
in the tensile zone shown in Figure 10, when the
tension control force is Ny, 1.25N,0, and 1.7Np,
respectively, the mid-span section basically reaches
the critical decompression state when the load of the
mid-span section is 22.06kN, 38.87kN, and

57.94 kN, respectively. It is shown that the numerical
analysis results are consistent with the theoretical
calculation in Section 3 when the test load-stress
change rate of the rebar in the tensile zone curve
method proposed in this paper is used to determine
the critical decompression state of the section.

(3) According to the analysis results of stress distri-
bution of concrete in the tensile zone shown in
Figure 11 and Table 4, the test DMs predicted by the
proposed method are basically consistent with the
numerical analysis results. When the simulated
load at the mid-span is increased to the critical DM
load, the maximum tensile stress of the bottom
concrete edge is found to be less than 0.04 MPa,
which is basically in the critical decompression
state. The maximum error of the judgment result of
critical decompression moment based on the rate
of stress change of rebars in the tensile zone is not
more than 0.7% compared with that of the judg-
ment result based on the outermost stress distri-
bution. The numerical analysis results of the critical
decompression state of concrete in the tensile zone
with a closed cracked section based on the fracture
mechanics principle are basically consistent with
the determination results based on the test load-
stress change rate curve of the rebar in the tensile
zone and the test results in the Section 3. It is shown
that the analysis method based on the test load-
stress change rate curve of the rebar in the tensile
zone can meet the requirements of engineering
accuracy.

(4) According to the test results in Figure 4 and the
numerical analysis results in Figures 7 and 10, the
assumption about the crack initiation parameters of
a closed cracked section in this paper can basically
simulate the mechanical performance of the closed
cracked cross-section material that can bear pressure
but cannot bear the tension. The numerical simu-
lation analysis results are basically consistent with
the test results.

5. Analysis and Discussion of Test Results

The phenomenon of closed cracks is a common thing in
existing PC bridges. Concerning the various sensitivity of
different parameters during the test process and numerical
analysis, the nonlinearity of the prestressed concrete section
with closed cracks in the critical cracking state, and the
reasonable selection of a calculation method for effective
prestressing force, a further in-depth discussion is presented
as follows.
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TABLE 3: Material calculation parameters.

Material Density Modulus of Poisson’s  Average effective tensile Assumed maximum  Assumed fracture
name (T/mm?) elasticity (MPa) ratio stress of strands (MPa) principal stress (MPa) energy (N/mm)
€30 2.6x107° 3.45%10* 0.2 0.01 0.01
concrete

Steel 7.85x107° 2.0x10° 0.3 — —

Np0: 786.16 MPa
Strand 7.85x107° 1.95x10° 0.3 1.25Np0: 980.67 MPa — —
1.7Np0: 1323.79 MPa

The load series at the middle section is 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 62.5, 57.5, 65, 70, 80, 75, 77.5, 72.5, 82.5, 85, and 90 (unit: kN); and the
computing moment AM;,, =APx L;/4 (unit: N-mm). Average effective tensile stress of strand reference from Table 1.
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FIGURE 10: Stress variation rate vs. load curves by the proposed method (rebar data).
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FiGure 11: Stress and crack variation trends of

the closed cracked concrete section (by XFEM).

TaBLE 4: Error analysis on the results with different strength characteristics (XFEM).

P (by stress change of rebars in the P (by concrete strain distribution, as

Strength o tension zone, as shown in Figure 10) shown in Figure 11) Opo

characteristics of 4 4 4 4

strands Ptheory x 10 Pxpem X 10 Error Ptheory x 10 Pxpepm X 10 Error 0p0XFEM O potest Error
(N) (N) (%) (N) (N) (%) (MPa) (MPa) (%)

Npo 2.81 2.81 0 2.81 2.81 0 786.16 731.01 -7.0

1.25N,0 3.89 3.89 0 3.89 3.89 0 980.67 955.94 -2.5

1'7NP0 5.79 5.79 0 5.79 5.75 -0.7 1323.79 1315.82 -0.6

Piheory and Py are, respectively, the theoretical and simulated vertical loads at the mid-span of the test beams.

5.1. Reliability Analysis of the Proposed Test Method. The
experimental results in Figure 5 and the numerical simu-
lation results in Figures 8 and 9 show that the critical DM
state of the section with breathing cracks can be accurately

determined by improving the sensitivity of target parameters
to the variation of section characteristics. The curve features
and results between the numerical simulation and test are
identical. Moreover, the analysis results in Tables 2 and 4
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indicate that the effective prestressing force of the test
section can be derived by the proposed test method, as
validated by the numerical results.

On the other hand, it can be seen from the comparative
analysis results of Figures 4 and 5, as well as Figures 7 and 8,
that the curve slope change at the inflection point of Fig-
ures 5 and 8 is more than double that of Figures 4 and 7. This
is mainly because Figures 5 and 8 adopt the stress variation
rate-load curves of reinforcements in the tensile zone by the
proposed method. In other words, they represent the
changing law of slope of the curves in Figures 4 and 7.
Obviously, the trend of the slope of a curve is more sensitive
than the curve itself, making the inflection point easier to
identify.

5.2. Nonlinearity Analysis of Mechanical Properties of Cracked
Damaged Sections. Concrete is a quasi-brittle material. Itis a
reasonable method to deduce the critical decompression
moment and effective prestressing force of the test section
through the critical decompression state test with a closed
fracture section. Because the concrete in the tensile zone of
the closed crack section cannot bear the tensile strain, but it
can bear the compressive strain, therefore, whether the
damage caused by the closed crack has an influence on the
critical decompression state is the key problem for the ac-
curate determination of the critical decompression state. On
the other hand, the results of references [38, 39] show that
the concrete in the tensile zone under critical cracking state
displays the material nonlinearity effect, resulting in a
greater measured cracking moment than the theoretical
value. However, for a prestressed concrete section with
closed cracks, the issues of re-cracking and re-cracking
moment have not been fully addressed yet.

The test results from this study show that the critical re-
cracking moment of the section with closed cracks at the
mid-span is essentially consistent with the theoretically
calculated decompression moment; the linear relationship
of stress change rate between the measured bending
moment and the rebars in the tensile zone is generally
good; and there is no obvious nonlinear effect. The main
reasons are as follows: the whole section is in a com-
pression state before the prestressed concrete section with
closed cracks is close to the decompression, the whole
concrete section is not really subjected to tensile strain,
and the effect of tensile strain-softening of concrete ma-
terial has not occurred yet. At the same time, the stress
level of the concrete section is relatively low in the critical
decompression state, and the material properties are es-
sentially within the elastic range. Therefore, according to
the linear superposition principle, that is, the critical re-
cracking moment of the prestressed concrete section with
closed cracks is equal to its decompression moment, there
is no need to consider the impact of nonlinear factors such
as the plastic moment resistance effect of the plain concrete
section on a critical re-cracking moment, which is the
theoretical basis for calculating the total prestressing force
in the tensile zone for a prestressed concrete section with
closed cracks.
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5.3. Rational Calculation Method for Prestressing Forces.
According to the literature of [20], there are two main
calculation methods for the correlation between prestressing
force and decompression or cracking moment: (1) elastic
analysis method of T = (M, - T, (h, - x/3)/(hp - x/3))
for cracked sections, where x is the height of compression
zone of concrete section, T, is the resultant force of the
tension of the rebars in the tensile zone, T, is the actual
tensile force of the P/S strand in the tensile zone, H; is the
distance between the center of resultant force point of the
rebars in the tensile zone and the edge of compression zone,
and H,, is the distance between the center of resultant force
point of the strands in the tensile zone and the edge of
compression zone; (2) elastic analysis method for the whole
section under the compression of N, = (M,/(I,/A, - y,)

+e,,). The shrinkage and creep eflect will occur in the

concrete material under long-term load. However, there are
no shrinkage and creep phenomena in steel, thus resulting in
a deformation difference [38] and nonzero stress in the
rebars under the decompression state of concrete, which
causes difficulties in calculating the prestressing force. So it
would be unwise to deduce the effective prestressing force by
method (1). And the calculation method (2) is shown in
equations (4) and (10).

5.4. Rational Selection of Calculation Parameters. For the
concrete section with closed cracks, it is also a question
worthy of further consideration whether the damage effect
before and after the section cracking should be considered
to solve the effective prestress of the section by the de-
compression moment test. The DM test is essentially a
process in which the negative moment effect of a cracked
section is gradually balanced by the positive moment effect.
Since the concrete at the crack can carry the compressive
strain, the magnitude, direction, and action point of the
negative moment caused by the effective prestress before
and after the section cracking remain unchanged. At the
same time, the compressive area of the full section (as-
suming smooth contact surface) and the elastic modulus
under the compression remain virtually unchanged. Fur-
thermore, the geometrical, physical, and static factors that
affect the section stress balance before and after the section
cracking have not changed. Therefore, the negative bending
moment of the section caused by the effective prestress will
not change before and after the section cracking. On the
other hand, the internal force state of the simply supported
beam is only related to the load distribution and action
position. The total positive moment in the mid-span sec-
tion under each load level will not change before and after
the section cracking. When the section with a closed crack
reaches the critical DM state again, the positive and neg-
ative bending moments of the closed cracked section
balance each other (i.e., equaling each other but acting
oppositely). Therefore, it can be known from the principle
of mechanics of materials that when the section with a
closed crack reaches the critical DM state again, the ef-
fective prestress of the strand can be calculated according to
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the parameters of the whole section before cracking, as
evidenced by the test results.

6. Conclusions

From this study, the following conclusions may be drawn:

(1) Both test and numerical analysis results show that
the slope inflection point of the moment-strain
change rate curve is much more significant than that
of the moment-strain increment method before and
after the critical decompression state with the closed
cracked section. Since the simply supported beam
does not have the redistribution effect of internal
forces along the longitudinal direction of the bridge,
the internal forces in the section are only related to
the load position and distribution. Therefore, the test
method proposed in this paper can be used to de-
termine the decompression moment of the section
with breathing cracks in a simply supported beam.

(2) Based on the critical decompression retest of the
section with closed cracks, this paper proposes an
evaluation method for effective prestress of P/S
strands in the tensile region of the main beam. The
proposed method is more reasonable and accurate
than the previous one using the downward deflection
and crack width of the main beam.

(3) When the total prestress of P/S strands in the tensile
region is ascertained with the decompression mo-
ment of the section with closed cracks, the nonlinear
effect of stress on the section can be ignored.
However, if the fiber stress increment of the section,
caused by the continuous loading after decom-
pression, is analyzed, it is required to consider the
coupling effect between prestress and the position
change of the neutral axis as well as the flexural
rigidity of section.

(4) This method is suitable for evaluating critical de-
compression moment and effective prestressing
force for the side beams of the statically indeter-
minate bridge beam with closed cracks. In terms of
the selection of cross-sections with closed cracks and
the arrangement of measuring points, the positions
of stressed cracks (nonsurface dry shrinkage cracks)
can be marked during the preloading stage of the
load test of a real bridge (i.e., the test load not ex-
ceeding the critical decompression load of the sec-
tion), when the micro-cracks near the mid-span
section of the side beam reopen. Once the load is
removed, the protective layer concrete of the out-
ermost rebars in the tensile zone can be removed
artificially at the crack position. And the strain gauge
is pasted at the position of the reinforcement across

Advances in Civil Engineering

the crack. After that, the normal loading test is
carried out in steps.

Nomenclature

x: The height of the section compression zone

b: The section width

¥, ¥o: The distance from the lower edge of tensile region to
the key axis of the net section or the transformed
section

€pm> The distance from the resultant force of P/S strands

€40 to the key axis of the net section or the transformed
section

Npo:  The resultant force of effective prestress of P/S
strands after deducting the stress loss at
corresponding phases

00 The P/S strand stress

0, Stress at the outermost edge of the section concrete
tensile zone

A, The net cross-sectional area of concrete section after
deducting the duct

Ag: The cross-sectional area of the transformed section

Ay The cross-sectional area of the strand

w,,, wy: The bending modulus of the net section or the
transformed section

I, Ino  The moments of inertia of the net section or the
transformed section

E: The elasticity modulus of concrete

L The modified effective flexural stiftness of section

N: The resultant force of effective prestress of P/S
strands

fe The natural frequency, and I, is the actual flexural
stiffness of section

€pot The effective strain of P/S strands when the normal
stress of concrete at the c.g. of the resultant force of
P/S strands in the tensile region is equal to zero

E,: The elasticity modulus of P/S strand

M,: The cracking moment

fue The standard concrete axial tensile strength

y: The plastic effect coefficient of concrete in the tensile
region.
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