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Abstract: This paper proposes using neutral axis locations to monitor and quantify the prestress
force in post-tensioned precast segmental beams. Strain measurements are used to obtain the
neutral axis locations of specific cross-sections of the precast prestressed segmental beams, based
on the plane-remains—plane and linear strain distribution assumption. A theoretical calculation
method based on the static equilibrium of a specific cross-section is developed to calculate the
prestress force in segmental beams based on the neutral axis location. To verify the accuracy of the
proposed method, a post-tensioned prestressed segmental beam is built and tested in the laboratory.
A corresponding high-fidelity finite element model is also developed based on the beam design
and material properties. Experimental studies and numerical simulations are conducted to verify
the feasibility and accuracy of the proposed method in quantifying the prestress force in precast
segmental beams. Both experimental and numerical results demonstrate that the proposed method
can reliably estimate the prestress force, which can be used to monitor the prestress force loss in
post-tensioned structures.

Keywords: precast segmental beam; prestress force; quantification; post-tensioning; neutral axis location

1. Introduction

Loss of prestress force jeopardizes the structural integrity, and in extreme cases could
lead to catastrophic collapse of prefabricated segmented structures. As prefabrication
has been becoming more and more popular in construction, effective monitoring of the
prestress force is one of the primary concerns for management of prefabricated structures.
Many studies have been conducted to investigate the effect of prestress force on the vibra-
tion characteristics of prestressed concrete beams for developing methods to monitor the
prestress force through vibration tests. The researchers [1-3] reported that an increase in the
prestress force could lead to a decrease in the natural vibration frequencies of prestressed
beams. However, different, or even opposite observations and conclusions have also been
reported, with respect to the effect of prestress force on the natural vibration frequency of
the prestressed concrete beams. The studies [4-7] concluded that the prestress force has
a negligible effect on the vibration frequencies of prestressed beams, while [8-11] have
demonstrated that prestress force and natural vibration frequency are positively correlated.
Besides the mixed observations of the relationship between prestress force and vibration
frequency, the vibration frequency of a structure is not always sensitive to the change in
prestress force [12]. The effectiveness of using the natural vibration frequency as a feature
to evaluate prestress force is also affected by other factors, e.g., measurement noise [13,14],
temperature, and humidity [14,15], which may cause even more substantial variations
in vibration frequencies of a structure than the change in prestress force. Therefore, the
natural vibration frequencies of prefabricated structures, although they are relatively easily
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obtained through vibration tests, are not a reliable indicator for identification of the changes
of the prestress force.

The neutral axis is a universal parameter of beam-like structures that is related to the
centroid of stiffness in a cross-section. Anastasopoulos et al. [14] reported that temperature
changes in a concrete beam do not have a measurable influence on the neutral axis location,
which is directly related with bending stiffness of the structural cross-section. The neutral
axis location is only dependent on the material and geometric properties of the beam
cross-section [16]. It remains stable under changing temperature, and it is insensitive
to environmental noise, therefore making it a promising feature for structural condition
identification. This characteristic of the neutral axis implies that it has the potential to
be used for damage detection [17-20], and condition assessment of the structures due to
typical damage such as cracking, delamination, and loss of materials, which affects the
cross-section, and may lead to a change in the location of the centroid [17]. The above
studies focused on using the neutral axis location to detect whether damage has occurred.
However, the possibility and feasibility of using the neutral axis location to quantify the
prestress force, to the best of our knowledge, is yet to be reported. Since the neutral
axis location depends on the force equilibrium over the cross-section, identification of
the neutral axis location would lead to the determination of prestress force. Abdel-Jaber
and Glisic [21] reviewed the currently available prestress force monitoring methods for
prestressed concrete structures, and found that most studies focused on monitoring the
occurrence of prestress force loss rather than the quantification of the prestress force level.

In recent years, precast prestressed segmental beams have been widely used in bridge
constructions around the world, owing to the merits of better quality control and efficient
construction on site. The prestress force has a significant effect on the static flexural and
dynamic behavior of the precast prestressed segmental beams, and the loss of prestress
force owing to the corrosion or other causes, such as relaxation or friction, could affect the
service life of precast segmental beams [22,23]. Therefore, monitoring the prestress force
loss and quantifying the prestress force in precast prestressed segmental beams is essential
to ensure the integrity and performance of the prefabricated structures.

In this paper, a theoretical method is proposed to quantify the prestress force in
precast segmental beams, based on strain measurements to obtain the neutral axis location.
This method is developed based on the static equilibrium over a specific cross-section
of the segmental beam. Experimental tests on a scaled precast segmental concrete beam
with post-tensioned unbonded external prestressed tendons are conducted to verify the
proposed approach. The corresponding high-fidelity FEM of the tested segmental beam
is also established. Parametric sensitivity analysis is conducted using the verified FEM to
identify the most sensitive parameters to the prestress force change. The response surface
(RS) method is used to update the initial FEM based on the measured static displacement
responses and the neutral axis location, to refine and ensure that the updated FEM can
better reflect the behavior and status of the real tested structure. Numerical simulations for
quantifying the prestress force by using the proposed approach are conducted. Based on
experimental verifications and numerical simulations, the accuracy and reliability of the
proposed approach for quantifying the prestress force are validated.

The reminder of this paper is organized as follows. Section 2 provides a detailed
theoretical derivation for quantifying the prestress force in precast segmental beams based
on neutral axis location obtained from strain measurements. Section 3 describes the ex-
perimental testing specimen of the prestressed segmental beam. This section includes
a detailed description of the design, the geometry and material properties of the tested
prestressed segmental beam. Experimental test setup, post-tensioning process, loading pro-
cess, and strain data acquisition are described in this section. The experimental validation
on the proposed approach is conducted, and the discussions on the difference between
the theoretically predicted and experimental measured results are also provided in this
section. Section 4 describes a corresponding high-fidelity FEM based on the design of
the experimental segmental beam. In Section 5, the parametric sensitivity analysis and



Appl. Sci. 2022,12, 2756

30f21

model updating are conducted for refining the initial model. Numerical simulations with
different levels of prestress forces are conducted, and the strain measurements are taken.
Studies are conducted to further validate the accuracy of using the proposed approach for
quantifying the prestress force with the strain data in numerical simulations. In addition,
the strain responses at the web of the bridge model subjected to a dynamic load are also
used for identifying the prestress force by the proposed method. Section 6 provides a brief
conclusion and discussion of the feasibility and accuracy of the proposed approach.

2. Theoretical Derivation

In this study, a static equilibrium over a cross-section of the prestressed segmental
beam is employed to obtain the neutral axis location with strain measurement data. The
strain data-based methods were used for obtaining the neutral-axis location due to the ma-
turity of the well-established relationship between strain and stress [21]. This cross-section
analysis uses strain values on a specific cross-section of a segmental beam to compute the
neutral axis location by adopting the assumption of the linear strain distribution. Figure 1
shows two parallel strain gauges installed at the web in the longitudinal direction, with
one placed at the top denoted as &5t and one at the bottom denoted as &g,, with a distance
of h between them. The distance between the bottom strain gauge and the bottom of the
beam section is denoted as m. The neutral axis location X can be calculated based on the
linear strain distribution as [24]:

)
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Figure 1. Strain distribution along the cross-section of the beam.

By assuming linear strain distributions, which implies the cross-section remains plane
during deformation, and the beam is considered to be composed of discrete linear fibers [20],
the longitudinal strain ¢j at any point on the cross-section of the beam can be calculated
based on the distance hi from the neutral axis location. The strains at the top and bottom of
the cross-section of the beam are denoted as ¢ and ¢y, respectively, as shown in Figure 1.
The relationship between I and ¢g,, and the ratio of the top strain gauge &5t and bottom
strain gauge g, can be expressed as:

& h; e 7 hgt )

= —, — =
Esb hsb €sb hsb

where [j, hg, and hg, as indicated in Figure 1, represent the distances from the point of
interest, bottom strain gauge, and top strain gauge to the neutral axis, respectively.
During the post-tensioning process, only the stress in the prestress tendons causes
the deformation of the entire precast segmental beam, since no external loading force is
applied on the beam. Accordingly, the static equilibrium of a specific cross-section of the
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segmental beam with the post-tensioning force is obtained, as shown in Equation (3). The
schematic of the force equilibrium of the beam is illustrated in Figure 2.
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Figure 2. Schematic for the force equilibrium of the beam.

During the post-tensioning process, concrete is in the linear elastic range, wherein
stress o is proportional to strain e. Following Hooke’s law, it has ¢ = ¢ X Ec, where
Ec denotes the elastic modulus of concrete. The concrete stresses at the top and bottom
locations at the cross-section of the beam are denoted as o}, and oy, respectively, as shown
in Figure 2. Since tensile reinforcements, which discontinue between segments, have only
small deformation, and remain in the elastic range (o5 < fy), the stress of the reinforcements
can be calculated from the corresponding strain by o5 = &5 x Eg, where E; is the elastic
modulus of steel. Accordingly, based on the static equilibrium of the cross-section, the
relationship between the neutral axis location Xy and the prestress force F can be derived
from the below equation:

H;

Xo b H
. /0 £(01)bdy — OpeAps — OmsAms — E+ [ £(o;)bdy + /H £(0)brdy + OrsArs = 0 @
b

Xo
where f(0;) denotes a function of the stress distribution along the cross-section, which is
calculated based on the strain distribution over the cross-section. A and oy represent the
area and stress of the top reinforcements, respectively; Ayg and oy, are the area and stress
of the bottom reinforcements, respectively; and Apns and oms denote the area and stress
of the middle reinforcements, i.e., the reinforcements above the prestress tendon, which
may or may not exist in practice, respectively. These reinforcements are included herein
for the completeness. Hy, represents the height of the flange, and H is the total height of
the cross-section of the structure; b and by are the web thickness and flange width of the
T-shaped cross-section, respectively. Therefore, the prestress force of the tendon can be
calculated as:

ot + o)

Pl T (*ZbX% +bH { +bH 2 —bH %) + 0 (2bXg — bHp, — bgH +beHp) — bsAps — OmsAms + OtsAts ()

In this paper, experimental investigations and numerical verification of this proposed
approach for quantifying the prestress force in a segmental beam are conducted. The
results are compared to those obtained in the test to verify the reliability and accuracy
of the proposed method. The relative errors between experimental measured and theo-
retically predicted prestress forces, and between numerically simulated and theoretically
predicted prestress forces, are calculated and denoted by using the symbol ‘RE’ in the
subsequent studies.
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3. Experimental Verification
3.1. Description of the Experimental Beam

In this study, a scaled precast segmental concrete beam with external post-tensioned
unbonded tendons is fabricated, as shown in Figure 3. The total length of the precast
prestressed segmental beam is 3.9 m. This precast segmental beam consists of four concrete
segments, which are connected by two external post-tensioned unbonded tendons. The
cross-section of the tested beam is shown in Figure 4. The height of the cross-section is
400 mm. The dimensions of the web of the T-shaped cross-section are 200 mm x 320 mm,
and the flange size is 600 mm x 80 mm. The dry joints between every two segments are
designed with multiple shear keys. Young’s modulus of the concrete used in the segmental
beam measures 3.047 x 10' Pa. More detailed information of the tested beam can be found
in Le et al. [22]. The material properties of steel reinforcement bars and prestressed steel
tendons are listed in Table 1.

|~ —

&

Figure 3. Tested precast prestressed concrete segmental beam.
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Figure 4. Cross-section of the segmental beam.

Table 1. Material properties of steel bars and prestressed steel tendon.

Cross-Sectional

Type Diameter (mm) Area (mm2) fy (MPa)  fy, (Mpa)  Es (Gpa)
Steel bar @12 12 113 534 587 200
Steel bar @10 10 78.5 489 538 200

Prestressed 127 100 1674 1860 195

Steel tendon
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3.2. Experimental Testing
3.2.1. Post-Tensioning and Installed Strain Gauges

A typical experimental setup for applying the post-tensioning force is shown in
Figure 5. A hydraulic jack of 30 tons was used to generate the tension force of the external
steel tendons. The details of the post-tensioning procedure are described by Le et al. [22].
They are therefore only briefly described here. The post-tensioning procedure consisted of
six steps. In the first and second steps, two steel tendons were subsequently pressurized
to 10% of the yield stress force of the tendon, which aims to close the gap and eliminate
the slack between the segments. Then, two tendons were alternately post-tensioned to 50%
and 100% of the designed post-tensioning force. The designed effective prestress of the
steel tendons was equal to 60% of the tendons’ nominal tensile strength, which is 110 kNN.
Then, two load cells were attached to the steel tendons to record the stress of the steel
tendons during the post-tensioning process. Next, four Kyowa PL-60-11 strain gauges were
attached to the web of the second and third segments of the beam in the experimental tests,
as shown in Figure 6, to measure the strain responses during the post-tensioning process.
These strain measurements are used to determine the neutral axis location and quantify the
prestress force in the precast prestressed segmental beam in the study.

. N ] - S f

S1

|
Strain gaugell_t Strain gauge Il t

S2

Strain gaugeIl b | Strain gaugeIIl b
[ sange i S3 S4

1150

800 800 1150

3900

Figure 6. Locations of the strain gauges attached on the segmental beams.

The segment of the beam is denoted by the symbol S, for example, S2 and S3 denote
the second and third segments of the tested beam, respectively. Figure 6 shows that the top
strain gauges attached to S2 and S3 are denoted as II_t and III_t, respectively. The strain
gauges attached at the bottom location are denoted as II_b and III_b, respectively. II_t and
II_b were attached near the mid-span of 52, while III_t and III_b were bonded near the
joint between S2 and S3. The strain values measured during the post-tensioning process
are used to quantify the prestressing force in the tendons, which are compared with the
values measured by the load cells installed at the end of the tendons.



Appl. Sci. 2022,12, 2756

7 of 21

3.2.2. Loading Process

The static loading test was performed after the completion of the post-tensioning
process. The vertical load was generated by hydraulic jacks, and it was transferred through
two horizontal I-steel spreading beams to the segmental beam uniformly, as shown in
Figure 7. The beam was tested for two cycles under the selected applied load of 20 kN. In
the first cycle, the applied load was increased progressively to 20 kN and then decreased
to approximately 5 kN before starting the second cycle. In the second cycle, the applied
load was reduced to 0 kN. A load of 20 kN was selected here for analysis to ensure that
no joint opening and damage occurred and that the beam deformed linearly under the
applied load. A more detailed loading process is provided in Le et al. [22]. The applied
load was monitored by load cells, and the deflection of the beam in the experimental tests
was obtained using four linear variable differential transformers (LVDTs). The locations of
these installed LVDTs are shown in Figure 8.

(

:

Figure 7. Typical experimental setup for static loading test.

LVDT, ©
LVDT, § LVDT,§
LVDT; g

3

Figure 8. Location of linear variable differential transformers (LVDTs).

All LVDTs were placed at the joints between different segments of the beam as shown
in Figure 8. LVDT2 and LVDT3 were located on the top surface of the beam between the
second and third segments, whereas LVDT1 and LVDT4 were placed at the center of the
top surface between the first and second segments, and the second and third segments,
respectively.

3.3. Experimental Results during the Post-Tensioning Process
3.3.1. Experimental Validation of the Proposed Approach to Quantify Prestress Force

In the experiment, during the post-tensioning process, the neutral axis location calcu-
lated from the recorded strain at II_t and II-b on segment S2 using Equations (1) and (2) is
denoted as ENAL2. Similarly, ENAL3 denotes the neutral axis location calculated from the
measured data at III_t and III-b on segment S3 of the beam. The prestress force recorded
by the load cell in the experiment is denoted as ‘EF’. The theoretical prestress forces of the
tendon (i.e., TF2 and TF3) were calculated based on ENAL2 and ENAL3 by using Equation
(5). The obtained neutral axis locations, the experimentally measured prestress force of the
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beam, the calculated prestress force from strain measurements and neutral axis location,
and the relative errors of the calculated prestress force against the measured ones in the
test are presented in Table 2.

Table 2. Comparison between the measured and calculated prestress forces of the beam.

ENAL, (mm)  EF (kN) TF, (kN) RE, ENAL; (mm)  EF (kN) TF3 (kN) RE;
305.05 61.57 64.17 4.22% 314.72 61.57 70.93 15.20%
297.54 107.11 108.7 1.48% 303 107.11 119.72 11.77%

Table 2 indicates that the theoretically predicted and experimentally measured pre-
stress forces have differences of 4.22% and 15.20% when using strain measurements ob-
tained from segments 52 and S3, respectively, when the prestress force is approximately
62 kN. At a higher prestressing level, i.e., 107 kN, the errors between the theoretical and ex-
perimental results based on the measured strains on S2 and S3 are slightly reduced to about
1.48% and 11.77%, respectively. These errors could be induced by a number of reasons. The
error analysis of the theoretical calculation results is discussed in the following section.

3.3.2. Discussions

Overall, two sources are considered responsible for inducing such errors, including the
variation in the modulus of elasticity of concrete, and the strain gauge measurement error.

First, the error may have originated from the variation in the concrete modulus of
elasticity EC. The elastic modulus of concrete is a critical parameter, since it determines the
strain and displacement relationship in the section analysis, especially when the concrete is
in the elastic region. The elastic modulus value can be calculated based on the compressive
strength of the concrete using the empirical formulas provided in the different design
standards and codes. However, these existing empirical equations predict the elastic
modulus of concrete with an inevitable error [25]. In this paper, the concrete properties were
obtained based on the experimental tests of six cylinders with a diameter of 100 mm and a
height of 200 mm, in compliance with the Australian Standards 1012.8.1 (AS 2014a) [26]
and AS 1012.9 (AS 2014b) [27]. The compressive strength of the concrete obtained on the
day of the test was 41.5 MPa, which was taken as the average of six concrete cylinders [22].
The elastic modulus of concrete is 3.047 x 1019 Pa, which is calculated based on AS 3600:
2018 [28] from the compressive strength of the concrete. However, it should be pointed out
that it is clearly stated that the elastic modulus of concrete has a range of +20% from the
mean value [28]. Therefore, the error analysis was conducted to analyze the influence of
the variation in the elastic modulus of the concrete on the prediction results of the prestress
force. Based on the range of the elastic modulus of concrete, the prestress force of the beam
obtained from the proposed approach is recalculated based on Equation (5), and the relative
errors of the prestress force between the theoretical calculation and experimental results
are computed and listed in Table 3.

Table 3. Error analysis considering variations in modulus of elasticity of concrete.

S2 S3
Variation EC (Pa)
RE; ¢ RE; 197 RE; 62 RE3 107
—20% 2.438 x 1010 —18.77% —20.06% —10.42% —11.97%
—10% 2.742 x 1010 —7.86% —9.29% 1.65% —0.09%
10% 3.352 x 1010 13.97% 12.26% 25.78% 23.65%
20% 3.656 x 1010 24.88% 23.03% 37.85% 36.52%
Original 3.047 x 1010 3.06% 1.48% 13.72% 11.77%

Table 3 shows the relative errors in the predicted prestress force corresponding to
the different errors in elastic modulus of the concrete in the variation range given in the
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Australian Standard (AS) 3600:2018 [28]. The subscripts numbers of error indicator RE
(i.e., 2 and 3) represent the segments S2 and S3, and the numbers (i.e., 62 and 107 kN)
stand for the two prestressing force levels. Assuming the estimated elastic modulus based
on the obtained average concrete strength in the test is accurate, a variation of the elastic
modulus leads to significant variations in the estimated prestress force. A 10% variation
in the value of the elastic modulus of concrete can result in an error of more than 10%,
based on measured strains on S2, and more than 20%, based strains on S3. This means
that the used value of the elastic modulus of concrete can result in a significant variation
in the predicted prestress forces, and using strains measured on 52 always yields better
results than those on S3. This is because strains on S3 were placed closer to the segment
joints, where the deformation over the cross-section is not linear. More discussions on
this are presented in Section 5.4. These results demonstrate the influence of the elastic
modulus of the concrete on the prestress force estimations, and ideally the elastic modulus
of concrete should be directly measured from the tested structure. Otherwise, the range of
the identified prestress force can be determined by considering the possible variations in
the concrete elastic modulus.

The second factor that could lead to an error between the theoretically predicted result
and experimentally measured prestress force is related to the measurement error in the
strain gauge values. Since any data acquisition system has a certain level of inaccuracy and
is affected by measurement noise, the errors in the strain gauges can potentially affect the
theoretical calculation results. Therefore, an error analysis of the effect of the strain gauge
measurement accuracy on the prestress force identification is conducted, and the error of
the strain measurement values is assumed to be at three different levels, namely, 2%, 5%,
and 8%. The four strain gauges as shown in Figure 6 are considered to have these three
different error levels, respectively. Random numbers from the standard normal distribution
with a mean value of 0 and different standard deviation values (i.e., with different error
levels) are added onto the experimental strain data. The relative errors in the calculated
prestress force under different error levels in the measured strains are listed in Table 4.

Table 4. Error analysis on the effect of strain measurement accuracy.

Uncertainty Error Level > >3
2% 2.84 1.38 12.68 11.44
5% 2.76 1.25 12.56 11.28
8% 2.43 1.05 12.24 10.99
Original 3.06 1.48 13.72 11.77

Table 4 indicates that increasing the strain measurement errors from 2% to 8% does
not significantly change the estimated prestress force, with the errors remain at the similar
level. This is because the errors in measured strains affect the positive and negative forces
from both the concrete and reinforcements over the cross-section, which cancel out the
error influences on the prestress force. Although both the strain and elastic modulus are
linearly proportional to the force, i.e., E¢, an error in the concrete elastic modulus has
more significant effect on the estimated prestress force since it only affects the concrete
force over the cross-section. These results indicate that the reliability of the equipment and
measurement noise in strain data would also influence the theoretical calculation results,
but are less significant as compared to that owing to the error in concrete elastic modulus.

The experimental verification of using the proposed approach for quantifying the
prestress force based on the neutral axis location shows that the predicted results have
certain differences, when compared with the experimental measured result. This may be
attributed to the uncertainty of the estimated elastic modulus or strain gauge measurements.
However, the proposed approach can identify the prestress force variation. Therefore, the
method can be used to identify the change in prestress force, and also approximately
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quantify the prestress level with an error range depending on the accuracy of the used
concrete elastic modulus and measured strains. The above results also show that using
the strains measured close to the segment joint leads to larger errors than using the strains
measured in the mid of the segment. Discussions and explanations of this observation will
be given in the subsequent section.

4. Numerical Verifications
4.1. Numerical Finite Element Model of this Precast Segmental Beam

A 3D precast segmental beam model of the tested structure was built by using commer-
cial finite element package ANSYS to numerically investigate the accuracy of the proposed
theoretical method using the neutral axis location of the segmental beam for obtaining
the prestress force in externally prestressed tendons. The developed finite-element model
is illustrated in Figure 9. Geometric and material properties of this numerical model are
the same as those in the experimental studies, as described in Section 3. In this numerical
simulation, the concrete segments are simulated using SOLID92 elements, which consider
stress stiffening and large deflection geometrical nonlinearity. This element is defined by
ten nodes with three degrees of freedom at each node, that is, translational displacements
in the nodal x, y and z directions. SOLID45 elements are used to simulate two 20-mm-thick
steel plates with external loading added to the top surface of the beam. This is because
the SOLID45 element can be used to obtain a more uniform stress distribution over the
pressurized area. The locations of the steel plates placed on the segmental beam, which
remain at the same location as that in the experimental tests, are denoted as the green
area in Figure 9. They are placed equally at one-third and two-thirds of the beam. LINK8
elements are employed to simulate steel reinforcements, including steel bars and stirrups
inside the concrete, and the prestressed tendon. For the prestressed tendon, different initial
strain values are applied to simulate the different prestressing levels based on the measured
prestress value in the experiment. The dry joints between segments of the beam model are
simulated using contact elements. TARGE170 and CONTA174 elements are adopted for
target and contact elements, respectively. Node coupling is applied to the contact point
between the concrete and external prestressed tendons at the anchorage location.

Figure 9. Developed finite element model in ANSYS.

4.2. Model Validation

The neutral axis locations were calculated using the strain extracted from the FEM
under the same conditions as the experimental test of the beam during the post-tensioning
process, i.e., the beam is subjected to a prestress force of 62 kN and 107 kN, respectively. The
locations of the extracted strain are the same as those of the strain gauges attached to 52 and
53 of the beam in the experimental test. The neutral axis locations obtained from the strains
for the second and third segments of the numerical beam model are denoted by MNAL2
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and MNALS3, respectively. Furthermore, the static responses, namely, vertical deflections
under 15 kN and 20 kN loading levels, are also used for verifying the accuracy of the
numerical model. The locations of the deflections extracted from the FEM are the same as
those LVDTs installed in the experimental tests, as shown in Figure 8. Mid-span deflection
is calculated as the average value of the displacement data measured from LVDT2 and
LVDTS3. The deflections obtained from the experimental test are represented as EL;, ELy3,
and EL4, and the deflections from the FEM are expressed as MLj, MLy3, and ML4. The
results of neutral axis locations and the deflections from the numerical model are compared
with experimental results and presented in Tables 5 and 6, respectively.

Table 5. Comparison of the neutral axis locations between the experimental and numerical results.

Prestress ENAL2 MNAL2 o ENAL3 MNAL3 o
Force (kN) (mm) (mm) RE (%) (mm) (mm) RE (%)
62 305.05 301.55 —1.15% 314.72 308.85 —1.87%
107 297.54 290.36 —2.41% 303 298.08 —1.62%

Table 6. Comparison of the deflections between experimental tests and numerical analysis.

Static Loads (kN)  EL; (mm)  ML; (mm) RE (%) ELy; (mm) MLy; (mm)  RE (%) EL; (mm) MLy (mm) RE (%)
15 —0.80 —0.83 3.75 —1.03 —1.01 —-1.94 —0.94 —0.84 —10.64
20 —1.04 —-1.11 6.73 —1.35 —1.4 3.70 -1.27 —-1.12 —11.81

Table 5 indicates that the neutral axis locations from the experimental and numerical
results of the segmental beams are close to each other for the cases of 62 kN and 107 kN
prestress force. The relative errors are less than 3%, which implies that this model can
basically represent the tested beam. The experimental deflection results of the segmented
beam in general also agree with the numerical results, except at location L4, where a larger
error of 11.81% is obtained. These errors might be introduced by the uncertainties in the
FEM, such as the assumptions of the boundary conditions and material properties of the
initial model. The differences in the neutral axis locations and the deflections between the
experimental and numerical results show that it is necessary to refine the original FEM to
ensure that the built numerical model can be used to represent the structural behavior more
accurately. Therefore, in this study, the neutral axis locations and structural deflections
under static loading tests are adopted to conduct the finite element model updating analysis.
In particular, the neutral axis locations with 107 kN prestress force during the post-tension
process and the deflections at four locations on the top of the beam under two specific static
loading levels of 15 kN and 20 kN, are used.

5. Model Updating for the Segmental Beam
5.1. Parametric Sensitivity Analysis

Parametric sensitivity analysis for selecting the parameters to be updated is conducted
to determine which model parameters significantly affect the neutral axis locations and
static displacement responses, before updating the original segmental beam model. The
geometric parameters of the prestress tendons are measured, and therefore not considered
in the model updating analysis. For the segmental beam model, the model parameters,
including three material parameters and two joint parameters, are selected as the parame-
ters to be updated. The geometric parameters of the prestress tendons are measured and
therefore not considered in the model updating analysis.

The selected material parameters comprise the elastic modulus of concrete E, density
of concrete p,, elastic modulus of the prestress tendon Eg, normal contact stiffness factor
NSct, and tangent contact stiffness factor TSct. NSct and TSct are the scale parameters
of contact stiffness. In ANSYS, for the normal contact stiffness, there are two possible
approaches to determine their values, which include defining a stiffness factor NSct that
acts as a scale factor of the contact stiffness Kn, or specifying the magnitude of the contact



Appl. Sci. 2022,12, 2756

12 of 21

stiffness Kn directly. It is not evident if the determined stiffness value from these approaches
is correct or reasonable for each contact problem since the value of the contact stiffness
Kn is determined by certain parameters, such as Young’s modulus, contact area, and scale
factor NSct. Thus, scale factors are used to define the stiffness of the contact elements. For
the normal contact stiffness, the normal stiffness factor NSct has a range of 0.01-1.0. The
default value in ANSYS is 1.0, and a higher stiffness value leads to a lower amount of
penetration or slip [29].

The method for selecting more influential parameters from these candidate parameters
is based on the sensitivity analysis, where the corresponding change in the structural
displacement responses and neutral axis locations is calculated when there is a 10% change
in these parameters. The sensitivity analysis results are given in Table 7. When the
sensitivity of displacement responses is greater than 2%, and the sensitivity of neutral
axis position calculated from S2 and S3 is larger than 0.03%, the corresponding structural
parameters are considered as candidate parameters for model updating.

Table 7. Sensitivity analysis results of the candidate model parameters.

Sensitivity of Displacement Sensitivity of Neutral Axis

Responses with Respect to the .o
Parameters Pacr:;::fee:so(f’ %) Parameter (%) Location (%)
ML1 ML23 ML4 MNAL2 MNAL2

Ec 10 8.04 8.04 8.04 0.14 0.08

Pe 10 1.38 1.40 1.37 —0.18 —0.03

Es 10 —10.65 —10.67 —10.65 0.41 0.25
NSct 10 2.02 2.06 2.15 —0.01 —0.02
TSct 10 0.00 0.00 0.00 0.04 —0.01

Based on the aforementioned criteria, it can be observed from Table 7 that the elastic
modulus of the concrete and prestress tendons have significant influences on the displace-
ment response and the neutral axis location. The density of concrete affects the displacement
responses more significantly than that of the neutral axis location. Both the normal and
tangent contact stiffness factors show a relatively smaller influence on the displacement
and neutral axis location than the other structural parameters. Accordingly, these three
parameters, E., p., and E;, are selected as the critical parameters to be updated for the
segmental beam model.

5.2. Model Updating Based on the Measured Static Data

The objective of the model updating is to minimize the objective function H(6) for-
mulated as the difference in the deflections and neutral axis locations between the ex-
perimentally measured and numerical results when the prestress level of the beam is
107 kN for obtaining the optimal value of the candidate parameters. In this paper, the RS
method [30] is employed for updating the selected parameters. The second-order polyno-
mial function with interaction effects is used to build the relationship between the physical
system parameters (i.e., E¢, p., Es) and output response in terms of vertical deflection and
neutral-axis location.

H(0) = Hr_ ,5(60) +Hr_ ,,(0) +Hs,(0) + Hs, () (6)

where

<RSML“_15 (0) ~ ELq 15 )2 @)

ELy 15

2
(RSML“ZO(S) —ELy 20 ) ®)

EL« 20
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Hs, (0) = Z( : )
2 = ENAL,
n /RSMg, (0) — ENALg 2
Hs(0) = 2 ( ENAL ) 10
1=

in which the vector of parameters to be updated is defined as 6 = [E,, p., Es], EL4 15 and
ELy 20 represent the measured static displacements of the segmental beam at location o
corresponding to the four LVDTs during the static loading tests of 15 kN and 20 kN, respec-
tively, and RSM,_,,(0) and RSMy,__, (0) are the respective predicted static displacements
at location « from the numerical analysis. The term RSMsg, (6) denotes the predicted neutral
axis locations of the second segment during the post-tensioning process, and RSMs, (0)
denotes the predicted neutral axis locations of the third segment of the tested beam. The
estimated RS function can thus be expressed as:

RSM(8) = Bo + ) Bifi + ) Bib] + ) ) B;0:i6; (11)

i<jj=2

where (3; denotes the partial regression coefficient, 6; represents the model parameters, and
0;6; denotes the interaction effect between these parameters.

When the RS model is determined with numerical analysis, the objective function H(0)
described in Equation (6) can be built based on the measured data. Then, the simulated
annealing global optimization algorithm is used to minimize the objective function H(6),
and obtain the optimal parameters of the segmental beam model. To validate the accuracy
of the updated finite element model, the relative error is used to evaluate the difference in
structural responses between the updated model and measured data in the experiment.

After the model updating of the segmental beam model, the calibrated model param-
eters are presented in Table 8. The corresponding predicted structural responses of the
updated segmental beam model are listed in Table 9. Table 9 indicates that the updated
segmental beam model can accurately predict the structural displacement responses and
neutral axis locations with a maximum error less than 5%. This means that the calibrated
segmental beam model can reliably be used to predict the structural deflections.

Table 8. Initial values and updated parameters of the candidate parameters.

Parameters E, (Pa) pc (kg/m?) Es (Pa)
Initial values 3.047 x 1010 2450 1.95 x 101
Updated values 3.045 x 1010 2625 2.05 x 101
Table 9. Defined error indices for the updated model.
Neural Axis Location 15 kN 20 kN
C
ases MNAL2  MNAL3 ML1 ML23 ML4 ML1 ML23 ML4
Original —2.47 -1.65 4.15 1.92 11.29 6.73 3.86 13.73
RE (%) Updated 0.49 —0.15 —3.39 —0.96 1.25 —3.49 —3.55 49

From Table 9, the accuracy of the updated model exhibits an appreciable improvement
when comparing with the initial model. The relative errors in neutral axis locations and
static deflection responses are significantly reduced. After model updating, the relative
errors of neutral-axis locations are less than 1%. For the deflections under two different
loading levels, although the results are not as good as that of the neutral axis locations, the
relative errors are within an acceptable range, which is less than 5%. This means that an
accurate FEM is obtained to represent the tested precast segmental beam under the static
loads. To further validate the accuracy of the updated segmental beam model, a case with
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a prestress force of 62 kN is applied to the model, and a comparison between the numerical
model analysis and experimental results of the neutral axis locations is summarized in
Table 10.

Table 10. Defined error indices for the updated model under the prestressing force of 62 kIN.

Neural Axis Location

Cases
MNAL2 MNAL3
. Original —1.16 —1.90
RE (%) Updated 0.99 1.34

Table 10 indicates that the relative errors in the neural axis locations of the updated
model are 0.99% and 1.34%, compared with the experimental results. Both the relative errors
in the neutral axis locations of the updated model at S2 and S3 are below 2%, indicating
that the same conclusion as summarized before, that is, the updated model can provide a
good representation of the tested beam under different levels of prestressing forces.

5.3. Numerical Simulations of Prestress Force Identifications by the Proposed Approach

To further verify the reliability of the proposed method for identifying the prestress
force of the segmental beam, a total of five loading cases are considered from 62 kN to
107 kN. For each case with a different prestress force, the strains at those predefined four
locations as shown in Figure 6 are obtained from the updated finite element model, and
the corresponding neutral axis locations are calculated based on Equations (1) and (2). The
comparison between the prestress force applied to the numerical model and the predicted
prestress force by the proposed approach are summarized in Table 11.

Table 11. Comparison between the applied and predicted prestress forces from the proposed approach.

Applied Prestress Force (kN) TF2 (kN) RE (%) TE3 (kN) RE (%)
62 59.95 —3.31% 65.10 5.00%
70 69.10 —1.29% 77.95 11.36%
80 80.21 0.26% 91.18 13.98%
90 92.52 2.80% 103.39 14.88%
107 109.18 2.04% 118.27 10.53%

It can be seen from Table 11 that, under these five prestress force levels, the predicted
prestress force results obtained from S2 are closer to the applied prestress force to the model,
with relative error values less than 3.31%. However, the results calculated from strains on
53 give relatively larger errors. The same observation is also obtained from experimental
verifications presented in Section 4. It should be noted that the location of the strain gauges
attached to the second segment is close to the middle of the segment, whereas the location
of the strain gauges on the third segment is close to the joint. This means that the proposed
method can provide more accurate estimations of prestress force when the strains are
measured at locations away from the joint. Strain is a local parameter that only measures
the influence in the vicinity of the sensor [21].

The strains measured near the segment joint are affected by the joint and affect the
accuracy of prestress force identification of the proposed method in this study. The fol-
lowing investigates the influence of strain measurement locations on the prestress force
quantification by using the proposed method.

5.4. Discussions

From the above results, the prestress force calculated based on the strains measured at
locations away from the segment joint is closer to the real values, while there is a relatively
larger difference by using the strains near the joint of the beam. In this section, the stress
distributions of the beam at the corresponding locations from segments S2 and S3 are extracted
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from the ANSYS model. Figure 10 shows the stress distributions when the prestress force
is 107 kN. As shown in the stress contour, the stress over the cross-section in S3 close to the
joint obviously does not distribute linearly. The assumption of plane-remains plane therefore
is not satisfied at this section close to the joint, which results in the large errors in prestress
estimation from neutral axis location. To further observe this, the stress values along the height
of the cross-section in S2 and S3 are extracted and shown in Figures 11 and 12, respectively.

As shown in Figure 10, the green and yellow areas represent the compressive stress
of the beam induced by posttensioning force, while the tension area of the beam is in
the red region. The greener the area, the greater is the compressive stress in the beam.
The stress values are extracted at different locations along the height of the cross-section.
Figure 11 shows the stress distribution at the section with strain gauges in the segment
52, the compressive zone is at the bottom of the beam, the tensile stress is observed at the
top of the beam, and the stress is distributed almost linearly over the cross-section. These
observations indicate that plane-remains—plane assumption is satisfied, therefore the above
derived relation of neutral axis location and the prestress force amplitude is valid.

The stress distribution in the section in the segment S3 near the joint location is shown
in Figure 12. Large compressive stresses closer to the bottom of the section are observed.
This may be caused by the influence of squeezing two shear keys under the effect of the
prestress tendon. Stress concentration is also observed at shear keys along this section.
Therefore, the stress and hence the strain are not linearly distributed along the cross-section,
indicating the plane-remains—plane assumption is not satisfied. As a result, the above
relation between neutral axis location and the prestress force amplitude based on plane—
remains—plane assumption leads to larger errors. From the above discussions, the strains
should be measured at locations away from the joints in segmental beam structure for
estimating the prestress force. The above results also indicate that even the proposed
method based on neutral axis location may not give a very accurate estimation of the
prestress force if the fundamental Bernoulli beam plane-remains—plane assumption is
not satisfied, it is very sensitive to prestress force change, therefore the proposed method
can still be used to identify the loss of prestress force, and also approximately estimate
the prestress force amplitude. In practical applications, the strains should be measured
at sections away from the segment joints, which leads to more accurate prestress force
identification.

NODAL SOLUTION

Strain gauges

The joint between segemnts

9
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Figure 10. Longitudinal stress contours of the beam under prestress force of 107 kNN.
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Figure 11. (a) The stress distribution contour in the longitudinal direction of the cross-section with

strain gauges in S2. (b) Stress distribution over the cross-section with strain gauges in S2.
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Figure 12. (a) The stress distribution in the longitudinal direction of the cross-section of strain gauge
locations in S3. (b) Stress distribution over the cross-section with strain gauges in S3.

5.5. Prestress Force Quantification under the Dynamic Load

In practice, dynamic testing is relatively easier to carry out than static loading tests. In
this section, numerical study is conducted to identify the prestress force by using the strain
responses at the web of the bridge model subjected to a dynamic load. This investigation is
conducted to simulate the realistic situation to predict the prestress force of the segmental
beam from ordinary dynamic tests after the post-tensioning force has been applied, such
as hammer impact tests. Figure 13 shows the hammer impact load applied on the middle
of the second segment with a sampling rate of 2048 Hz and a sampling duration of 0.5 s.
It is noted that this hammer impact force is measured from a real vibration test with an
instrumented hammer, and this force is used as the external load applied in this numerical
simulation to calculate the strain response data. The true applied prestress force of the
numerical model is 107 kN. The strain responses calculated from the FEM at the top and
bottom locations at the middle of the segment S2, i.e., II_t and II_b described in the above
experimental tests, under the applied dynamic load, are shown in Figure 14.

The prestress force is identified by using the proposed method based on Equations (3)—(5),
with the above-extracted strain values at the same locations as those in the experimental test.
The identified prestress force from strain measurements, and the relative error between the
applied prestress force in the FEM and the identified prestress force during the dynamic
testing period, are shown in Figure 15a,b, respectively.

40 T T T T T T T T T

30 1

Load (N)
o

-20 7

40 I . I . I L . I I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Time (s)

Figure 13. Dynamic load applied on the numerical model.
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Figure 14. The strain responses calculated from the FEM at the locations of II_t and II_b.
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Figure 15. Prestress force identification results: (a) The identified prestress force from strain measure-
ments. (b) The relative error between the simulated prestress force in the FEM and the identified
prestress force with strain responses.

It can be observed from Figure 15 that the identified prestress forces have relatively
large fluctuations within the first 0.05 s, owing to the influence of the applied external force
acting on the beam at the beginning, which in fact changes the prestress force. However, as
the vibration level is small, the change of the prestress force level is also small. The largest
error of the identified prestress force level is less than 3%. In the free-vibration phase, the
vibration level is smaller, the identified prestress force is relatively stable, that is, it oscillates
between 108-109 kN. The relative error between the identified average prestress force and
the actual applied prestress force in the numerical model in the free-vibration phase from
0.4-0.5 s is given in Table 12, and it is 1.32%, indicating that using the strain measurements
in segment S2 in standard vibration test, which is relatively easy to carry out, gives good
prestress force identification. These results demonstrate the feasibility and accuracy of
using the proposed method in practical applications for quantifying the prestress force.
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Table 12. Comparison of the applied and identified average prestress forces from strain measurements
during the free vibration period of the dynamic test.

Applied Prestress Force in the Identified Average Prestress
Numerical Model (kN) Force (kN)

107 108.41 1.32

Relative Error (%)

6. Conclusions

This paper proposes a method to quantify the prestress force in the precast prestressed
segmental beams based on the strain measurement and neutral axis location. Under the
plane-remains—plane assumption, neutral axis location is obtained by using the strain mea-
surements. The static force equilibrium of a specific cross-section of the precast segmental
beam is established to calculate the prestress force. The accuracy and reliability of the
proposed method are verified through experimental and numerical studies on a prestressed
segmental beam.

The experimental results verify that the prestress forces can be predicted by using
the strain measurement during the post-tensioning process, or during service through a
dynamic test. The results show that the theoretical prediction results have certain differ-
ences when compared with the experimental measured results obtained near the segmental
joints. Discussions on the possible sources, such as the concrete modulus of elasticity
and uncertainty of strain measurements that may lead to the inaccurate predictions of the
prestress force, are provided. However, using the strains measured in the middle of the
segment of the beam for calculating the prestress force shows a good correlation with the
theoretical prediction.

In the numerical verification, five prestress levels from 62 kN to 100 kN are used to
verify the credibility of the proposed method. Similar to the experimental verifications,
the results at the middle of the segment match well with the experimental results than
that obtained from the location near the joints of the beam. Discussions are provided
by showing stress distribution contour in the longitudinal direction of the cross-section
obtained in numerical simulations. It is found that the plane-remains—plane assumption
is not valid at sections near the segmental joints, which explains why a relatively big
difference is observed when measured data near the joint between the segments are used in
the analysis. The results suggest that the measurements should be made at locations away
from the joints in segmental beams for quantifying the prestress force. The reliability of the
proposed method in identifying the prestress force of segmental beams in service condition
through a dynamic test is also verified. The results demonstrate that the proposed method
can be used for identifying the prestress force.

To sum up, both the experimental test and numerical simulation results demonstrate
that the proposed approach can reliably identify the change in prestress force, and well
quantify the prestress force level when selecting the strains away from the joints.
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