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1 | INTRODUCTION

Daniel Ekstrom? |

Rasmus Rempling**

Abstract

Prestressed concrete provides several advantages over traditional reinforced
concrete; however, some markets remain skeptical about the use of post-
tensioned structures. A crucial factor in these structures is assessing and quan-
tifying the final force introduced into the element. This study evaluates the
application of distributed optical fiber sensors (DOFS) to monitor the response
of beams during tendon force introduction, long-term behavior, and loading to
failure. An experimental campaign was conducted involving four beams: two
standard and two post-tensioned. Additionally, the study compares the effec-
tiveness of steel fiber reinforced concrete to determine its potential for further
optimizing beam design. Key aspects analyzed include tendon force and corre-
sponding instantaneous and deferred losses, load-deformation behavior, initial
crack formation, and subsequent crack development. The results demonstrated
that using DOFS in a straightforward manner allows for detailed beam
response analysis across different phases. Simple hypotheses and limited sen-
sors can accurately evaluate all tendon losses. Furthermore, fiber optics can
detect potential crack candidates even in the compression stage, due to strain
concentrations that lead to cracking during the loading phase.

KEYWORDS

crack monitoring, distributed optical fiber sensing, fiber optics, post-tensioned concrete,
post-tensioning loses, steel fiber reinforced concrete

application of PRC includes, among others, large road and
railway bridges, nuclear reactors, storage tanks, silos, build-

Prestressed concrete, especially post-tensioned reinforced
concrete (PRC), provides several benefits compared to
traditional reinforced concrete, such as improved crack
control, reduced deflections, the ability for longer spans,
as well as a more efficient use of materials. Prestressed
concrete has been utilized in many civil engineering pro-
jects worldwide since its introduction in the 1940s. The

ing floors, and wind turbine foundations. In Sweden,
approximately 20% of the over 2500 bridges maintained by
The Swedish Transport Administration use post-tensioning
technology.

The structural performance and durability of PRC sys-
tems are predominantly influenced by the initial post-
tensioning forces in the tendons and their condition over

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2025 The Author(s). Structural Concrete published by John Wiley & Sons Ltd on behalf of International Federation for Structural Concrete.

6274 wileyonlinelibrary.com/journal/suco

Structural Concrete. 2025;26:6274-6293.


https://orcid.org/0000-0003-4847-2894
https://orcid.org/0000-0002-1122-7855
https://orcid.org/0000-0003-4654-5498
mailto:ignasi.fernandez@chalmers.se
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/suco
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsuco.70224&domain=pdf&date_stamp=2025-07-23

FERNANDEZ Et AL.

the structure's service life. Furthermore, it is common
that existing PRC structures show signs of deterioration,
and estimating the residual prestressing force in post-
tensioned structures has become increasingly important.’
However, the evaluation of this force may prove chal-
lenging, primarily due to uncertainties related to the
magnitude and distribution of prestress losses over time.”
Precise estimation of these forces is crucial for maintaining
structural integrity, ensuring safety, and extending the ser-
viceability of these structures. Furthermore, monitoring
the initiation and propagation of cracks is essential, as
cracks can significantly accelerate tendon corrosion and
other degradation mechanisms. To address these chal-
lenges, innovative monitoring techniques are critical for
providing accurate, real-time data, fostering improved
structural assessments, and enhancing confidence in PRC
technologies. As detailed in References [3,4] several
methods are commonly used to this end, exhibiting differ-
ent benefits and drawbacks, although a common conclu-
sion is that strain-based alternatives represent the highest
potential.

In this regard, the use of advanced strain-monitoring
techniques, such as distributed optical fiber sensors (DOFS),
applied to these components can lead to new insights and a
deeper understanding of their structural performance, as
seen in recent works applied to different types of structures.
DOFS offer multiple benefits over conventional sensors,
including compact size, lightness, resistance to chemical
and corrosion degradation, and electromagnetic interfer-
ence immunity. With recent advancements in optical Ray-
leigh backscattering reflectometry, there has been a leap
forward in the capability to continuously monitor strain
along fiber cables with eligible spatial resolutions that span
from half centimeter to up to the sub-millimeter scale,
depending on the application,” providing new options for
performance evaluation. This technology has already been
effectively employed in a wide range of civil engineering
projects,6 such as monitoring of tunnel infrastructure,”®
concrete bridges,*” and monitoring strain in reinforced
concrete beams.'** Furthermore, its effectiveness in sup-
porting the validation of performance indicators for rein-
forced concrete elements—specifically in deflection
measurement and the identification, location, measurement
of cracks and long-term applicability—has been extensively
researched and proven.'> '

Some attempts have also been made to monitor pre-
stressed concrete elements using DOFS. Gao et al."’ used
Brillouin-based DOFS attached directly to prestressing
strands to investigate how the tendon force varied along
the length during the tensioning operation and subse-
quent four-point loading. The study concluded that
DOFS could be used to obtain the stress distribution
along the tendons, including anchorage losses, as well as
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the long-term loss due to shrinkage and creep. However,
the system used provided a spatial resolution of only 1 m,
which is not enough to detect and monitor cracking. In,
Reference [20] Lan and co-authors also used Brillouin-
based DOFS to create a smart strand consisting of a
straight optic fiber cable with 6 steel wires coiled around
it. With the smart strand sensor, they were able to moni-
tor the tensioning operation and the initial losses of a
PRC beam, although the developed sensor exhibited sig-
nificant noise even with a straight profile and the mea-
surements lasted only 10 days. The same type of smart
strand and test setup was used by Huynh and Kim*' to
study temperature effects on the prestressing force,
although using Fiber Bragg Grating sensors instead, that
is, only having discrete measurement points along the
fiber. Webb et al.*> embedded Brillouin-based DOFS in
several of the PRC beams of the Nine Wells Bridge
in Cambridgeshire, UK. They monitored both strain and
temperature during the tensioning operation as well as in
service for a period of up to 1000 days. However, mea-
surements were not continuous over time; namely, only
8 measurements in the entire period were performed,
while some of the fibers were damaged during the execu-
tion of the bridge. Furthermore, Derkowski et al.*
attached Rayleigh-based DOFS on the top surface of a
57-year-old beam with clear signs of deterioration to
investigate the effect of losing the mechanical anchorage
on the prestressing force in the bonded tendons. More
recently, Piatek et al.** successfully studied different
DOFS sensors in post-tensioned beams to evaluate some
global performance requirements. A later work by Piatek
et al.*®> used DOFS for the evaluation of several parame-
ters of post-tensioned elements; however, the remaining
post-tensioning force was not evaluated.

Despite advancements in DOFS, critical questions
remain regarding their practical deployment, effective
monitoring of instantaneous and deferred tendon losses,
and detailed crack detection under operational loads. For
example, most of the existing literature focuses on non-
Rayleigh DOFS technologies, which offer significant
advantages in terms of sensor length per channel, suit-
able for very large infrastructure, but lack the resolution
necessary for meaningful evaluations of crack opening
and development or detailed evaluation of local phenom-
ena. Conversely, existing studies utilizing Rayleigh-
backscattering technology involve more advanced and
complex solutions such as smart tendons or FRP-based
smart bars, also called monolithic sensors, rather than
focusing on optimal configurations using off-the-shelf
sensors. Additionally, this technology is constrained by
limited sensor lengths per channel, which currently
extend up to 100 meters per channel. This may present
limitations in large bridges or multi-span configurations.
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Therefore, it is crucial to evaluate simple deployment
setups with shorter sensor lengths to maximize the sys-
tem's possibilities and reduce costs.

This study aims to explore the efficient implementa-
tion of DOFS for comprehensive performance monitoring
of newly built prestressed reinforced concrete (PRC)
structures from construction up to ultimate failure load-
ing, including long-term service loading. Additionally,
the research examines both conventional concrete and
steel fiber reinforced concrete (SFRC), evaluating SFRC's
effectiveness in enhancing structural performance. The
findings suggest that employing DOFS in PRC/SFRC
beams in a bilayer configuration (with only two sensors)
is viable, providing wvaluable, high-resolution data
throughout all structural phases, thereby significantly
enhancing structural health monitoring capabilities and
overall structural safety.

2 | EXPERIMENTAL PROGRAM

An experimental program was devised to explore how
DOFS can accurately monitor the service and ultimate
limit states of PRC and post-tensioned fiber reinforced
concrete (PFRC) beams. To that end, two sets of beams,
equipped with multi-layered DOFS configurations, were
cast. Each set included one beam with post-tensioning
tendons and another with only passive reinforcement.
The primary distinction between the two sets was the
concrete mix, namely a standard concrete mix and a fiber
reinforced concrete mix. Both groups of specimens were

FIGURE 1
were installed in both the PRC/PFRC specimens.

designed based on identical criteria, that is, maximum
load to be resisted, crack opening, and maximum allowed
deflection at service load. These noticeably led to differ-
ences in the final shape and featured reinforcing of each
specimen due to the varying capacities of their respective
individual components to meet these design parameters.
A detailed geometrical description of the beam sets and
the loading setup used is provided in the following.

2.1 | Geometry and reinforcement layout
The specimens used in this experimental work are shown
in Figure 1, where a general view of one of the specimens
is seen in the testing rig, and in Figures 2 and 3 were a
detailed description of the geometry and elevation is
shown for all the beams.

2.1.1 | Plain concrete specimens

The elements encompassed in this set of beams spanned
a total length of 8.5m, each with a T-shaped cross-
section. The top of the T-section measured 320 mm in
width and 130 mm in height, while the web was 515 mm
tall and 150 mm wide, bringing the total height of each
beam to 645 mm. One of the beams was labeled as
“PRC,” including both post-tensioning tendons and pas-
sive reinforcement. In contrast, the reference beam,
labeled as the “RC” specimen, had only passive reinforce-
ment. The PRC beam had three 16 mm diameter rebars

Detail anchor system

PRC before testing to failure and detail of the anchor system used for up to 5 tendons, note that in this work only 4 tendons
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FIGURE 2 Geometry of the plain reinforced concrete and the post-tensioned specimens, reinforcement layout (all measurements in
mm). (a) RC/FRC beam, (b) PRC/PFRC beam. The labeling of the FO cables indicated by “yx” follows the criteria where y points to the
vertical position: “t” for top, “m” for middle, and “b” for bottom part of the section. The x indicates the position in the horizontal direction,
with “1” for left and “r” for right position in the section. (c) FO installation on the duct of a PRC specimen.
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FIGURE 3 Sensor deployment, reinforcement layout and test-setup. Setup for long-term testing is shown for beams without post-
tensioning (left) and setup for loading to failure is shown for beams with post-tensioning (right). Reinforcement layout (a) FRC/PFRC and
(b) RC/PRC beam sets. The longitudinal arrangement of the sensor along the beam length is indicated by the blue lines while the red and
gray lines correspond to the passive and active steel reinforcement respectively.

on the lower side and four on the upper side. It also fea-  curve for three meters, ultimately straightening in the
tured a flat plastic duct measuring 71 x 21 mm inter-  final meter towards the center of the beam. The duct
nally, containing a total of four 15.7 mm diameter rested on top of the passive reinforcing bars and mirrored
tendons, type Y1860S7 featuring a characteristic value of =~ symmetrically about the mid-point of the beam.

the tensile strength of 1860 MPa. The duct was arranged A full CCL XF20/5/13 anchorage flat system used in
into a parabolic shape to enhance efficiency under the civil engineering structures that connect individually ten-
loading tests. The duct ran straight for about 250 mm sioned bare strands through a plastic flat duct, see
from the beam ends before transitioning into a parabolic Figure 1, was used on both ends of the beam connecting
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Cube 1, [MPa] Cube 2, [MPa]

RC/PRC 61.3 57.9 61.2
FRC/PFRC 67.2 65.5 69.3

the duct and enabling load introduction after casting. It is
important to note that although the anchorage system has a
capacity for up to five tendons, this study utilized only four
tendons per beam. To resist shear stresses and prevent local
failure at the anchorage system, transversal reinforcement
was added: U-shaped 8 mm diameter open stirrups every
200 mm in the initial 3.5 m from both sides of the beam,
and a squared stirrup around the force unit transfer. The
RC specimen featured a similar layout of passive reinforce-
ment, but without the duct, which was replaced with two
extra 16 mm diameter bars positioned similarly. Unlike the
PRC, these bars were placed completely straight from one
end of the beam to the other. The reinforcement layouts for
both specimens are illustrated in Figure 2a, b, respectively.
The steel quality used for the passive reinforcement was
B500B, according to the Eurocode, which has a characteris-
tic yielding strength of 500 MPa.

A self-compacting concrete mix was used to cast the
specimens, featuring a concrete strength class C40/50
and a water-to-cement ratio (w/c) of 0.40. The maximum
aggregate size was 8 mm, and standard Portland cement
was used. Following the casting, the specimens were cov-
ered with a polyethylene sheet to reduce moisture evapo-
ration. The material compression test for 150 mm cubes
is described in Table 1.

2.1.2 | Fiber-reinforced specimens

In line with the previous set, two beams were also cast:
one designated “PFRC” with both active and passive
reinforcements, and another labeled “FRC” containing
only passive reinforcement. These beams maintained
the same T-shaped cross-section. However, the addi-
tion of steel fibers in the concrete mix enabled decreas-
ing the web height to 460 mm, resulting in an overall
beam height of 590 mm, as depicted in Figure 2a, b.
The arrangement of longitudinal steel reinforcement
was kept consistent across the different sets. Yet, due
to the shear resistance provided by the steel fibers
mixed into the concrete, it was possible to halve the
amount of shear reinforcement needed, leading to
U-shaped stirrups being spaced at 400 mm, as shown
in Figure 2a, b. The same anchorage system illustrated
in Figure 1 was also employed for these beams. These
specimens used the same concrete mixture, with the
addition of 0.5% by cement weight of Dramix 65/35BG

Cube 3, [MPa]

TABLE 1 Cube test results for
Mean, [MPa]

RC/PRC and FRC/PFCR specimens.
60.2
67.3

steel fibers. The results of the material compression
test for 150 mm cubes are presented in Table 1.

2.2 | Instrumentation

In this study, the fiber optic cable BRUsens V9 from Soli-
fos, including an external polymeric outer jacket with a
rough surface, was used. The V9 cable has a 3.2 mm
diameter and its minimum bending radius, when ten-
sioned, is about 56 mm, which makes it stiffer and more
suitable for surface applications than other cables with-
out a protective jacket, such as the 125 pm-thick
polyimide-coated fibers used in several previous studies,
see for example.'*'*?® Conversely, the V9 cable can be
easily handled and deployed without risk of rupture,
making it especially suitable for embedding in concrete
and post-casting applications. Furthermore, a recent
study by the authors showed that jacketed cables are less
sensitive to local disturbances and, thus, less prone to
yield strain reading anomalies.'” Although the layered
design of the sensor can lead to shear lag in the strain
transfer between layers, thereby resulting in a certain
strain attenuation between the fiber core and the sub-
strate material, several research works have shown that
the evaluation of cracks and other structural parameters
is not affected provided proper calculation methods are
used.'*"”

As depicted in Figures 2a, b and 3a, b, for sectional
and longitudinal arrangements, all four specimens were
instrumented with a similar deployment of DOFS
installed in a multi-layer configuration to monitor the
variation of strain along the beam in the region between
the supports at 5 different locations of the beam's cross-
section: two cables on the top, namely “tI” and “tr,” and
two more at the bottom, namely “bl” and “br,” on both
sides of the cross-section. The measurement on both sides
enabled control of symmetry in the section plane. An
additional cable was arranged at approximately the mid-
height of the section on one side only, namely “ml.” This
last cable allowed confirming the plane sections remain-
ing plane hypothesis. Furthermore, in the specimens
with post-tensioning, a further cable was arranged on the
top surface of the duct before casting, namely “duct,” see
Figure 2c.

The Optical Distributed Sensor Interrogator (ODiSI)
6000 series from Luna Inc. was used as a data acquisition
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unit. This instrument offers a strain resolution of 1 pe, a
maximum strain range of +15,000 pe and a sample rate
that can go up to 250 Hz depending on the gauge pitch,
cable length, and number of active channels. In all tests,
the largest available spatial resolution between measur-
ing points provided by the interrogator was chosen,
namely 5.2 mm. This configuration provided a combined
accuracy (sensor -+ interrogator) of +2 pe, whereas the
sample rate was set at 1 Hz. It is worth noting a cubic
Hermite polynomial interpolation with a spatial resolu-
tion of 10 mm was performed on the measured raw data
before proceeding to the analysis of the results in order to
reduce the data volume without compromising the
accuracy.

2.3 | Test setup and loading procedure
The test was divided into two different phases. In an ini-
tial phase, the beams rested without any additional load
other than their self-weight, and in the case of the post-
tensioned elements, also the applied force on the ten-
dons, see Figure 3a, b left. The total duration of this
stage was 160 days. In a later stage, the beams were
loaded to failure in a four-point bending setup. In both
stages, the supports were kept the same, that is, rollers
that allowed free rotation and horizontal displacement,
at 250 mm from the beam ends. Therefore, the clear
span between the center of the supports was equal to
8000 mm.

In the active loading stage, the load was introduced
using two actuators equipped with two movable bearing
supports symmetrically placed at 3000 mm from the rol-
lers, thus dividing the beam into three spans, that is, two
shear spans of 3000 mm and a constant bending moment
region of 2000 mm, see Figure 3a, b right. Loading was
applied under displacement control of one of the jacks,
while the other was configured to continuously follow
the same force, using a closed-loop feedback system at a
displacement rate of 3 mm/min.

2.4 | Post-tensioning force introduction

The post-tensioned specimens, that is, PRC and PFRC
specimens, were loaded with a post-tensioning force after
7 days of concrete hardening. The load was introduced
by individually tensioning the different cables up to a
force of 490 and 450 kN for PRC and PFRC, respectively.
Following the specifications from the anchorage system's
manufacturer, the load was introduced by tensioning the
cables in the prescribed order. A force-controlled hollow
jack was used in order to introduce the corresponding
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post-tensioning forces. The load was introduced in the
different cables by successive post-tensioning operations
that can be seen in Figure 4a, b. After the desired load
was reached at each of the tendons, the duct containing
the tendons was grouted. The grouting process utilized a
gravitational method, ensuring that the grout consistency
was sufficiently fluid to flow from one end of the beam to
the other.

3 | RESULTS AND DISCUSSION

The results and discussion in this section pertain to the
analysis of the top left (“t]”) and bottom left (“bl”) sen-
sors, which hereafter will simply be referred to as top and
bottom, respectively. It should be noted that due to sym-
metry conditions in the section and the length of the
beam, similar results were obtained for the sensors on
the right side, which were deployed for redundancy and
validation purposes.

3.1 | Assessment of tendon force
application and instantaneous losses

In Figure 5, a direct comparison between the force intro-
duced in the tendons during the post-tensioning process
and the measured strains with the DOFS sensors at the
bottom steel bar for the PFRC beam is presented.
The line type in the diagram indicates the different ten-
dons. As observed, the force measured by the load cell
drops to zero for each tendon after the jack is released,
whereas the recorded strain increases according to the
load introduced in each tensioning operation.

From the analysis of a single tendon's tensioning
operation, it is evident that the load was not introduced
in one step; instead, several tensioning operations were
performed until the desired load level was achieved.
Examining the first tendon more closely, as shown in the
detail in Figure 5, the load was applied in three steps.
The corresponding strain measured at the mid cross-
section of the bottom cable followed a similar pattern,
showing the same number of peaks. Post-peak behavior
shows a significant drop in load magnitude compared to
the strain values. This is because the drop in strain corre-
sponds to final anchor seating losses occurring during
tensioning operations, while the remaining load is trans-
ferred to the beam. A similar drop is visible in each load-
ing step for all the tensioning operations performed,
which for the first tensioning operation amounted to
approximately 20 pe.

To assess the residual force in the tendons after com-
pleting all tensioning operations, an additional analysis
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FIGURE 4 Load in the jack during the post-tensioning force introduction: (a) PRC beam and (b) PFRC beam.
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FIGURE 5 Load introduction: (a) PRC beam and (b) PFRC beam.

of the provided data was conducted. Several aspects were
considered for this evaluation. First, the tendon formed a
straight segment between 3000 and 5000 mm, meaning
that friction losses can be neglected in that region. Conse-
quently, any potential losses in that region can be attrib-
uted to anchor seating only. Furthermore, the frictional
losses are simplified as linear within the parabolic region
of the tendon, as the parabola is almost flat. Secondly, in

the absence of other external forces, the measured strains
can only be attributed to the post-tensioning force. It
must be noted that the effect of self-weight is not
included because the DOFS sampling started after the
beams were already positioned on the supports. Finally,
since the position of the tendon was known, the moment
related to the post-tensioning force can be expressed as in
Equation (1).
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P=—, (1)

M
e
where M represents the sectional moment, P stands for
the tendon force, and e denotes the eccentricity of the
tendon relative to the center of gravity of the cross-
section. Additionally, it is assumed that the moment can
also be determined from the section curvature in accor-
dance with Bernoulli's beam theory, as given by
Equation (2).

X=7 (2)

Here, E represents the material's modulus of elasticity
and I stands for the cross-section's moment of inertia.
The curvature can then be calculated from the strains
measured at the top and bottom of the section according
to Equation (3):

DOFS (x) — EB,SFS (x)

&
){(x) — bottom . , (3)

where ep i, (x) and &0 (x) are the measured strains at
the bottom and top reinforcement, respectively, and z is
the vertical distance between the position of the DOFS.
The final assumption is that the force determined follow-
ing the previous steps, when applied to the peak strain
value at the mid cross-section, can be used to quantify
the post-tensioning losses solely due to friction. This is
because, just before the jack is released, the entire load
exerted by the jack transfers to the beam, with some of it
being lost due to friction between the tendon and the
duct with no other losses yet occurring.

Based on the previous assumptions and examining
the strain values at the straight section of the tendon, the
actual force at the peak of one loading step could be com-
puted. By comparing the calculated value to the force
indicated by the load cell at the jack, the friction losses
up to the start of the straight region, friction free, can be
readily determined. Assuming symmetry in the tendon
arrangement, losses from the end of the straight region to
the passive anchor can also be estimated. Figure 6 shows
in purple a quantification of these losses as a percentage,
indicating how much load is lost per kN introduced. To
evaluate the losses corresponding to the anchor seating,
the decrease in strain after the loading step was also con-
verted to load. It should be noted that the calculated load
is not the direct loss of force due to the anchor seating as
this is offset by friction in the opposite direction. Since
the friction in both directions can be assumed identical,
the initial loss of force at the anchor due to anchor seat-
ing and total length penetration can be estimated from

9
k-1
©
o
[=2]
£
(=
£ 40r ]
E Estimated tendon force
x [N Friction losses
20 |- Seating losses 1
Acuarete DOFS calculated force
Inacurate DOFS calculated force
0 . . . . T : ;
0 1000 2000 3000 4000 5000 6000 7000 8000
Beam Length, [mm]
FIGURE 6 Estimation of the instantaneous losses during

tensioning of tendons.

the previously calculated values for friction losses, that is,
based on the slope of the triangular area of the blue
region.

Hence the seating losses are shown in Figure 6 as a
shaded red area, with the final force on the tendon being
the bottom envelope, indicated by a thick continuous
black line. It is important to observe that when analyzing
the strain values measured across different sections of the
beam, the seating losses were detected further along
the beam than predicted by theoretical values derived
from measurements in the straight tendon region, that is,
around 7500 mm; see Figure 6. This discrepancy was
attributed to an overestimation in the calculation of fric-
tion losses, primarily due to slight variations in convert-
ing strain to load as a consequence of differences in
geometry along the beam or actual tendon positioning
that may have resulted in non-negligible discrepancies in
the calculated friction losses. Since the calculation of
seating losses beyond the straight region is based on the
friction losses, the intersection point between them may
vary within the end region. Despite some uncertainty
regarding the position of the maximum load, the actual
magnitude of maximum load within the tendon is not
expected to show significant variations with respect to
the calculated value.

It is also worth noting that a preferable method for
estimating the tendon force would involve evaluating the
beam's sectional forces at each coordinate along
the length, instead of choosing only the straight region of
the tendon. In other words, since the DOFS sensor pro-
vides strain measurements every 5 mm, theoretically it
becomes possible to calculate the variation of curvature
along the beam's length. By following the previously
described steps and knowing the tendon's eccentricity,
the remaining force in the tendon can then be estimated.
However, as illustrated by the green and gray lines in
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Figure 6, this approach yields inconsistent results. The 3.2 | Evaluation of the time dependent
inconsistency primarily stems from small errors in mea- effects

suring the tendon's eccentricity when it approaches zero

near the supports, which leads to significant errors in ~ 3.2.1 | Analysis of DOFS strains

force calculation. This issue is evident in the gray lines,

while the central regions, less sensitive to eccentricity
variations, display good agreement when compared to
calculations based solely on strain values at the beam's

As previously discussed, in the initial phase the beams
were only subjected to their own self-weight and, two of
them, to the post-tensioning force. Figure 7a-d depicts

center. the strain progression measured with the DOFS at the
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FIGURE 7 Evolution of strains top (a), (b) and bottom sensors (c), (d). (¢) and (f) evolution of top, mid, and bottom strains at mid-span.
RC and FRC specimens.
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different positions over time for both RC and FRC refer-
ence specimens. The results, which displayed a symmet-
ric behavior with no significant differences between both
sides, revealed that all the concrete sections throughout
the beams exhibited negative strains. These strains
increased quicker during the first days after casting and
slowed down as the time progressed, showing a change
in trend at around 10-15 days, see Figure 7e, f. This
behavior was primarily ascribed to shrinkage, consider-
ing that measurements started immediately after casting
when most of the shrinkage typically occurs.

Additionally, strains were observed to develop faster
on the beam's top than on the bottom. This variation
may have arisen due to a combination of factors. First,
the T-section design may have led to differential shrink-
age due to uneven drying of concrete at the top and bot-
tom. Second, measured strain due to shrinkage is also
influenced by the internal restraint caused by the steel
reinforcement ratio. With more reinforcement at the bot-
tom, shrinkage induces a positive curvature and, hence, a
greater negative strain at the top. Lastly is the effect of
creep due to the stresses originating from the self-weight.
As a load-dependent response, creep produces positive
stress-dependent strains on the lower side and negative
stress-dependent strains on the top. Figure 7e, f offers a
clearer view of strain changes over time for cables at the
top, mid, and bottom sections, for the mid-span cross-
section, highlighting all previously mentioned effects.

A closer examination of Figure 7c, d shows that local-
ized strain peaks begin to appear when the average strain
along the beam reaches approximately —100 to —150 pe,
becoming more pronounced at around —200 pe. These
peaks are interpreted as signs of shrinkage-induced
restraint cracking. However, the cracks do not propagate
through the entire specimen, since the internal restraint
caused by the reinforcement is very localized to the out-
ermost regions of the section where most of the longitudi-
nal reinforcement is gathered. Additionally, based on the
same data, unlike in Figure 7a, b where strain readings
are more consistent across the beams, it can be observed
that at the bottom, FRC specimens exhibit a slightly
lower strain reading. This finding appears to contradict
the initial geometrical assumptions since the FRC speci-
men is smaller than its RC counterpart, suggesting that
strains due to non-mechanical phenomena under compa-
rable environmental and external conditions should be
less. However, this reduction of strains may be attributed
to the incorporation of steel fibers within the FRC speci-
mens, which, when activated after cracking, results in a
distributed restraint contributing to lesser deformation of
the sample.

Regarding post-tensioned samples, similar findings to
those shown in Figure 7 were obtained, where the strain

ﬁb | 6283
LU

values between beams are similar and the general trend
of the strains is to grow negative. However, from the
strain measurements for both PRC and PFRC beams over
the same timeframe depicted in Figure 8a-f, a significant
difference in strain shapes is observed, which can be
attributed to the applied external tendon forces. As
derived from Figure 8a-d, shrinkage strains persist domi-
nant, resulting in an overall negative value for stress-
independent strains. Nevertheless, the stress from the
post-tensioning tendons, which induces a negative bend-
ing moment in the beam, partially compensates for those
strains due to creep strains. This is particularly evident
for the top readings in the midspan section where non-
post-tensioned beams showed a maximum negative strain
variation of about 400 ue at the end of the period,
whereas the PRC specimens exhibited less than half that
amount.

It is also interesting to note how the non-linear profile
of the tendon affects the introduced moment based on
the varying lever arm of the same. Examining the strain
at the top and bottom reinforcement in Figure 8a-d near
the ends of the beam where the cable is centrally located,
strain values similar to the non-post-tensioned elements
are observed, suggesting a lower impact of direct
mechanical strains from load, averaging around —100 pe.
Thus, the collected data allows for a preliminary estimate
of tendon placement by comparing the two sets. In
Figure 8c, d, a detailed analysis reveals higher strain
values in the PFRC specimen, contrasting with the earlier
assessments of the PRC specimen. This difference is well-
accounted for by the influence of the tendon-induced
moment, which has an impact on strain measurements
dependent on the cross-section’s height, through the sec-
tional inertia. Here, having a smaller cross-section clearly
impacts and magnifies the strain results.

3.2.2 | Assessment of time-dependent
tendon losses

Based on the results presented in the previous section,
further analysis can be conducted to evaluate the loss of
force in the tendons over time due to creep and shrinkage
acting on the beam. Assuming full deformation compati-
bility between the concrete and the reinforcement, the
direct value of the measured strain from the DOFS sensor
attached to the duct can be used, see Figure 9a. However,
this approach requires the installation of an additional
cable, which may not be feasible in all cases. An alterna-
tive approach that should provide a reasonably accurate
approximation of the strain value at the duct is direct
interpolation assuming plane deformation of the section.
Therefore, using the obtained curvature calculated by
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FIGURE 8 Evolution of strains top (a), (b) and bottom sensors (c), (d). (¢) and (f) evolution of top, mid, and bottom strains at mid-span.

PRC and PFRC specimens.

Equation (3) and the strain values at the top and bottom
of the section, it is possible to estimate the strain value at
the duct position as illustrated in Figure 9b. If these
strain values are multiplied by the steel area and the cor-
responding modulus of elasticity, then an estimation of
the force loss over time can be calculated. Figure 9c illus-
trates the force reduction at the mid-span section using
both approaches. Both methods yielded good estimations
of the load and were very similar to each other, although

the interpolated values were slightly less conservative
than the actual values measured from the DOFS at
the duct.

3.2.3 | Assessment of beam deflections

In this work, deflections were calculated through the
double integration of the curvatures as defined by
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Equation (3). This method has been presented in several
studies for different types of sensors, always showing very
accurate results when validated against complementary
measuring systems, cf.>’>° Figure 10 shows the calculated
deflection for the four specimens with respect to time. The
RC and FRC specimens exhibit negative values of deflec-
tion, indicating downward deformation. This deflection
does not include the deflection of the self-weight, as the
measurements were started after the specimen's place-
ment. Consequently, the increase in downward deflection
corresponds to the resultant effects of creep and shrinkage
occurring concurrently. The mid-span deflection exhibits
the typical behavior of creep. However, the deflection did
not converge toward an asymptotic value as quickly as it
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would be expected, which was attributed to the combined
effects of creep and differential shrinkage at the
section due to the T-shape section, causing a positive cur-
vature in the section.

When analyzing post-tensioned specimens, it can be
observed that the DOFS sensors enable a good characteri-
zation of the deflection, which in this case is a positive
deflection indicating an uplift of the beam. Similarly to
the reference specimens, only the time-dependent
component of the deflection is shown, meaning that the
elastic deformation due to the introduction of the post-
tensioning load in the elements is also subtracted. This
deflection was similar for both specimens, that is, PRC
and PFRC, and calculated to be around 4.8 mm, consis-
tent with the applied load and the specific specimen
height. However, as shown in Figure 10, the rate of
deflection increase due to creep over time is larger in the
PFRC specimen. This also aligns with previous observa-
tions, where the lower height and consequently the
higher stress levels in the section are the main reasons
for the increased creep-induced deflection.

3.3 | Analysis of the specimens
under load
3.3.1 | Crack detection and crack evaluation

The long-term integrity of RC concrete structures in gen-
eral, and post-tensioned structures in particular, where a
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FIGURE 11 (a), (b) Detection of cracking from strain profiles at different load levels, (c) cracks detected under loading compared to the

strains on the last stage of the long-term test. RC specimen.

failure of the tendon may lead to a very brittle and cata-
strophic collapse, is known to be particularly sensitive to
cracking as this may lead to the initiation of degradation
processes. Therefore, an important aspect of any monitor-
ing system for post-tensioned structures is its capability
of detecting cracking onset and crack propagation, at
least under service loads. Therefore, in this work the abil-
ity of detecting cracks by the DOFS was also studied in
detail.

Figure 11a-c shows the measured strain at the bottom
bar under the initial loading steps. As it can be seen in
Figure 11a the crack detection algorithm used was able
to capture the first crack at a very early load stage, being

the strain measured at the peak around 8 pe. Further, the
following load steps lead to more cracks that are subse-
quently detected by the same algorithm. When compar-
ing the last load step presented in Figure 1la to a load
level equivalent to the service loads, see Figure 11b, it
can be seen that the crack positions detected are mostly
still captured, even detecting new developed cracks. It
must be noted that, the strain values shown in
Figure 11a, b corresponds to the mechanical strain conse-
quence of the applied load only, meaning that any previ-
ous existing strain is not included. When comparing the
cracks detected at the last load step in Figure 1la to
the initial strain value right before any load is introduced,
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FIGURE 12 (a), (b) Detection of cracking from strain profiles at different load levels, (c) cracks detected under loading compared to the

strains on the last stage of the long-term test. PFRC specimen.

it is clear that such cracks, largely coincide with the
strain peaks. As described in Section 3.2.1, the RC beam
developed shrinkage-induced cracking already in the ini-
tial stage, denoted by the measured peaks in the strain.
Despite no additional evidence was collected beyond the
strain peaks in the sensor, it still can be concluded from
the comparison that at least incipient cracking occurred
at these locations, later developing into full cracks.

The same analysis was carried out for the PRC and
PFRC beams, both describing similar behavior. As illus-
trated for the PFRC specimen in Figure 12a, it can be
seen that the first crack was detected at extremely low
strain levels. Furthermore, it can be observed that, in

general, the number of cracks detected is fewer compared
to the specimen shown in Figure 11 for the same load
level. This is due to the presence of the tendon force that
successfully holds the section together, delaying the crack
opening. When comparing the last load step in
Figure 12a to the strains captured at a serviceability load
level, it could be observed that the cracks previously
detected were mostly at the same positions, and new
cracks developed, see Figure 12b. Again, the comparison
depicted in Figure 12a, b corresponds to the mechanical
strains only, due to the applied load, meaning that any
previous effect was subtracted. Figure 12c plots the crack
position detected in the last load step in Figure 12a over
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FIGURE 13 Crack patterns at failure for (a) PFRC beam and (b) PFRC beam with the DOFS strains.

the strain values measured right before loading, that is, at
the end of the initial stage. From this figure, it can be
observed that the cracks developed at positions where
concentrations of compressive strains were captured. As
the post-tensioned specimens could not develop cracking
due to long-term effects originating from the presence of
large compressive forces, a hypothesis is that those peaks,
expressed as concentrations of compressive strains, corre-
sponded to weak zones in the concrete, caused by local
defects or inhomogeneities in the distribution of the
material properties. As the applied load is significant, it is
reasonable that weak regions surrounding the bar were
already identified during the tendon post-tensioning
operations. As cracking occurs likely in weakened zones

due to lower values of tensile strength or the presence of
voids, the cracks most likely developed at such points.
This indicates that already in the post-tensioning stage it
is possible to determine where the first cracks are going
to form, which, from an infrastructure maintenance per-
spective, is a very advantageous observation that can
favor the planning of timely and preventive maintenance
operations, thereby extending the structure'’s service life.
Lastly, Figure 13a illustrates the final crack pattern
for the PFRC specimen, highlighting the impact of add-
ing fiber reinforcement. It can be clearly seen how the
fibers effectively helped distribute cracks along the beam,
growing from the reinforcement and coalescing towards
the main cracks, which are clearly distinguishable at the
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webs. Additionally, Figure 13b presents a comparison
between the crack pattern observed at failure and the
strain profile of the bottom sensor under a high load
level. Although it is challenging to align both due to the
fact that the crack pattern corresponds to the failure load
and the DOFS measurement from a much -earlier
load step (as discussed in subsequent sections, it should
be noted that the DOFS ceased measuring before failure
was reached), and the large number of cracks and their
proximity influenced by the presence of fiber reinforce-
ment, the agreement between both is satisfactory, with
the major crack visible in both places.

3.3.2 | Beam structural response under load

After 160 days, the beams were tested under static load-
ing to failure to evaluate their response and the contribu-
tion of the fibers to the overall behavior. As previously
shown in Figure 3, the beams were subjected to a 4-point
bending configuration. Figure 14a, b shows the load-
deflection curves for the beam measured with LVDTs. As
observed in Figure 14a, reference specimens exhibit typi-
cal bending failure of a reinforced concrete beam. This is
indicated by a first linear elastic branch followed by
yielding of the reinforcement, which in this case occurred
at around 150 kN. Subsequently, the bearing capacity of
the section increases slightly while the sections undergo
large plastic deformations until reaching a maximum
deflection of nearly 140 mm, where failure of the critical
section occurred due to concrete crushing. Both RC and
FRC specimens displayed similar responses, suggesting

(a) Reference specimens
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that the contribution of the fibers was not significant for
the chosen geometry and fiber dosage investigated.

Figure 14b illustrates the results for post-tensioned
specimens. The first noticeable difference compared to
the reference specimens is that the presence of tendons
significantly delayed crack formation. A clear change in
slope is observed at around 70 kN, indicating that many
sections are fully cracked at this point. From there and
up to around 200 kN, the beam undergoes elastic defor-
mations, both in the concrete and the steel, until the steel
starts yielding. Due to the presence of prestressing steel,
which has a different material response than commonly
used quenched and self-tempered reinforcement bars, the
bearing capacity increases significantly after this point,
reaching up to 250 kN when the section's maximum
capacity is achieved. In the post-tensioned beams, failure
was also caused by crushing due to high compressive
stresses in the compression head. It should be noted that
due to the loading conditions, where one point load was
displacement-controlled while the other was matching
the force applied by the first, the applied load differed
between sections when compared to the deflection under
the load. This behavior was observed for both series, ref-
erence and post-tensioned specimens, and was likely
attributed to variations in sectional stiffness under point
loads due to manufacturing differences.

The analysis of the beam plotting sectional moments
at the point loads versus deflection under the jack indi-
cates that despite applying different load displacement
ratios at such, the resultant moment was in equilibrium
and consistent at both locations. This confirms the sym-
metry in the test setup, as illustrated in Figure 15a for

(b) Post-tensioned specimens
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Load deflection curves for the four specimens: (a) reference specimens and (b) post-tensioned specimens.
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Moment deflection curves for the four specimens; (a)-(c) reference specimens, machine displacement and DOFS-

calculated displacements, respectively, and (b)-(d) post-tensioned specimens, machine displacement and DOFS-calculated displacements,

respectively.

reference specimens and Figure 15b for post-tensioned
specimens. Similar results are presented in Figure 15c, d,
which correspond to the outcomes calculated using
DOFS sensors. These findings suggest that fiber optics
have significant potential for accurately capturing beam
response, demonstrating excellent agreement when com-
pared with displacement transducers. However, when
steel reinforcement begins to yield and large deforma-
tions are concentrated at the cracks due to substantial
crack openings, the DOFS system struggles to accurately
measure the strains on the cable. This can result in either
inaccurate data, as depicted in Figure 15d between
45 and 60 mm of deflection, or complete loss of readings,
stopping well before failure. It is important to note that
even though the DOFS led to inaccurate results or data
loss, the FRC specimen successfully underwent large
plastic deformation before failure. This can be attributed
to the capability of steel fibers to effectively control and
distribute cracking, resulting in significantly smaller
crack widths. This scenario is more favorable for the

DOFS system as the strain is better distributed along
the cable, preventing high-strain concentrations.

4 | CONCLUSIONS

This study investigated the performance of jacketed
DOFS based on Rayleigh backscattering for the monitor-
ing of strains and derived structural behavior in rein-
forced concrete structures with and without fiber
reinforcement and post-tensioning. From the results and
discussion provided, the following conclusions can be
drawn:

« The analysis of the DOFS strains during the tensioning
operations of the tendons enabled a comprehensive
assessment of the forces introduced in the element.
Additionally, applying basic assumptions, a detailed
evaluation of the instant losses due to both friction and
seating of the anchors is possible. Directly evaluating
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such losses based solely on the DOFS results is, how-
ever, not recommended unless an exceptionally precise
description of the tendon position is available, since
minor variations in the tendon location may result in
large fluctuations in the calculated force values.

« The analysis of the strains over time indicated that it is
possible to quantify and evaluate the long-term effects,
such as creep and shrinkage. Although these phenom-
ena could not be decoupled, a detailed examination of
the strain profiles revealed effects likely attributable to
shrinkage cracking or differential shrinkage between
the bottom and top sides of the beams.

« Additionally, by postprocessing the DOFS measure-
ments, it was possible to monitor the beam deflection
over time and assess critical aspects in post-tensioned
structures, including the counter deflection caused by
the tendon force and its eccentricity.

« The same strain analysis allows for the evaluation of
deferred tendon losses. By using a DOFS cable directly
attached to the duct, the losses at the tendon can be
calculated by applying the material properties of steel
and its corresponding area. Alternatively, the strain at
the duct can be determined through direct interpola-
tion, assuming a plane deformation from top and bot-
tom sensors. However, this calculation is highly
sensitive to the theoretical location of the duct, which
requires accurate characterization. Any uncertainties
in the duct's position will result in uncertainties in the
force loss estimation.

« The analysis of the data under load revealed that
DOFS is among the most recommended measurement
solutions for characterizing and monitoring crack
development. It was demonstrated that fiber optics,
along with a good crack detection algorithm, success-
fully identified potential cracks with a strain concen-
tration as low as 8 pe.

+ A clear correlation can be observed between negative
peaks captured by the bottom sensor after the post-
tensioning operation and the positive strain peaks
identified under loading to failure. This finding sug-
gests that the DOFS cable, when subjected to signifi-
cant compressions, can detect weak zones along the
beam length due to voids around the steel bars or non-
uniform distribution of material properties that are
prone to cracking. This may facilitate targeted inspec-
tions and potentially increase service life.

« The analysis of the load-deflection and moment-
deflection curves indicated that DOFS can be used to
accurately describe the beam response under service
loads. However, the results also showed that DOFS
struggle to deliver accurate results beyond yielding of
the reinforcement due to significant strain concentra-
tions at the cracks. In this context, it can be concluded
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that the fiber reinforcement contributed positively by
extending the range of capturable deflection, owing to
its ability to control and distribute cracking more uni-
formly along the steel bars.
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