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Abstract: Reinforced Concrete (RC) members in existing RC structures are susceptible to shear-
critical due to their under-reinforced design. Thus, implementing a retrofitting technique is essential
to eliminate the casualties that could arise from sudden and catastrophic collapses due to these
members’ brittleness. Among other proposed techniques, using Carbon-Fiber Reinforced Polymers
(C-FRP) ropes to increase the shear strength of RC structural elements has proved to be a promising
reinforcement application. Moreover, an Electro-Mechanical Impedance (EMI-based) method using
Lead Zirconate Titanate (PZT-enabled) was employed to assess the efficiency of the strengthening
scheme. Initially, the proposed technique was applied to C-FRP rope under the subjection of pullout
testing. Thus, a correlation of the rope’s tensile strength with the EMI responses of the PZT patch was
achieved using the Root Mean Square Deviation (RMSD) metric index. Thereafter, the method was
implemented to the experimentally acquired data of C-FRP ropes, used as shear reinforcement in a
rectangular deep beam. The ropes were installed using the Embedded Through Section (ETS) scheme.
Furthermore, an approach to evaluate the residual shear-bearing capacity based on the EMI responses
acquired by being embedded in and bonded to the ropes’ PZTs was attempted, demonstrating
promising results and good precision compared to the analytical prediction of the C-FRP ropes’ shear
resistance contribution.

Keywords: structural health monitoring (SHM); electromechanical impedance (EMI); piezoelectric
transducer (PZT); C-FRP rope; shear retrofitting technique; pullout

1. Introduction

A significant portion of reinforced concrete (RC) members within existing RC struc-
tures often suffer from under-reinforcement against shear, primarily due to obsolete and
inadequate design provisions. These members are vulnerable to shear-critical cracking,
posing the risk of brittle failures due to their insufficient strength capacity and deformation
ability [1,2]. As a result, implementing retrofit techniques to bolster the shear bearing
capacity becomes imperative to mitigate the potential casualties stemming from sudden
and catastrophic collapses of these brittle RC members [3,4].

Among the array of available retrofitting techniques, RC jacketing is a popular choice
for addressing deficiencies in RC members within existing structural sub-assemblages [5,6].
Numerous studies have highlighted the benefits of conventional RC jacketing in augment-
ing load-bearing capacity [7], stiffness, and overall structural response efficiency [8,9].

However, despite its efficacy, conventional RC jacketing has limitations. Challenges
such as alterations in the structural dynamic characteristics resulting from significant
increases in the mass and stiffness and the labor-intensive nature of the process have spurred
researchers to explore alternative retrofitting techniques utilizing alternative materials. This
drive towards innovation aims to overcome the drawbacks associated with conventional
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RC jacketing while still effectively enhancing the structural integrity and performance of
existing RC members [10–12].

Another vulnerability of RC structures erected under outdated regulations is their sus-
ceptibility to morphological issues stemming from a lack of seismic design awareness [13].
The construction of short structural elements introduces risks to the seismic response of the
structure. Short elements, such as short columns and deep beams, are prone to exhibiting
brittle failure modes, thereby reducing their contribution to the overall ductility of the
structure [14]. Deep beams, mainly, are critical structural elements in RC structures due to
their strong shear behavior [15].

In general, shear failure in RC structures can result in sudden and unexpected collapses
of sections or even the entire structure, thereby jeopardizing the integrity and safety of
occupants [16]. These structural deficiencies underscore the urgent need for retrofitting
and strengthening measures to enhance the seismic resilience of existing RC structures and
mitigate the associated risks posed by shear-induced failures.

A beam is categorized as deep or short based on its shear ratio, which is determined
using Equation (1). Specifically, if the shear ratio, as computed by Equation (1), falls below
2.5, the beam is classified as deep. This classification is crucial in structural engineering, as
it helps identify beams with distinctive shear behavior, informing design considerations
and retrofitting strategies to ensure structural integrity and safety.

αs =
αv

d
=

M
V d

≤ 2.5 (1)

where αv represents the shear span of the element, d signifies the static height, and M and V
denote the bending moment and shear force magnitudes of the cross-section, respectively.
According to Saint-Venant’s principle, the application of external load induces disturbed
regions within deep beams, wherein the supports overlap, thus nullifying the areas where
Bernoulli’s principle applies to the beam in bending. Consequently, the analysis of deep
beams necessitates adopting strut and tie simulation techniques, whereby concrete assumes
the responsibility of transferring compressive forces while longitudinal reinforcement
addresses tensile forces.

The mechanical response of deep beams is intricately influenced by their geometric
properties, loading conditions, and the presence of transverse reinforcement. In RC struc-
tures, deep beams pose a pressing need for strengthening interventions due to their limited
ductility and inadequate provision of transverse reinforcement.

The inability to extensively rehabilitate existing infrastructure and structures has
spurred the development of novel monitoring and strengthening methodologies. These
innovative approaches seek to address existing RC structures’ deficiencies while enhancing
their resilience and longevity in the face of dynamic loading and environmental challenges.

2. Proposed Innovation and Aim of the Study

In recent decades, fiber-reinforced polymers (FRPs) bonded externally with epoxy
resins have emerged as go-to solutions for rehabilitating [17–19], reinforcing, upgrading,
and repairing reinforced concrete (RC) structures. These applications span various struc-
tural elements [20], including shear-reinforced beams [21,22], torsion-reinforced beams [23],
and shear-reinforced beam-column sub-assemblages [24], owing to their myriad advantages.
These advantages include high tensile and fatigue strength, lightweight properties, and
exceptional corrosion resistance [25,26]. Notably, carbon fiber-reinforced polymers (CFRPs)
stand out for their superior performance in these properties compared to other FRPs.

Moreover, CFRPs boast high stiffness, enabling them to meet concrete structures’
reinforcement demands while accommodating structural elements’ deformation [27]. This
feature enhances their suitability for retrofitting applications where maintaining structural
integrity under varying loading conditions is paramount.

However, despite the numerous benefits offered by FRP materials, concerns surround-
ing their application in real structural settings exist. Issues such as premature delamination



Appl. Mech. 2024, 5 407

failure and low fire resistance have been raised, prompting careful consideration dur-
ing their implementation [28]. The reduced cohesion observed in the interfacial zone
between the FRP composite and the concrete surface can lead to a lower-than-designed
strain response, consequently diminishing the retrofitting efficiency of applied FRPs due to
premature debonding [29,30].

Addressing these concerns and optimizing the performance of FRP materials in struc-
tural applications remain critical areas of research and development. By enhancing in-
terfacial bond strength, improving fire resistance properties, and exploring innovative
retrofitting techniques, the full potential of FRPs in enhancing the durability and resilience
of RC structures can be achieved.

Furthermore, extensive research in the existing literature has consistently identified the
predominant mode of failure in retrofitted RC elements using externally epoxy-bonded FRP
composites as premature debonding or delamination of the FRP layer from the concrete
substrate. This failure mode is typically induced by high-stress concentrations and is
associated with brittle failure [31]. This phenomenon is particularly prevalent in T-shaped
RC elements subjected to U-shaped strengthening schemes, where the presence of the slab
restricts the applicability of FRP wrapping around the cross section and limits accessibility
for the proper implementation of the end anchorage, thus exacerbating the risk of premature
debonding failure.

In this context, Chalioris et al. investigated the potential benefits of a novel strengthen-
ing technique to enhance the shear capacity and improve the ductility of shear-critical RC
deep beams [27]. The study focused on transverse reinforcement using solely C-FRP ropes.
Two different configurations were explored for implementing C-FRP ropes: Embedded
Through Section (ETS) for rectangular cross-sectioned beams and Near Surface Mounted
(NSM) for T-shaped flanged deep beams. In both cases, the experimental performance of the
applied shear strengthening technique yielded promising results, as the shear-critical beams
under examination ultimately experienced flexural failure. These findings highlight the
efficacy of the proposed strengthening approach in enhancing the structural performance
of RC deep beams and mitigating the risk of shear-induced failure.

Hence, using C-FRP ropes to bolster the shear strength of RC structural elements
emerges as a promising reinforcement technique. The versatility in anchoring arrange-
ments for these ropes enables the full exploitation of their high tensile strength, providing
flexibility in retrofitting design strategies. Furthermore, C-FRP ropes can be deployed
in multiple configurations, including within pre-grooved notches along the height of
the beam (NSM) [32,33] or embedded through the beam’s web (ETS). This adaptability
allows engineers to tailor the reinforcement approach to suit the specific requirements
and constraints of each structural element, thereby maximizing the effectiveness of the
strengthening intervention.

While the proposed techniques present potential advantages, significant shortcomings
necessitate further exploration. Previous research has predominantly concentrated on early
damage detection in epoxy-bonded FRP reinforcement, proposing non-destructive testing
(NDT) methodologies, particularly in reinforcing RC structures with FRP composite mate-
rials. However, many of these methods prove impractical for large and complex structures,
due to the structural limitations and the need for prior knowledge of the damage location.
Moreover, most NDT approaches are characterized by time-consuming procedures, high
costs, on-site access requirements, and a lack of continuous real-time monitoring capabil-
ities. These limitations underscore the need for more robust and versatile techniques to
effectively address structural monitoring and damage detection challenges [16].

As highlighted above, ensuring the seamless integration of existing structural ele-
ments with reinforcing materials presents a multifaceted challenge fraught with uncertain-
ties. Consequently, monitoring the structural integrity of retrofitted structural elements is
deemed beneficial for safely extending their service life. Numerous researchers have delved
into the realm of Structural Health Monitoring (SHM) techniques applicable to concrete
elements [34–36]. However, investigations specifically targeting the SHM of fiber-reinforced
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concrete incorporating dispersed synthetic macrofibers [37,38], FRP composites [39–41],
and studies focusing on C-FRP-reinforced structural elements are relatively scarce in the
literature [42–45].

While the importance of SHM in enhancing the durability and safety of concrete
structures is widely recognized, there remains a notable gap in research concerning the
application of these techniques to fiber-reinforced concrete and FRP-reinforced elements.
Addressing this gap through comprehensive investigations into SHM methodologies tai-
lored to these materials holds great potential for advancing the field of structural monitoring
and ensuring the long-term performance of retrofitted structures.

The experimental phase of this study involved the implementation of a novel monitor-
ing system on a shear-strengthened beam subjected to four-point bending loading, aiming
to assess and evaluate the effectiveness of the C-FRP rope strengthening technique. The
proposed SHM method employed an Electro-Mechanical Impedance (EMI)-based system
enabled with Piezoelectric Lead Zirconate-Titanate (PZT) sensors for wireless impedance
monitoring (WiAMS) [46].

In this experimental setup, the voltage frequency responses of the PZT patches po-
sitioned along the perimeter of the C-FRP rope were recorded under varying levels of
applied loading. These loading conditions corresponded to different structural health
states or damage conditions. Additionally, efforts were made to quantitatively evaluate the
contribution of the C-FRP ropes to the shear resistance of the RC beam. This evaluation
was facilitated by analyzing statistical damage index values derived from the monitoring
data. By correlating the response of the monitoring system with the applied loading and
structural health conditions, valuable insights into the performance and effectiveness of
the C-FRP rope strengthening technique were gleaned.

In the framework of this experimental study, the primary aim was to assess the
feasibility of EMI as an applied SHM method for monitoring the structural integrity, efficacy,
and performance of C-FRP ropes utilized as a retrofitting technique in a deep rectangular
beam. Piezoelectric sensors were embedded alongside the ropes during installation to
achieve this objective. The voltage responses of these PZTs in the frequency domain were
then captured at various states of the applied loading and corresponding structural health
conditions (loading levels).

Furthermore, an evaluation of the performance of the retrofitting technique was
conducted at the examined loading levels. This evaluation was carried out using values
derived from the Root Mean Square Deviation (RMSD), a commonly utilized statistical
damage index. A unique aspect of this study involves the establishment of a combined
methodology, which incorporates the responses of PZT patches embedded within the
C-FRP ropes during pullout testing as baseline homogenizing data. By integrating data
from both the experimental setup and the pullout testing, a comprehensive assessment of
the C-FRP rope’s performance under various loading conditions was achieved.

3. Experimental Program
3.1. Characteristics of the Deep Beam

The R-Deep Beam possessed a rectangular cross section along its length, measuring
L = 1.6 m, with a width of b = 150 mm and a height of h = 300 mm. The longitudinal
reinforcement of the R-Deep Beam was symmetrically arranged, comprising 2Ø14 bars
placed in both the compression and tension zones. Additionally, stirrups of Ø8/50 were po-
sitioned only at the ends of the R-Deep Beam, near the supports, to secure the longitudinal
reinforcement and prevent concrete spalling.

The shear span of the beam was α = 400 mm, and the total concrete cover was
35 mm, resulting in an effective depth of 265 mm. Consequently, the shear ratio α/d was
calculated to be 1.51. A single-link C-FRP rope was vertically installed on the right shear
span, while on the left shear span, the rope was inserted into a drilled hole at an inclination
of approximately 52◦. Both ropes were installed as ETS reinforcement. All the details of the
beam are illustrated in Figure 1.
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Figure 1. Geometry and reinforcement details of the beam R-Deep Beam.

The installation of ETS process for the C-FRP Ropes in “R-FRP” was as follows:

• Formation of the anchorage’s tassels and drilling of the holes to the beam’s web.
• Use of compressed air and a particular tool brush to remove the trapped dust inside

the drilled holes.
• Epoxy resin impregnation of the rope following the manufacturer’s technical data

sheet.
• Epoxy resin filling of the anchorage’s tassel grooves.
• C-FRP ropes and attached PZT-bonded insertion into the drilled holes.
• Filling of holes with epoxy resin to eliminate voids and enhance coherence among the

embedded materials.
• Application of slight tension to the end of the ropes to achieve the final anchorage

formation.
• Addition of more epoxy resin to the surface of the beams to achieve smoother grooves.

3.2. Materials

The study utilized C-FRP rope fabricated from unidirectional flexible carbon fibers.
The specifications provided by the manufacturer included a cross-sectional area of approxi-
mately 28 mm2, a minimum elongation before breaking of 1.6%, and a stiffness (modulus
of elasticity) of 240 GPa for the unimpregnated fibers.

Subsequently, the rope underwent saturation with epoxy resin (Sikadur-52, SIKA Hel-
las Kryoneri, Greece), with the properties outlined in Table 1. This process aimed to enhance
the mechanical properties and durability of the C-FRP rope. Additionally, epoxy paste
(Sikadur-330, SIKA Hellas, Kryoneri, Greece) was employed to fill and seal the grooves
drilled for the experimental setup, ensuring proper adhesion and structural integrity.

For assessing the mechanical properties of the concrete, standard concrete cylinders
with dimensions of 150 mm in diameter and 300 mm in height were subjected to com-
pression and splitting strength tests. On the day of testing, the concrete beams’ average
compressive and tensile strengths were measured to be 28.0 MPa and 2.70 MPa, respectively.
The concrete mix utilized in the experiments contained maximum aggregate particles with
a diameter of 16 mm.

The deformed steel rebars (∅14 mm) had a yield strength of 580 MPa, while the mild
steel stirrups (∅8 mm) had a yield strength of 310 MPa.
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Table 1. Mechanical properties of C-FRP ropes.

Material Mechanical Properties

C-FRP rope
SikaWrap FX-50C

(Laminate)

Tensile strength (TS) 2100 GPa
Elastic modulus in tension 230 GPa

Elongation at break in tension 0.87%

Sikadur 300
TS 45 MPa

Elastic modulus in tension 3.5 GPa

Sikadur 330
TS 30 MPa

Elastic modulus in tension 4.5 GPa

Sika Anchorfix 3+ Compressive strength 114 MPa

3.3. Test Setup

The beam underwent testing utilizing a four-point bending setup, as illustrated in Fig-
ure 2. A hydraulic actuator, controlled by a servo-controlled machine, applied a gradually
increasing load (monotonic force) to the upper surface of the beams through two evenly
spaced steel rollers positioned 60 mm apart. The beam was supported on its edges by two
steel roller supports on each side. A load cell, boasting high precision with an accuracy of
0.05 kN, measured the applied force with utmost accuracy.
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In addition to the load measurement, three sensors, specifically linear variable differ-
ential transducers (LVDTs), were employed to measure the deflections of the beams.

3.4. Electro-Mechanical Impedance (EMI) Technique

The EMI technique utilizes PZT transducers, leveraging the advantageous properties
of the piezoelectric phenomenon. When subjected to mechanical stress, PZT transducers
generate a superficial electric charge, and conversely, applying an electric field induces
mechanical vibration. Thus, by harnessing this phenomenon, the EMI activates and in-
duces vibrations in bonded or embedded PZT transducers within a host structure. Any
change in the structure’s mechanical impedance (or inverse admittance) is mirrored in
alterations to the extracted electrical signal from the PZT (either in voltage or frequency
response). The interaction between the PZT and the host structure is represented as an
admittance signature comprising a real-part (conductance) and an imaginary part (sus-
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ceptance). These interactions manifest structural characteristics within the signature, as
described by Equation (2) for the complex admittance, Y, of the affixed PZT patch:

Y =
I
V

= G + Bj = 4ωj
L2

h

[
εT

33 −
2d2

31YE

(1 − ν)
+

2d2
31YE

(1 − ν)

(
Za,e f f

Zs,e f f + Za,e f f

)(
tankL

kL

)]
(2)

where V: harmonic alternating voltage supplied to the circuit, I: current passing through
PZT, G: conductance (the real part of admittance), B: susceptance (the imaginary part of
admittance), j: imaginary unit, v: angular frequency, L: half-length of the patch, h: thickness
of the patch, d31: piezoelectric strain coefficient of the PZT, Za,eff: short-circuited effective
mechanical impedance, Zs,eff: effective structural impedance, n: Poisson’s ratio, k: wave
number related to the angular frequency, YE: complex Young’s modulus of elasticity under
constant electric field, and εT

33: complex electric permittivity of PZT patch along the axis at
constant stress.

Any changes in the RC beam, such as alterations in its mass and stiffness properties,
will inevitably result in modifications to the structural parameters, consequently affecting
the effective structural impedance. These alterations will also lead to modifications in the
admittance Y, as defined by Equation (2), thereby indicating the health status of the element.

In this experimental study, the selected approach for detecting changes in the installed
C-FRP ropes involved the utilization of PZT transducers excited by a sinusoidal harmonic
voltage of 2.5 V within a specific frequency range spanning from 10 to 250 kHz, with
increments of 1 kHz per step. Serving as both actuators and sensors, the PZT transducers
generated the voltage signal and captured the EMI signatures, which were then processed
through a custom-designed wireless device known as WiAMS [40,46]. This device is
equipped with high processing power, allowing for rapid and extensive calculations, and
can be operated remotely, as depicted in Figure 3.
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At the outset, EMI measurements were carried out on the beam in its initial pristine
state, establishing a baseline for its declared healthy condition. Subsequently, these mea-
surements were repeated under various potential damage scenarios, simulating conditions
that could compromise the structural integrity. The obtained results were then meticulously
compared to evaluate any deviations using statistical metrics, particularly the Root Mean
Square Deviation (RMSD). This comparative analysis enabled the detection and assess-
ment of structural changes, providing valuable insights into the beam’s health status and
integrity under different loading conditions. At this point, it is noteworthy to mention that
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all the voltage measurements were conducted in controlled laboratory conditions to avoid
interferences due to temperature and humidity fluctuations.

3.5. PZT Patches’ Installation

The beam R-FRP was equipped with identical small and thin PZT transducers, each
measuring 10 × 10 × 2 mm. These PZT patches, designated as PIC151, were manufactured
by the PI Ceramics company. A total of ten PZTs were strategically positioned within the
beam in various configurations, as illustrated in Figure 2. Six PZTs (three placed in the front
and three in the rear) were externally epoxy-bonded to critical mechanical locations on
the concrete surface, particularly at locations prone to flexural and shear diagonal cracks,
denoted as “X1–X6”. Two additional PZTs were bonded to the steel reinforcement, with
one positioned in the middle of the tensional reinforcing bar (S2R) and the other in the
middle of the flexural reinforcing bar (S1R).

The remaining two PZT patches were meticulously placed on the C-FRP ropes accord-
ing to the following procedure: The PZT patches were simultaneously embedded with
the ropes inserted into each drilled hole. Each PZT patch was securely affixed to the rope
using an epoxy adhesive, and the welded wires were carefully tied to the rope using a
tire-up component and a steel wire to ensure the final designed position of the PZT patch
inside the hole. The tying position was strategically selected so that the PZT patch ended
up bonded internally to the drilled hole at the midpoint of the rope’s traversing length. A
steel wire served as an assisting tool for guiding the rope, PZT patch, and wires through
the hole, after which it was removed. These two patches were designated as W1 and W2,
respectively, as depicted in Figure 4.
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4. Results and Discussion
4.1. Pullout Test

To assess the effectiveness of the EMI-based SHM system in evaluating bond strength,
a pullout test was conducted using a straight configuration for anchoring the C-FRP ropes,
without any protruding end. In this regard, cubic concrete specimens were fabricated to
serve as hosts for the anchorage, as illustrated in Figure 5.

The process involved impregnating the C-FRP ropes with a suitable resin and then
inserting them into pre-drilled holes within the cube specimens. The anchoring resin was
applied to infill the holes to ensure optimal bonding conditions between the rope and the
concrete. Detailed dimensions of the cube specimens, including the length of the embedded
section and the anchor configuration, are presented in Figure 5. This setup provided a
controlled environment for evaluating the bond strength between the C-FRP ropes and
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the concrete substrate, facilitating an accurate assessment of the effectiveness of the SHM
system in detecting potential bond defects or degradation over time.
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Figure 5. (a,b) Pullout testing configuration; (c) details of the embedded PZTs transducers on C-
FRP ropes.

The setup underwent a direct pullout test, applying monotonic loading at a constant
displacement rate of 0.5 mm/min until reaching failure. During the test, three laser sensors
positioned atop the protruding end of the rope meticulously recorded the extent of free
end slip, as depicted in Figure 6a. Additionally, a comprehensive data system acquired the
applied loading and the corresponding free end slip measurements.
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Furthermore, a strategically positioned PZT patch was bonded onto the rope within
the pre-drilled hole of the cube, as illustrated in Figure 6b. This PZT patch played a crucial
role in monitoring and capturing the structural response of the anchorage system, providing
valuable insights into the bond behavior between the C-FRP rope and the concrete substrate
throughout the pullout test.

The voltage–frequency diagram corresponding to the pullout test is depicted in Fig-
ure 7. In a black continuous line, the response at the pristine condition of the C-FRP rope is
depicted and is notated as “Healthy”. Further, in cyan and blue continuous lines, the volt-
age response measurements at the ascending stage and peak tensile strength are depicted
and denoted as “Dam1” and “Dam2”, respectively. Moreover, in the green continuous
line, the voltage measurement at the descending post-peak stage is depicted and denoted
as “Dam3”. Upon scrutiny of the diagram, discernible deviations were observed in the
response curves between the undamaged state and different levels of simulated damage
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within the frequency range of 120–250 kHz. This observation underscores the sensors’
ability to detect debonding conditions or the failure of the C-FRP ropes. The magnitude
of the step change in the overall response of the PZT across the specified frequency range
indicated the extent of failure. These deviations in the voltage–frequency diagram pro-
vide valuable insights into the structural integrity of the anchorage system and enable the
identification of potential bond defects or degradation during the pullout test.
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4.2. Deep Beam Loading Test

The comprehensive performance of the beam with a rectangular cross section, illus-
trated by the curves depicting applied load versus mid-span deflection, is presented in
Figure 8. For a detailed analysis of the overall behavior of these beams, readers can refer
to prior research conducted by Chalioris et al. [27]. Furthermore, the cracking pattern
observed during the failure of the tested beams is also depicted in Figure 8, providing
additional insights into the structural response under varying loading conditions.
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4.3. Data Analysis

Utilizing statistical analysis to elaborate on the EMI signatures can be a valuable
tool for transforming variations in EMI signatures between the pristine condition and
subsequent conditions into stress index metrics. Thus, the acquired voltage responses
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were analyzed and evaluated within this context using the statistical index RMSD. The
expression of the index is provided below in Equation (3).

RMSD =

√√√√∑M
r=1
(∣∣Vp( fr)

∣∣
D −

∣∣Vp( fr)
∣∣
0

)2

∑M
r=1
(∣∣Vp( fr)

∣∣
0

)2 (3)

where
∣∣Vp( fr)

∣∣
0 refers to the voltage response at the initial pristine state, while

∣∣Vp( fr)
∣∣
D

refers to the voltage responses in any subsequent state.

4.4. Evaluation of the Efficacy of Retrofitting Technique

Based on the results obtained from the pullout test and the extracted RMSD index
values at specific loading levels until the final fracture of the C-FRP rope (as shown in
Figure 9), the evaluation of the residual shear strength bearing capacity was attempted. This
evaluation was conducted through a homogenizing approach, which involved correlating
the RMSD values of the pullout test with those acquired from the deep beam.

Appl. Mech. 2024, 5, FOR PEER REVIEW 12 
 

 

 
Figure 9. RMSD values of the PZT under pullout testing of the C-FRP rope. 

Furthermore, all the RMSD index values obtained from the two bonded PZTs embed-
ded within the through-section ropes were standardized relative to the values obtained 
from the pullout test. This homogenization process allowed for a direct comparison, and 
the residual shear strength of ropes W1 and W2, respectively, is illustrated in Figure 11. 
By aligning the RMSD index values from the PZT-enabled monitoring system with those 
obtained from the pullout test, valuable insights were gained into the ropes’ residual shear 
strength and their performance under varying loading conditions. 

 
Figure 10. Final failure mode of the C-FRP rope. 

 
Figure 11. Residual shear strength capacity of the embedded C-FRP ropes. 

In Figure 11, the gradual reduction in the shear strength capacity of the W1 rope can 
be observed, primarily attributed to the formation of the first shear crack in the right span. 
As the loading increased, this crack continued to widen, resulting in the concrete absorb-
ing a significant portion of the developed shear stresses. Consequently, the contribution 
of the right rope diminished progressively. Conversely, the inclined positioning of rope 
W2 proved advantageous in limiting the development of cracking in the left shear span. 
This observation is corroborated by the cracking pattern depicted in Figure 8, where it is 
evident that the first left shear crack formed at loading level 4. 

0%

10%

20%

30%

40%

50%

Pullout

R
M

SD
 (%

)

Dam 1
Dam 2
Dam 3

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

W1 W2

R
M

SD
 (%

)

Load Level 1 (22% Vmax)
Load Level 2 (59% Vmax)
Load Level 3 (82% Vmax)
Load Level 4 (96% Vmax)
Load Level 5 (Vmax)

Figure 9. RMSD values of the PZT under pullout testing of the C-FRP rope.

The ultimate pullout load recorded was approximately 27 kN, corresponding to a
30 mm rope displacement at failure. Initially, the Root Mean Square Deviation (RMSD)
index value at the failure state of the pullout test was standardized to a ratio of 100%,
representing total failure. Conversely, the 100%-RMSD values at the point of loss of the
rope’s shear strength contribution were computed as 0%, as the final fracture and the
complete loss of tensile strength are inherently interconnected. This alignment with the
experimental condition, wherein the rope is cut into two pieces at failure, as depicted in
Figure 10, further validates this approach.
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Figure 10. Final failure mode of the C-FRP rope.

Furthermore, all the RMSD index values obtained from the two bonded PZTs embed-
ded within the through-section ropes were standardized relative to the values obtained
from the pullout test. This homogenization process allowed for a direct comparison, and
the residual shear strength of ropes W1 and W2, respectively, is illustrated in Figure 11.
By aligning the RMSD index values from the PZT-enabled monitoring system with those
obtained from the pullout test, valuable insights were gained into the ropes’ residual shear
strength and their performance under varying loading conditions.
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In Figure 11, the gradual reduction in the shear strength capacity of the W1 rope can
be observed, primarily attributed to the formation of the first shear crack in the right span.
As the loading increased, this crack continued to widen, resulting in the concrete absorbing
a significant portion of the developed shear stresses. Consequently, the contribution of
the right rope diminished progressively. Conversely, the inclined positioning of rope W2
proved advantageous in limiting the development of cracking in the left shear span. This
observation is corroborated by the cracking pattern depicted in Figure 8, where it is evident
that the first left shear crack formed at loading level 4.

Furthermore, this is reflected in the left crack-meter values, where the crack opening
was notably reduced compared to that in the right span. Thus, up to that loading level,
the rope lost approximately 78% of its total estimated shear strength. These insights shed
light on the dynamic interaction between the strengthening elements and the structural
behavior, underscoring the importance of thoughtful positioning and design considerations
in optimizing performance and resilience against shear-induced failure mechanisms.

To further assess the effectiveness of the innovative strengthening technique, the ana-
lytical model proposed by Mofidi et al. [47] was applied to compute the ropes’ contribution
to the beam’s total shear strength at the failure state. Additionally, it is crucial to ensure that
the effective strain of the C-FRP ropes does not exceed 0.4% to achieve sufficient interlock of
concrete’s aggregate and intercept crack opening, as recommended by ACI 440.2R-08 [48].

By implementing all the proposed calculations outlined in the relevant work of
Chalioris et al. [27], the following values were derived:

Vf,ETS, Rrope = 39.6 kN
Vf,ETS, Lrope = 53.3 kN
Furthermore, based on the assumption that the mean laminate tensile strength of the

rope was approximately 2000 N/mm2, the total residual shear strength for rope W1 was
calculated as Vf,ETS, Rrope = 31.8 kN. Similarly, for rope W2, the residual shear strength was
computed as Vf,ETS, Lrope = 49.2 kN, demonstrating a remarkable proximity of 92.3% to the
analytical calculated results. These findings underscore the effectiveness of the proposed
strengthening technique and highlight its potential for accurately estimating the residual
shear strength in real-scale applications.

5. Conclusions

In this experimental project, an investigation into the effectiveness of an innovative
strengthening technique involving the use of C-FRP ropes as shear transverse reinforcement
was conducted. This assessment was carried out by implementing an EMI-based method
enabled by PZT sensors. Additionally, a modified application of the statistical index metric
RMSD was employed to evaluate the efficacy of the strengthening technique.

Unlike conventional usage of the RMSD index to express damage levels or load-
ing impacts, this study used the 100%-RMSD index values to depict the residual shear
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strength capacity. This novel approach assessed the strengthening technique’s performance,
demonstrating promising convergence and precision with the analytical predictions. This
comparative analysis enhances the understanding of the effectiveness of the strengthening
technique and provides valuable data for further optimization and refinement of structural
reinforcement strategies.

Moreover, the results obtained through the applied EMI-based method present a
significant opportunity to serve as a reliable supplementary tool for diagnosing damage
defects and evaluating the effectiveness of fiber-based materials in real-time scenarios.
It is worth noting that the presence of epoxy resin within the drilled holes may slightly
impact the precision of the experimental results obtained through the EMI-based PZT-
enabled approach.

Furthermore, while this study shows promising alignment with analytical predictions
regarding the contribution of the rope to shear strength, additional experimental work
is warranted to evaluate further and enhance the fidelity of the proposed assessment
methodology. By undertaking further experimentation, the aim is to ensure the robustness
and reliability of this novel approach for real-scale applications, thereby advancing the
field of structural strengthening techniques.
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