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Abstract

As reinforcing structural systems in RC (reinforced concrete) elements are continually
researched, more complex challenges in engineering are found that demand mathematical
innovations that describe the composite elements’ behaviour subject to different scenar-
10s. The current study analyses the performance of RC beams reinforced with externally
bonded carbon-fibre-reinforced polymer (CFRP) sheets postfire exposure regarding flex-
ural, shear strengthening, and final state damage. In this sense, the progressive damage
and changing of flexural/shear strengthening of different RC beams reinforced with CFRP
laminates are tracked and measured in an experimental stage. Then, an analytical model
is developed based on the results obtained in the previous phase. The study is divided
into four sections: (a) ten RC beams were manufactured following a lab scale. Eight
beams are reinforced with U-wraps and an externally bonded FRP laminate on the bot-
tom face. Subsequently, a fire insulation material over the CFRP laminates is bonded to
protect the CFRP from fire; (b) those beams were exposed to elevated temperatures for 60

min; (c) three-point flexural tests are conducted to track, characterize, and define the final

*Corresponding author. Phone: (39) 329-5519345, Email: nestor.mejiaalmeida@polito.it

Preprint submitted to Engineering Structures March 6, 2024



1 INTRODUCTION

state damage and the changing in flexural/shear strengthening; and (d) analytical models
are developed to extend the study from lab-scale to actual scenarios. Validation studies
proved that the model was reasonably accurate. Relevant findings include the following:
(a) brittle behaviour is directly related to the crushing of compressive concrete and a cur-
vature less than 0.1 m™?; (b) the forming, triggering, and gradual propagation of multiple
cracks are present in ductile failure; and (c) a major crack-forming trigger and instant
propagation are present in brittle failure. Therefore, the findings reported in this study

can be helpful in the structural reinforcement of buildings vulnerable to fire.

Keywords: reinforced concrete beams, carbon-fibre-reinforced polymers, final state

damage, and flexural/shear strengthening.

1. Introduction

The United Nations (UN) stated on May 16, 2018, that 55% of the world’s population
resides in urban areas [[1]. Thus, it has had a significant impact on the cost of living.
In this sense, vulnerable groups such as people experiencing homelessness, immigrants,
refugees, and the urban poor must live in settlements of improvised buildings known as
shanty towns. One of the drawbacks of shanty towns is that their infrastructures are not
constructed based on urban policies. By looking at the collection of all possible disaster
risks, the fire hazard could be one. Therefore, government agencies have been regulat-
ing improvised buildings through structural analysis subject to elevated temperatures and
subsequently with structural reinforcements to increase their load capacity and providing
an appropriate fire resistance.

Concrete has excellent performance for long periods at high temperatures. It is due
to its thermal properties, characterized by low thermal diffusion and high fire resistance.

2



1 INTRODUCTION

On the other hand, the increase in temperature induces changes in the chemical compo-
sition and physical structure [2]. Concrete is generally obtained by mixing a Portland
cement binder (chemically consisting of C3S and C,S, CazAl;Og, C4AF, and CaSO, [3]),
water, aggregates, and other additives. The type of binder and quantity of cement de-
fine the concrete microstructure. The deterioration of concrete’s mechanical properties is
attributed to the changes in the chemical composition. In this sense, results have been re-
ported. [4] et al. shows that the concrete starts to disintegrate due to the Ca(OH), forming
more hydrated products for temperatures over 400 °C. Temperatures over 600 °C trigger
a transformation from Ca;0,4Si to (C-S-H) gel. This chemical change causes a detrimen-
tal in the binding of the ingredients of concrete, carrying effects of crumbling concrete.
Finally, Temperatures over 800 °C induce a detrimental effect on the concrete microstruc-
ture, causing a significant loss of material properties of the concrete. Additionally, [5] et
al. stated that the concrete suffers a carbonation process where significant release of the
chemically bound water from the calcium silicate hydrate (CSH) for temperatures above
110 °C. The concrete suffers micro-cracks for temperatures above 300 °C. It is because of
the CSH’s dehydration and the aggregates’ thermal expansion. Temperatures around 530
°C provoke shrinkage in the concrete, causing irreversible damage. Regarding the effects
of magnesium sulfate in concrete, this sulfate induces the formation of brucite that causes
severe damage to concrete, such as cracking, spalling, strength reduction, increasing vol-
umetric expansion, and mass loss [6].

While some concrete damages attributed to the changes in the physical structure are
reported by [7]. The concrete cover presents visible, considerable, and extensible cracks

at temperatures around 600, 800, and 1000 °C. The concrete cover is partially and fully
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fragmented at 1200 °C. Therefore, the variation in these physical conditions directly in-
fers a severe deterioration of the mechanical properties of concrete. [8] et al. reported
that the compressive strength of concrete is detrimental at 5%, 15 — 40%, and 55 — 70%
at temperatures around 250 °C, 300 °C, and 550 °C, respectively. Additionally, elevated
temperatures in RC structural elements cause a diminishing load capacity, a dense crack-
ing map in concrete, detrimental in the debond between reinforcing steel and concrete, and
distort the steel; consequently, repairing these structural elements demands a cost greater
than effectiveness [9]. Successively, after fire exposure, the concrete elements experi-
ence a rapidly cooling process. The temperature gradient produced between the concrete
cover and concrete core producing a considerable tensile stress. Subsequently, it causes
an expansion and contraction into aggregate and cement paste triggering cracks within
concrete [10]. In addition, a substantial thermal gradient directly infers a shift in the line
of action of the internal force (moving towards the cold side), causing the bending mo-
ment to inverse [[11]]. Therefore, the thermal gradient analysis on the cross-section should
not be precluded because it directly affects the load-bearing capacity and, subsequently,
the failure mode [12]].

Throughout the years, several studies regarding the bending response of FRP-RC el-
ements based on the wrapped/bonded technique have been performed. In general terms,
[13] reported that the advantages of FRP-RC elements reinforced with the wrapped/bonded
technique are superior shear and torsion performance and increased strength capacity and
lifetime, while the disadvantages are its brittle debonding failure mode, the low glass
transition temperature of epoxy resin and FRP laminate, and the adhesion between the

reinforced element and the FRP laminate. The volumetric ratio and fiber orientation of
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FRP directly influence the structural responses of RC members [[14]. Thus, the wrap-
ping configuration has been classified into one-sided bonding, complete wrapping, and
U-wrap [15]. The RC beams reinforced with U-wrap considerably enlarged the plastic
strain and withstood higher deflections and stresses than regular beams at a given load
[14]. [16] et al. experimentally studied the effect of combined bending, shear, and tor-
sion in RC beams reinforced with U-wraps. The results showed that the principal strain
acts approximately 45° to the beam longitudinal axis, torsional cracks spread at approxi-
mately 50°, the U-wraps enlarge the torsional capacity by 70%, and the twisting moment
has a negligible effect on the deflection. The percentage increase in the ductility and twist
angle is ascribed to the configuration of FRP wrapping. At the same time, the type of
fibre composite defined the enlargement of ultimate torque [[17]]. [[18]] et al. explored how
the dimensions of FRP impact the shear performance of RC beams strengthened with
CFRP U-strips and completely wrapped. The results showed that the predominant failure
modes for U-strips are concrete crushing and debonding, while for wholly wrapped, it
is rupture of CFRP. Other alternative reinforcement techniques have been implemented,
such as externally bonded reinforcement on/in grooves (EBROG, EBRIG)), X-shaped,
and T-shaped. [19] et al. revealed that such techniques postpone the debonding effects
and increase the tensile capacity of FRP material, mid-span deflection, and load-carrying
capacity. Additionally, the failure mode of specimens strengthened with EBROG/EBRIG
(one layer) presented rupture in the FRP, while the EBROG/EBRIG (multiple layers) FRP
presented concrete cover separation [21]].

The transition towards reinforcing non-rectangular beams with FRP demands a more

nuanced understanding of principles across mathematics, physics, and engineering. The
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challenge lies in the non-uniform distribution of shear stresses over the height of the
beams with non-rectangular cross-sections (such as L- or T-shaped) [20], unlike their
rectangular counterparts. The non-uniform distribution of shear stresses can lead to lo-
calized high shear stress concentrations. Additionally, the variations in beam geometry
cause differential strain profiles across the beam depth. Thus, the superposition of these
aspects entails a mismatch in deformation between the CFRP and concrete, increasing
the interfacial stresses and causing debonding. In this sense, some studies researched
the structural performance of T-shaped beams reinforced with FRP laminates externally
bonded. [22] developed a sophisticated detection method using piezoelectric sensors to
monitor the debonding process between T-beams and FRP sheets precisely. This approach
revealed that the piezoelectric sensor, positioned on the debonding regions, registers sig-
nal fluctuations. The results show that T-beams reinforced with FRP U-shape sheets along
the web section of the beams increase their shear strength, but it also revealed the occur-
rence of premature debonding at small strain values. [23] et al. studied the anchorage
mechanism of beams with T cross-section. The results showed that the ultimate load ca-
pacity in rectangular beams increased by 250%, 160%, and 210% for two longitudinal
FRP patches on each side of the beam, flexural layer only, and two U-wraps, respectively.
Additionally, the failure mode that evolved T- beams was the rupture of FRP for U-wraps
while debonding for two others. On the other hand, Mofidi et al. concluded that the FRP
contribution in T-beams in the ultimate load capacity is only highlighted when T-beams
are not strengthened with internal transverse steel. [24] et al. proposed a numerical model
for predicting the structural responses of RC T-beams reinforced with different wrapping

configurations under combined torsion and shear. The results revealed that the complete
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wrapping configuration is the most effective in terms of cracking torque, ultimate torque,
and maximum angle of twist for the beams.

A significant hurdle of FRP-strengthened concrete structures under elevated temper-
atures is to avoid detrimental interfacial adhesion between FRP and concrete matrix. It
depends on the individual properties and interaction between these materials and how
external factors affect them. [25], [26] stated that a significant prolongation of heating
time over the glass transition temperature (7,) of the resin (adhesive substance) degrades
FRP’s mechanical properties. The service temperature for epoxy-bonded joints has been
debated. For example, [25], [27], [28], and [29] limited the service temperature to 10,
15, 20, and 10-20 °C below the epoxy T, respectively. Due to concerns about the perfor-
mance of FRPs at high temperatures, a fire insulation material over FRP laminates is nec-
essary to protect them. Incorporating thermal mortars as insulators of elevated tempera-
ture has been conversant with the construction field. After elevated temperature exposure,
the thermal mortals can keep their insulation properties, but their mechanical properties
and internal structure experience deterioration [30]. [31] et al. employed a cementitious
fire insulation material over FRP laminates to increase fire resistance time. The results
show that the cementitious material protected FRP laminates but did not affect the adhe-
sive agents. Furthermore, [32] et al. observed that high-temperature thermal properties
of insulation should be included in the thermomechanical analysis because they directly
depend on the temperature profile modeling of the cross-section. Subsequently, it signif-
icantly alters the final state of damage from FRP-RC members. A second-order effect
experienced a thermal bowing phenomenon. It occurs when the differential heating on

the cross-section is prominent.
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The strengthening of RC beams by using FRP has been thoroughly studied. Never-
theless, there needs to be more information on the serviceability behaviour of RC beams
reinforced with externally bonded FRP laminates exposed to elevated temperatures. In
fact, there are vague and no definitive conclusions about the CFRP laminate deterioration
caused by direct flame and its impact on the structural performance of RC beams. In this
context, the predominant objective of the present research is to carry out such a study. It
will include the influence of the wrapping configuration, insulation material, temperature
gradient, and deterioration of the FRP’s mechanical properties. The results will allow
us to conduct structural reinforcement works appropriately using FRP external bonding
techniques, keeping FRP’s integrity at elevated temperatures. Additionally, this informa-
tion could be helpful in a specific procedure for the fire design of RC structures reinforced

with FRP composite.

2. Experimental study

2.1. Materials

2.1.1. Specimens

Ten RC beam specimens were manufactured (Fig[I). Each beam had identical dimen-
sions of 12 x 18 x 150 cm and similar longitudinal and transverse reinforcement ratios of
1.58% and 0.69%, respectively. Two steel bars with a diameter of 8 mm were provided at
the tension and compression zone. Five steel bars with a diameter of 8§ mm were provided
as the stirrups and distributed uniformly. Fig[2] depict the details of reinforcement steel
configuration.

All beams were cast using the same commercial mixed concrete, with a compressive



2.1 Materials 2 EXPERIMENTAL STUDY

strength of 210 kg/cm?. It was obtained through the breaking of eight cylindrical concrete
specimens. The thickness of the concrete cover was 30 mm. Furthermore, five K-type
thermocouples are embedded and placed proportionally into the specimens to define the
temperature distribution in the cross-section to study the cracking variations regarding
temperature. In this sense, all beams were identically manufactured in materials, proper-

ties, and configurations.

(a) Steel Reinforcement (b) Thermocouple sensor (c) Cast concrete specimen

L

- AN

(d) Specimens (e) Cross-section

Fig. 1: Specimen fabrication process.
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12cm

H 5E7d8mm Mc 101 <
18 . e .
<+,
407 8 mm @8 cm Mc 101 L 150 cm L
1E@8mm @8 cm Mc 101 1 7
(a) Cross-section (b) Distribution along the specimen length

Fig. 2: Steel reinforcement details of specimens.

2.1.2. FRP material

A commercially available CFRP sheet, specifically the Tyfo® SCH-41 Composite,
was employed to improve the test specimens’ flexural strength, shear resistance, and/or
ductility, as illustrated in Figure 3] Table [I]details the properties of the CFRP laminates.
Two distinct CFRP retrofitting schemes were employed, guided by the principles outlined
in the [27]], ”Guide for the Design and Construction of Externally Bonded FRP Systems
for Strengthening Concrete Structures,” published by the American Concrete Institute.
The first retrofitting scheme involved applying a single CFRP layer bonded along the
specimens’ tension zone (Figuredp) to enhance flexural capacity. Meanwhile, the second
one utilized four U-shaped CFRP strips externally wrapped around three sides of each
specimen (Figures 4a and c) to improve shear strength. These two schemes’ principles
and design methodologies are detailed in Chapters 10 and 11 of the [27]].

Additionally, previous research, including studies by [3]], [16], [33]], [34]] implemented
the retrofitting schemes outlined in the [27]. In contrast, [31] integrated these two schemes
such that the bonded U-shaped jacked increases the specimen’s flexural strengthening

and provides anchorage for the bonded longitudinal FRP, transforming them into tension-
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carrying cables. Therefore, the present study guided by the results of the performance of
the reinforced system under elevated temperatures as documented by [31]], applying the
retrofitting schemes depicted in Figure 4]

On the other hand, the longitudinal and U-shaped fiber strips were bonded to the
beams using Sikadur® 301 epoxy resin. The optimum mix proportions and detailed

preparation procedures are given by [33]].

(a) Cleaning (b) Cutting to size

(d) Bonded along the specimen length

Fig. 3: Bonded details.

Table 1: Mechanical properties of the CFRP sheet [33]].

Property Typical test value
Tensile strength 620,000 psi (4.3 GPa)
Tensile modulus 36.0 x 10° psi (250 GPa)
Ultimate elongation 1.7%

Density 0.064 Ibs./in® (1.77g/cm?)

11
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1 strip of U-shaped

1 layer bonded along

1 layer bonded along the tension zone the tension zone

10cm A thermal insulation board

(a) Section B-B’ (b) Section A-A’
4 strips of U-shaped
20 10

= o e

18
<+ A’ B’
1 layer bonded along the tension zone
L 150cm L

(c) Distribution along the specimen length

Fig. 4: CFRP schemes.

2.1.3. Fire protection material

In this study, one group of specimens reinforced with CFRP was protected from fire by
a U-shaped insulation jacket (Fig. [5)), while another group was left unprotected, identified
respectively as Exp-A-x and Exp-A-y. The Exp-A-x group comprised four identical spec-
imens. The insulation jacket utilized was crafted from a mixture of perlite, pumice, and
cement, measuring 1 cm in thickness. Detailed specifications of the insulation material
utilized in this study are outlined in Table 2]

The application of a U-shaped insulation jacket is specifically designed to serve ex-
clusively as a thermal barrier, enhancing fire resistance. This thermal insulation method
ensures that the resin, applied as an adhesive layer between the FRP reinforcement and the

concrete matrix, remains below its glass transition temperature, preserving the integrity of

12
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its mechanical interlocking. Additionally, this protective mortar jacket shields the CFRP
strips from direct fire exposure, maintaining their structural integrity. It also plays a vital
role in preventing the dehydration of the concrete, a process that could cause geometric
discontinuities within the concrete substrate. Such distresses have the potential to trigger

premature debonding in the reinforcement system, undermining its effectiveness.

(a) Applying the mortar (b) First layer application (c) Thickness

Fig. 5: Installing mortar insulation jackets.

Table 2: Chemical composition and physical properties of pumice aggregate [36]].

Chemical composition Physical properties
Component %

SiO, 70.50  Specific gravity (kg dm~3) 1.80
Al,O4 15 Bulk density (kg dm~?) 0.65
Fe, 05 3.5 Water absorption (%) 42

CaO 3.00

13
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2.2. Methodology

2.2.1. Nomenclature

To place this nomenclature on a more technical footing, the present study denominates
the type of analysis with the abbreviation Exp (experimental) or Theo (theoretical). Sub-
sequently, the specimens with or without FRP reinforcement are codified by the capital
letter A or B. The lowercase letter x or y infers whether or not a thermal insulation board is
attached. Finally, if the specimen is exposed to elevated temperatures, it is codified with
the lowercase letter a followed by digits 01 to 04 (burning sequence). If the specimen is
not exposed to elevated temperatures, it is codified with the lowercase letter b. The first
experimental test, for example, is codified in terms of Exp-A-x-a-02, (Fig. [6).

Test case designation
Exp-A-x-a-01
A

' A L
Burning sequence
Heating phase

a = Exposed to elevated temperatures
b = Exposed to ambient temperatures

Fire protection
x = With fire protection material
y = Without fire protection material

Reinforcement
A = with FRP reinforcement
B = without FRP reinforcement

Type of analysis
Exp = Experimental
Theo = Theoretical

Fig. 6: Specimen and test case designations.

2.2.2. Heating phase

The first stage of the experimental test consists of fire tests conducted in the horizontal
kiln (Fig. [7) of the Materials Laboratory of Civil Engineering Career of the University of

the Armed Forces ESPE. The kiln was self-manufactured and can test horizontal structural

14
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elements under static loads. A natural gas burner and firewood system generate the kiln
heating. In this sense, eight specimens were tested according to the following sequence:
(a) the specimen was placed into the kiln’s chamber; (b) a distributed static load of 3.8
kN/m was applied to the specimen by a weight kit; (c) the specimens were exposed at
different temperatures for one hour; (d) the temperature distribution of the cross-section
was defined by temperature measurement using thermocouples; and (e) the specimen was

cooled for 24 hours before the three-point bending flexural test.

(a) kiln

20 20
40 40 40
L Ly Ly b
7 A

1 7 7

44

Dried ash

Dried ash

110

34 st——8—+H

190
200 L L

(c) Cross-section (d) Transversal-section

Fig. 7: Heating phase.

15
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2.2.3. Test setup and instrumentation

Figure (8| shows the 3-point flexural test machine used during the experimental tri-
als. The simple supported beam specimen was preloaded by a concentrated load of 0.2
kN at its centre. It was subsequently unloaded to guarantee the appropriate positioning
between the machine and the specimen. Regarding instrumentation, a linear variable dif-
ferential transducer LVDT (measuring range + 0.5 mm) was placed on the beams’ rear
face to record the vertical displacement at its centre. At the same time, a pressure sensor
was mounted in the pneumatic jack to monitor the monotonically increasing axial load
(loading rate of 5 kgf/s). High-speed filmmaking equipment (Canon EOS R8 and Phan-
tom V2512) was located a short distance from the test apparatus and positioned level in
height with the field of view between the beam’s centre and the applied load’s pressure
sensor. The trial process was carried out through the following steps: (a) the pneumatic
jack was turned on; (b) the pressure sensor and LVDT were checked to verify its correct
operation; (c) the shear load was progressively transmitted to the specimen before the first
crack appeared; (d) the camera was triggered; and (e) damage was tracked through digital
images.

As described previously, ten RC beam specimens were manufactured, three of which
were used to systematize and refine the experimental methodology through a trial and

error process. Therefore, the experimental results were obtained through 7 trials.

16
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(a) Test machine (b) Distribution along the specimen length

Fig. 8: Test setup and instrumentation.

2.2.4. Preparation and image acquisition

A grid of 25 tracking markers (15 x 30 cm?) in terms of two-dimensional coordinates
was marked in each specimen to obtain a displacement field at the frontal surface with 1%
precision [37]. A set of two cameras (Canon EOS R8) and one camera (Phantom V2512)
are synchronized in the focal length, resolution, and other settings to ensure a sequence
homogeneity of triple videos. Subsequently, the videos are split into many images with a

4272 x 2848 pixels resolution.

2.2.5. Data processing

The digital images were binarized through a code that replaces the image pixels in
values 1 (white) and O (black). After that, the tracked markers were identified and tracked
using the Hough transform algorithm by circular shapes. Image processing is used to
get the tracker markers’ position regarding intrinsic coordinates (concerning the image’s
frame of reference). Subsequently, a projective transformation converts the tracker mark-
ers’ position in intrinsic coordinates to world coordinates (concerning an external world

17
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observer). It was based on the direct linear transformation (DLT) algorithm. Finally, the

strain field of tracker markers is defined.

2.2.6. Validation

Fig. [9] shows the load-displacement curve obtained by LVDT at the mid-span in the
experimental studies. It also compares with the results obtained by image processing data.
Therefore, the correlating between the experimental studies and digital image processing
results reveals that a grid of 25 tracking markers (15 x 30 cm?) generates an average strain

precision less than 1%.

Load (tf)

Load (tf)
L ]

. Instrumental data (Exp-A-y-b)

W Instrumental data (Exp-B-y-b)

oI dat
Image processing data @ Image processing data

s E) B 0 E)
Displacement (mm) Displacement (mm)

(a) Exp-A-y-b (b) Exp-B-y-b

Fig. 9: Validation between instrumental and experimental data.

2.2.7. Moment-curvature diagram

The moment-curvature diagrams are obtained through a code in which the experimen-
tal and image-processing data are sequenced and synchronized in time. The code relates
to the moment through the shear and bending moment diagram. At the same time, the
curvature is defined trigonometrically to the data acquired by the digital image processing

(strain field) and the specimen geometry.

18
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3. Analytical study

3.1. Mechanical behaviour of concrete

The Hognestad parabolic model (Fig. describes the stress-strain relationship for
unconfined concrete under compression, from its initial elasticity to ultimate strength
and failure, highlighting its nonlinear behavior ([38]], Section 2.1.4.4). The stress in the
concrete . up to the peak compressive strength fclo is given by Eq. . Where ¢, €., and
£+, denote the strain in concrete, the strain at peak stress, and the ultimate compressive

strain, respectively.

Oc
A Confined i
concrete First hoop
e | - — — — — — — = i \4 fracture
{
f'eo | —
1 X Uncofined |
| \'|_concrete
|
Ec |
% Esec |
|

‘ ~ L O N
€o Eu  Ewp Ec €u Cc

Fig. 10: Stress-strain diagram for concrete.

O-C - fCO 8CO < 8C S ECU (1)

3.2. Mechanical behaviour of steel

Hooke’s law (Fig. [ITh) describes the initial linear relationship between stress (¢;) and

strain (g,) for steel, known as elastic behavior. The Hooke’s law is expressed by equation

19
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(2), where , E, fsy, €5y and €, denote the Young’s modulus, yield strength, yield strain,

and ultimate strain of the reinforcing steel, respectively. Additionally, Fig. describes

the steel hardening for different temperatures. In this sense, a reduction factor due to the

temperature increase should be considered in the analysis.

O, (>0)
350
f 3004 /
sy f ) 2501 /
| | s |
: : o 1504
E, | | s
‘ E.(>0) 0
ESV gsu 0.2 0.4
(a) Stress-strain diagram (b) Steel hardening

Fig. 11: Mechanical behaviour of steel.

F.e, 0 < &5 <egy
fsy  Eoy L€ < Esu

3.3. Mechanical behaviour of FRP

20°C

100°C
200°C
300°C
400°C
500°C
600°C

2

FRP materials typically exhibit a linear elastic behavior straight through to failure

without a distinct yield point ([40]). In this context, the material does not undergo plastic

deformation before breaking, resulting in a straight line (stress-strain) until rupture (Fig.

[12)). The relationship can be described by a modified form of Hooke’s Law (Eq. [3]), where

o¢, By, €5 and €, denote the tensile strength, elastic modulus, strain, and peak strain of

the FRP sheet, respectively.

20
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07 (MPa)

f, =903

1 €
£,=0.9%

Fig. 12: Stres-strain diagram for FRP [35].

O'f:€fEf 5f§5fu (3)

3.4. Strain compatibility

The fundamental assumption in the analysis of RC beams reinforced with FRP is
that the RC beam and FRP strip strain together. Thus, strain compatibility ensures a
consistent strain across the interface, and the composite system operates cohesively as
a unified material. Fig[I3]presents the cross-section dimensions and material placement
within it. It also shows the strain distribution over the cross-section. Therefore, the strain

compatibility is defined by equations d{(a), (b), (c), (d).

e g Yol (4a)
Yn
£s = €, ds = Yn (4b)
Yn
dy — n
ep=e, L0 (4¢)
Yn
£ = &, % (4d)
Yn
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where ¢, is the maximum compressive (crushing) strain of concrete, 5; and ¢, are
the strains in the tension and compression steel bars, respectively, € is the strain in the
FRP strips, ¢, is rupture strain of concrete, d; is the distance from the top surface to the
centre of tension reinforcement, d; is the distance from the top surface to the centre of
compression reinforcement, d; is the distance from the top surface to the centre of FRP,
yn 1s the depth of neutral axis of concrete section, y; is the distance from the neutral axis
to the extreme fibre of the tension side, and y is the distance from the neutral axis to the

extreme fibre of the compression side.

A 7(a§i N
ds
ds
Y
) A -+
.
t

Fig. 13: RC beam reinforced with FRP: compatibility and equilibrium conditions.

3.5. Equilibrium conditions

Fig[13] and eq. (5)) describe the equilibrium of the internal forces in the cross-section
under the application of bending moment. Where F.. is the force of concrete in compres-
sion, F; is the force of concrete in tension, Fj. is the force of steel in compression, Fy; is

the force of steel in tension, and F’ is the force of FRP.

Y F=Fe—Fy+Fe—Fy—F;=0 (5)

22
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The equation [7] represents an adapted form of equation [5| omitting concrete’s tensile
strength due to its low tensile strength (about 10% of its compressive strength). On the
other hand, equation [6] substitutes the compressive force of concrete. Furthermore, the
forces of steel and FRP are expressed on an equivalent basis using the normal stress

concept.

Yn
Fcc = / b O¢ y/ dy/ (6)
0

yn
/ b Oc (y/) dy/ + fsCAsc - fsyAst - UfAf =0 (7)
0

where f ;C is the compressive strength of steel reinforcement, f, is the yielding strength
of steel reinforcement, b is the width of beam. While A,., A, and Ay are area of com-
pression, tension of steel reinforcement, and FRP, respectively.

The internal moment acting on the cross-section must match the moments produced

by internal forces about the neutral axis, as given by Eq. [8]

Yn
M = / bo. (y/) y'dy' + JscAse (yn - ds) - fsyAst (ds — Yn) — UfAf (df —Yn) (8)
0

Substituting Eq. (I)) through (@) into Eq. (7)), the equilibrium conditions can be re-
defined in terms of the strains and Young’s modulus of the materials, the distances from
each material’s centroid to the neutral axis, the dimensions of beam, and the details of
the reinforcement. Within this framework, Eq. exhibits its nonlinearity due to the
mechanical behavior of concrete, strain compatibility, equilibrium requirement, and other

factors. Therefore, the analytical procedure initiates with selecting a small value of ¢..
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3.6 Bond performance of external strengthening 3 ANALYTICAL STUDY

For each ¢, , an initial y,, value is assumed, and iterated through the internal force equi-
librium is reached. Then, the ¢, is gradually increased, continuing this iterative process

for each new value. Finally, the analysis concludes upon satisfying the criteria outlined in

Eq. ((a), (b)).

Ec = Ecu (93)

Ef = Efu (9b)

Once the parameters outlined in the preceding section are acquired, the moment M and
the curvature 6 can be determined by Eq. (§)), (10), respectively. In a technical sense, each
M value corresponds to a specific 6 value. Consequently, this procedure allows for the
construction of the moment-curvature diagram.

Ec

0=— (10)
Yn

3.6. Bond performance of external strengthening

Debonding can be defined as detrimental to the interfacial adhesion between FRP and
concrete matrix. Generally, this is almost present in the failure mode of externally bonded
fiber-reinforced strengthening systems. Numerous researchers have investigated theoreti-
cal, empirical, and numerical models about behavior debonding adhesively bonded fiber-
reinforced polymers (FRP) sheets to a concrete substrate. The mathematical expressions
that define these models correlate with different variables. The debonding and effective
bond length models introduce the relationship between the effective bond length and the
debonding load. Table [3|lists some of the existing models.
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Table 3: FRP-concrete bond models

Reference Relationships
Tanaka [41]] Fuy =b7Ly (6.13 — In (L))
Hiroyuki and Wu [42] Fuy = byLy (5.88 (0.1L,) "%%)

Fup = (110.2-107°Et;) by L
Maeda et al. [43]]
L, = ¢6:13-0.581n0.001E;t;

Fb _ /2Efthfbf
Taljsten [44] trar

ar =22 Gy = 0.14f (G = 0.65if fo, > 46.2)

Fub = (bf + 74) \/2Efthf

Gy = 0.524 0236

Dai et al. [45]]

Brosens and van Germet [46] Fup = 0.50¢ Ly fetm

Fu = (110.2 1079 (%)5 Eftf) bsLe

L, = ¢6:13-0.581n0.001B;t;

Khalifa et al. [47]]

100 fetm

Fop = 051 (0.5 +0.08 M) Leby
Yang et al. [48]

L. =100 mm

Adhikary and Mutsuyoshi [49] Fu, = 0.25f207b L,

4. Results and observations

4.1. Thermal analysis
Transient thermal analysis was carried out to define the temperature gradient in the
cross-section at a mid-span of 60 min after fire initiation (Fig[T4] Fig[T5). The results
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4.1 Thermal analysis 4 RESULTS AND OBSERVATIONS

were consistent with the data obtained from the set of thermocouples. Sixty minutes after
fire initiation, the higher temperature gradient is located on the lower side. Technically,
this occurs because there is exposure to a direct flame. The temperature gradient displays
variations across the cross-section, where it gradually decays on the way to the upper
side. Unsurprisingly, this temperature develops the lowest value. This is because the
weight-loading kit works as insulation material.

In contrast, the other two sides are partially exposed to direct flame and directly ex-

posed to warm air. As such, the threshold temperature is similar to the lower side. How-

ever, the temperature rapidly wanes on the way to the cross-section core.
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80 - 130 80 - 130

130 - 180 130 - 180

180 - 230 180 - 230
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X (cm) x (cm)
(a) Exp-B-y-a-01 (b) Exp-B-x-a-01
T(°C) T(°C)

30 - 80 30 - 80
80 130 80 - 130

130 - 180 130 - 180

180 - 230 180 - 230

iy 230 - 280 — 230 - 280
S 280-330 § 280 - 330
N 330 - 380 = 330 - 380
|| || 380 - 430 380 - 430

430 - 480 430 - 480

480 - 530 480 - 530

530 - 580 530 - 580
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(d) Exp-A-x-a-02

Fig. 14: Temperature distribution.
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Fig. 15: Temperature distribution.

4.2. Premature failure of the CFRP sheets

The specimens labeled Exp-B-y-b and Exp-A-y-b (Figs. [[6(a)-(b)), which were not
subjected to elevated temperatures, exhibit the integrity of the concrete’s surface finish
and the effective bonding between the fibers and the concrete. Conversely, the specimens
designated as Exp-A-y-a-02, Exp-A-x-a-04, and Exp-A-y-a-04 (Figs. [I6[c)-(e)) display
various forms of distress attributable to the effects of elevated temperatures. Through the
image sequence depicted in Figures[T6{a)-(f), it is feasible to compare the state of damage

to CFRP strips resulting from exposure to high temperatures.
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The specimens Exp-A-y-a-02 underwent the burning sequence 02, reaching temper-
atures from 330 to 380 °C. In this sense, Fig. [[6c exhibits a slight thermal degradation,
leading to a notable debonding at the end of CFRP laminates. Additionally, the thermal
effects of fire caused the presence of thermal-induced interfacial voids within the adhesive
layer, consequently leading to a decrease in bond strength. It can be primarily attributed to
the differential thermal expansion of the materials. Meanwhile, the specimen Exp-A-x-a-
04 was exposed to temperatures from 480 to 530 °C, showing a marked debonding at the
end of the strips without any evidence of the thermal-induced interfacial voids within the
adhesive layer (Fig. [[6d). This observation suggests that the U-shaped insulation jacket
mitigated the thermal degradation at the adhesive interface of Exp-A-x-a-04, preventing
the formation of interfacial voids. Furthermore, specimen (Exp-A-y-a-04) left uncovered
by an insulation jacket and subjected to temperatures exceeding 580 °C exhibited com-
plete thermal degradation and delamination of the CFRP strips (Fig. [[6). As a result, the
structural reinforcement provided by the CFRP laminates was entirely negated. There-
fore, extreme thermal conditions severely compromised the integrity and functionality of
the CFRP enhancements, resulting in a significant deterioration of the structural response

of the specimen (Fig. [T6]).
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(a) Exp-B-y-b (b) Exp-A-y-b (c) Exp-A-y-a-02

(d) Exp-A-x-a-04 (e) Exp-A-y-a-04 (f) Exp-A-y-a-04

Fig. 16: Premature failure of the CFRP sheets.

4.3. Cracking and failure mechanisms

Research over half a century has identified that RC beams’ cracking and failure mech-
anism with FRP reinforcement comes in some forms: FRP rupture, intermediate crack
(IC) debonding, critical diagonal crack (CDC) debonding, and CDC debonding with con-
crete cover separation. Although all of them can lead to considerable damage, they work
in different ways. In this sense, Figs. [I8|and [19] depict the cracking and failure mecha-
nisms in the experimental trials at different bending moment levels.

Of all the experimental trials, the Exp-B-y-b specimen (control beam) is the only one
that is neither reinforced nor exposed to elevated temperatures. It is worth noting that
an initial flexural crack emerged and extended at the center of the span. After that, as the
applied load was increased, one major flexural crack was formed and instantly propagated
into a diagonal path away from the center of the specimen accompanied by multiple flex-
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ural cracks. Technically, the specimen reached failure 25 s after the first crack emerged,
reaching an ultimate bending moment of 0.82 tf-m (Figs. [I8(g)-(i)). Additionally, the
crushing of compressive concrete was slightly present at the end of the failure. There-
fore, this specimen characterizes the failure mode of a standard RC beam. Therefore,
this specimen will provide valuable information to reveal the influence of input variables
in the propagation and final state of damage through the comparative analysis of each
specimen.

In the post-heating phase, the image sequence of specimen Exp-A-x-a-02 (Fig. [18h)
indicates that the CFRP-concrete interface was slightly debonded and did not present any
marks of burning due to elevated temperatures. Afterward, 3 min 44 s after the test initia-
tion, two types of cracking and failure mechanisms emerged for a bending moment of 0.7
tf-m. The former is the IC debonding in which two flexural cracks emerged at the tension
zone. In contrast, the latter is the crushing of compressive concrete, which appeared in the
compression zone. A particular fact is that IC debonding failure is triggered automatically
after the cracks appear, as evidenced in Figs. [I§a)-(c). Conversely, the effects caused by
the crushing of compressive concrete were present. Finally, specimen Exp-A-x-a-02 pri-
marily failed by IC debonding failure, reaching an ultimate bending moment of 1.02 tf-m.
Therefore, the crushing of compressive concrete marks shows that the CFRP laminates
were not greatly affected by elevated temperatures and worked as expected because the
specimen presents flexural cracks more prominent than the control beam. It infers in the
increasing the bending moment with a percentage of 20% compared to the control beam.

Rather than triggering automatically after the cracks appear, Exp-A-y-b gradually fails

through crack formation, propagation, and extension. The image sequence Figs. [I8(d)-(f)
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shows that cracking formation begins 4 min 12 s later than the Exp-B-y-b (control beam).
In this sense, two flexural cracks emerged at the middle span for a bending moment of
1.33 tf-m. Once cracks formed, they slightly propagated and extended without consid-
erably impacting the final damage, accompanied by the development of more flexural
cracks around the middle span. However, a critical shear crack emerged soon after, and
subsequently, it rapidly propagated and extended. Successively, it gradually widens as
the applied load increases. Finally, the specimen reached the failure by splitting along the
tension reinforcement accompanied by separating the concrete cover at the compression
zone and the debonding in the interfacial adhesion between CFRP and concrete matrix.

After 60 minutes, burning sequence 02 generated a temperature gradient range of
280-330 °C in the cross-section of the specimen Exp-A-y-a-02. Visual observations show
that the adhesive layer is slightly detrimental, and CFRP laminates show some marks of
debonding and burning. The study “s findings reveal that one flexural crack emerges in the
middle of the span. After that, it gradually propagated and extended following a path par-
allel to the vertical axis. Figs. [18|j)-(1) show that CFRP laminates delayed the yielding of
the longitudinal steel bars and extended the elastic regime. Subsequently, another flexural
crack emerged, accompanied by a shear crack. As the applied load increased, all cracks
rapidly widened. Finally, the specimen failed due to splitting along the tension reinforce-
ment accompanied by wide cracks and effects of crushing concrete at the compression
zone.

The specimens Exp-A-x-a-04 and Exp-A-y-a-04 were subject to burning sequence 04,
reaching temperatures over 500 °C. In this sense, the specimen Exp-A-x-a-04 exhibits a

failure mechanism based on the onset flexural crack at the middle of the span. After this
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crack began to propagate and widen, multiple cracks emerged and rapidly propagated,
reaching the failure by splitting along the tension reinforcement. The specimen Exp-A-
ya-04 exhibits a similar failure mechanism; however, the multiple cracks took a while
to emerge. By comparison of Figs. [I9(a)-(c) and Figs. [I8(m)-(0), the results show
that although the insulation material does not work as expected due to detrimental in the
adhesive layer after fire exposure, it contributes to delay the yielding of the longitudinal
steel bars and increases the strength of Exp-A-x-a-04.

After exposing the specimen Exp-B-x-a-01 to over 400 °C for 60 minutes, visual ob-
servations show that the adhesive layer surpassed its glass transition temperature. Hence,
the adhesive layer gradually began to deteriorate and caused a severe debonding between
the insulation material and specimen. In this sense, the fire protection material did not
work as expected, leaving the beam vulnerable to the effects of elevated temperatures.
In the overall response of the specimen Exp-B-x-a-01, one flexural major crack evolved
at the middle of the span, adopting a path parallel to the vertical axis (Figs. [I9(d)-(f)).
Additionally, a sizeable crack associated with the crushing of the concrete cover at the
compression zone emerged 44 seconds after the onset of the first crack. Before reach-
ing the failure, both cracks abruptly widen in less than 30 seconds as the applied load
increases (Fig. [[9(e)).

Fig. [I'7|shows the combining effects of CFRP reinforcement, fire protection material,
and different temperature levels subjected to the strengthening effect. The ultimate bend-
ing moment and width crack were normalized concerning the control beam. Generally,
increasing the temperature levels diminishes the strengthening and impact in the width

cracks formation. However, if the specimens were protected with an insulation material,
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the strength is enhanced qualitatively, accompanied by width crack formation. Moreover,
the effects of crushing at compressive concrete are markedly witnessed as the width cracks
do not exceed 175% compared with the control beam.

The physics governing failure mechanics makes it almost impossible for different sce-
narios to define exactly how the cracks propagate theoretically. Hence, the obtained re-
sults revealed the following findings: a) for ambient temperatures, the FRP reinforcement
caused the critical crack to develop an increase in the propagation angle from 60° to 67°
and the crack propagation changes in shape from straight to undulate, as displayed Figs.
ﬂ;g]i and ﬂ;g[l; b) for elevated temperatures, the FRP reinforcement caused the critical crack
to develop an increase in the propagation angle from 56° to 73°, and the crack propagation
maintains its shape as undulate, as displayed in Figs. [I8p and [T9F; c) the fire protection
material does not influence the propagation angle, maintaining an angle between approx-
imately 80° and 82° d) the elevated temperatures caused the critical crack to propagate as
an undulate shape.
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(a) Exp-A-x-a-02 (3 min 44 s) (b) Exp-A-x-a-02 (3 min 54 s) (c) Exp-A-x-a-02 (3 min 59 s)
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Fig. 18: Crack progress of specimens.
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(a) Exp-A-y-a-04 (5 min 07 s) (b) Exp-A-y-a-04 (5 min 27s)  (c) Exp-A-y-a-04 (5 min 32 s)

0.17-0.69 tEm

(d) Exp-B-x-a-01 (5 min 01 s) (e) Exp-B-x-a-01 (5 min 20 s) (f) Exp-B-x-a-01 (5 min 45 s)

Fig. 19: Crack progress of specimens.

4.4. Moment-curvature diagram analysis

The moment-curvature diagrams describe the structural elements’ flexural, deforma-
tion, and energy consumption behaviour. Some diagrams are similar to a theoretical
shape, while others tend to flatten in their plastic region. Thus, characterizing them with
their respective transitions (the yielding and ultimate points) is indispensable to defining
the strength and serviceability of structural elements. The yielding point marks the trig-
gering of large deformation and emerging cross-section damage. The highest point of the
curve marks the ultimate point before that element reaches failure. Therefore, those points
represent the transition from yielding the first longitudinal steel bars - crushing concrete -
plastic deformation - failure.

By looking at the collection of all possible moment-curvature diagrams of the exper-
imental trials (Fig. [20)), we find that the control beam (blue curve Exp-B-y-b) represents

the diagram moment-curvature of a standard RC beam. Therefore, this specimen will pro-
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vide valuable information to reveal the influence of input variables in the final structural
response through the comparative analysis of each curve.

The yellow curve (Exp-A-y-b) reached the highest tensile strength compared to the
others. It means the ultimate bending moment is enhanced by 92% concerning the blue
one. Additionally, the energy consumption in the unit length of the RC section (the area
under the moment-curvature plot) is another indicator that shows the total energy the RC
section can consume. The yellow curve translated into energy consumption indicates that
it only absorbed 27% compared to the blue curve (Fig. [20). Those results reveal that
the specimen Exp-A-y-b acquired a notable brittle behaviour, showing the strength and
serviceability of an RC beam reinforced with CFRP. It is because the Exp-A-y-b specimen
was reinforced with CFRP and not exposed to fire, which directly infers the fibres’ work
to its total capacity.

The green curve (Exp-A-y-a-02) exhibits exemplary ductile behaviour through the
highest area under the moment-curvature plot (dissipation energy), which is 35% higher
than the blue curve (Fig. [20). Additionally, the specimen Exp-A-y-a-02 developed the
highest plastic energy and attained an ultimate bending moment 44% greater than the
control beam (blue one). The most striking fact is the variations of tendency curves where
the green one depicts ductile behaviour, while the yellow one shows brittle behaviour.
Therefore, the failure mechanism is susceptible to slightly changing one or more input
variables.

From a technical point of view, the tendency of the red curve (Exp-A-x-a-02) reveals
essential hints about the impact of elevated temperatures on the specimens’ mechanical

properties. First, the moment-curvature diagram (Fig. is split into three stages. The
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first stage begins with the applied load starting to be transmitted to the specimen, and the
first flexural crack emerges. The linear relationship (first stage’s slope) of red and blue
curves is almost similar in this stage. The second stage is from the first flexural crack
emerging to steel yielding. In this stage, the CFRP delayed the trigger of the steel yield
of Exp-A-x-a-02 (red curve). The third stage starts from the steel yielding point, reaching
the ultimate bending moment to the failure point. In this stage, the flexural strength of the
red curve experiments with an increment of 24% concerning the blue one. It infers that the
contribution of CFRP laminates in the structural response is partial. This is because CFRP
laminates presented marks of deterioration and burning. Therefore, elevated temperature
caused the dissipation energy of the red curve (Exp-A-x-a-02) to be diminished by 80%
compared to the blue one.

As analyzed in the previous section, the fire protection material of Exp-B-x-a-01 could
not attenuate the effects of elevated temperatures so this trial can be considered as a stan-
dard RC beam under elevated temperatures. In this sense, the orange curve (Exp-B-x-a-
01) exhibits a detrimental in its mechanical properties. It is evidenced by the decreasing
of dissipation energy and ultimate bending moment in a 57% and 10% compared to the
control beam (blue curve), respectively.

The moment-curvature diagram of the cyan curve (Exp-A-y-04) adopts a parabolic
shape similar to a standard RC beam shape. It infers that the contribution of CFRP lam-
inates is almost nonexistent. Thus, it is a marker of detrimental CFRP by burning be-
cause the specimen was not protected by insulation material. Comparing the cyan curve
(Exp-A-y-04) and magenta curve (Exp-A-x-04) shows that both curves adopted the same

parabolic shape, inferring that the insulation material was ineffective. Consequently, the
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CFRP laminates did not work as expected due to their burning. Visual observations re-
vealed the deterioration in the bond connection between the insulation material and the
specimen due to direct fire exposure.

Additionally, The magenta and cyan curves of Fig. 20]reveal that the first stage’s slope
(pre-cracking) is almost similar, inferring that both specimens maintained the same elas-
tic regime. Conversely, the second stage’s slope (cracking) changed considerably, where
the dissipation energy decreased by 18% and 40%, and the ultimate bending moment in-
creased by 5% and decreased by 21% for the magenta and cyan curves, respectively. It in-
fers that the insulation material only protected from fire in the first instance of the heating
phase and after that was ineffective due to inexistent thermal resistance. Consequently,
elevated temperature causes detrimental effects on the adhesion properties between the

CFRP and the specimen, so the debonding effects should be accounted for.
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Fig. 20: Experimental moment-curvature diagram.
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After several failed attempts to obtain an analytical model through computation (Figs.
21)a)-(d)), the patterns, regularities, and relationships that emerged from the moment-
curvature graph are inconsistent with theory. This could occur because the deterioration
in the mechanical properties was not uniform, and subsequently it infers the onset of some
adverse effects generating limitations in the modelling. For example, the thermal gradient
directly inferred in a shift of the line of action of internal force (moving towards the cold
side) causes the bending moment to inverse; change in the chemical composition of the
concrete, suppose a nonhomogeneity in the microstructure of it, resulting in abnormali-
ties in the relationships between the strength and modulus of elasticity. The surface of
specimens that present discolouring is vulnerable to the forming, triggering, and gradual

propagation of multiple cracks.
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Fig. 21: Analytical moment-curvature diagram.
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The comparison of moment and curvature at the transition points (yielding and ulti-
mate) between experimental results and predictions from the analytical model are sum-
marized in Table d The prediction of the analytical model presents a high accuracy at
the ultimate moment. In contrast, the prediction differs from the experimental one at the
yielding moment, especially for the beams without a thermal insulation board. This dis-
tortion can be attributed to the degradation of individual mechanical properties of each

material and their interaction between them.
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Table 4: Results comparison.

Specimen Study M,tf—m) 6,(m™ ) M,({f—m) 6,(m™"

Exp. 0.408 0.09 0.647 0.415
A-y-a-04 Theo. 0.4 0.065 0.655 0.386
Error (%) 1.96% 27.78%  1.24% 6.99%
Exp. 0.464 0.104 0.862 0.833
A-x-a-04  Theo. 0.378 0.084 0.865 0.775
Error (%) 18.57% 19.54%  0.29% 6.92%
Exp. 1.42 0.094 1.595 0.159
A-y-b Theo. 0.89 0.087 1.53 0.163
Error (%) 37.32% 7.45% 4.08% 2.52%
Exp. 0.612 0.044 0.833 0.258
B-y-b Theo. 0.591 0.049 0.843 0.303
Error (%) 3.53% 13.18%  1.28% 17.48%
Exp. 0.706 0.041 1.03 0.113
A-x-a-02  Theo. 0.6 0.034 1.037 0.096
Error (%) 15.01% 17.07%  0.68% 15.04%
Exp. 0.705 0.164 1.08 0.828
A-y-a-02  Theo. 0.6 0.095 1.06 0.95
Error (%) 14.89% 42.07%  1.85% 14.73%
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5. Conclusions

The experiment (Exp-A-y-b) reveals that the CFRP reinforcement increases consider-
ably the ultimate strength and stiffness capabilities. Additionally, they have the potential
to heal partially cracks. The final state damage of specimens reinforced with CFRP and
not exposed to fire shows a crack map where a widened shear crack emerged at the sides
of the specimens accompanied by multiple flexure cracks at the middle of the span, sepa-
rating the concrete cover at the compression zone and the debonding in the interfacial ad-
hesion between CFRP and concrete matrix. Therefore, if the state of damage of specimen
exposure to elevated temperatures presents similar characteristics, the insulation material
works as expected. Consequently, the interfacial adhesion between it and the specimen is
not detrimental.

The observations were taken for experimental trials over 400 °C. Thus, these trials
aimed to reach a detrimental effect on the concrete surface instead of determining the
temperature threshold that induces changes in the chemical composition of concrete. Ad-
ditionally, the CFRP material has no thermal insulation capacity, so the damage at the
surface of the concrete does not alter the presence of this or not. 400 °C is enough
to cause severe damage in the adhesive layer, consequently inferring the debonding be-
tween CFRP/concrete. Subsequently, the superposition of damages induces the creation
of notches at the FRP-concrete interface. These notches would be derived as the tips of
the crack that immediately trigger failure by IC debonding. Therefore, IC debonding is
the predominant failure for the specimens associated with CFRP reinforcement.

The bending moment fluctuations and image sequences captured by instrumentation

of experimental trials reveal the work sequence of the reinforced steel bars, concrete,
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and CFRP and the impact of those materials on the final damage. Therefore, the results
obtained in Figs. and Fig. show that some damage patterns, such as brittle
behaviour (Exp-A-y-b and Exp-A-x-a-02), are directly related to the crushing of com-
pressive concrete and curvature less than 0.1 m~!; the transition between ductile to brittle
failure is proportional to the time (from shortest to largest) in which the specimen reaches
failure; the forming, triggering, and gradual propagation of multiple cracks are present
in ductile failure, while the forming trigger and instant propagation of major cracks are
present in brittle failure. Finally, the reinforcement effects of CFRP are completely di-
minished when the strips or layers show several debonding or burning after fire exposure.

Although the study conducted experimental trials in various settings, none of the spec-
imens developed a failed type of mixed mode debonding. Remarkably, crack formation
was predominant within the mid-span region rather than the shear span region. Moreover,
this is because the three-point bending test induces a bending moment concentration along
the mid-span region. Thus, there are some limitations to the study, mainly that the four-
point bending test induces a different bending moment distribution. Therefore, such a test
is indispensable for obtaining more conclusive results on whether the type of bending test
is related to the debonding failure mode.

The observed damage patterns in the specimens indicate that the anchorage between
the specimen and CFRP is a crucial concern. In this context, the study meticulously
focused on the surface finish, irregularities at the end of CFRP strips, anchorage mech-
anism, and the anchorage length. Nevertheless, the findings do not provide conclusive
hints that reveal the significance of each parameter in the reinforcement system’s per-

formance, durability, and reliability. Furthermore, when reinforcing real-life reinforced
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concrete (RC) structural members with CFRP, it is crucial to consider various other as-
pects. Environmental factors, including exposure to UV light, moisture, and temperature
variations, can significantly cause differences in the thermal expansion coefficients be-
tween CFRP and concrete substrate. A thermal incompatibility can induce stress at the
interface, leading to insufficient bond strength. Stress concentration can occur at the ends
of CFRP reinforcements and at points where the concrete substrate exhibits geometric
discontinuities. This phenomenon emerges because the stress and strain distribution in
these specific areas differ significantly from the bonded regions. Thus, reaching a surface
finish with average surface roughness from 0 to 0.075 mils and avoiding irregularities at
the end of CFRP is necessary to avoid stress concentration, thereby minimizing the risk of
peeling and debonding. Anchorage mechanism, a well-designed anchorage and adequate
anchorage length can significantly improve the load transfer capabilities between the FRP
and concrete and ensure a more uniform stress distribution along the bonded interface,

increasing the bond strength and reducing the risk of debonding.
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