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After a fire exposure, reinforced concrete (RC) structures typically retain their integrity,
yet they incur significant damage due to material degradation and thermal expansion.
The restoration of fire-damaged RC structures is a complex structural engineering
challenge. This study presents a numerical investigation on the post-fire behavior of RC
beams, subjected to parametric fire for different durations (15, 30, 60, and 90 minutes)
and their retrofit method. Initially, the impact of high-temperature conditions on the
residual load-bearing capacity is assessed, with a focus on beam length and support
conditions as key geometric variables. Repair methods aimed at improving the post-fire
performance of damaged beams are then evaluated. These methods include the use of
additional reinforcement and the implementation of steel jacketing, complemented by
concrete of varying compressive strengths (25, 30, 35, and 40 MPa). Eurocode models
for both concrete and steel materials are used in the simulations using SAFIR software.
Results indicate a decrease in load-carrying capacity with prolonged fire exposure, with
capacity reductions reaching 85% for beams subjected to 90-minute fire scenarios.
Application of steel jacketing markedly enhances both bending and shear resistance of
the compromised beams, with the ability to restore the load-bearing capacity of one-hour
fire-exposed beams by up to 112%. The correlation between repair effectiveness and the
inherent resistance of the RC beams is also elucidated. Furthermore, an analytical
expression is proposed for estimating the post-fire load-bearing capacity of reinforced
beams, offering a practical and accurate tool for engineering assessments.

1. INTRODUCTION

1.1 Backgrounds

500°C. This loss of bond strength results in weak load carrying
capacity under load service conditions [5]. Fire resistance in
structures is the period under a conventional fire duration
when some predefined conditions and limiting behavior occur.

Reinforced concrete constructions lose strength when
exposed to fire; this loss can be continued even when the fire
temperature comes back to ambient temperature for more time.
Concrete and steel mechanical characteristics degrade,
causing this decline. Thermal expansion leads concrete
components to fracture and lose structural integrity. The
strength and stiffness of the structural elements decrease as the
temperature rises, making them less load bearing. When
exposed to high temperatures, the steel reinforcement in
concrete loses its strength and flexibility. This makes
structural elements much less able to support weight because
the mechanical properties of both the concrete and the steel
reinforcement are degraded [1-4]. Elevated temperatures
reduce the bond capacity between concrete and steel. This
significantly affects reinforced concrete (RC) member
moment capacity and stiffness. A reduction in bond strength
by up to 60% occurs when the interface temperatures exceed

According to performance-based design, the limiting behavior
in fire conditions is either structural collapse or loss of
integrity, both of which can promote fire spread. However, it
is commonly known as a deflection limit. The most recent
design regulations, EN 1994-1-2 [6] and EN 1992-1-2 [7],
require designers to take into account non-uniform heating due
to partial security, which may be inherent to the frame system
or specially applied, the degree of loading at the fire limit state,
and partial security variables that are less than those used for
ultimate limit states due to resiliency. The University of
Sheffield has developed a three-node beam-column element
over the course of the last several years. This feature was
developed specifically for use in the 3D modeling of steel,
composite, and reinforced concrete frames exposed to fire 8,
9]. The investment in post-fire damaged beams has been
stimulated by knowledge gaps in the performance of fire-
damaged beams, particularly under natural fire conditions.
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1.2 Investigation of the post-fire performance of beams

Fire-induced concrete degradation and thermal flux
variations can affect the post-fire performance of reinforced
concrete structural elements. Studies on RC beams have
focused on their lower load-bearing capability after fire
exposure. The temperature of the steel rebar had an effect on
the flexural capacity of RC beams [10, 11], and evaluation of
post-fire conditions [12, 13] revealed that the residual shear
capacity of beams decreased as the shear-to-span ratio
increased.

According to Akca and Ozyurt [12], the effect of water re-
curing on the restoration of rigidity in reinforced concrete (RC)
beams is greater than its effect on the recovery of strength. In
their study, they mentioned that after 28 days of re-curing in
water, the residual rigidity of RC beams subjected to a 2-hour
ISO fire [14] increased by 16%. According to Agrawal and
Kodur [15], the residual flexural strength may still meet the
design limit at room temperature due to the increased capacity
of the beam after fire exposure. This suggests that even after
fire damage, the timbers may retain sufficient strength to meet
design requirements under normal conditions. Thongchom et
al. [16] found in a study that a steady load applied to the
structure increased a temperature-dependent creep deflection,
especially when the rebar reached 500°C. Continuous loading
increased the creep tendency of the structure during high
temperature exposure, resulting in increasing deflection over
time. Yang et al. [17] demonstrated that decreasing load ratios
and shear span to effective depth ratios increased fire
resistance while increasing longitudinal reinforcement and
stirrup ratios prevented cracking and reduced shear failure
fragility. The research conducted by Yan's team [18-20]
focused on the investigation of the response of pre-stressed
ultra-high performance concrete (UHPC) beams subjected to
ISO fire. They also developed a novel two-stage hot air curing
method to mitigate spalling. Their findings indicated that this
curing method not only enhanced the short-term strength of
the UHPC beams but also effectively prevented severe
spalling. It was also observed that pre-stressed UHPC beams
with adhesives had better fire performance than those without
adhesives. The review of the existing literature underscores the
importance of further research on the fire behavior of beams
to gain a deeper understanding of the strength performance
after fire exposure. In addition, the investigation of the
effectiveness of strengthening methods is an important issue
to save the serviceability of the beams.

1.3 Effectiveness of the repair technique for fire-damaged
beams

Post-fire beams can be mechanically repaired by applying
materials to their bottoms or sides. Adjustments aim to restore
beam’s flexural capacity and shear resistance. Studies show
that adding more carbon fiber-reinforced polymer (CFRP)
layers to a post-fire-reinforced concrete beam does not boost
its mechanical performance. In fact, it has been observed that
the failure mode of the repaired beams can vary from ductile
failure to brittle failure when excessive layers of CFRP sheets
are utilized [21, 22].

In the study conducted by Irshidat and Al-Saleh [23], it was
recommended to incorporate carbon nanotubes as a means to
enhance adhesive bonding. This approach was designed to
address concerns related to the delamination of fiber-
reinforced polymer (FRP) sheets used in the repair of

reinforced concrete (RC) elements. The findings of the
experiments demonstrated that the use of carbon nanotube
(CNT)-modified epoxy resin had a significant impact. It
pushed back the start of the debonding process and slowed it
down in reinforced concrete (RC) beams that had been rebuilt
with carbon-fiber-reinforced polymer (CFRP) sheets that were
close to the surface. Additionally, the studies [24-27]
mentioned that when compared to beams repaired with
cement-based adhesive, beams fixed using epoxy adhesive
showed a greater load-bearing capability. These studies found
that increasing plate thickness and reducing fastener spacing
resulted in improvements in post-fire RC beams repaired using
the Bolted Steel Plate (BSP) method. Experimental studies
have been conducted by Hassan et al. [28] on the effect of high
temperatures on different types of concrete beams, these
beams were retrofitted with different confinement techniques
where steel plates in the form of strips were welded with
threaded bars. For beam capacity recovery less than 10%, the
outer orientation of the top angles is allowed. Welded plates
outperformed bolts in this test. Belkhader et al. [29] looked at
how well different strengthening methods, such as reinforced
concrete jackets and composite jackets, can improve the
behavior of RC columns after a fire, taking into account the
additional loss of concrete resistance during cooling. Different
values of compressive strength were considered. The results
indicated that the load capacity of damaged columns could be
restored by up to 182% using a composite jacket with steel
plates.

This study focused on the retrofitting of RC beams with
various steel jacketing techniques. Three-point pressures were
applied to unheated and modified beams to determine their
flexural capacity. Three different techniques for steel casing
were examined. The study aimed to examine the overall
behavior of the strengthened beams by varying the techniques
and sizes of the steel angels. Another approach was to attach
steel plates to the tensioned part of the beam to improve the
performance of the beams. Steel plates and threaded bars were
used to control the shear position. The inclusion or exclusion
of steel angels was determined based on the required
conditions and economic considerations, taking into account
the recommendations of the study. Through these
investigations, the study sought to evaluate the effectiveness
of different steel jacketing techniques in retrofitting concrete
beams. The objective of improving the overall performance,
stiffness and load-bearing capacity of the beams served as the
basis for the selection of specific techniques and dimensions,
taking into account their feasibility and cost-effectiveness in
relation to the environment.

2. METHODOLOGY

The proposed research work utilizes the computer software
SAFIR [30] as the analysis tool to investigate the behavior of
both unfired and fire-damaged reinforced concrete (RC)
beams. The study aims to evaluate the performance of the
beams before and after the application of concrete jacketing
layers. The SAFIR software [30] provides a platform for
conducting comprehensive analyses and simulations, allowing
for a detailed examination of the structural behavior and the
effects of jacketing on the fire-damaged RC beams. The main
parameters are the compressive strength of the concrete (Fc'),
the thickness of the concrete casing (c), and the span of the
beam (L). The selected parameter values are based on practical



design considerations for typical RC structures. The
compressive strength of concrete considered is 25 MPa, while
those of steel are specified as 415 MPa in terms of yield
strength. For the concrete, the Eurocode model is adopted,
Table 1, which is implemented in the SAFIR code. For steel,
EN 10113-1 establishes the technical delivery criteria for hot-
rolled soft weldable structural steel products with nuances
S420 and S460. Welding building projects, especially those
with high loads and stresses, require this steel. The safety and
reliability of building materials and components depend on
these requirements. The concrete jacketing is usually stronger
than the original beam concrete. The study assumes the same
mechanical characteristics for the concrete core and connected
sheathing. The jacket thickness is 5 mm, the unwrapped beam
width is 200 mm, and the span is taken 3m, 4m, and 5m. The
main rebar in the concrete core is set to 218 and 2020. Jacket
quantity reinforcing is determined on the basis of a maximum
practical spacing of 10 mm of bars laid in a single layer to
resist bending loads in accordance with CSA A23.3-14 [31].
The first step was to evaluate the behavior of the RC beams
after exposure to fire. The study examined the effects of
various high temperature conditions (15, 30, 60, and 90 min)
following by cooling phase, the Figure 1 shows the
temperature-times curves used. It fully reflects the evolution
of a fire at room temperature. Equation 1 is used to determine
the quantity of fire exposure.

T = 345 x [Log (1 + 8 * )] + 20 (1)

where, t the duration of exposure to fire is measured in minutes.

The structural analysis was performed by taking into
account how the fire and temperature changes can affect the
beam's material properties in order to evaluate how much load
it can still hold after being exposed to fire. The beam is 4
meters long and has a cross section of 0.2 by 0.4 meters.

H = A X A contact X AL—T 2)

where, AT: The temperature difference between two surfaces
in contact with each other over a specific contact area is
represented as (A) contact, A: The coefficient of thermal
conductivity W/ m °C.
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Figure 1. Standard and parametric temperature-time curves

The second stage consisted of evaluating the effectiveness
of repair with various steel jackets by adding reinforcement
and incorporating composite jackets. The techniques involved
using jackets to concrete and two angels positioned at the

corners of the beam. The dimensions of the corner angels were
2 L 40 x 40 x 4. Welded angels or tie rods were employed to
encase the beam from three sides, attaching steel vertical
jackets to concrete beams and repairing steel horizontal jackets
to concrete beams.

The curve comes to an end when the applicable standard
specifies the maximum amount of combustion. As depicted in
Figure 1, the cooling phase begins at varying predefined
maximal fire temperatures, as the dashed lines indicate. In
principle, as fire duration increases, load capacity decreases.
The following describes RC beams behavior repaired with
composite jacketing:

- Repairing Steel Corner Jackets to concrete Beams BRSC-J

- Repairing Steel Vertical Jackets to concrete Beams BRS(V)-J
- Repairing Steel Horizontal Jackets to concrete Beams BRS(H)-J

Table 1. Relationships between stress and strain, Eurocode 2

Strain-Range Stress o (0)
o _ 3. Sc,e-fc,e
€c,0=€cl,0 66 = Eco 3
e g10[2 +( & )
cL0[ ) ]

For numerical purposes, a descending branch
should be utilized. Both linear and non-linear
models are suitable.

£€c1,06=€c,6=€cul,0

3. MODEL VALIDATION

The accuracy of the current model in predicting the flexural
behavior of retrofitted RC beams is confirmed by validation
against experimental results obtained by Dwaikat and Kodur
[32] and the numerical model developed in SAFIR. During fire
exposure, no spalling of the beams was observed. Figure 2
depicts the geometry and reinforcement configuration of the
beam, as well as the loading and boundary conditions. Figure
3 depicts the predicted and measured temperatures in the
concrete and reinforcement rebar of a beam. The reinforcing
bars used are 3019 at the top and 213 at the bottom of the
cross-section. The beam was subjected to a standard fire
(ASTM E-119-08a, 2008) after being loaded at two constant
load points. Three sides, the bottom and side surfaces of the
beam, were exposed to fire within the region between the
compartment walls; the upper surface of the beam was not
exposed.
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Figure 2. Beam tested to validate finite element model

Experimental results and the SAFIR model yield consistent
temperatures. The calculated and measured temperatures are
very close, demonstrating the accuracy and reliability of the



numerical modeling methods. According to the data presented,
there are discrepancies between predicted and measured
temperatures during the first 130 minutes of fire exposure..
The numerical models have a tendency to predict lower
temperatures than those observed during this period. Therefore,
the degradation of mechanical properties is expected to occur
at a delayed rate, and the mid-span deflections of the beam are
expected to be smaller than what is actually measured. The
discrepancy in temperature predictions between numerical
models and measurements can lead to variations in the
estimation of mechanical behavior and deflection response
during fire. As shown in Figure 4, the initial deflection of the
beam prior to exposure to fire is selected as the initial
condition for the deflection during the fire. After 140 minutes
of fire exposure, the SAFIR model and the experimental test
show a difference in deflection and stiffness, the numerical
predicts a quicker dropStiffness loss and failure were
experimentally determined at 180 minutes of fire exposure.
The Safir model prediction of failure is shown to be in good
agreement with experimental results. This validation
highlights the need for experimental testing to understand the
fire response of beams and to guide fire resistant design.
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Figure 3. Measured and predicted temperatures from
experimental and SAFIR program
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Figure 4. Measured and predicted mid-span deflection using
experimental and SAFIR program

4. RESULTS AND DISCUSSION
4.1 Effect of beam span

The results for the load bearing-capacity of beams
considering different spans and different fires with heating
phases of period duration tpeak = 15, 30, 60 and 90 minutes are
summarized in Table 2. It is important to note that the cross-
sectional area (0.2 x 0.4) m? is assumed constant. The findings
led to the conclusion that long span beams exhibited lower
load-bearing capacity than short beams when exposed to fire.

Table 2. Results of exposed RC beam for different spans

Beam
Length (IZ<ON) tpeak=15MiN tpeak=30MiN tpeak=60MinN tpeak=90mMin
(m)
Ncollapse (KN)
3 143 136 112 53 21
4 105 100 83 40 14
5 84 78 68 32 11

For a beam length of 3 meters, the load capacities are 136,
112, and 53 kN at maximum exposure times of 15 minutes, 30
minutes and 60 minutes respectively. The corresponding load
capacity at tpeax 0f 90 min is 21 kN. Similarly, For a beam
length of 5 meters, the load capacities are 78, 68, and 32 kN at
peak durations of 15, 30 and 60 minutes respectively, while
the load capacity of is 11 kN at tpca= 90min.

4.2 Effect of fire duration

Table 3 displays data related to fire duration and its effects
on load carrying capacity, deflection (A), and the reduction in
load capacity due to fire. The reference beam has an ultimate
load-carrying capacity (P,) of 143 kN and a deflection of 12.9
mm. As the fire duration increases, the load-carrying capacity
decreases, with reductions of 4.90% at 15 minutes, 21.68% at
30 minutes, 62.94% at 60 minutes and 85.31% at 90 minutes.
The deflection also increases with longer fire durations,
reaching 55.24 mm at 15 minutes, 64.92 mm at 30 minutes,
99.94 mm at 60 minutes, and 100.06 mm at 90 minutes.

Table 3. Results of a beam of 3m for various fire durations

Fire Load Mid-Span Reduction in
: Carrying . Load
Duration . Deflection .
(min) Capacity Pu A (mm) Capa_uty due
(KN) to Fire (%)
Ref. beam 143 12.90 -
15 136 55.24 4.90
30 112 64.92 21.68
60 53 99.94 62.94
90 21 100.06 85.31

The predicted temperature profiles of typical beam sections
after 15, 30, 60, and 90 minutes of fire exposure from three
sides are shown in Figure 5. As the duration of exposure
increases, the temperature within the beam rises towards the
center, as shown in the graph. Figure 5 also demonstrates that
the temperature within the beam's cross-section varies with
depth. This difference can be attributed to the limited thermal
conductivity of concrete.

The temperature changes were quantified via thermal
analysis. The thermal response and fire performance will be
assessed using the expected peak temperatures.
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Figure 5. Predicted temperatures at 15, 30, 60 and 90 minutes of fire exposure

4.3 Temperature evolution

Thermal behavior was performed using finite element

analysis, with peak temperatures calculated at positions 1
through 9. Figure 6 illustrates the distribution of the maximum
temperatures experienced in exposed sections during fires with
heating phase of 15, 30, 60, and 90 minutes. Figure 6 provides
valuable insight into the thermal response and temperature
profiles across the exposed sections, allowing us to understand
how temperatures within these sections change over time.
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Figure 7 illustrates the relationship between the mid-span

vertical displacement and the heating-up periods. The diagram
depicts how the vertical displacement of the beam varies as the
heating durations increase. The time of occurrence of the
vertical displacement inflection point in the beam is closely
related to the fire condition and the applied vertical constant
load. The inflection point refers to the moment when the
displacement changes its direction from increasing to falling.
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Figure 7. Relationship between the vertical displacement and
heating time

The reduction in load-carrying capacity of the beam over
time after exposure to a fire event is illustrated in Figure 8. The
curve portrays how the remaining load-carrying capacity
decreases as time elapses, with the x-axis denoting time and
the y-axis depicting the capacity as a percentage of its original



value. Eq. (3) is used to quantitatively calculate the reduction
in load carrying capacity at a given time, based on the
principles outlined in Eq. (3). Eq. (4) is a non-linear
mathematical relationship that gives this reduction in capacity.
These equations provide insight into modeling and
understanding the effects of high temperatures and fire
damage on structural elements, helping engineers assess the
structural integrity and safety of fire-damaged beams over
time.

Py(T=20°C)—Py(T°C)
Py(T=20°C)

P(%) = x 100 ?3)

where, P(%) Reduction in load capacity, Py(T = 20°C)

Load carrying capacity in T = 20°C and Py(T°C) Load
carrying capacity in different temperature.

P(%) = —0.0059t* + 1.7191t — 21.328 “)

where, t time of exposure to fire in minutes.

The curve in Figure 8 shows that beam load capacity
declines with fire duration. Compared to the reference model,
abeam subjected to a 15, 30, 60, or 90-minute fire load reduces
load capacity by 4.90%, 21.68%, 62.94%, and 85.31%,
respectively. It is well noted that fire significantly reduces load
capacity. The structural integrity and safety of fire-damaged
beams can account for these load capacity limitations.
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Figure 8. Reduction in load capacity due to fire
4.4 Effect of support conditions

4.4.1 Simply beam supported (supported by pin-roller)

At the left support (pin), the beam is constrained both
axially and vertically. However, at the right support (roller),
the beam is free to move axially, allowing it to expand in this
direction. Table 4 summarizes the results of the calculated
bending moments and shear forces for the reference beam and
the beam subjected to a fire of tpeak = 60 minutes.

4.4.2 Fixed—fixed beam

With fixed supports at both extremities, the entire beam is
axially, vertically, and rotationally restrained, and a negative
bending moment is induced at the supports. The results in
Table 4 presents bending moments and shear forces for
reference and heated beam. For the reference beam, the simply
supported beam has a significantly higher bending moment
(75.8 kN.m) compared to the fixed beam (13.92 kN.m).
However, the shear force in the simply supported beam is

higher (60 kN) than the fixed beam (10.56 kN. After 60
minutes of fire exposure, both beams experienced reduced
bending moments and shear forces. The bending moment
decreases to 33.40 kN.m in the simply supported beam and
6.68 kN.m in the fixed beam. Similarly, the shear force
reduces to 25.45 kN in the simply supported beam and 5.40
kN in the fixed-fixed beam. The results suggests that the fixed
beam exhibits better resistance to both bending and shear
forces under fire conditions compared to the simply supported
beam. These findings highlight the importance of choosing the
appropriate beam type based on the specific structural
requirements and fire safety considerations.

Table 4. Bending moment and shear forces in beams after 60
minutes of fire

Fire Simply Beam Fixed-
Duration Supported Fixed
(min) Beam
Reference Bending 75.8 13.92
beam moment (kN.m)
Shear force 60 10.56
(kN)
60 min Bending 33.40 6.68
moment (KN.m)
Shear force 25.45 5.40
(kN)

5. REPAIRING AND STRENGTHENING OF THE
BEAMS AFTER FIRE

Repairing and strengthening beams after a fire with a
composite steel jacket is a rehabilitation technique that
combines the use of composite materials to restore the
damaged beams' structural integrity. This method is
particularly effective when it is necessary to provide both fire
resistance and an increased load bearing capacity at the same
time. The concrete material provides fire resistance and the
steel adds significant load-carrying capacity. Figure 9
illustrates a post-fire technique used to strengthen beams by
applying steel plates bonded to a 5 cm concrete jacket. This
method is used to enhance the load-bearing capacity and
structural integrity of existing damaged beams. This post-fire
strengthening technique is commonly employed in structural
engineering to rehabilitate and restore the structural
performance of fire-damaged beams, ensuring that they meet
safety and load-bearing requirements. The specific dimensions,
materials, and bonding processes may vary depending on the
engineering design and the extent of fire damage.

Table 5 provides information on the duration of a fire in
minutes and its effect on the load-bearing capacity (Pu) using
finite element analysis (FEA). The results showed that fire
intensity can reduce and significantly affect the load carrying
capacity of beams and also demonstrated the efficiency of
different retrofit techniques used: (BRSC-J, BRS(H)J and
BRS(V)J) to make them more reliable. The reference beams
have an initial capacity of 143 kN, and no specific values are
given for the other parameters. For a fire duration of 15
minutes, the load capacity is reduced to 136 kN. resulting in a
reduction of 4.90%. The strengthening efficiency is reported
as 117.5% for the BRSC-J technique, 118.9% for the BRS(H)-
J, and 131.5% for the BRS(V)-J. Similarly, after 30 minutes of
fire exposure, the load-carrying capacity reduces to 112 kN (a
reduction of 21.68%). The strengthening efficiencies for the



BRSC-J, BRS(H)-J, and BRS(V)-J methods are reported as
113.3%, 114.7%, and 119.6%, respectively. At longer fire
durations of 60 and 90 minutes, the load-carrying capacity
decreases further to 53 kN and 21 kN, respectively. The
reduction in load capacity due to fire is 62.94% and 85.31%
for these durations. The strengthening efficiencies for the
different methods are 110.5% for BRSC-J, 111.8% for
BRS(H)-J, and 109.1% for BRS(V)) at 60 minutes, and
108.4% for BRS-J, 110.5% for BRS(H)-J, and 107.7% for
(BRS(V)-J at 90 minutes.

Bl

(a) (b) (©)

Figure 9. Different configurations of retrofitting beams using

steel plate bonding and steel corner
(a) Repairing Steel Corner Jackets to concrete Beams BRSC-J
(b) Repairing Steel Vertical Jackets to concrete Beams BRS(V)-J
(c) Repairing Steel Horizontal Jackets to concrete Beams BRS(H)-J

Table 5. Numerical results for the technical strengthening

Fire Load Reducti
Durati  Carrying onin (%) of Beams for

on Capacity Load Concrete with 40 MPa
(min)  PuWKN)FE Capacit BRS BRS(V BRS(H

Strengthening Efficiency

M yDueto C-J )-J )-J
Fire (%)
Ref 143 - - - -
beam
15 136 4.90 117.5 118.9 1315
30 112 21.68 113.3 114.7 119.6
60 53 62.94 110.5 111.8 109.1
90 21 85.31 108.4 110.5 107.7
300

Bl nherent [ Lost [ ] Gained|

(%)

£
I
9]
o

BRSC-J
BRSH-J
BRSV-J

o
2
©
o
<
=
=}

Heated beam

@)

300

Il nherent [l Lost []Gained|

200

g\i 150
100
50
0+
8 E & o Z 3
53 S @ ) 7
2 s z g z
o) ©
Q
T
(b)
300

Il nherent [ Lost [ ] Gained|
250 4 After 60 min of fire

200 -+

(%)

150 4

100

50

£
I
@
o

BRSC-J
BRSH-J
BRSV-J

o
2
@
Q
<
c
=}

Heated beam

(©

Figure 10. Effectiveness of different retrofit techniques after
different fire times

Figure 10 illustrates the results obtained for all the methods
used, showing the rate of capacity loss and resistance gain after
strengthening. The effectiveness of rehabilitation is calculated
using Eq (5).

Pser— Py(T =20°C)
Pstr(%) = tm](’;]T"C) X 100 (5)

where, Py (%) strengthening efficiency, P, strengthening
collapse load and P, (T = 20°C) Load carrying capacity in T
= 20°C.

6. PROPOSED SIMPLIFIED EQUATIONS

The study's findings indicate that the most effective
reinforcing technique is steel plate jacketing. In this research,
MATLAB software was utilized for curve fitting, employing
polynomial functions to model errors. The metric used for
assessment is R-squared, which is employed to establish a
correlation between several factors, including the steel grade



(Fy in kN/em?), the cross-sectional area of the beam (A in cm?),
the concrete compressive strength (F. in kN/cm?). The analysis
considered the load-bearing capacity after fire exposure (Pres
in KN) and the load-bearing capacity after strengthening (Pg
in KN) as determined by the proposed SAFIR Finite Element
Model (FEM). For load-bearing capacity after strengthening
(Pstr), their properties are influenced by F., A, and Py. A total
of 36 data sets were generated using SAFIR FEM by varying
parameters such as Fy, A, Fc, and Pr.
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Figure 11. Effectiveness of post-fire beam rehabilitation
techniques after different time periods

After collecting this data, a simplified equation was
developed to calculate the new load-bearing capacity after
strengthening (Ps:) in kilonewtons (KN). This equation is
expressed as a function of the following variables: residual
axial load-bearing capacity (Prs), Fy, Fc, and A. This equation
likely represents the relationship between these variables,
allowing for the calculation of the new load-bearing capacity
after strengthening based on the given input values. This kind
of analysis and equation development is common in structural
engineering and materials science to understand the behavior
of structures under various conditions and to optimize their
performance. Shows this equation in Eq. (6).

Pstr = (0.338471 Fy + F¢) X ;40 + Pres (6)
Furthermore, Figure 11 provides a visual representation of
how various post-fire beam rehabilitation techniques perform
after being exposed to fire for 15, 30, and 60 minutes. The
results derived from Eq. (6) closely align with the numerical
outcomes produced by the SAFIR software. Notably, the
maximum recorded error between them did not surpass 5%,
and the R-squared value between the two sets of data was
calculated to be 0.687, as per Eq. (7).

R_squared =1 — (SSRITSS) (7

where, Calculate the total sum of squares (TSS) and the sum
of squared residuals (SSR) utilizing the initial data and fitted
values.

7. CONCLUSIONS

This paper examines post-fire damage to beams, with
particular emphasis on a summary of current studies on the
repair of post-fire concrete beams. To perform this analysis, a
nonlinear finite element program, the SAFIR software, was
used to explore the post-fire behavior of beams. This study
emphasizes that the design of post-fire restoration necessitates
the use of numerical tools equipped with appropriate models.
Based on the results obtained and the discussions held, the
following conclusions can be drawn:

(1) compared to the reference beam, the loss of load-bearing
capacity was found to be 4.90%, 21.68%, 62.94%, and 85.31%
for 15, 30, 60, and 90 minutes of heating time, respectively.

(2) The load-carrying capacity of beams after fire exposure
decreases as the span of the beam increases.

(3) During a fire, the support conditions can significantly
affect the bending moment and shear forces. The restraint
beam show better performance.

(4) The strengthening method by BRP(V)-J provides the
most reliable solution, it can improve the resistance of beams
by 131.5%, 119.6% and 109.1% after exposure to fire for 15,
30 and 60 minutes, respectively. This technique can be
considered as a promising material for the rehabilitation of
concrete beams among the rehabilitation techniques proposed
in this study.

(5) The repair of the reinforced concrete beam becomes
ineffective after an hour of exposure to extreme temperatures
and fire.

(6) A relationship between residual capacity ratios and
temperature increase was established to estimate the residual
capacity of fire-damaged beams. Additionally, a simplified
equation was developed to calculate the load capacity of the



strengthened beam and the proposed model agreed with the
SAFIR software results,

This study contributes to the improvement and optimization
of the choice of strengthening technique. Following the
thermal damage and degradation of the mechanical behavior
of beams after fire exposure. The results provide a database
that will be useful for modeling the behavior of structural
elements, allow a realistic assessment of the residual strength
of concrete structures, and indicate potential implications for
post-fire repair and design practice.
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NOMENCLATURE

tpeak Time of exposure to fire, min

T Temperature, °C

N20°C Load capacity in room temperature t=20°C,
KN

Ncollapse Load capacity in t C, KN

Pu Load capacity during collapse, KN

P (%) Reduction in load capacity, (%)

Pres Load-bearing capacity residual after fire,
KN

Pstr Load-bearing capacity after strengthening,
KN

Au Axial deformation at ultimate load, mm

Fc Concrete compressive strength, KN/cm?

Fy Steel grade, KN/cm?

A Section, cm?

Subscripts

RC Reinforced concrete

FRP Fiber-Reinforced Polymer

FEA Finite Element Analysis

BRSC-J Repairing Steel Corner Jackets to concrete
Beams

BRS(V)-J Repairing Steel Vertical Jackets to concrete
Beams

BRS(H)-J Repairing Steel Horizontal Jackets to
concrete Beams

SSR Sum of Squared Residuals

TSS Total Sum of Squares

CJS Composite Jacket Strengthening
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