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Abstract: In this paper, fire resistance and residual capacity tests were carried out on encased
pultruded glass fiber-reinforced polymer (GFRP) I-beams with high-strength concrete beams. The
specimens were loaded concurrently under 25% of the ultimate load and fire exposure (an increase
in temperature of 700 °C) for 70 min. Subsequently, the fire-damaged specimens were allowed to
cool and then were loaded statically until failure to explore the residual behaviors. The effects of
using shear connectors and web stiffeners on the residual behavior were investigated. Finite Element
(FE) analysis was developed to simulate the encased pultruded GFRP I-beams under the effect of fire
loading. The thermal analyses were performed using the general-purpose FE ABAQUS package. This
simulation considered the material and geometric nonlinearities and the effect of temperature on the
constitutive models of materials. The FE results showed good agreement with the experimental data.
The residual peak load and the corresponding mid-span deflection obtained were 5% and 4% higher
than those of the experimental results. The validated FE model was utilized to explore the influence
of the tensile strength of GFRP and concrete compressive strength on the post-fire flexural behavior
of the encased GFRP I-beams. The encased GFRP beams kept higher residual peak loads. Moreover,
the encased GFRP beam with shear connectors (EGS-F), encased GFRP beam with web stiffeners
(EGW-F), and encased GFRP beam with shear connectors and web stiffeners (EGSW-F) exhibited
higher residual peak loads due to the presence of shear connectors and web stiffeners. However, the
web stiffeners showed a minor enhancement in the peak load.

Keywords: encased GFRP beams; high strength concrete; fire loading; residual capacity

1. Introduction

Pultruded glass fiber-reinforced polymer (GFRP) profiles are seeing increasing appli-
cations in structural engineering due to their numerous advantages [1,2]. With advances
in material science, steel substitutes such as GFRP can now provide enough structural
performance for reinforcing concrete at costs that are equivalent to or less than steel [3]. Per
ton of production, GFRP emits significantly fewer emissions than steel. GFRP-reinforced
beams use approximately half as little energy and emit 43% less carbon dioxide than
steel [4]. Therefore, GFRP beams present a feasible and cost-effective solution in which
environmental sustainability plays a significant role.

Concerns about the behavior of these materials at elevated temperatures are legitimate.
GFRP materials are softened and creeped when temperatures rise to 100 °C and 200 °C,
which results in a significant loss of stiffness and strength. When temperatures increase to
300 °C and 500 °C, the organic matrix decomposes, and heat, smoke, and toxic volatiles
are released. The low thermal conductivity of fiber-reinforced polymer (FRP) materials
delays the spread of fire. However, the nature of FRP’s polymer matrix is an explosive
substance [5]. On the other side, fire is the most serious condition a reinforced concrete
structure may face during its service life. Therefore, fire resistance must be considered
in reinforced concrete design [6]. High-strength concrete is being more widely employed
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in various civil engineering applications where providing suitable fire safety measures
is a major safety need in building design. Concerns about the behavior of high-strength
concrete in fire have grown as the use of such concrete increased [7,8]. The encased beam is
important to provide protection to GFRP material. Therefore, it is significant to understand
the behavior of encased GFRP beams at high temperatures and under exposure to fire
loading. The concrete cover, which serves as a heat-resistant insulation material, shields
the embedded member from fire [9].

Khaneghahi et al. [10] studied the compressive performance of GFRP profiles with
different shapes under the effect of high temperatures (400 °C). The compressive strength
of the GFRP profiles was reduced by half as the temperature approached 90 °C. The
temperature and the ratio of the cross-sectional area to the external perimeter were the two
important parameters affecting the cross-section capacity. When the temperature surpassed
120 °C, the most capacity of the pultruded profiles was lost due to softened resin. Morgado
et al. [11] studied experimentally the fire resistance of pultruded GFRP beams exposed to
the ISO 834 time—temperature curve. The primary parameters were the number of sides
exposed to fire, the load level used, and the use of various fire prevention systems. The three-
sided exposure reduced fire resistance significantly compared to the one-sided exposure for
unprotected and protected profiles. Moreover, raising the applied load level reduced the fire
resistance. The tensile and compressive strength of GFRP decreased by 54% and 5% after
exposure to 220 °C [12]. The temperature caused the flexural collapse in reinforced concrete
beams due to the fracture of the steel reinforcement [13]. The deflection of the beams
was twice as high temperature relative to those under ambient temperature [13], and the
ultimate load of beams decreased by 80% at 500 °C. The normal-strength and high-strength
concrete beams were compared under fire [14]. The time-temperature relationships in the
beam section were similar and did not affect the strength of the concrete. The increasing
rates of deflection for normal and high-strength concrete beams were the same before
spalling; then, for high-strength concrete beams, the rate became higher than normal-
strength concrete after spalling [14]. The stiffness of GFRP and steel-reinforced concrete
beams exhibited similar reductions after exposure to 500 °C regardless of load levels [15].
Guo et al. [16] investigated the mechanical behavior of pultruded GFRP tubular filled
with short concrete columns subjected to elevated temperatures and axially tested. The
ultimate strength and initial stiffness decreased and ductility dramatically increased with
rising temperature (200 °C). Dai et al. [17] proposed an enhanced FE approach for fire
performance simulation of FRP-strengthened RC beams. In the proposed method, rational
and dependable material constitutive laws were used.

The effect of fire on structural elements was explored in several previous studies.
However, it is unusual to find fire performance of encased pultruded GFRP beams with
high-strength concrete [9]. Therefore, the fire resistance and residual capacity of encased
pultruded GFRP I-beams with high-strength concrete beams were tested. The specimens
were loaded concurrently under 25% of the ultimate load and fire exposure for 70 min.
Subsequently, the fire-damaged specimens were allowed to cool and then were loaded
statically until failure to explore the residual behaviors. The effects of using shear connectors
and web stiffeners on the residual behavior were investigated. FE analysis was developed to
simulate the encased pultruded GFRP I-beams under the effect of fire loading. The validated
FE model was utilized to explore the influence of the tensile strength of GFRP and concrete
compressive strength on the post-fire flexural behavior of the encased GFRP I-beams.

2. Experimental Program

Five encased pultruded GFRP I-section with high-strength concrete beams were loaded
concurrently under 25% of the ultimate load (0.25P) [18] and fire exposure (an increase in
temperature of 700 °C) [19] for 70 min. This level of service loading was chosen to avoid
any premature failure during the fire loading in the furnace. Subsequently, the fired beams
were allowed to cool and then were loaded statically until failure. Table 1 lists the tested
specimens and the parameters that were experimentally investigated.
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Table 1. Specifications of the tested beams.
Specimen Encoding Ref-F EG-F EGS-F EGW-F EGSW-F
Cross-section (mm) 200 x 300 200 x 300 200 x 300 200 x 300 200 x 300
Length (mm) 2750 2750 2750 2750 2750
Encased - GFRP GFRP GFRP GFRP
Parameter - - S W SW

——300—-

The reference specimen with steel reinforcing is identified in the adopted nomenclature
by the symbol Ref. I-beams covered with GFRP are denoted by the symbol EG. Using shear
connections and web stiffeners is denoted by the subsequent symbols S and W. Exposure to
fire is denoted by the final symbol F.

2.1. Details of the Specimens

High-strength concrete cross-sections of 300 mm in height and 200 mm in width were
reinforced with two steel rebars of J16 mm in the tension zone and two steel rebars of
10 mm in the compression zone, as shown in Figure 1a. The reference specimen Ref-F
was used as a reference beam with conventional reinforcement without the GFRP beam, as
shown in Figure 1b. In contrast, the other specimens EG-F, EGS-F, EGW-F, and EGSW-F
were reinforced with embedded pultruded GFRP I-beams with a length of 2900 mm, a depth
of 150 mm (dG), a flange width of 100 mm (bf), and flange and web thicknesses of 10 mm (t),
as shown in Figure 1. All specimens were reinforced with transverse reinforcement of
10 mm stirrups at 125 mm longitudinal spacing. The overall and effective lengths of the
specimens were 3000 mm and 2750 mm (see Figure 1).

2010 GFRP
__A @10@125mm

A ——yy 2016
~+125 2750 125+
3000
@
- 200 - A ~-200~
2010 ! | s | 20310
| g
™
2016 L R J 2016
(d)
2310 2310 2010
2016 2016 2016

(e)

() (8)

Figure 1. Specifications of the tested specimens (all dimensions are in mm). (a) Elevation.
(b) Specimen Ref-F. (¢) GFRP I-beam. (d) Specimen EG-F. (e) Specimen EGS-F. (f) Specimen EGW-E.
(g) Specimen EGSW-F.
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Steel bolts with a length of 60 mm and a diameter of 12 mm were used as shear
connectors to increase the composite interaction between the embedded GFRP I-beam and
concrete in specimens EGS-F and EGSW-F. The shear connectors were arranged in two
rows at 375 mm longitudinal spacing on the top and bottom flanges of the GFRP I-beams,
as illustrated in Figure le. For specimen EGSW-F, 110 mm X 25 mm rectangular GFRP web
stiffeners were used to stiffen the web of the GFRP beam to prevent undesired web shear
failure. The web stiffeners were placed at a longitudinal spacing of 160 mm on both sides,
as shown in Figure 1f,g.

2.2. Mechanical Properties of Material

The mixing proportion of the high-strength concrete adopted in this experimental
work is listed in Table 2. Typical Portland cement, gravel as a coarse aggregate with a size
range of 5 to 12 mm, dried sand as a fine aggregate with a size range of 0.075 to 4.75 mm
and fineness modulus of 2.9, ordinary tap water, and admixture were used to prepare the
concrete mix. According to ASTM C39-39M-21 [20] and ASTM C469-469M-22 [21], three
concrete cylinders with dimensions of 150 mm in diameter and 300 mm in height were
cast and allowed to cure before being tested for concrete’s compressive strength and elastic
modulus at the 28-day age. The compressive strength and elastic modulus were 53.8 MPa
and 31,000 MPa.

Table 2. Mixing proportions of the high-strength concrete.

Cement Fine Agg. Coarse Water Admixture
(Kg/m?) (Kg/m®) Aggregate (Kg/m?) (Kg/m?)
2! (Kg/m3) &
475 880 910 165 15.25

The steel reinforcement underwent tensile tests. The yield and ultimate stresses of steel
rebars with diameters of 10 and 16 mm were measured, and the results are shown in Table 3.
According to ASTM A615/A615M-22, at the Consulting Engineering Bureau, College of
Engineering, University of Baghdad, three rebars of each diameter were evaluated [22].
The polyester matrix that made up the GFRP pultruded I-beams was strengthened with
E-glass fibers. Table 3 provides a list of the mechanical characteristics of the pultruded
GFRP I-beam. As per ASTM D695-15 [23] and EN ISO 527-4-21 [24], compression and
tension tests were used to acquire these parameters.

Table 3. Material properties of the steel rebars and GFRP I-beam.

Steel Rebars GFRP I-Beam Value (MPa)

Diameters (mm) 10 16 Transverse Compressive Strength 118.3

Longitudinal Compressive Strength 326.14
Yield stress (MPa) 408 520

Longitudinal Tensile Strength 347.5

Longitudinal Modulus of Elasticity 27,100
Ultimate stress (MPa) 466 687

Transverse Modules of Elasticity 6800

2.3. Fire Test Setup and Procedure

The elevated temperature was conducted using a gas furnace with 12m x 4 m x 3 m,
as shown in Figure 2a. The inside of the furnace was covered with a 250 mm insulation
layer thickness. At the same time, the floor was made of thermal insulation bricks, which
were suitable for joining cement to provide adequate insulation to the temperature inside
the furnace. Thirty burners were distributed inside the furnace to uniformly distribute
the temperature. Six thermocouples were placed throughout the chamber to monitor the
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Specimen

furnace temperature in order to maintain a constant temperature along the beam span
during the fire test. As seen in Figure 2b,c, the temperature control cabinet was used to
regulate the furnace’s temperature during the fire test. Each specimen was exposed to
700 °C for 70 min and then left to cool to room temperature (32 °C). These levels of loading
were selected to avoid any premature failure during the fire loading in the furnace and
make sure the test specimen was able to sustain the applied fire loading [19]. The intention
of this test was to cause partial damage in the tested specimens due to fire loading to
evaluate the residual behaviors.

The change in temperature during the fire test was divided into three stages, as shown
in Figure 3 (a) heating to 700 °C (10 min), (b) constant temperature at 700 °C (70 min),
and (c) cooling to ambient temperature (220 min). During the heating stage, the furnace
was heated according to the ASTM E119-20 [25], as shown in Figure 3. After the furnace
reached the predetermined temperature, the specimen was left in the furnace for 70 min
at a constant temperature (700 °C). Finally, the specimens were left to cool, as shown
in Figure 3.

Steel block

Furnace chamber

(a)
semens Y
Surcin = 7 Treatment Furnace
X
IstSe 430 1 4539 | 45 +30 04539 1 45
IS 4539 4700 45 +539 | 4700 | 45
AdStep 4700 +700 460 4700 | 700 | 460
At 4700 4700 430 000 H0
shwl 40 |40 | 40 | Ml 10 | 40§ 40
sl s0 | w0 1o Bl 0§ v0 ] w0
TSl 40 0 40 #0044
fhstep | 40 | 0 40 #0404
ghsep | 40 L 4 | H #0100+
ohstep! 40 © H0 | 4 H § + ] H
| BA | Vew | Stats | interven | Man Cot
(b) (c)

Figure 2. Fire test setup. (a) Gas furnace. (b) Temperature control cabinet. (c) Input data (temperature
and time).
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Figure 3. Time-temperature curves used in fire tests.

During the fire loading, a constant load was applied at the mid-span of each specimen
before and during heating and continuous until cooling. This load was employed to obtain
the service load, which was 25% of the ultimate static load [18]. The load was applied by
using a steel block, as shown in Figure 2a. The deflections of specimens were measured at
the mid-spans during the fire loading by using the Total Station device, which was directed
to the mid-side of each specimen through a glass window in the furnace.

2.4. Residual Strength Test Setup and Procedure

The residual behavior of the fired specimens was investigated by conducting flexural
tests after the beams were returned to the ambient temperature. These tests were carried
out under three-point loading using a hydraulic jack with an ultimate capacity of 5000 kN.
The loading rate was 2.5 kN/min. Linear variable differential transforms (LVDTs) were
used to measure deflections at mid-span. Electrical strain gauges were attached to the
extreme fiber of the concrete cross-section at mid-span to measure the compressive strains
in concrete, as shown in Figure 4. The strains and deflections were continuously recorded
as the applied load increased. Moreover, careful observations of the beams’ failure modes
and crack progressions were recorded.

=

Figure 4. Residual strength test setup.

3. Experimental Results
3.1. Fire Test Results

The static ultimate capacities of the tested specimens were obtained previously in [26]
to determine the beam service load (25% of the ultimate static capacity) [18,27]. The service
load was constant and applied at the mid-span of each specimen when starting the fire
exposure. The load was left on the beam until the temperature decreased (during the
cooling phase). The initial displacements were recorded at the time of the applied load
before the fire loading and they were minimal, as listed in Table 4.
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Table 4. Applied loads and displacements during the fire loading.

Specimens Static .Ultimate Applied Load Initial Displacement Final Displacement Strain
Capacity * (kN) (kN) (mm) (mm) (ne)

Ref-F 100.46 25 3 11 —196.9

EG-F 159.04 40 4 19 —524.1

EGS-F 201.54 50 5 14 —382.2

EGW-F 198.24 50 5 21 —372.2

EGSW-F 231.88 65 5 16 —321.2

* obtained previously in [26].

The deformations of the tested specimens during the fire loading were assessed by
plotting the measured mid-span deflection versus the fire exposure duration as shown
in Figure 5. The specimens exhibited similar behavior and initial mid-span deflection
progression of the fire loading during the early stage. As the fire exposure duration
increased, the temperature of each specimen increased, and the mid-span deflections
gradually increased. The influences of the applied load and different configurations of each
specimen caused changes in the behavior during the fire loading due to the degradation in
the mechanical properties of materials. The effects of adding the pultruded GFRP I-beam:s,
shear connectors, and web stiffeners on the thermal response of the encased specimens
EG-F, EGS-F, EGW-F, and EGSW-F were evident in the comparisons of the deflections as
a function of the heating time. The encased specimens exhibited higher levels of final
displacements at the end of the fire loading. This could be attributed to the heavier applied
load and the more degradations in the pultruded GFRP beams. The mid-span deflections
of the encased specimen EG-F, EGS-F, EGW-F, and EGSW-F were 72.7%, 27.2%, 90.9%, and
45.5% greater than the measured value for the reference specimen Ref-F, respectively.

25

| —RefF —EG-F —EGS-F ——EGW-F —EGSW-F |

[
=]

—
n

—_
(=]
T

Mid-span deflection (mm)

o

0 10 20 30 40 50 60 70
Time (min)

Figure 5. Mid-span deflections of the tested specimens as a function of the fire exposure time.

The stiffness (Ks) of each specimen during the fire loading is illustrated in Figure 6.
These values were calculated from the experimental data as the applied load per unit
deflection [28], which was obtained by dividing the applied load by the corresponding
deflection during the fire loading. The reduction rate of the stiffness degradation was
high at the first stage of heating, and then it became steady after 20 min. The mechanical
properties of the GFRP were affected in terms of stiffness loss and strength degradation
of the resin at high temperatures. After this time, the reduction rate in stiffness was slight
and approximately constant for all specimens. The stiffness of specimens EG-F and EGW-F
was identical during the fire loading. The encased specimen EGSW-F showed the highest
stiffness relative to the other encased specimens due to the existence of shear connectors as
well as web stiffeners. No severe damage or fragmentation was observed on the specimens’
surfaces. Only thermal cracks appeared during the fire loading, as shown in Figure 7.



Sustainability 2022, 14, 13337

8 of 23

14

=—=Ref-F ===EG-F =—=EGS-F EGW-F ==—=EGSW-F

12 F

10 F

Stiffness (KN/mm)

0 1 1 1 1 1 1 J

0 10 20 30 40 50 60 70
Time (min)

Figure 6. Reductions in the stiffness during the fire loading.

Figure 7. Thermal cracks during the fire loading.

3.2. Strength and Residual Response

The residual capacities of the fire-damaged specimens were investigated statically
by applying incremental loads until failure. In these tests, the deformation responses,
compressive strains in concrete, cracking progressions, and failure modes were explored.
Figure 8 shows the residual load-deflection relationships for the fire-damaged tested
specimens. The peak loads of specimens Ref-F, EG-F, EGS-F, EGW-F, and EGSW-F were
80.6 kN, 122.1 kN, 149.6 kN, 130.1 kN, and 166.2 kN, respectively. The flexural response of
the fire-damaged specimens including the yielding loads, peak loads, and corresponding
displacements are summarized in Table 5. In the load—deflection relationship, the tested
specimens have two distinct phases: (1) linear response until yielding in the steel rein-
forcement and (2) curvilinear response until failure. Yielding occurred at loading levels of
60 kN, 84 kN, 93 kN, 95 kN, and 107 kN for specimens Ref-F, EG-F, EGS-F, EGW-F, and
EGSW-F, respectively. There were significant increases in the yielding loads by 40%, 55%,
58%, and 79% relative to the reference specimen, respectively. In the first phase, cracking
and temperature-induced deterioration in the beam after fire exposure were obtained. In
the second one, yielding in the steel reinforcement and fracture of the GFRP beams occurred.
The flexural stiffness degraded when the second phase started.

The load—compressive strains in concrete relationships are shown in Figure 9. The
reference specimen Ref-F exhibited the minimal compressive strain of 0.0029 pe. However,
the strain measurements for the encased specimens EG-F, EGS-F, EGW-F, and EGSW-F were
0.0032, 0.004, 0.0033, and 0.0033 e, respectively. The embedded GFRP beams improved the
residual capacity and stiffness of the fire-damaged specimens. Moreover, the strain levels
in specimens EGS-F and EGSW-F were relatively higher than those in the other specimens
due to the presence of shear connectors.
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Figure 8. Load—deflection relationships of the fire-damaged specimens.
Table 5. Summary of the flexural response of the fire-damaged specimens.
) Yielding Peak Load Ultlm;?te Strain in Change in Cl}ang.e in Change in
Specimens Load (kN) Deflection Concrete Strain (%) Yielding Peak Load
(kN) (mm) (mm/mm) ? Load (%) (%)
Ref-F 59.8 80.6 56.7 0.0029 - - -
EG-F 83.6 122.1 68.6 0.0032 +10 +39.7 +51.5
EGS-F 92.5 149.6 112.5 0.004 +38 +54.4 +85.6
EGW-F 93.1 130.1 34.7 0.0033 +14 +55.4 +61.3
EGSW-F 107.1 166.2 81.1 0.0033 +14 +78.7 +106.2
200
180
160
o140 |
=120 | r-_/
=
2100 ¢
E‘. 80 | Ref-F
=l —ros
o EGW-F
20 ¢ —EGSW-F
0 1 1 1 1 ]
0 1000 2000 3000 4000 5000

Strain (pe)
Figure 9. Load-strain relationships in concrete for the fire-damaged specimens.

Static tests were performed on the unburned specimens of this paper in [6,26]. To high-
light the residual strength and deformation of the burned specimens, Figure 10 presents
comparisons between the burned specimen and its peer unburned one. Moreover, compar-
isons of peak loads and the corresponding deflection measurements are summarized in
Table 6 for the burned and unburned specimens. It was deduced that the encased GFRP
beams could significantly reduce the residual behavior of the fire-damaged specimens
relative to the reference one. The bond between steel reinforcement and concrete and
the bond between GFRP beams and concrete played significant roles in controlling the
structural behavior of the encased specimens [29,30]. The exposure to fire decreased the
bond strength between the GFRP beam and concrete [31,32], which caused concrete cover
splitting and additional cracks (see Figure 11), especially when adding a shear connector.
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Figure 10. Residual behavior comparisons with specimens tested in [26]. (a) Specimen Ref-F.
(b) Specimen EG-F. (c) Specimen EGS-F. (d) Specimen EGW-E. (e) Specimen EGSW-F.
Table 6. Comparisons between burned and unburned specimens in [26].
Unburned [26] Burned Change (%)
Specimen
Peak Load (kN)  Max. Disp. (mm)  Peak Load (kN)  Max. Disp. (mm)  Peak Load Max. Disp.
Ref 100.4 32.8 80.6 56.7 -19.7 +72.9
EG 159.1 33.1 122.1 68.6 —23.1 +107.7
EGS 201.5 48.6 149.6 1125 —25.7 +131.2
EGW 198.2 38.9 130.1 34.7 —34.3 —10.8
EGSW 231.8 52.5 166.2 81.1 —28.3 +54.4




Sustainability 2022, 14, 13337

11 0f 23

(a) (b)
Figure 11. Specimens’ side behavior under (a) static loading [26]; (b) fire loading.

3.3. Crack Patterns and Failure Modes

Pre-existing cracks (thermal cracks) were formed in the fire-damaged specimens due
to the elevated temperature, as shown in Figure 12. This was the reason why the specimens
did not have clear first cracking loads. The crack patterns and modes of failure after the
residual flexural tests are shown in Figure 10. Flexural cracks appeared and propagated in
the bending zone. In the cases of encased specimens, limited flexural shear cracks appeared
throughout the two shear spans. As the applied load increased, cracks in the flexural zone
became wider. The mode of failure of the reference specimen Ref-F was yielding in the
steel reinforcement followed by a rupture in these rebars without crushing in concrete.
This failure was sudden and divided the reference beam into two parts. On the other
hand, the mode of failure of the encased specimens was yielding in the steel reinforcement
followed by a rupture in the embedded GFRP I-beam and steel rebars. This failure was
accompanied by a sound, and then, the concrete was crushed in compression. However,
the encased specimens were not divided into two parts as the reference specimen because
the embedded GFRP I-beams were intact and working on the compression side.

Figure 12. Cont.
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Figure 12. Crack patterns and failure modes of the residual static tests. (a) Specimen Ref-F.
(b) Specimen EG-F. (c) Specimen EGS-F. (d) Specimen EGW-FE. (e) Specimen EGSW-F.

4. Numerical Modeling

FE analysis was developed to simulate encased pultruded GFRP I-beams under the
effect of fire loading. The thermal analyses were performed using the general-purpose FE
ABAQUS package [33].

4.1. Element Selection

Six parts (concrete, steel reinforcement, stirrups, pultruded GFRP I-beam, shear con-
nectors, web stiffeners, and steel plates) were modeled and assembled together, as shown
in Figure 13. Two independent analysis stages were adopted in this study to consider
the fire loading and residual static tests. Therefore, thermal-displacement coupled and
static analyses were used. Subsequently, two different element types were utilized in this
study for each part. For the thermal-displacement coupled analysis, the eight-node ther-
mally coupled brick trilinear displacement element, C3D8T, was used to model concrete,
steel plates, and shear connectors. A two-node three-dimensional coupled temperature-
displacement truss element, T3D2T, was used to model the steel reinforcement. In contrast,
the four-node general-purpose shell, finite membrane strains, and bilinear temperature in
the shell surface element, S4T, was used to model the GFRP I-beams. On the other hand, a
continuum eight-node solid elements reduced integration element, C3D8R, was employed
to simulate the nonlinearity and complexity of concrete in static analysis. The same element
was utilized to simulate shear connectors and steel plates. The embedded shell element
four-node doubly curve with reduced integration element, S4R, was used for the pultruded
GFRP I-beams and web stiffeners. The embedded two-node linear truss element, T3D2,
was utilized to model the longitudinal steel rebars and stirrups.

4.2. Mesh Sensitivity Study

The FE mesh plays an important role in the FE analysis. Therefore, increasing the
number of elements could increase the precision of the analysis while solving the equation
would take a longer time. Several nonlinear analyses were carried out with various element
sizes to choose the optimum density of the FE mesh. The investigated mesh sizes were 30
mm, 25 mm and 20 mm. Figure 14 shows comparisons between these selections in terms
of the load—deflection relationships relative to the experimental results. The ultimate load
and displacement were not adequately predicted by the coarse meshes (30 mm), whereas
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the fine meshes 20 mm and 25 mm gave accurate prediction for both ultimate load and
displacement. Since there was no significant difference between the 20 mm and 25 mm
sizes, the 25 mm mesh size was utilized through the numerical analysis of this study in
order to obtain the needed precision within an acceptable amount of time.

Steel rebars AW

Stirrups \

Concrete

Shear connectors

Stiffeners

Steel plate

Figure 13. FE mesh and element types.
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2 30 .
< e \l@Sh Size 30 mm
0 1 1 1 1 1 ]

0 20 40 60 80 100 120
Midspan deflection (mm)

Figure 14. Mesh sensitivity comparisons.

4.3. Boundary Conditions and Applied Load

The beams were analyzed as simply supported beams with hinge support on one side
and roller support on the other side. The vertical displacement was avoided to represent
the roller support (Y-direction), whereas the Z and Y directions were restricted for the hinge
support. Bearing steel plates were used in the FE model to avoid stress concentrations at
the supports and loading points. The bearing plate-concrete interface was represented
as a surface-to-surface interaction. Moreover, surface-to-surface contact pairs were used
to represent the bond between the concrete and GFRP I-beams. The steel reinforcement
had a tie constrain with concrete, while shear connectors and web stiffeners were depicted
as embedded in concrete. The boundary conditions of the fire surface were subjected to
convective and radiated conditions. The fire surface’s film coefficient was 25 W/(m? °C),
and the emissivity of surface radiation was 0.7 according to EN 1992 1.2 [34]. The FE
analysis employed the displacement-controlled technique by determining the vertical
displacement value of the reference points.
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4.4. Material Modeling

The thermal parameters of concrete, steel, and GFRP in the temperature field analysis
mainly include thermal conductivity and specific heat and density. The thermal properties
of high-strength concrete and normal-strength concrete are very similar [35]. The thermal
conductivity, specific heat capacity, and concrete density were based on EN 1992 1.2 [34].

4.4.1. Concrete Material Modeling

When subjected to elevated temperatures, concrete experiences significant changes
in its mechanical properties, including loss of strength and stiffness [26]. The constitutive
model of concrete under the effect of elevated temperature was adopted in this analysis
based on the concrete damage plasticity (CDP) model in ABAQUS [33]. Isotropic principles
were adopted in this model. Combining compressive and tensile plasticity with scalar
damage was a term used to describe the irreversible loss of stiffness that occurs throughout
fracturing. The constitutive model was defined by elastic and inelastic characteristics that
were temperature dependent, and the coefficient of thermal expansion of concrete was
defined. The elastic modulus and Poisson’s ratio were the two most significant variables to
define the elastic mechanical behavior of concrete. The equation below was used to model
the compressive behavior of concrete under elevated temperature [34]:

3€fc/,20
ear(2+ (L)B

€T

e < €T (1)

for =

where f/  and f ,, were the compressive strength of concrete at temperatures T and 20 °C,
respectively. E was the corresponding strain, and &1t is the concrete strain corresponding
to the ultimate compressive strength f! at temperature T.

At elevated temperatures, the tensile strength of concrete changed according to EN
1992 1.2 [34], which was modified by Dwaikat and Kodur [36] to prevent the state that the
tensile strength of concrete becomes zero at relative temperatures (600 °C). The varying
tensile strength of concrete with temperature was defined by the following expressions [36]:

ftr = fi20 for T <100 °C )

_T
for = fiao ¥ 7(6020 . ) for100°C < T < 550 °C 3)
for = fiao X % For550°C < T < 1200 °C )

where f; r and f; o were the tensile strength of concrete at temperatures T and 20 °C, respectively.

4.4.2. Steel Reinforcement Material Modeling

Neves et al. [37] and Kodur and Agrawal [38] investigated the mechanical performance
of steel reinforcement under the effect of fire. The normalized steel reinforcement strength
(fy,T/ fy20) versus temperature is illustrated in Figure 15. The isotropic coefficient of the
thermal expansion of steel was taken as 11.7 x 107%/°C [39].
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Figure 15. The normalized steel reinforcement strength versus temperature.

4.4.3. GFRP Material Modeling

The softening of the polymer matrix caused GFRP’s mechanical characteristics to
deteriorate at high temperatures rapidly. The strength of GFRP at 300 °C decreased to
50% of its strength at ambient temperature [40]. The temperature of reducing strength
to 50% of its initial value was called critical temperature. At this temperature, the poly-
mer matrix in FRP decomposed, but GFRP stayed effective. The temperature-dependent
thermal and mechanical property relationship of the GFRP beams is described by the
following equations:

o, = SEf,T forO <e< €fu,T (5)
frr
€fu,T = i (6)
frr = faec (1 _2% tanh(—by (T —c¢) + 1+2u‘7> for20°C < T <400°C  (7)
0.25
frr = farc( 025+ 252 (T —400) ) for 400°C < T < 1000 °C ®)
1-— 1
Epr = EZOOC( 9E tanh(—bg (T — cg) + J;“E> )

where a, = 0.1, b, = 0.0081, ¢, = 289.14, ap = 0.0.05, bg = 0.00791, cg = 320.35.

Pultruded GFRP material is anisotropic and has coefficients of thermal expansion
in the longitudinal and transverse directions, which are dependent on the resin volume
fraction. The coefficient of thermal expansion of GFRP was 13 x 10-¢/°C (Dura composites,
United King).

4.5. Validation of the FE Results
4.5.1. Temperature Field Analysis Results

The deformations of the analyzed beams during the fire loading were verified by
comparing the mid-span deflections as a function of the fire exposure duration with the
experimental results, as shown in Figure 16. The beams exhibited similar behavior and
initial mid-span deflection progression of the fire loading during the early stage with a slight
difference. As the fire exposure duration increased, the temperature of each beam increased,
and the mid-span deflections gradually increased in good agreement with the experimental
results. The proposed model was able to capture the influences of the fire loading with the
different configurations of each beam such as shear connectors and stiffness.
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Figure 16. Validation of the FE results in terms of the mid-span deflections versus the time of
fire exposure. (a) Specimen Ref-F. (b) Specimen EG-F. (c) Specimen EGS-F. (d) Specimen EGW-F.
(e) Specimen EGSW-F.
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4.5.2. Temperature Distribution

The verified FE model was used to explore the temperature distribution through the
cross-section over time. The temperature fields were measured after 5 min., 10 min., 30
min., and 70 min for specimen EGSW-F. The transference of the temperature inside concrete
was carried out according to ASTM E119-20 [25], as shown in Figure 17.
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Figure 17. Temperature distributions in the cross-section of EGSW-F over time. (a) After 5 min.
(b) After 10 min. (c) After 30 min. (d) After 70 min.

4.5.3. Residual Static Results

Figure 18 shows comparisons between the residual load—deflection relationships for
the FE and experimental results. Comparisons between the peak loads and the correspond-
ing deflection are listed in Table 7. The difference in the peak loads reached 4.52%, and
the difference in the measured deflections was about 4.08%. Based on the comparisons in
Figure 15, the FE results exhibited stiffer behavior relative to the experimental results. These
differences in behavior could be attributed to the contact surface simulations, boundary
conditions, and constitutive models of materials at elevated temperatures. However, the
proposed FE model showed good agreement with the tested specimens. Consequently,
comparative parametric research was evaluated using the proposed model.
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Figure 18. Load—-deflection comparisons between the residual results for the FE and experimental results.
(a) Specimen Ref-F. (b) Specimen EG-F. (c) Specimen EGS-F. (d) Specimen EGW-F. (e) Specimen EGSW-F.
Table 7. Comparisons between the residual results for the FE and experimental results.
Exp. Results FE Results % Change
B
cam Peak Load (kN)  Max. Disp. (mm)  Peak Load (kN)  Max. Disp. (mm) Peak Load Max. Disp.
Ref-A 80.62 56 81.85 58 1.53 3.57
EG-A 122.15 77 124.14 80 1.63 3.90
EGS-A 149.64 116 156.41 118 4.52 1.72
EGW-A 130.12 98 132.64 102 1.94 4.08
EGSW-A 166.24 87 169.75 89 2.11 2.30
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5. Parametric Study

The post-fire behavior of the encased GFRP beams is significantly influenced by
the mechanical characteristics of the concrete and GFRP that remain after fire loading.
Therefore, using a validated FE model, the effect of concrete compressive strength and
GFRP tensile strength on the post-fire flexural behavior of encased GFRP I-beams was
investigated.

5.1. Influence of the Concrete Compressive Strength

This study considered three values of the concrete compressive strength (45 MPa,
53.8 MPa, and 65 MPa) to evaluate its effect after fire exposure. The constitutive model
of concrete compressive strength was defined in ABAQUS using the coupled thermo-
mechanical analysis. The variations in the residual post-fire behavior as a function of the
concrete compressive strength are illustrated in Figures 19 and 20 and listed in Table 8.
According to the findings, the residual peak loads for concrete with compressive strengths
of 53.8 MPa and 65 MPa, respectively, improved by 6-13% and 12-25% when compared
to concrete with a compressive strength of 45 MPa. When the compressive strength was
53.8 MPa or 65 MPa, the mid-span deflections rose by 3-14% and 12-19%, respectively.
Furthermore, as the concrete compressive strength rose in comparison to the enclosed
beams, the residual peak load and the accompanying mid-span deflection of specimen
Ref-F grew at a slower pace. Therefore, the encased GFRP beams kept higher residual peak
loads. Moreover, the beams EGS-F, EGW-F, and EGSW-F exhibited higher residual peak
loads than beam EG-F due to the presence of shear connectors and web stiffeners. However,
the web stiffeners showed minor enhancement in the peak load.

200 r
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120
100
80
60
40
20
0

‘ Hfc'=45MPa ®fc'=53.8MPa ufc'=65MPa

Peak load (kN)

Ref-F EG-F EGS-F EGW-F EGSW-F
Specimens

Figure 19. Variations in the residual post-fire peak loads as a function of the concrete compressive
strength.

140
120 +

| M fc'=45MPa ®{c'=53.8MPa ufc'=65MPa

—

(=]

(=]
!

80 4

40
20 4

Deflection (mm)
o
S

" RefF EG-F EGS-F  EGW-F EGSW-F

Specimens

Figure 20. Variations in the ultimate displacements as a function of the concrete compressive strength.
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Table 8. Summary of the concrete compressive strength effect.

Compressive Deflection at Peak Change in Peak Change in
Beams Strength (MPa) Peak Load (kN) Load (mm) Load (%) Deflection (%)
45 76.23 56.38 - -
Ref-F 53.8 81.85 58.27 7.37 3.35
65 86.25 62.9 13.14 11.56
45 106.51 71.36 - -
EG-F 53.8 124.14 79.65 5.64 11.62
65 138.38 85.12 24.59 19.28
45 139.54 103.36 - -
EGS-F 53.8 156.41 117.65 7.47 13.83
65 171.33 123.32 16.35 19.31
45 118.23 95.53 -
EGW-F 58.3 132.64 102.44 5.92 723
65 142.32 111.08 12.05 16.28
45 152.84 81.95 -
EGSW-F 53.8 169.75 89.52 11.06 9.24
65 181.23 97.53 18.58 19.01

5.2. Influence of the Tensile Strength of the GFRP Beams

The deterioration of the GFRP mechanical properties due to fire loading reduced the
structural capacity of the encased GFRP beams [40]. The influence of the tensile strength
of GFRP on the residual behavior was investigated in this paper by using different tensile
strengths of 258 MPa, 416.6 MPa [41], and 347.5 MPa. The residual peak loads and the
corresponding deflection are shown in Figures 21 and 22. The residual peak loads and
corresponding deflections slightly increased by 10% as the tensile strength increased from
258 to 347.5 MPa. However, these values increased by about 14% when using GFRP with
the tensile strength of 416 MPa, respectively, relative to the beam with the tensile strength
of 258 MPa as listed in Table 9.

® FyGFRP=258 MPa
200 . | ®FyGFRP=347.5 MPa
180 | | WuFyGFRP=416 MPa
160 | |
140
120
100
80
60
40
20

Peak load (kN)

EG-F EGS-F EGW-F EGSW-F

Specimens

Figure 21. The variation of residual post-fire load as GFRP tensile strength changes.
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Figure 22. The variation of displacement as GFRP tensile strength changes.

Table 9. Summary of the effect of the tensile strength of the GFRP beams.

Deflection at Peak

Beams Tensile Strength (MPa) Peak Load (kN) Change (%) Change (%)
Load (mm)
258 116.15 - 74.74
EG-F 347.5 124.14 6.88 79.65 6.57
416 131.36 13.10 83.35 11.52
258 143.94 106.97
EGS-F 347.5 156.41 8.66 117.65 9.98
416 164.78 14.48 120.38 12.54
258 124.27 96.41
EGW-F 347.5 132.64 6.74 102.44 6.25
416 141.35 13.74 107.53 11.53
258 154.49 84.26
EGSW-F 347.5 169.75 9.88 89.52 6.24
416 178.35 15.43 98.36 16.73

6. Conclusions

In this paper, fire resistance and residual capacity tests were carried out on encased
pultruded GFRP I-beams with high-strength concrete beams. The specimens were loaded
concurrently under 25% of the ultimate load and fire exposure (an increase in temperature
of 700 °C) for 70 min. Subsequently, the fire-damaged specimens were allowed to cool and
then were loaded statically until failure to explore the residual behaviors. FE analysis was
developed to simulate the encased pultruded GFRP I-beams under the effect of fire loading.
The validated FE model was utilized to explore the influence of the tensile strength of
GFRP and concrete compressive strength on the post-fire flexural behavior of the encased
GFRP I-beams.

1. Theresidual post-fire peak load of the encased beam was higher than the conventional
reinforced concrete beam by 52%. The presence of shear connection, web stiffener, or
both increased the residual peak loads by 86%, 61%, and 106%, respectively, relative to
the reference beam without the GFRP beam. These values were 23%, 7%, and 36%, re-
spectively, relative to the embedded pultruded GFRP beam without these parameters.

2. The encased GFRP beams could significantly reduce the residual behavior of the
fire-damaged specimens relative to the reference one. The bond between steel re-
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inforcement and concrete and the bond between GFRP beams and concrete played
significant roles in controlling the structural behavior of the encased specimens.

3. The FE results showed good agreement with the experimental data. The residual peak
load and the corresponding mid-span deflection were 5% and 4% higher than those
of the experimental results.

4. The encased GFRP beams kept higher residual peak loads. Moreover, the beams EGS-
F, EGW-F, and EGSW-F exhibited higher residual peak loads than beam EG-F due
to the presence of shear connectors and web stiffeners. However, the web stiffeners
showed minor enhancement in the peak load.

5. The residual peak loads and corresponding deflections slightly increased by 10% as
the tensile strength increased from 258 to 347.5 MPa. However, these values increased
by about 14% when using GFRP with a tensile strength of 416 MPa, relative to the
beam with a tensile strength of 258 MPa.

Additional experimental tests for each variation are needed to arrive at more defensible
conclusions. Additionally, experimental validation of the impact of concrete’s compressive
strength and GFRP’s tensile strength on the post-fire flexural behavior of the encased GFRP
I-beams is necessary.
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