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In recent years, the utilization of glass fiber reinforced polymer (GFRP) bars in reinforced
concrete structures has become increasingly popular. This can be attributed to the
advancements in highuality and higktensile strengtlof GFRP bars, which guantee a
maintenancdree service life of concrete structures for over 100 years. One prominent
application of GFRP bars is in reinforced concrete slabs that are supported on the ground,

making up a significant portion of oil and gas installations.

However,it is crucial to consider the effects of fire on GFRP reinforcing bars, as their
plastic nature and susceptibility to fire can have a significant impact. The polymeric matrix
in which the fibers are embedded can lose its strength when exposed to higiatierepe

To address this, the presented thesis conducts experimental and finite element simulations
on eight unloaded concrete slabs reinforced with GFRP bars, subjecting them3©®fire

834 standard test firewlo control tests were performed controlspecimen not subjected

to fire. Residualstrengthtests were conducted on the eight sksosed to fire

The results of the tests demonstrate that fire safety withcu@fire rating is ensured. This
means that groungupported slabs reinforced with BP bars can be effectively employed

in large areas of industrial facilities. The thesis also examines the influence of different
types of GFRP bars, reinforcement cover, bar spacing, and different fire ssenario
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CHAPTER 1

INTRODUCTION

1.1 General

The nontmetallic glass fiber reinforced GFRP bars has gained worldwide acceptance
recently and are now being used in several applications in reinforced concrete structures
such as sea wall, bridges, foundation, marine structure, pavements, barriers, dad piles

3]. The GFRP bar is a composite material that is made up of high tensile strength glass

fibers embedded in polymer resin as a mg#]x

GFRP bar types include ribbed, sacwhted, and helically wrapped fiber bars which are
currently manufacturechiSaudi Arabia. These bars have high tensile strength, up to 1200
MPa showing a linear elastic behavior until failure, corrosion is not an issue for durability,
it is easy to handle and cut, and is lightweight. The lowwelght, highquality control,

robust performance in sdiden environment, and the speed of construction makes its
usage in concrete economically viable and reduce the whole life cost, despite a slightly
higher initial cost. The use of GFRP bars is a transition from steel bars foviaghée

sustainable infrastructure with a service life greater than 100 jadars

The GFRP bar has limitations also, which include creep rupture, very low modulus of
elasticity, (on€fourth of the steel), and most prominently its susceptibility to Tine. latter

aspect inhibits its application in buildings and other structures, where fire rating is critical



for life safety.The polymeric resin matrix in the GFRP bars transforms from a solid state
to a rubbery state once the glass transition tempel&UrE) of the resin which is typically

110 °C to 120 °C is exceeded. The polymer matrix's ability to transfer stresses to the fiber
is lost. In a typical fire situation, the temperature can rise to 1000 °C in approximately eight
minute$6]. Since concretkas low thermal conductivity, there is a delay in the temperature
reaching GTT at the level of the GFRP b#@sce the GTT is exceeded the GFRP bars
lose their strength significantly. At a critical temperature of about 300 °C almost 50% of
the strength ofhe fibers is lost and at the decomposition temperature of 400 °C to 500 °C,
the integrity fibers with the matrix are lost and strength reduces#8@%H7]. This may

lead to the collapse of the structure if the GFRP bars do not provide anchorage at th

supports as they are less prone to damage from the fire.

A typical application where GFRP bar can be used is the concrete slab supported on the
ground and they make up a significant part of the concrete structures in the oil and gas
installations. Majorconcern exists about the performance of the slab on grade in a fire
environment in industrial facilities where slabs are reinforced with the GFRP bars at the

top to cater for the shrinkage and thermal stresses to prevent cracking in the slab

1.2 Research Sigificance

Corrosion in Arabian Gulf country is a very critical factor in construction f@JdHigh

Annual costs for repair, rehabilitation and maintenance of existing structures suffering
from steel corrosiof®]. Strong need for sustainable and economically viable infrastructure
with service life in excess of 100 years. GFRP one of material can be used instead of steel.

To satisfy the design code requirement, GFRP should meet all requirements in terms of



propertes. GFRP is good material against corrosion, high straogtieight ratios.
However thermal properties another important factor therefore, several studies are required
to investigate how GFPR behave under fire conditidhs. major impetus for its usage i

Saudi Arabia emerged from the strategic decision by Saudi Aramco to make it mandatory
for several nosstructural applications such as slafegrade, stormwater channels,
bulkheads, and pipe supports. The motivation was to combat the high cost of repair,
rehabilitation, and reconstruction of deteriorated steieforced concrete structures in a
short span of timeTherefore, the used GFRP bars are produced locally which require
investigations of its performance under different conditions such as firedoadthis
research. The effect of differecincrete covenf GFRP, differenbar spacing and different

fire curves wll be conducted using the FEM simulation. Contribute in developing

guidelines for protection of GFRP RC structure members against fire

1.2.1 Hazards of Fire

The concept of fire hazard in buildings pertains to the possibility of accidental or
intentional fires posing risks to human life, the structural integrity of a building, and the
safety of property within it. As rapid development takeselaorldwide, fire hazards in
buildings have experienced considerable changes in terms of their severity and range of
potential impacts. Consequently, they have emerged as a mounting concern in recent years
Although fire is relatively uncommon, it remaingeoof the most catastrophic events that

can befall a building and its occupants. The intensity, location of origin, and duration of a
fire are difficult to predict and often stem from human error or aclibe.consequences

of a fire incident vary considably depending on the type of structure exposed to the fire.

While a fire in a residential complex can result in loss of life, other repercussions include

3



the displacement of occupants and economic losses due to partial damage or complete
collapse of the llding. Additionally, the substantial economic losses caused by a fire on
or under a bridge can severely disrupt various sectors of the economy and public transit in

the affected regian

1.2.2 Corrosion in Saudi Arabia

Corrosion in Arabian Gulf country is a yecritical factor in construction fielfiLO]. The

rusting of carbon steel, a common enemy in our industrial world, has long intrigued
scientists and engineers. This widespread corrosion process eats away at materials, costing
billions and shaping our medh landscapélhe fight against rust, a silent plague on steel,

has been a constant battle for scientists and engineers. This natural process, responsible for

tremendous financial losses, has shaped the backbone of our modeft@yorld

1.3 ResearchObjectives

The fundamental objective of the proposed research is to evaluate the behaviour and

performance of the GFRP RC slab under fire conditions.

The main objectives are:

1. None of the presented works have simulatedx fBodel of GFRP reinforced
concrete slabs with 3D bars and providi details of bar temperatures during the

fire test

2. Slab on grade is very important in industrial facilities. Studying slab only under fire

load with no applied load to consider a case of slab on grade.



3. Only few papers reported the effects of GFRP bar spacing, concrete cover, types of

GFRP bars and different fire scenarios on GFRP RC slab subjected to fire load.

4. Need to study the effect ofsolation of the anchorage zones of the GFRP RC

concrete.

5. Study the effects of coating of concrete slab on fire rating of GFRP RC structure.

6. The To perform experimental fire testing on GFRP RC slabs with different bar

spacing, diameter and cover.

7. Develop fnite element simulation for the tested GFRP RC slabs.

8. Use the validated finite element models to conduct further parametric study,
including the impact of different level of GFRP strength, different unexposed zone

to the fire, and different load levels.

9. Develop guidelines, methods and specifications for the protection of GFRP bar
reinforced slab on grade and other structures against fire to ensure a minimum of

2-hour fire rating.

1.4 Thesis Outline

This thesis is divided into five chapters.

The first chapter: This introductory chapter serves as the foundation, providing a clear

overview of the topic.



The second chapter delves into the existing literature. Here, we meticulously
examine the work of previous researchers, creating a comprehensive rtagp of
knowledge already established.

The third chapter: meticulously details the experimental testing procedures we
employed. We'll unveil the findings gleaned from these experiments, offering a
glimpse into the raw data that shapes our understanding.

The fourth chapter: leverages the power of numerical modeling. To validate the
results obtained through experimentation. By building a numerical model, we can
solidify our understanding and add another layer of insight.

The fifth chapter: summarizes the key nolusions we've drawn from the

entire investigation. Additionally, we'll offer insightful recommendations

for future endeavors, paving the way for further exploration in this field.



CHAPTER 2

LITERATURE REVIEW

The utilization of FRP (Fiber Reinforced Rwoiler) products in the construction industry is
gaining popularity as a practical choice for developing robust andldstigg concrete
structures. FRP products, such as sheets or plates, offer a means for rehabilitating existing
concrete structures, whilERP bars serve as reinforcement or prestressing elements in
concrete structural components. In new construction projects, FRP bars can be employed
as reinforcements for both ngmestressed and prestressed concrete. One notable
advantage of FRP reinforcemt is its high strength, surpassing that of steel, while also
being resistant to corrosiolm this chapter we presented detailed literature about concrete
and GFPR properties experimental works done on GFRP RC structural members and
numerical simulationWhile modeling reinforced concrete under fire conditions presents a
fascinating challenge, the limited number of successful numerical methods highlights the
need for nuanced approaches. Accurately capturing the complex interplay of material

properties aklevated temperatures remains a key hurdle.

Hamad et al. 201]11] tested the performance of GFRP (glass fiber reinforced polymer)
bars under high temperatures. They compared GFRP to other types of reinforcement bars,
including CFRP (carbon fiber) and BFRP (basalt fiber), as well as steel. Their experiment
showeda significant weakening of GFRP bars at 325°C (a critical temperature). The bars
lost 55% of their tensile strength, 30% of their stiffness (elastic modulus), and a dramatic

81.5% of their bonding strength with concrete



According toHajiloo et al. 20187] theamount of resin in FRP bars impacts their tensile
strength. They also highlight that several factors influence the heat and mechanical
properties (thermomechanical properties) of these bars. These factors include the chemical
makeup of the materials, howelWthe fibers bond with the resin (interface performance),

and the manufacturing process itself. In essence, the right choice and balance of fibers and
resin can significantly affect the overall fire resistance of FRP bars. Researchers have
conducted numeus experiments to see how GFRP reinforcement affects concrete
elements in fires. These studies have mainly focused on slabs, beams, and columns. The
results are promising: GFRP reinforcement seems to significantly improve fire resistance.
For exampleWang et al.Zhao et al. 201912] found GFRPreinforced concrete beams

held up better after fire exposure than ste@iforced ones, with more remaining bending
strength and flexibility. SimilarlyZhang et al. 202313] GFRRreinforced concrete
columns could carry more weight and ssaijfer after a fire compared to steelinforced

ones.

Protchenko et al. 201/94] andCarvelli et al. 201315] investigated how localized fires
impact GFRPreinforced concrete (GFRP RC) beams. They exposed the beams' underside
to varying hightemperatures and tested different GFRP rebar configurations, including
straight bars, bends, and overlaps of different lengths. This experiment aimed to understand
how these factors affect the beams' behavior under localized heating, providing valuable
insights for designing firgesistant GFRP RC structurelorgado et al. 201816]
investigated the fire resistance of GFRP tubular beams. They tested 12 beams by exposing
them to a standardized fire (ISO 834 fire curve) on either one or three sides. The researchers

also applied different load levels to the beams. They evaluated tlodvefifess of fire



protection systems, including insulation boards and a weatging system. The key
finding was that thresided fire exposure significantly reduced fire resistance, regardless
of protection. Interestingly, wat@&ooling proved effectivenly for beams exposed on one

side

A study by Kodur andBaingo [17] identified three crucial factors affecting the fire
resistance of concrete slabs reinforced with FRP Hagshickness othe concrete cover,

the type of concrete aggregate mix, arle tcritical temperature at which the FRP
reinforcement weakens. Building on this researchCi#/CSA 80602 [18] incorporates

a fire design method. This method considers a critical temperature where the FRP bars lose
half their tensile strength, resinlg in reduced load capacity for the concrete slab due to

fire exposure

Nigro et al. 201119] investigated fire resistance in concrete slabs reinforced with glass
fiber-reinforced polymer (GFRP) bars on both sides. They tested slabs with two concrete
cover thicknesses 32 mm and 51 mm and two different lengths of the unexposed zone 250
mm and 500 mm. The experiment highlighted the significance of both concrete cover
thickness and the length of FRP bar anchorage in théireeexposed area for maintamg

fire resistance in concrete members. Importantly, the results showed that larger unexposed
zones (500 mm) and continuous FRP reinforcement throughout the entire concrete element

can prevent fiber rupture and slab failure.

Hajiloo et al. 201720] tested two concrete slabs reinforced with different GFRP bars under
fire conditions. The slabs were subjected to both fire and a load equal to 55% of their

maximum bending strength at room temperature. Both slabs had identical fireproofing: 60



mm of concretecover and 200 mm of unexposed length at the ends. Despite having
different GFRP bar types, both slabs remarkably withstood fire for over 180 minutes. This
suggests that a thinner concrete cover might be possible for fire safety if the length of the
unexpeed zone is increased. However, the experiment also revealed that all the FRP bars
lost their resin due to fire. Ultimately, the slabs failed due to the bond between the GFRP

bars and the concrete weakening in the unexposed.zones

Kodur 2014[21] investigated how temperature affects various properties of concrete
structures. He found that concrete's thermal, mechanical, and deformation properties all
change significantly with increasing temperature. These changes are influenced not only
by temperatre, but also by the concrete's mix design, composition, and surrounding
environment. For instance, the type of aggregate used, the amount of nyiss@rEsn

the concrete, and the specific mix composition all play a role in how concrete's thermal
properties (such as specific heat, mass loss, and thermal conductivity) are affected by

temperature.

For GFRP barsWang et al. 201122] examined how GFRP bars fare under high
temperatures. Testing samples from 10°C to 500°C, they observed a signiicaease

in both stiffness and strength as the heat rose. There seem to be critical temperature
thresholds: around 120°C (glass transition temperature for the resin) strength weakens by
22%, and at 400°C (when the glass fibers soften) strength plummetsitidedin
Interestingly, there's a range between 150°C and 350°C where strength loss plateaus.
Despite steadily declining stiffness, the material surprisingly fails through sudden rupture

at high temperatures, rather than gradually deformiihg resultare shownn Tablel.
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Table 1. Tensile Strength and Elastic Modulus of Test Specirfi2is

Strength (MPa) Modulus (GPa) Elongation (%)
Temperature Measured  Average Measured  Average  Measured — Average

1017.1 527 15

10 10053 10134 SN 28 20 22
1018.0 517 22
9516 ! !

a0 997.5 981.7 503 j0.2 19 19
996.0 502 20

80 9451 Q481 401 401 1.6 16
T26.8 04 13

100 Y 8387 :_ 50.5 :_ 14
898.0 506 13

120 794.0 7940 508 508 15 15
756.6 47 !

150 7959 7693 400 474 14 14
755.4 476 15
780.9 344 20

200 769 6 773 4 422 412 1.7 18
769 8 470 16
754.2 370 14

250 T04.8 7373 347 381 23 17
753.0 427 13
T61.6 o 21

300 756.6 7306 ! w00 14 16
T00.7 13

350 T M4 . 17

400 oL em2 '

450 483.2 4832

500 3349 3349

Wang et al. 200723] using these properties as input, FE programs can simulate the
behavior ofFRPreinforcedconcrete structural members subject to fliee use of
numerical methods in studyinigefire behavior of different steel or concrete structures

is quite successful to date. The determination of reinforced concrete rebars temperature
is muchmore important than concrete. Itermsof modeling and experimental the

following papers illustrated steel and GFRP as used as reinforcement.

Issa et al. 201[24] investigatedehaviorof concrete cantilever beams reinforced with
fiber-reinforced polymer (FRP) batsted in Table 2. Figure 1 shows the beams
section and dimension. FRRrpropertiesarelisted inTable3. They tested six beams

11



under bending loads, considering different factors such as concrete strength and the
amount of FRP bars usefable4 shows the ultimate loads and failure modes of tested
specimens. Interestingly, theoretical calculations underestimated the actual capacity of
the FRPreinforced beams by 30% compared to experimergaltse Additionally, the

FRP bars experienced much lower strain than their breaking point. This suggests FRP
bars might require adjustments in current models to accurately predict their behavior

in concrete beams.

Table 2: Tested bam[24] .

Cross Sec. Dim. Cantilever Long. bars . Top long. Bott. long.
Group No.  Beam No. bxh (mm) length (mm) type Stir. type bars bars
SN 8-8 150x250 600 Steel Steel 208 208
A SN 10-10 150x250 600 Steel Steel 2010 2010
SN 12-12 150x250 600 Steel Steel 2012 2012
8 GN 8-8 150x250 600 GFRP Steel 208 208
GN 12-10 150x250 600 GFRP Steel 2012 2010
C GM 10-10 150x250 600 GFRP Steel 2010 2010
1
[
250 mm
Ba SIPL
50| o 1350 mm 600 mm

2000 mm

Aw Top

A Bottom

Figure 1: Concrete dimensions of tested bed2#.
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Table 3: FRP mechanical properti§4].

Diameter (mm) Fu (N'mm?) Modulus of elasticity E; (GPa) Rupture strain &g,
8 416.30 34.30 0.025
10 407.40 33.81 0.029
12 347.50 32.67 0.05

Table 4: Ultimate loads and failure mod§g4]

Experimental  Experimental ACI 440.1 R-06 " and ACI 318M-08 ! .

Eggzon ultfriate load se?vice load predictions _for the failure loads of sections at Fa’mﬁz";eonc}:l
(kN) (kN) the cantilever side over supports (kN)

GN8-8 28.8 11.52 14.35 Flexure
SN8-8 209 8.36 15.47 Flexure
GM10-10 313 12.52 2217 Flexure
SN10-10 55.0 220 23.83 Flexure-shear
GN12-10 34.2 13.68 27.53 Flexure
SN12-12 83.1 33.24 33.73 Flexure-shear

1 ACI Committee 440.1R-06(2006); *! ACI Committee 318

Rafi et al. 201[R25] tested six concrete beam specimens with varying designs and
reinforcement types (steel, CFRP, and GFRP) all with a 20mm clear concrete cover.
They observed that the temperatdistribution across the beam's creggtion was non

linear (uneven). Interestingly, in all cases, the beams failed once the critical temperature
of the reinforcing bars reached 500°C. The study also found that when exposed to high
temperatures, both GFRa&hd steeleinforced concrete beams experienced a similar
reduction in stiffness. However, CFRP {samforced beams exhibited the best

performance in terms of maintaining stiffness under.heat

Rafi et al. 201426] conducted a fire resistance test F&®P RC beams, a total of five
beam and two concrete covers were used with sargldouble layers of reinforcement

as shown irFigure2. Figure3 shows the temperature distribution for layers 1 and 2. As
part of this study, an empirical equation was developed to predict the temperature of

rebar in reinforced concrete beams. The predidemperatures in FE modeling and

13



observed temperatures from experiment were found to be in good agreement for the

entire time temperature history sfsownin Figure4 andFigureb5.

120 120 120 120 120 ‘
TCATCA

2T8bars 40
& mm &0
- TCA
stirrups
%0 e Ia:
D pal
BECS-1
& BES &1 BEHD- BEHD-2 BECD-2
BECS-2
‘ @ T10 steel tension bar 0 @ 9.5mm CFRP bar‘ All dimensions in mm

Figure 2: Crosssections of beams and position of thermoco{g¢.
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Figure 3: Temperature distribution in rebar Layers 1 afdé]
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Figure 5: Comparison of temperature distribution with FEM and 2]

Carvelli et al. 201315] tested five GFRP (16mm diameter) RC beams to evaluate and
study the behavior at elevate@mperaturesThey used different lapping schemes for
bottom rebars with no shear reinforcemdrite authorshowed that, compared with the
initial stiffness of the specimens, the geometry of reinforcement appears to have a greater
impact on the ultimate load. Due tioe localized heating, concrete is damaged and the
matrix in GFRP rebars evaporated with no collapse in element. In the overlapping areas,
the geometry of the reinforcement has resulted in a reduction in load bearing capacity.
According toFigure 6, the average bond strength of six 16mm nominal diameter GFRP
rebars is compared to three similar steel bars. Accordingly, GFRP rebar bond strength is
not significantly lower than ribbed steelbar bond strength, at least at room temperature.

However,Figure7 shows the strength of concrete after heating at difféeemperatures
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Figure 7: Compressive Strength of concrete after heating at different temperature

Rafi, Nadjai[27] Modeled tworeinforced concrete beams, one reinforced with steel

and the other with FRP. This model demonstrated tempetdépendent reinforcing

bar properties. Because CFRP reinforcing bars were not provided with adequate and

reliable data, the predictions of theodel did not agree well with the experimental

findings. Additionally, developing a calibrated relationship between the temperature of

CFRP reinforcing bars and their mechanical properties is ess&#sdarchers have

emphasized the need for more experitakdata on the degradation of FRP reinforcing

barsto facilitateaccurate analytical and numerical modeli28][29][30].

17



Borst et al. 198931] presented finite element analysis for plain and steel reinforced
concreteslabswith geometry ad properties illustrated imable5 Table6. The authors
recommended that transient creep must be accountedcmncrete models at efated
temperatures. Ashe temperature increased, the model accurately calculated axial

strains. The modes valid to simulate onavay steel reinforced concretbbehaviour
in addition to cracking effectsAnother valid FEmodelfor two slabs differentn

reinforcement ratio and concrete cover but both carried the same sustainagk émxtl
to terms of deflection betwedhe experiment and modeling done Rgchnech et al.

2002[32].

Table 5: Geometry and loading data for reinforced conci&ié

Slab G1 Slab G3
Width (mm) 1940 19400
o (mm) 15 ]
Reinforcement (mm”) 1178 1414
Self-weight g (KN/m) 6.29 6.89
Line load F (kN/m) 14.5 14.6

Table 6: Material properties of concrete at room temperafidt¢

Slab G1 Slab G3

E (N/mm*) 45200 39800

I 0.2 02
a(°C™") 0.000012 0.000012
fAN/mm?) 2.7 43.0
f(N/mm®) 2.6 2.6

Co" (mm*/N) 0000902 —0.000902
C35(mm*/N) 0.000212 0.000241

Nigro et al. 201333] tested nine GFRIReinforced concrete (GFRP RC) slabs as listed

in Table7. Their findings indicate that using continuous GFRP reinforcement throughout

18



the entire width of the concrete element from one side to the other can help to prevent
fiber rupture in the middle of the slabigure8 shows the temperature in the unexposed
zone. Weber 2008[34] presents a contrasting viewpoint kigro et al. 2012[33]
observationon continuous FRP reinforcement. Weber's reseatatedthat using
overlapping FRP bars in concrete panels can lead to premature failure under fire
conditions This is because the high temperatures can rapidly cause the bond between the
concrete and thERP bars to weaken (loss of adhesion), leading to a sudden collapse of
the structureWeber emphasizes that even for low stress situations, a minimum anchoring
length for FRP bars is crucial in areas not exposed to fire, especially when the concrete
coveris thin. Their analysis suggests that regardless of exposure time (even up to 180
minutes), the anchoring length for FRP bars shouldn't exceed 320x@rall, Weber
highlights that the fire performance of FIREZ members depends on several factors,
including the properties of the FRP bars themselves (such as fiber type, stiffness,

strength, diameter, and surface treatment) as well as the strength of the concrete used.

Table 7: Parameters for FRReinforced Concrete Slaf33].

Bottom bars diameter /spacing (mm)

Thickness Anchoring
Set Slab Length (mm) Width (mm) (mmy) Cover (mm) longitudinal transversal length (mm) Bar shape
I Sl 3,500 1,250 180 32° $12/150 $12/200 250 Straight
s2 26" B12/225
53
II sS4 4,000 1,250 180 51* ¢12/125 $©12/200 500 Straight
S5 45° $12/200
S6
111 57 3,500 1,250 180 32° $12/150 $12/200 250 Bent
S8 26" 12/225

59

“Thickness of concrete cover measured from the bottom concrete surface to the center of bar.
"Distance from the bottom concrete surface o the nearest surface of reinforcement.
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Figure 8: Temperatures measured in the unexposed zones of S[a8B]S6

Nigro et al. 201119] investigated the fire resistance of concrete stabgorced with

FRP bars. Six simple supported concrete slabs reinforced with GFRP were used (4 slabs
under normal loads and @nloaded slabs)Table 8 and Table 9 show the testing
parameters details. The bars used for reinforcement are E glass fibe@stighhthalic
polyester as a resin. All tretabs wereastedutilizing the same mix design of concrete.

The testing performed on the slabs was in accordance witl8BB3(B5] and it was
comprised of two stages namely; Constant loading for two hours for slabs S1 to S3 and
three hours for slabs S4 to S6, loading increment until ultimate capacity is reached. All
external loads were within service loads dhe concrete cover ramgwas withinthe

usual values of slabs. In additidhe development length of rebars was not exposed to
fire. Table9 belowshowsthe displacement Waes of the slabs with tim&able10below
summarizes the failure modes of the slalpsl Figure 9 shows the failure in both
longitudinal and transverse baiswas found that slabs S4 to S5 had better structural
behaviorthan slabs S1 to S3. The application of concrete cover in the rang&0f3t

can be successfully used. splicing is not recommended for rebars as it is advised to use

continuous reinforcementhe anchorage zone prevents the pulling of fibersearslires
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failure by rupture. The concrete cover is very critical for the protectiotinéoslabs due

to the low thermal conductivity.

Table 8: FRP reinforced slab geometrical properties [20].

Slab  Length(mm) Width(mm) Thickness (mm) Cover Thickness (mm) Bottom rebars (diameter/spacing) (mm)  Top rebars (diameter/spacing) (mm)

Longitudinal Transverse Longitudinal Transverse
51 3500 1250 180 32 $12/150 $12/200 $12]200 $12/200
52
53 P12/225
54 4000 1250 180 51 P12/125 $12/200 $12]200 ©12/200
55
S6 ©12/200
Table 9: FRP reinforced slab fire testing parameters [20].
Slabs Distance between Unexposed length Design bending
supports L {(mm) Lyinesep ((mum) resistance Mgg (kN m)
51 3200 250 65
52
53 45
54 3200 500 G5
55
56 46
Table 10: Failure modes of the slabs [20].
Slab  Cover thickness ¢ Un-exposed length Lues Stage 1 Stage 2
(mm) (mm) Load level during fire test 5z~ Fire resistance time T, Load level at failure nry  Failure
(%) (min) (%) mode
51 32 250 10 180 55 Pull out
52 40 120 50
53 60 60 -
54 51 500 10 180 100 Bar rupture
55 40 180 85
56 60 180 100

Figure 9. Longitudinal and transverse reinforcement after failure [20].
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Hajiloo et al. 201720] tested two fullscale concrete slabs reinforced with different GFRP
bars to assess their fire resistance accordinge@anadian building code (CSA S806).
TablellandTablel2listedspecimen details,dbh slabs had identicdesignsvith 60 mm
conaete cover and were loaded to 55% of their maximum bending capacity at room
temperature during the nearlyhdur ASTM E11936] fire test. The experiment suggests

that GFRP bars could be a cesfective alternative for concrete reinforcement. Notably,

the fire resistance predicted by CSA S808] seems to be conservative (overestimated)
even under significant loads. Additionally, the study shows that FRP bars might perform
well with less concrete cover than currently recommended. While most bondtlstren
between the bars and concrete was lost at high temperatures, a 200mm anchorage length
seemed sufficient to prevent failure, likely because the fire lacked axial restraint on the
slabs. After the fire, analysis revealed that the resin in the GFRPWaedlcompletely,

but the bars themselves remained intact. The researchers also found that numerical
modeling could accurately predict the thermal behavior of the concrete and the strength

loss of the FRP bars in differdiotationsas shown irFigure10andFigurell.

Tablell: Test speci mg®sodé6 parameters

Slab ID Reinforcement Apgrepate length Thickness  Clear concrete  Unexposed
(mm) cover (mm)  zones at the
ends (mm})
Slab-A Rebar-A Carbonate 3900 200 60 200
Slab-B Rebar-B Carbonate 3900 200 60 200
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Table 122 Reinforcing bars (GFRP) propertig0].

Properties Units Rebar-A Rebar-B

#4 #5 #4 #5
Nominal Diameter (mm}) 12 16 13 15
Effective Diameter (including coating) (mm}) 14.0 185 143 178
Nominal Cross Sectional Area {mm?) 126 198 129 199
Cross Sectional Area (including sand coating) (mm?) 187 269 161 252
Minimum Guaranteed Tensile Strength (MPa) 1300 1180 980 1125
Nominal Modulus of Elasticity (MPa) 69600 64000 61100 62600
Ultimate Elongation (%) 25 27 21 21
Fibre content (by weight) (%) 84 B0 82 82
Glass transition temperature =C 118 118 13 113
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|—%— 90 mm

600 11— 120 mm

=<t 150 mm

500 4-1—==— 180 mm

=

g0 mm | | I d

(== 120 mm r/EI"

600 4 —¢— 150 mm
[==<t= 180 mm @

ol | T ]

Temperature (*C)
Temperature (*C)

90 120 150 180 210 120 150 180 210
Time (min) Time (min)

Figure 10:Temperatures within the thickness of the s[210§
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Figure 11 Temperatures on top and bottom of reinforcing bars in the mid2phn

Elshorbagi et al. 202f87] presented a reliable and practical numerical approach that

streamlines fire simulations and unlocks the potential for extensive future studies. These
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studies are vital for understanding how various factors influence thermal and structural
responses in firecenarios, ultimately reducing the reliance on expensive physical tests.
The proposed algorithm integrates thermal and structural nonlinearities, capturing the
complete thermastructural behavior during a fire. ABAQUS software was employed to
conduct deatiled numerical modeling and validate the methodology against published
experimental data. This data involved a-f&dhle, loaded RC beam exposed to standard
fire conditions. The beam's failure and fire resistance were recorded. The numerical
results closly matched the experimental observations in terms of thermal and structural
behavior. Additionally, the paper introduces the direct coupling technique (DCT) and

highlights its advantages over the conventional sequential coupling technique (SCT).

Duan et & 2022[38] This research introduces a detailed computer model (3D FE model)
to simulate the behavior of FRBinforced concretslab (FRRRC) during fire. This

model takes into account a crucial factor: how the bond between the FRP bars and
concrete wakens as temperatures rise. Additionally, the model considers the heat
transfer properties of both materials to predict how hot different parts sithwill get

under fire conditions. By including these crucial details about material behavior and heat
transfer, the model accurately predicts how the esl@g(global response) and specific
areas (local responses) will deform and react during a fire. This model's accuracy has
been confirmed by comparing its predictions with fire tests orstidleslals. Further
studies using this model show that ignoring the weakening bond at high temperatures

leads to inaccurate predictions of how sfebwill fail and how much it will bend.

Hajiloo et al. 201939] Made models to simulate two odckperimentsione byHajiloo
et al. 201720] andNigro et al. 201[119] to get good agreement. They assumed a perfect

24



bond and straingiereequal between bars and concrete. Contrary concrete spalling not
considered. Hoewver, some modifications of parameters have been dnodethe
assumption useis listed inTable13. The FE model correctly predicts the temperature
distribution inside the elements as well as the deflection of the slabs caused by the
gradient in temperatures inside thexathorsdiscussed the different parameters that will
affect the model in fire condlain and how importance of coefficient of thermal expansion

for both concrete and GFRP. Referring to the model the stress in the GFRP increased
very fast during first 30 min then become steady. By comparison betiagidoo et al.
2019[39] model withHajiloo et al. 201720] experimental results they found a very
close approximation of the slab GA's temperature was made by thefigndell2. The
convection factor must have less value in the unexposed regions than in the exposed
regions since they were protected from direct fire exposure. Before this fact the model
not matching wellas shown in Kigure 13) and need for modification so, by taking
convection factor was taken as 15 W/m2 in the unexposed zone, the closest temperature
prediction was achieved. The temperature predictions made by the FE model with the
modified heat transfer are more accuedelown inFigurel4. Simulation results of GA

slabs using FE were in reasonable agreement in terms of midspan deflection with

experimental resultswhellCE o f concr et e waasshovenliégare as 7.

15.
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Temperature (°C)

Table 13: Modelling assumptions adopted from #agerimental work39]

Properties GA
Applied force (dead & superimposed) kEN/m 25
fz (Concrete) MPa 28
[i (Concrete) MPa 2.0
E. (Concrete) GPa 22
CTE (Concrete) ¢! 75%x107°
Concrete cover (to GFRP bars bottom) mm &0
Total nominal cross-sectional area (GFRP) mm* 12 »= 200
Mean nominal tensile strength MPa 1700
Mean nominal modulus of elasticity GPa 64
(Glass transition temperature C 118
1200 - 1200
[ —FEMSoft [~ —FEM-Soffit
- —FEM-20 mm| { = —FEM20 mm|
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Figure 12 Experimental and FEM temperatures of (a) Slab GA; (b) Slafj38B
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CHAPTER 3

EXPERIMENTAL PROGRAM

The experimental program included full scale fire load test on concrete slab reinforced with
GFRP bars of twaypes at two spacing and two different clear covers. The slabs were
subjected to 1ISO 834 fire for a period dfto 2.5 hours in two phases. Four slabs were
tested in each phase, the first phase involving slabs with 50 mm cover and the second phase
with a @ver of 75 mm. Residual load tests were conducted on these slabs after fire
exposure and the results were compared with the flexural load test on two slabs reinforced
with ribbed sand coated bars without exposure to fire. The unexposed zone was kept

uniform at 450 mm for all slabs.

3.1 Materials

The specimens were reinforced with two types of GFRP barscemteld (SC) M13 GFRP

bars with 13.5 mm dia. and M13 ribbed rebars (RB) with 13.7 mm dia. Theceatet

GFRP bars use epoxy resin while the ribbed bars fibers were embedded ineastayl
resin.Table14 shows the properties of reinforcing bars tested in the experimental program
reported by thenanufacturergroviding the GFRP. The corete used for the slabs was
identical for all specimens and characterized as calcareous aggregate concrete. Concrete
used in theslabhad an average of 28 days compressive strength of 40.7 MPa according to
(ASTM C39M-21) anda tensile strength of 3.3 MPa accordindA&TM C49696).

shows concrete mix design with 330kd/afi SRC with a wi/c ratio of 0.21. The concrete

test specimens (for compressive and teris#3 were within a controlled environment
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maintained at aemperature of 30 °C and a relative humidity of 100%, whereas the slabs
remained at the fire testing facilities throughout the entire duration, exposedying
with ambient temperature and relative humidity without any controlled conditions.

Table 14. Properties of reinforcing bars

Property Ribbed Sand-Coated
GFRP (RB) GFRP (SC)
Guaranteed tensile strength (ffu*) (MPa) 870.9 900.2
Youngods Modulus (G 48.4 43.9
Diameter (mm) 13.7 13.5
Glass transition temperature (°C) 118 104
Thermal conductivity (W/(m. °C)) <1 <1

Table 15. Concrete Mix Design and Strength.

Aggregates (kg/m3) Admixtures Mixing 28-day .
Cement type (ml /m3) water compressive
and content 20 10mm | Fine PC | D10* (Im3) strength (MPa)

mm 314* * Comp Tens.

Sulfate resisting
cement 770 330 760 | 1300| 2000 160 40.7 3.30
(320 kg/m3)

*PC314: FluidumPC314 high efficiency liquid superplasticizer.

** Arcrete D10: water reducer & set retarder

3.2 Test Specimens

An experimental program was conducted involving standard 1SO834 fire test on full scale
GFRP reinforced slabs for a period of 2 howithout applied load, then residual flexural
strength tests on fire damage slabs and controls tests on undamaged slabs. Standard fire tests
were conducted on eight fidtale slabs of dimension dimensions 4 x 1 x §,2einforced

with two types, rippedrad sanecoated GFRP bars. The variables of the test of the specimen
were; (1) two types of bars; sandated and ribbed. (2) spacing of the bars were 200 mm

and 300 mnirom center to center in both directions. (3) clear cover to the GFRP bars of 50
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and 75mm from the fireexposed face. The bars were located in the top third of the slab
from the fireexposed face. The reinforcement grid was placed at a clear cover of 50mm for
thefirst phase and 75mm fdine second phase. Two slabs reinforced with szmetked and
ribbed bars were testédr failure without fire exposurd-igure 16 shows thepreparation,
Figure 17 showsthe casting andFigure 18 showsthe curing of the GFRP baeinforced

slabs at the fire testing facility. Slabs were cured by usimps and covered with plastic
sheets.After 28 days of curing the test slabs whkafé to dry in the air. The fire tests were
conducted after three months to ensure a significant loss of moisture from th@ stdés

16 shows the amenclature and configuration of the slabs tested in the experimental
program.The first two letters in the nomenclature of the specimens indicate the rebar type
(RB or SC), followed by the concrete cover. The third part of the specimen identifier
indicates the rebar spacing (200 mm or 300 mm) while the fourth part is for thepest ty
(fire load or control)First phase specimens were casted in the month of May while second

phase was casted at the end of August.

Table 16. Configuration of tested slabs

Phase Dimension Cover | GFRP | Bar spacing

Slab name 3 ID
test type (m3) (mm) | Type (mm)
RB-50-300-F S1 50 RB 300
| Fire test RB-50-200-F S2 50 RB 200
' SCG50-300-F S3 50 SC 300
SG50-200-F S4 50 SC 200
RB-75-200-F S5 75 RB 200

4x1x%x0.2
L. Fire test RB-75-300-F S6 75 RB 300
' SG75-200-F S7 75 SC 200
SG75-300-F S8 75 SC 300
. Control RB-50-300-C S9 50 RB 300
' SC 506300-C S10 50 SC 300
RB-50-300-F

L | Fire test
spacing
Concrete

Bar type
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Figure 16: Slaks before casting
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Figure 17: Concreting ofthe test slabs
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Figure 18: Test slabs after castirmndcuringusing burlaps.

33



3.3 Instrumentation

For fire testeach slab was instrumented witktdain gauges (one on bars, one on concrete
surface and two embeddedaancrete from top) antl5 TypeK thermocouples at depths

of 25, 50, 100, 150, and 200 mm from the bottom of the slab which is exposed to fire in
order to measure the evolution of the temperature with time at various locations (left,
middle and right) in cacrete. The top thermocouple was placed five millimeters inside the
concrete from the top surfadéigure19 shows the thermocouples locations placed in the
slab. The thermocouple was placed at three different locations apamdand 500mm
from the edges on the left and right side in the longmalddirection as shown iRigure

20. 3 Laser sensors (SICK DTE) were placed on the top of each slab to measure the
deflection in the slabs. For rdsial and control test, linear variable differential transformer
(LVDT) connected to slabs to measure the deflection. Load cell placed at the top of slab to

measure the load applied.

L] ] L]
LEFT MIDDLE RIGHT
L) CSG‘ L} L) /-1(\
‘ i || = CESG I |I Rl
N | TC |
2TO Unexposed | BSG | BTG

FIC a
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Legend:
LD:  Laser Deflectometer.

CSG: Concrete surface Strain Gages.
BSG: Bar Strain Gages.
CEGS: Concrete Embedded Strain Gages.

T

TC:  Themocouples.

|
1) T

ETC: Edges Thermocouples. F
FTC: Furnace Thermocouples. 1st Phase 2nd Phase

(@) Schematic arrangement of sensors.
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(b) Sensordixed at depth (c) Fixing ofthermocouples

(%)
concrele i 0
o) Wom
:‘oz Son
¢ -
TCA Hmn
(d) Straingaugeon bars (e) Schematidor thermocouples

Figure 19: Instrumentation of tested slabs
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Figure 20: (a) Schematic of GFRRC slabs, (b) and (c) Slaptan and elevatian
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3.4 Test Setup

For fire test the slabs were placed on the top of the furnace 4.0 ¥ Slanslear space

with the bottom face of the slab exposed tostiamdardISO834)fire [35] generated from

the automatically controlled burners in the furndegure 21 shows the furnace with the
slabs placed on the roof of the furnace. All thermocouples were connected to the data logger
as shown inFigure 22 and the evoltion of temperature in the furnace and at various
thermocouples were monitored from the control roasnshown inFigure 23. While
furnace had nine thermocoupkesmeasure the temperature in the furnace during the test
Any gap between slabs filled witlhckwoolinsulationas shown irFigure21-(d) as well

as at endides for each slab to ensure that unexposed zones protected framdirewn
schematically irFigure24. The slabs were heated from below in a way thafutrece's
average temperature follow the standardized-tieneperature curve 1ISC88 as much as
possible where ISO 843 = T+345. Lo(Bt+1) where T is temperature in Celsius and t is
time in minutesThe fire test was stopped after 120 minutes for finsise and 150 minutes

for second phasé&or flexure test control slabs placed inside steel frame were had hydraulic
jacks to control the load as shownFigure 25 and Figure 26. The slabs were tested by
three points bending with one concentrated loady four points bending with two
concentrated loads placed ethird of the way from each endinear Variable Differential
Transformer (LVDT) was used. Another instrument, a load cell, kept track of how much

force was applied.
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(b) Top surface: exposed to ambient environment (2nd phase)
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(c) Bottom surface: exposed to fire (1st phase)

(d) Bottom surface: exposed to fire (2nd phase)

Figure 21: Experimental test specimens placed on top of the fusnace
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(b) Thermocoupes and strain gagues connceted to data loggers

Figure 22: Thermocouples and strain cabteEmnecting to data loggers

(@) furnace
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(b) Control room

Figure 23: Furnace and control roam

3100

Rockwool Insulation

Brick wall

Figure 24: Fire test.
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Hydraulic Jack

(b)

Figure 25: Control test set up

(8) RB-50-300-C
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(b) SG50-300-C

(c) SG75300F

(d) RB-50-300-F

Figure 26. Control and residual test set up.
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3.5 Results and discussion

3.5.1 Furnace temperature

The temperature in the furnace was measured by nine thermocouples located 350mm below
the bottom surface of the slaldsigure 27 (a) and (b) show the furnace temperature
measured for first and second phase respectiFegyre27 (c) shows the average furnace
temperatures for kb phases, and the ISO 834 curve. It can be seen that the average furnace

temperature for phase one was about 7.2% lower than the ISO curve and for phase two less

than 0.5%.
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(c) Average furnace temperatures, and ISO 834 (design).

Figure 27. Evolution of furnace temperature with time.
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3.5.2Concrete temperature

Figure28 shows the evolution of the temperature with time in the four slabs at a depth of
25 mm and 50 mm from the bottom face of the-&rposed sdace. The temperature
variation is almost similar for all slabs at 25 mm depth from theefifgosed face of the

slab, but at 50mm slight variations can be observed with the maximum difference of 25.5
°C for first phase while 50 °C for second phase. Itlmaeeen ifrigure28(a, b and c) that

there is a jump in values between 10 to 20 minutes at a temperature of about 100 °C. The
jump can be attributetb the presence of water in the slab which turns into steam and
moves upwards througihe areas with lower temperatures in the concrete. The jump
Figure28 (d and e) is also due to the movement of steam from the lower portion of the
slab. During the fire test water and steam could be visibly observed on the top surface of
the slab. The maximum temperature at-uégpth is between 80 °C and 100 °C aftes
moisture movement aspect is stabilized. The ambient temperature during the test was about
40 °C for first phase and for second phase is 27°C, because of that first phase test was in
August while second phase in Decembaffddence between two phases the ambient
temperature shown clearly at starting curves temperatufegore28 (d, e and f).Figure

28 (d and e) show the temperature in the slab at 150 mm from thexposure face and

the top of the slab 5 millimeter inside the surface. The measured temperatures are low
ranging from 40 to 65 °C after two houFsgure 29 andFigure30 show the temperature
profile along each slab span from lafies ((1500) to right side (1500) by considering the
middle side as zero. Figures state clearly that the middle side is the most critical side since
the fire and high temperature come from two sides. In addition to those fehmeshat

there are differentemperature reading for thermocouples that are at same depth at right

45



and left side may that due to several reasons such asniform heat distribution in the

furnace or nosproper installation of thermocouples.

3.5.3Bars temperature

Figure 31 showsbar temperatures were approximately 280 °C and 200 °C for first and
second phase respectively. The GTT reached after 35min and 45min for first and second
phase respectively. That leadthe fact that increasing of the concrete cover led to reduce

the bar temperature and delay the GTT time. No significant difference was found between
the response of the sand coated and the ribbed bars. The extent of deterioration of the two
types of rebawas not evident from the physical or thermal respdfigere32 shows both
phases6 sl abs after fire testchunkstfurnacen be

thermocouples location and the burners
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(b) S5 RB-75-200F () S6 RB-75-300F
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(d) S SG-75-200.F (e) S8 SG75-300F

Figure 32: Slabs after fire test.

3.5.4Deflection behaviour of tested slabs

The deflection of the GFRP reinforced slabs tested in the experimental program under fire
exposure shown ikigure33 (a-d). The behavior is presented as +d&flection variation

with respect to time and temperatufithe deflection measured and recorded at slabs
midspan are shown in tlkégure33during fire test. By considering the deformation caused

by the thermal bowing of concrete. The thermal bowing phenomenon arises from the
temperature variance across the concrete's depth, resulting in uneven expansion between
the underside (soffit) and the upper surface of the slabs. Based on obsd¥igtier33
indicates that the behavior of the thdisplacement curves primarily influenced by the
temperatures experienced during the fire fElse results of slabs are compared based on

the following variables: GFRP type, bars spacing and concrete cover.

Effect of GFRP Type: To study the type of GFRP effect, slabs selddo have same bar

spacing and cover only difference in GFRP bar type namelg®RB0-F and SE50-300
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F, RB-50-200-F and SG50-200-F, RB-75-200-F and SE75-200-F and RB75-300-F and
SG75-300-F. Figure33-(a) and(b) show the deflection vs time graph of all slabs with 50
mm cover. Sand coated reinforced slab3200-F is shown to have higher stiffness than

the ribbed bars reinforced slab FB-200-F with lower development of deflection under
increasing temperature after 10 min of exposure to fire with temperature reaching 550 C as
shown inFigure33 (c) and(d). Prior to the 10 min mark, the slabs have exact behavior.
After termination of the test at 120 min, the-SG200-F slab has deflected 30 mm only

in comparison to 50 mm mideflection for RB50-200-F. on the other hand, S&D-300-

F dab showed similar behavior to the FIB-300-F slab with slightly higher stiffness up

until 60 min. the final mieteflection for the two slabs is 55 mm and 50 mm respectively.
Same effect for material type was encountered in the slabs with 75 mm cov8CThe

200-F slab showed higher stiffness as compared to the 3RB)O-F slab as shown in
Figure33 (b). Whereas slab SZ5300F and slab RE’'5-300-F showed exact behavior

for most of the 120 min test period. The final rdieflection values for the slabs SG-

200-F, RB-75-200, SC75-300-F and RB75-300-F almost are 45, 60, 65 and 70 mm
respectivelyTo conclude deflection curves trend depends on thpdeature. Bar type has
effect on response of slabs reinforced with GFRP under fire and sand coated showed better

response than ribbed may due to better interaction with concrete.

Effect of Bars Spacing:To study the bar spacing effects slabs selected to have same GFRP
type and cover only difference in bar spacings evident by looking aFigure 33 (a-d)

that increasing of the bars spacing causes more deflection development with increasing
temperature. However, the effect is more severe in the case of sand coated bars. The

deflection values for 50 mm cover reduces by about 45 % when sand cotadebassd
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with bars spacing of 200 mm instead of 300 mm. On the other hand, when the cover used
is 75 mm, the reduction in deflection with 200 mm spacing is about 30 % only. Reduction
in deflection values of ribbed bars were not of the same order as theresented in the

sand coated bars. However, the only difference observed is that for the case where 50 mm
cover was used, the largest reduction occurred in the time interval-8DJ2@in while

when 75 mm over was used, the gap in deflection valugedtarappear after 80 mifio
Conclude spacing of the GFRP bars in the tested slabs has a significant effect on slabs
response as shown kigure 33. Slabs with 300mm bar spacing deflected more than
200mm, may because their lower stiffness comparable to 200mm. When spacing decreased

from 300 to 200mm showed increase in stiffness of slabs.

Effect of concrete coverfor any concrete section, the locataifrihe reinforcement plays

a big role in determining the behavior of the section. The capacity of the section and its
resistance to bending is controlled by the moment arm produced between the compression
block and the tensile forces in the reinforcem@&yt.placing the reinforcement further

down in the section, a larger moment arm is formed and thus, the section has higher
stiffness. Looking at the displacement vs time resultsigare 34, itdéds evident
types of slabs, the development of deflection with time is higher for slabs with larger cover.

All slabs started showing nonlinear response at around 30 mm displatoexcept for the

case of sand coated bars with 200 mm spacing where this nonlinear behavior is encountered

at 20 mm. ltds worth mentioning that placi
response for both covers used until the nonlinearityhen iehavior was present. The

percent increase in deflection at end between the two covers used was matching for the 300

mm spacing sand coated slabs and 200 mm spacing ribbed bars slabs on one hand and 200
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mm spacing sand coated slabs and 300 mm spabimedrbars slab on the other hand with

values reaching 20% and 30% respectively.
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Figure 33: Deflection for both phases.
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(a) Sand coated with 200 bars spacing (b) Sand coated with 300 bars spacing

(c) Ribbed with 200 bars spacing (d) Ribbed with 300 bars spacing

Figure 34: Deflection for slabs with different concrete caver

(@ s1 (b) S2
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