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Abstract
In highway bridge building, concrete decks are widespread, forming the driving surface
and serving as the superstructure of the bridge. Bridge decks are exposed to direct con-
tact from traffic, humidity, and chlorides which are liable to corrosion. For this cause,
in bridge construction, FRP stay-in-place (SIP) formwork has been suggested. Howev-
er, when bridge fire occurs due to the collisions or crushing of the cars and burning of
fuels in the proximity of the bridge the behavior of FRP at elevated temperatures is a
major concern. Therefore, this study investigated numerically the post-fire performance
of concrete bridge decks by simultaneous heating and loading. This sequence of struc-
tural loading is employed in three-dimensional (3-D) FEM with the program ABAQUS
using a sequentially coupled thermal displacement analysis. The FEM is validated
against an experimental test based on the load-deflection, cracking failure, and predict-
ed temperature evolution. The FEM successfully agreed with the experimental result.
Various parameters influencing the fire performance of a concrete bridge deck were in-
vestigated in this study. The findings indicate that aggregate types have little influence
on the fire performance of concrete decks. The concrete deck subjected to 1-hour
standard and hydrocarbon fire had a reduction of 13.9 and 17.7% of ultimate strength
compared with the undamaged concrete deck while for 1hour and 2-hour standard fire
had 15 and 19% respectively. The Effect of sustained load did not have an impact on
predicted temperature but had a significant impact on concrete bridge deck defor-
mation. The finite element analysis verifies an approximate linear scaling of the ulti-
mate carrying capacity with the member width of the fire-damaged concrete bridge
deck. The fire-damaged concrete deck strengthened reinstate up to 50.6% of ultimate
strength by extending further the GFRP base plate to support. Finally bout 9.09 and
14.65 % of ultimate strength was enhanced by increasing GFRP base plate thickness
from 10 to 20 mm compared with an undamaged concrete deck, and 3.56 and 21 % of
ultimate load of the fire-damaged concrete bridge decks with cooling phase were en-

hanced compared with the control specimen C1 and without cooling phase respectively.

Keywords: Bridge deck, Concrete bridge deck, FRP stay-in-place formwork; Post-fire

performance.
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CHAPTER ONE

INTRODUCTION
1.1 Background of the study

In highway bridge building, concrete decks are widespread, forming the driving surface
and often sometimes serving as a structural part of the superstructure of the bridge.
Bridge decks are exposed to direct contact from traffic, humidity, and sometimes chlo-
rides, rendering them more susceptible to corrosion and degradation than the rest of the
bridge construction(M. Nelson & Fam, 2014). For this cause, in bridge construction, fi-
ber-reinforced polymer (FRP) composites have been gaining acceptance and populari-
ty. For concrete decks, FRP stay-in-place (SIP) formwork has been suggested due to it
minimizing labor costs, reducing construction time, and function as bottom flexural re-
inforcement(M. Nelson & Fam, 2013; M. S. Nelson et al., 2014). However, still there is
a limited implementation of FRP SIP forms. Bridge also exposed to fire when the colli-
sions or crushing of the cars and burning of fuels in the proximity of the bridge which
leads to permanent damage or collapse of the bridge, economic and public losses
(Garlock et al., 2012). Bridge fire mostly damaged and made a harmful accident due to
fire caused by tanker trucks those transport gasoline or flammable liquids, since fuel
amounts transported in the tankers approximately 30-35 m®. When the flames and hot
gases come into direct contact with the structures high damage levels will occur as the
fire in material stored under the bridge, tanker catches fire under or top of the
bridge(Peris-Sayol et al., 2017). Therefore, bridge fires have become a problem.

However, most design codes cannot consider fire in bridge design, European code part
1-2 is only considered for building structures. Information on fire for building elements
might not be directly applicable to bridge girders due to different fire scenarios, load-
ing, boundary condition, failure limit states, and sectional properties that are present in
bridges(Aziz & Kodur, 2013). There is also a limited study on fire performance of
Glass fiber reinforced polymer stays in place formwork (SIP). Uncertainties on strength
of GFRP reinforcing bars due to lack of knowledge on the assessment of the post-fire
performance of GFRP at elevated temperatures(Hajiloo & Green, 2018b, 2018a). This
study aims to fill an important gap regarding bridge decks with FRP SIP forms with T-
shaped ribs protruding upwards, properly referred to as T-Up, particularly looking at

their post-fire performance and the impact of sustained loading on their load-induced



thermal strain effects (LITS). In the current study, various variables that influence the

fire performance of GFRP concrete bridge decks were further investigated.
1.2 Statement of the problems

Recently, the use of composite material such as Glass fiber reinforced polymers
(GFRP) is one of the innovative materials in the use of stay in place (SIP) permanent
formwork for concrete bridge decks and it has a high strength-to-weight ratio, re-
sistance to corrosion, availability in a wide variety of shapes and sizes, and reduced
construction time. The structural performance of the Glass Fiber Reinforced polymer
stays in place formwork in concrete bridge decks has been studied in the Past by re-
searchers and investigated its mode of failure, the effect of form splicing, behavioral
mechanics, and impact of freeze-thaw cycles (Boles et al., 2015; M. Nelson & Fam,
2014). However, there is no large- or small-scale testing has been conducted to express
structural performance and strengthening of fire-damaged GFRP stay in place form-
work for concrete bridge decks. Concurrent heating and loading of concrete GFRP
formwork systems for the identification of load-induced thermal strain effects (LITS)
are identified as possible areas for future work(Nicoletta et al., 2019).

In many countries including Ethiopia where the GFRP is marketed, but no specific fire
requirements in bridge design standards (ERA, Europe code part 2, and AASH-
TO/CSA) for GFRP stay in place formwork for concrete bridge decks. This is a well-
presented issue that has been addressed by several researchers(Garlock et al., 2012;

Peris-Sayol et al., 2017). Because of the above, further research was needed.

Therefore, this study numerically investigates to assess the post-fire performance of the
Glass Fiber Reinforced Polymer stay in formwork for concrete bridge decks and further
parametric studies on fire exposure time, fire types, sustained service loading (in addi-
tion to bridge deck self-weight), length of GFRP plate, the thickness of GFRP plate,

aggregate types, span to depth ration, deck width, and cooling and heating phase.
1.3 The objective of the study

1.3.1 General objective
The main objective of this study is to investigate the post-fire performance of Glass Fi-
ber Reinforced Polymer (GFRP) concrete bridge decks at elevated temperature by sim-

ultaneous heating and loading of concrete GFRP formwork systems.



1.3.2 Specific objective

e To determine the performance and behavior of GFRP materials under standard and
hydrocarbon fire.

e To investigate the effect of sustained service loading during fire exposure on the
thermal and load-deflection response of GFRP concrete bridge at the elevated tempera-
ture.

¢ To investigate the effect of sustained service loading on the post-fire flexural response
of GFRP concrete bridge deck after cooling.

e To assess the effectiveness of the GFRP strengthening on the flexural response (the
load-deflection relationships, GFRP strain deflection relationships, and failure mode) of
GFRP strengthened fire-damaged GFRP concrete bridge deck.

e To perform parametric studies to determine the influence of various main parameters

on fire resistance of concrete bridge decks.
1.4 Research questions

e How to study the performance and behavior of GFRP materials under standard and
hydrocarbon fire?

e Can sustain service loading affects the performance of concrete bridge at elevated
temperature?

e Can sustain loading affects the performance of concrete bridge after cooling?

e Are effective in strengthening flexural areas of fire-damaged GFRP concrete bridge
decks by GFRP plate?

e How to perform parametric studies that affect the fire resistance of concrete bridge
decks?

15 Significance of the study

In particular, the corrosion resistance and ease of fabrication make GFRP stay-in-place
(SIP) formwork unique in bridge deck construction where harsh environmental condi-
tions. Therefore, the result of this study helps the engineers in design provisions and
recommendation on fire-damaged Glass Fiber Reinforced Polymer (GFRP) bridge
decks and support the current Ethiopian, European, and American/Canadian Bridge de-
sign standards (ERA, Euro code 1 Part 2 and AASHTO/CSA) respectively in the de-
velopment of standards and design provisions for fire-damaged Glass Fiber Reinforced
Polymer (GFRP) bridge decks and the result of this study extended to (EBCS EN 1992-



1-1:2013, ACI 440.2R-17)guide for the design and construction of externally bonded
GFRP Systems for strengthening fire-damaged RC structures. The results and conclu-
sions are drawn recommend the Glass fiber reinforced polymer as fire-resistant material

in concrete bridge decks for future structural engineering purposes.
1.6 Scope and Limitations of the study

Commercially available finite element software ABAQUS is used to perform an inves-
tigation on the post-fire performance of GFRP SIP formwork for concrete bridge decks.
The limitation of the study is part of the literature review since there is a limited study
on the performance of GFRP SIP formwork concrete bridge decks at elevated tempera-
ture and no code of standard that addresses the thermal and mechanical properties of
GFRP at elevated temperature. The thermal and mechanical properties of GFRP at ele-
vated temperature were extracted using data extractor software from previously con-
ducted research for his study. Another limitation of the study is the selection of experi-
mental programs for verifying the models for further parametric study. As there is no
full-scale experimental study, small-scale testing which cannot fully represent bridge
decks in existing structures, which are always subject to vehicular live loads and heavy

sustained loads were selected.
1.7 Thesis layout
This thesis consists of five sections. The content of each section is described as follows.

Chapter one: presents the background of the study, statement of the problem, objective,

significance of the study, scope, and limitations of the study.

Chapter two: concerned with a literature review of previous studies on fire performance
of fiber-reinforced polymer at elevated temperature, as well as the constitutive material
models of concrete and GFRP at elevated temperature.

Chapter three: deals with the methodology to be followed to reach the result and con-
clusion including a description of material and model geometry, a brief introduction to
ABAQUS software, constitutive material model of concrete and GFRP at elevated
temperature, mechanical and thermal contact at interfaces, element attributes, meshing,
loading and boundary condition, the procedure of finite element analysis, types of anal-

ysis and calibration of finite element analysis.



Chapter four: introduces the result and discussion drawn by nonlinear finite element
analysis including the validation of the finite element model against the thermal and
structural test of concrete bridge deck subjected to fire. Based on the finite element
model validation further parametric studies were carried out and more detailed infor-
mation on time-temperature evolution, load-displacement response, crack pattern, and

damage are presented.

The final chapter, chapter five, presents the conclusion based on the result obtained
from this study and gives a direction for future work as a recommendation.



CHAPTER TWO

LITERATURE REVIEW
2.1 General

This is a literature review of a previous study carried out by other researchers on the
post-fire performance of GFRP stay in place formwork concrete bridge decks at elevat-
ed temperature is presented based on numerical and experimental research conducted
on GFRP reinforced concrete structural members. However, most numerical research
work carried out has been for reinforced concrete beams and columns. This section is
organized into several topics including fire, fire requirement of structures, design of
structural fire, development of fire, thermal action for analysis of temperature distribu-
tion, performance and behavior of GFRP at elevated temperature, the effect of sus-
tained service loading on thermal and creep deflection of GFRP, the effect of sustained
service loading on the post-fire performance of GFRP after cooling, the effectiveness of
the GFRP strengthening method on flexural response and parameters that affect the fire

resistance of GFRP concrete bridge decks.
2.2 Fire

Fire is the chemical reaction that occurs when certain compounds react with oxygen in
the air, producing brilliant light, heat, and smoke. In other terms, fire is the process that
is formed when combustible fuel or material is burned if they are ignited and oxygen
has interacted. Fire is used for cooking domestically, while in industrial for material
processing, power, and thermal energy (Dougal Drysdale, 2011). Fire bridges mostly
were occurred while a tanker truck that transports fuels or flammable liquids traveling
under a specific type of bridge that consists of arches, piers, or columns supporting
along elevated railways or roads are failing. Bridge structures were severely damaged
in the majority of cases, requiring a high cost of repair. The majority of the bridge
damaged by fire is not collapsed but, in some cases, the major structural parts collapsed
necessitating the bridges to demolition. Even in the case where only minor structural
damage occurred, high costs were incurred as a result of the bridge's temporary closure
and inconvenience to traffic to be faced. Taking this into consideration, it's necessary to
consider the fire safety design to bridge structures during the design period. Especially,
consideration of a fire load case in the form of a localized hydrocarbon fire appears par-
ticularly appropriate for viaducts and overpasses, which are frequently subjected to

tanker truck fires(Giuliani et al., 2012). Fire, if not properly controlled in the event of
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an accident, can result in the loss of lives and property damage. As a result, it is neces-
sary to provide a guide against the improper use of fire, which can result in fire disas-
ters. This necessarily requires that fire resistance and safety be considered when design-

ing a structure.
2.3 Fire requirements of structures.

The structure exposed to fire must be designed and built in such a way that its stability,
strength, and integrity are maintained under fire for a reasonable time in the event of a
fire. The strength and stiffness of concrete and steel are reduced with increasing tem-
perature. This reduction is only functional between 400° C and 700°C. During this time,
the structure is expected to withstand the additional loads and stresses imposed on it as
a result of the fire and elevated temperature while the firemen attempt to extinguish the
fire(EN 1992-1-2, 2011, Lennon et al., 2007). In other term, the North American build-
ing code of standards states that the fire resistance of structures is the capacity of the
structure to handle the exposed fire without loss of load-bearing capacity in terms of
length of time. This length of time is the measure of the performance of the compo-
nents to resist factors that affect the fire resistance of structures. The fire resistance of
structures depends on factors such as type of fire loads (standard fire or actual fire),
building function, height, area, material properties, and the dimension of
openings(ASCE, 1992).

2.4 Design of structural fire

As per (EN 1991-1-2, 2011), the design of a structural fire engineering system involves
four stages; The first stage is, the selection of appropriate fire design scenarios consid-
ering various fire compartments of structures on basis of fire risk assessment and over-
all safety. This will determine the best way for design purposes. The selected design
fire scenario will determine the corresponding design fire which is the second stage of
the design of the fire structure. The design fire, in a fire compartment, in each fire sce-
nario, can be estimated according to section 2.6 of this document. The national authori-
ties specify the design fire of the structures as standard fire, if not it must be specified
in the design. The third stage of the fire design of the structure is the determination of
temperature distribution within the structural members. In case of thermal analysis of
the structure, the location of the design fire must be in consideration concerning the
structural member and based on fire design selected according to section 2.6 of this



study following separate procedures for temperature distribution of structural analysis;
that is, a design fire with nominal temperature-time curve follow a specified period in
absences of decreasing of the temperature or cooling phase while a design fire with fire
model follows a full time of the fire in addition to cooling phase. Finally, the mechani-
cal behavior of the structural members after exposure to fire is determined depending

on thermal action and thermal effects on the material constitute model.

2.5 Development of fire.

Normally, a fire does not start in the right way but it takes some stages. The develop-
ment of fire, in a fire scenario, consists of a round of six main stages until the occur-
rence of extinction, those are incipient, fire growth (pre-flash over), flashover, fully de-
veloped (post-flash over), decay, and extinction stages as shown in figure 2.1. The in-
cipient stage is a stage at which the cell started to heat. In the growth stage, the devel-
opment of fire is started with small and localized smoke then the fire will grow larger
and emit more gases and smoke. In the event of a flashover, the radiation from the
burning flame and the hot smoke layer may cause the instant ignition of unburned
combustible materials in the vicinity. The fire enters a fully developed stage after the
flashover, with the rate of heat release reaching its maximum which is the most danger-
ous stage, as structural damage and fire spread are possible. The fire enters into the de-
cay stage as the rate of burning is slow and the combustible material is consumed. Fi-
nally, it reaches the extinction stage where there is total a combustible material is con-

sumed and no more energy is generated (Jurgen Garche and Klaus Brandt, 2018).
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Figure 2.1: Schematic overview of the development and extinction of fire (Jurgen

Garche and Klaus Brandt, 2018).



Fires are represented using a temperature-time curve that is roughly similar to the tem-
perature increment in fire scenarios for ease of analysis and design. The fire growth
stage is ignored because the fire is still in the act of beginning. A standard fires model,
a hydrocarbon fires model, and a parametric design fires model can all be used to rep-
resent the fire. According to(EN 1991-1-2, 2011) it is further explained below.

2.5.1 Standard temperature-time curve

The standard fire nominal temperature-time curve captures fires with low heating rates,
which are most common in residential buildings, offices, and other structures. The
nominal temperature-time curve of a standard fire proposed in(EN 1991-1-2, 2011) is
visualized in figure 2.2 and expressed by equation 2.1. One of the draws back of the
Eurocode about the nominal temperature-time cure it does not consider the decreasing
branch (cooling phase) which affect structural performance especially when there is
high thermal strain. As a result, a structural member can be exposed to standard fire
conditions by exposing it to elevated temperature in a furnace with the temperature
gradient controlled to achieve the standard fire curve.

T, = 20 + 345log, (8t + 1) (2.1)
Where, T}, is the gas temperature in the fire compartment (°C); and t is the time (min)

2.5.2 External fire curve

The external fire curve is also one of the temperature-time curves representing the fire
condition and appropriate to the structural members that are the most visible side of the
main structures. The external fire curve is expressed by the following equation 2.2 ac-
cording to (EN 1991-1-2, 2011).

T, = 660(1 — 0.687e7932t — 0.313e738) + 20 (2.2)
Where, T, and t are as defined above

Also, EN 1991-1-2:2002 develop a temperature-time curve for the cooling phase to
evaluate the temperature decrement of the fire in the decay stage. This relationship can

be expressed by equation 2.2

Tmax — 625(t" — t* max) for t* nax < 30min
Ty = [Tmax — 25008 = t"max) (£ — t'max)  fOT t"max < 120min (2.3)
Tmax — 250(t" — t" max) fort™ max = 120min
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Figure 2.2: Nominal temperature-time curve for standard and hydrocarbon fires used in
this study (EN 1991- 1-2:2002, 2011)

2.6 Thermal action for analysis of temperature distribution as per Eurocode
According to (EN 1991-1-2, 2011) the thermal action is given to the surface of the

member by net heat flux;h,,.; [%] and for a surface exposed to fire the net heat flux

can be determined by sum of the net heat flux due to convection and radiation which is

expressed by equations 2.4 to 2.5.
Rper = hnet,c + hnet,r (2-4)

The net heat flux component due to convective; h,. . is given by

hnet,c = ac(Tg - Tm) (2-5)

Where, Ty, is the gas temperature of fire exposed member|[°C]; T, is the surface tem-
perature of a member[°C];a, is coefficient of heat transfer by convection which is de-

pendent on the nominal temperature-time curves:

e For standard time temperature, a, = 25 mMZ/K
e For external fire curves, a, = 25 V'Z/
m<K
e For hydrocarbon fire, a, = 50 MZ/
m<K
e Forasimple fire model, ., = 35 mMZ/K
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And when the heat transfer by radiation is considered the coefficient of heat transfer by

convection;a, is 9 mvsz for unexposed part of the member
w
ety = 8 % & % € * (T, +273)* = (T +273)%); | ] (2.6)

Where @ is the configuration factor;e,, is the surface emissivity of the member which is
specified depending on material properties, if not its take as 0.8; & is the emissivity of

fire usually taken as a unity; o is the Stephan Boltzmann constant which is equal to

5.67*10®

‘;'/4; T, is the effective radiation temperature of the fire[°C]; T, is the sur-
meK

face temperature of the member[°C].

2.7 Production of Pultruded Fiber Reinforced Polymer composite

One of the most essential methods in cost and labor to manufacture the composite ma-
terial is through the pultrusion process. Pultrusion is a continuous way of manufactur-
ing fiber composite material that has a uniform cross-sectional profile (Sandberg et al.,
2020). The FRP composite material manufactured through the pultrusion process can
get acceptance in many fields of engineering application such as in the construction
sector, aerospace, and automotive. The word pultrusion is combined from two terms
that is pull and extrusion. The extrusion can be defined as the pulling of FRP composite
material like glass fiber and resin via the molding die. During the pultrusion process to
form the profile FRP composite different resin types such as polyester, polyurethane,
and vinyl ester epoxy resins can be used(Annu & Ahmed, 2021).

The process of manufacturing the pultruded GFRP composite involves the following

stages(Sandberg et al., 2020) and is illustrated in figure 2.3

e The layup of the raw material that made up of rovings, mats, and fabrics drawn
from the fiber creels.

e The fiber material is guided through the molds that shape and organize the
layup to form the profile. Based on the required application, before entering into
the pultrusion die the fiber material is preheated to accelerate the curing
process.

e After passing through the guides; the fiber composite material is saturated with
a resin. Before entering the pultrusion tool, the resin is saturated in a resin bath.

The active and/or passive heating or cooling of the die and composite part was
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performed. The process of heating and cooling is to limit the curing of the
thermosets  (polymerization) and the solidification of thermoplastic
(crystallization) throughout the die.

e The fiber profile is pulled through the pultrusion tool, and it is cut depending on

the required lengths of the fiber composite profile.

Ambient or preheated
material zone |

fiber guide —

Cooled Zone
Dry fibers —— Active and/or passive heating/cooling

of the the die and composite part

,O,e I
T % Convective cooling to
% o, : :
%e ambient surrounding
”
Pultrusion die
) Composite part
x3 /k x1
p(///,‘
%
N
\ S
M
%,
Figure 2.3: The pultrusion process [source: (Sandberg et al., 2020)]
2.8 Hashin damage in fiber-reinforced materials

In the case of the analysis of fiber-reinforced composite materials, the damage has a vi-
tal role (Lapczyk & Hurtado, 2007). Fiber composite material shows elastic-brittle fail-
ure; sudden failure of the material under load without showing a significant plastic de-
formation and why the plasticity can be neglected when modeling the behavior of the

fiber-reinforced polymer.

2.8.1 Damage initiation
Damage initiation refers to the onset of degradation at a material point. For this damage
model, the initiation criteria are based on Hashin’s theory (Z. Hashin, 2016) in which

the failure surface is expressed in the effective stress space. These criteria consider four
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different damage initiation mechanisms: fiber tension, fiber compression, matrix ten-
sion, and matrix compression. Hashin’s criteria are widely used in the industry, even
though numerous studies have shown that they may not predict the onset of failure ac-
curately, especially in matrix and fiber compression modes. The initiation criteria have

the following general forms:

Fiber tension (o;; = 0):

011\2 0122
Fft = (F) +a (S_L) =1 (27)
Fiber compression (o;; < 0):

Fre = (%)2 —1 (2.8)

Matrix tension (a,, = 0):

e = () +(59)

Matrix compression (o,, < 0):
2

e = (222)' + [(%) (@) e (@) - 210

Where, in the above equation o;; are the components of the effective stress tensor, X

2

-1 (2.9)

and X, represents the tensile and the compressive strength in direction of the fiber,
Yr and Y. denotes tensile and compressive strength in direction of the matrix while
S,and Sy represents the shear strength of fiber along with the longitudinal and trans-
verse directions. The coefficient a in Eq. (2.7) determines the contribution of the shear
stress to the fiber tensile initiation criterion. Based on Hashin proposed by (Z. Hashin,
2016) it is equal to unity.

2.8.2 Damage evolution

Once a damage initiation criterion is satisfied, further loading will cause degradation of
material stiffness coefficients. The reduction of the stiffness coefficients is controlled
by damage variables that might assume values between zero (undamaged state) and one
(fully damage state for the mode corresponding to this damage variable) (Lapczyk &
Hurtado, 2007). The evolution law of the damage variable in the post-damage initiation
phase is based on the fracture energy dissipated during the damage process Gc.
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The evolution of each damage variable is governed by an equivalent displacement, §,,.
The equivalent displacement for each mode is expressed in terms of the components
corresponding to the effective stress components used in the initiation criterion for each
damage mode(Barbero et al., 2013). The equivalent displacement and stress for each of

the four damage modes are defined as follows:

Fiber tension (o;; = 0)

5fteq = L¢ « \/((811>2 + agp*e;) (2.11)
(0114€11) + @061,
ft o _
§/teq = W (2.12)

Fiber compression (a1, < 0)

6fceq = LC(_gll) (2.13)
(—o11){—¢11)
feo X 21t -7
674 5fceq/LC (2.14)
Matrix tension and shear (o5, = 0)
5mteq =L¢« \/((511)2 + agip*e,) (2.15)
(022)(€22) + 012612
mt  _ 2.1
g eq 5mteq/LC ( 6)
Matrix compression (o,, < 0)
5mteq = L * V({—£22)? + agy,%e15) (2.17)
(—022{—€22) + 012612
5mteq — Smceq/LC (2.18)

Where< > in the above equation, represents the Macaulay operator which is defined

as (n )=0.5(»+|n|) for every real number.

2.8.3 Viscous regularization

Material models showing softening behavior and reduction in stiffness have a problem
of converging difficulties in the finite element model. To overcome the convergence
difficulties the viscous regulation scheme is taken into account(Ayman et al., 2017; Xin
et al., 2017). The viscous regulation in the ABAQUS standard is expressed by the eval-
uation equation 2.19.
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1
d’y = n—(dz —d”) (2.19)
l

Where 7, is viscosity coefficient representing the relaxation time of the viscous system

and dV, is represents regularized damage variable for mode.

2.9 ABAQUS Concrete Damage Plasticity (CDP) model

Concrete is consisted of qualitatively and quantitatively various types of materials.
These materials show different characteristics in terms of compression and tension be-
havior. To determine the concrete damage is difficult since it exhibits the non-linear
stress-strain relation of concrete under applied stress conditions and strain harden-
ing/softening(Raza et al., 2019). But, through constitutive models of the materials using
the concrete damaged plasticity model, it’s possible to represent the non-linear behav-
ior of the concrete under loading which follows the theory of plasticity and damage
mechanics. ABAQUS software can allow two ways for simulating the damage in con-
crete that is concrete damage plasticity (CDP) model and smeared crack concrete mod-
el. In this study, CDP models were used by providing plasticity behavior, compressive
behavior (inelastic behavior of the concrete in compression), and tension softening of
the concrete with their respective damage parameters. This model assumes two main
failure mechanisms tensile cracking and compressive crushing of the concrete
material ABAQUS, 2020).

a) Plasticity behavior of concrete

The parameters required to define the plasticity model of concrete are dilation angle

(y), the plastic potential eccentricity of concrete (g), the ratio of compressive stress in

the biaxial state to the compressive stress in the uniaxial state (?), the shape factor of

the yielding surface in the deviatoric plane (K¢), and viscosity parameter. The default

value of the CDP model permitted to use the yield surface, K¢ and eccentricity,e, equal-

ly to 0.667 and 0.1 respectively. The value of 222 recommended by the ABAQUS user

Oco

manual(ABAQUS, 2020), is 1.16. Based on large statical data (Papanikolaou &

Kappos, 2007) formulate the relationship between characteristic compressive strength

of concrete with the stress ratio (?) by using equation 2.20 below.
co

Ob -
— =15(f )" (2.20)

co

Where: f-_ is the characteristic compressive strength of concrete N/mm?
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b) Compressive behavior of concrete
In concrete damage plasticity models, to define the compressive behavior of concrete, it

is necessary to provide the plastic hardening strain in compression g.P“"

(V. Kodur, 2014a) and the plastic hardening plays a crucial role in the modeling of
concrete in compression behavior to determine the relationship between the damage pa-
rameters and the characteristic compressive strength of concrete as illustrated in figure
2.4 and their relationships are represented by equation 2.23 (Hafezolghorani et al.,
2017).
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Figure 2.4:Response of concrete to a uniaxial loading condition (a) in compression (b)
in tension [source: (Hafezolghorani et al., 2017)]

All the parameters in figure 2.4a above can be evaluated using the following equations

Oc = (1 - dc)EO (SC - gcpl’h) (2'21)
(o}

[ gcln’h =& — E_C ]

| °l | (2.22)
pLh —

lec =& EO 1 - J
T 2.23

TRy (223)

The concrete compression damage dcin the CDP model depends on the inelastic harden-
ing strain of concrete in compression e.P“*, which managed the slope of the unloading
curve. The compression damage dc increased with increasing of the inelastic hardening

strain in compression. It is expressed by equation 2.24
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(o)
d.=1-— (2.24)
O-CU

From equation 2.24, the compression damage parameter was equal to 0 at the ultimate
compressive strength of concrete, and after that, it starts to decrease up to the remaining
strength of the concrete in ultimate strain. Generally, in absence of an experimental test
on compressive stress-strain of concrete the existing constitutive models can be used. In
this study, the modified Hognestad model used by many researchers was used to model
the stress-strain relationship of concrete at room temperature (Helmi, 2019;
Madandoust et al., 2017). As shown in figure 2.5 the shape of the stress-strain curve is
parabolic up to the ultimate compressive strength of the concrete ocy and starts to linear
decrease until 15% ultimate strength of the concrete. Analytical it is represented by
equation 2.24.
€ Ec\2
O, = 0,y [2( 9)-(2) ] (2.25)

eC e

Where ocu and ec’ were ultimate compressive strength and strain of the concrete respec-
tively, and o, and &, were the nominal compressive strength and strain of the concrete

respectively.
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Figure 2.5: New modified Hognestad compressive stress-strain of concrete [source :(
Madandoust et al., 2017)
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c) Tensile behavior of concrete

The tensile characteristics of the reinforced concrete can be simulated completely in
ABAQUS using the post-failure stress-strain relation similar to figure 2.4b. This rela-
tionship considers the tension stiffening, strain-softening, and the interaction between
concrete and reinforcement rebar. In numerical model; the elastic modulus, (E,), tensile
stress (ot), cracking strain (g,°%"), and damage parameter (d;) for the specified grade of
concrete strength must be provided into the FE software by the user. The cracking
strain (g,“"
&, total strain. Then, the ABAQUS program(ABAQUS, 2020)check the accuracy of the

damage curve using the plastic strain values as calculated by equation 2.29. The nega-

) can be calculated from the total strain according to equation 2.27; where

tive and /or the descending order of tensile plastic strain values cannot be permitted in

ABAQUS and if it’s the program exit the submitted job for analysis warning message

as error.
Gt = (1 - dt)EO(Et - stpl’h) (226)
o
gtck,h =& — _t (2.27)
Ey
lo} 1
pLh — . _ _t( ) 2.2
€t ¢ E,\1—d, (2.28)
o d
plh — ockh _ 2t "t 2.29
£t & E,(1—d,) (229)

As illustrated in figure 2.4b the tensile damage parameter of the concrete (d;) increase
with the cracking strain(s,%™) further increase and can be analytically determined by

equation 2.30.

0;
d=1-— (2.30)
Oto

There is various form of constitutive model that expresses the tension stiffening of the
concrete as reviewed by (Nayal & Rasheed, 2006). In this study, the constitutive model
established by (Nayal & Rasheed, 2006) was selected as applicable for both fiber and
reinforced concrete structures with a few modifications as illustrated in figure 2.6b.
Additionally, this constitutive model has similarities with the tension stiffening models
required for the ABAQUS CDP model. This tension stiffening model is initially based
on the work of (Gilbert and Warner, 1978) which considers tension softening, the effect

of bond-slip, and tension stiffening. According to (Gilbert and Warner, 1978) two de-
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scending parts of the tensile stress-strain of concrete can accurately capture the behav-
ior of concrete at primary and secondary cracking stages. The tensile stress-strain of
concrete according to (Nayal & Rasheed, 2006) presented in figure 2.6a, and the new
modified tension stiffening model used in the current study were presented in figure
2.6b; which is taken directly from (Wahalathantri et al., 2021). At the peak cracking
strain (&.,) the sudden drop from the peak tensile stress a;, to 80% oy, used by (Nayal
& Rasheed, 2006) and slanted from (e..,04,) t0 (1.25¢.,,04,) t0 prevent the run time
error in ABAQUS constitutive material model(Gilbert and Warner, 1978). As presented
in figure 2.6a and b, after this point the model follows the same pattern in both primary
and secondary cracking stages of the concrete under tensile stresses but to avoid the run
time error in ABAQUS CDP model the tensile stress-strain of the concrete continued
only until (8.7 &.,-,10% ay,).

The equation of cracking strain at room temperature and the elevated temperature was
taken from (Liao & Huang, 2018; Martinez & Jeffers, 2018), and the analytical is ex-
pressed in Equations 2.31 and 2.32 respectively.

or = fgm at room temperature (2.31)
c
feemr at eleveted temperature (2.32)

Where, €., is the cracking strain, f,.,, is the cracking stress of the concrete (peak ten-

sile stress) which is determined by equation 2.33.

In the absence of experimental data, the mean value of tensile strength fem in MPa may
be estimated for normal weight concrete from the characteristic’s compressive strength
fe. In this study, the equation 2.33 of the international federation for structural concrete
(fib, 2010) was used assuming( o = fetm)-

2
fetm = 0.3(fzx)3 concrete grade < C50 (2.33)
fetm = 2.12.In(1 + 0.1 X (fr + Af)) concrete grade = €50 (2.34)

Where: f.., 1S the characteristics compressive strength in MPa,Af which set to 8 MPa

The upper and lower limit value of the characteristic’s tensile strength f. ;min and

fetk,max €N be estimated from the following equations 2.35 and 2.36.
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fetkmin = 0.7 feem (2.35)

fctk,male-gfctm (2.36)

d) Other parameters
The elastic modulus and Poisson's ratio of the concrete is another parameter that

influences the behavior of concrete under loading. The elastic modulus (Eo) can be
defined as the tangent modulus of elasticity at the origin of the stress-strain diagram of
the concrete. It is equal to the slope of the secant of the unloading branch for rapid

unloading and does not include the initial plastic deformation(fib, 2010).

Gy = 6y |-
- =3 1
& 080, Primary s 0770, - - f +!
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g © "
@ = "
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50450, |[-+-------- Cracking Stage = 1
= ] 0450y qf~-R-=""""""
: i
I 1
! 0.100,, ittt e
b 4ea 10 & &y 1255, 4o, 8.7¢.,
Averaged Tensile Strain, g, Averaged Tensile Strain, g,

(a) (b)

Figure 2.6: Tension stiffening model (a) Nayal and Rasheed (2006) and (b) Modified
tension stiffening model for ABAQUS used in the current study[source: (Wahalathantri
etal., 2021)]

There is the various constitutive model to determine the elastic modulus of concrete in
absence of experimental data (ACI 318-95, 1995; EN 1992-1-1, 2011) In this study, the
relationship of elastic modulus of concrete with the characteristic compressive strength
of the concrete at 28 days according to American Concrete Institute (ACI 318-95,
1995) is used ( see equation 2.37). For the range of the stress between -0.6 fo < 0c < 0.8
foc the Poisson ratio of the concrete (V) for the design purpose, particularly at the
ultimate limit state to consider the influence of crack formation, the Poisson ration 0.2

meets the required accuracy(fib, 2010).

E, = 4700/ f¢ (2.37)
2.10 Previous studies on FRP under fire

In this section, the previous findings on the fire performance of FRP concrete structures

are reviewed. But there are limited studies in the literature on fire performance of FRP
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concrete decks and current design codes do not have any specification documents and
design guidelines relating to the fire performance of FRP when exposed to elevated
temperature. Some of the important studies relating to experimental and numerical

work on fire resistance of FRP concrete structures are reviewed in the following.

2.10.1 Performance and behavior of FRP at elevated temperature

The use of fiber-reinforced polymer (FRP) composites getting acceptance in civil engi-
neering owing to their lightweight, strength, and corrosion resistance than the tradition-
al construction materials (Hollaway, 2010). Recently, the Pultruded Glass Fiber Rein-
forced Polymer has emerged as a new construction material in the construction of
bridge decks and buildings. But, because of the combustible nature of their polymer
matrix, there are well-founded concerns about how they will behave at high tempera-
tures and in the presence of fire. These concerns are made difficult the widespread ac-
ceptance of GFRP profiles, particularly in buildings that must meet relatively severe

fire reaction and fire resistance behavior requirements(Correia, Bai, & Keller, 2015).

Several authors investigate the behavior of GFRP at elevated temperature (Gooranorimi
et al., 2018) performs an experimental investigation on GFRP reinforced concrete slab
exposed to fire for 120 min according to ASTM E119 (ASTM, 2014) the maximum
temperature recorded on GFRP surface extracted from the slab is 115 °C and also (Cor-
reia et al., 2015; Keller et al., 2005) obtain the glass transition temperature of GFRP
100 °C and 117 °C with the softening temperature (Ts) of E-glass about 830 °C accord-
ingly.

The Glass Fibers Reinforced Polymers (GFRP) retains their thermal and mechanical
properties at moderate to elevated temperatures. The E-glass fibers reinforced polymers
composite have a glass transition temperature around 650 °C, at this temperature the
thermophysical and mechanical properties of the polymer matrix are deteriorated, espe-
cially when tested near the glass transition temperature (Ou & Zhu, 2015). Above their
glass transition temperature, the polymers lose their states and less in transferring loads
to the fiber. At this viscoelastic stage, there is a dramatic reduction in the mechanical
properties of the FRP composites. Because of this, the glass transition temperature is
the main parameter that must be considered during the design of the fire resistance of
FRP composites subjected to elevated temperature and fire(Goertzen & Kessler, 2007).
Previous research has confirmed that GFRP systems perform poorly in high tempera-

tures. (Gooranorimi et al., 2018) investigated the post-fire performance of GFRP RC

21



slab and mechanical behavior of GFRP exposed to fire for 120 min according to ASTM
E119.The result indicates that the maximum temperature recorded at the mid location
of GFRP is 115 °C which is located in the range the glass transition temperature 80 °C
to 120 °C of GFRP and the slab reinforced with GFRP fine sand coated surface of heli-
cally wrapped fiber strands shows increases in average load capacity of 10% while slab
reinforced with the GFRP ribbed deformed bar like steel rebar reduced in average load
capacity because of the surface enhancement. Also, the residual strength (transverse
shear strength and horizontal shear strength) of GFRP was investigated by extracting
the GFRP rebar from the slab exposed to fire. The transverse shear strength of GFRP
tested as per ASTM D7617 indicates that the GFRP fine sand coated and GFRP de-
formed bar had 5% and 11% reduction respectively while the horizontal shear strength
tested according to ASTM D4475 had a reduction in 15% and 7% compared with un-
exposed rebar. (Ou & Zhu, 2015) also investigated the performance of GFRP at various
temperatures ranging from -25 °C to 100 °C were used to assess the effects of tempera-
ture on mechanical properties. It was found that Young's modulus, tensile strength, and
toughness all decreased with increasing temperature, while ultimate strain remained
nearly constant from 25 °C to 50 °C and increased at higher temperatures. The modulus
of elasticity, tensile strength, and stiffness all decreased by 28.9 %, 27.3 %, and 17.4 %,
respectively, when heated to 100 °C.

Furthermore, some works in the literature address the effect of different temperatures
on the mechanical properties of pultruded GFRP profile(Correia et al., 2013; Correia,
Bai, & Keller, 2015; Sousa et al., 2014). For instance, (Correia et al., 2013)conducted
an experimental study to investigate the mechanical response of pultruded GFRP spec-
imens made of polyester resin under various ranges of temperatures from room temper-
ature to higher than transition temperature (20 °C to 250 °C) at different heating rates (1
°C/min, 2 °C/min, 4 °C/min, 6 °C/min and 8 °C/min). At moderately high temperatures,
i.e., values close to or slightly higher than the T of the polymer matrix, the mechanical
behavior of GFRP rapidly deteriorated. It is much more vulnerable under shear and
compression than under tension. Tensile strength is considerably reduced when the
GFRP pultruded material is exposed to elevated temperature, but at 220 °C the material
still retains about 54% of its ambient temperature strength. Shear and compressive
strengths were significantly reduced for elevated temperatures, exhibiting strength re-

tentions compared to ambient temperature of only 11% and 5%, respectively.(Correia,
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Bai, Keller, et al., 2015)reviewed the thermal and mechanical properties of pultruded
GFRP profiles at elevated temperatures. Before the decomposition of its polymer ma-
trix, the density of a GFRP material remains constant and significantly reduced at high-
er temperatures. The decomposition temperature of GFRP is around 300 °C. The spe-
cific heat capacity of GFRP increases as temperature increases and the thermal conduc-
tivity of the fibers and the resin inside an FRP material can change when the tempera-
ture increases. More significantly, fibers may be deboned from the resin as decomposi-
tion occurs, and voids may be created because of the decomposed gases.

At the structural scale,(M. Nelson & Fam, 2013) conducted experimental testing on the
performance of GFRP permanent forms replacing the bottom reinforcement layer with
T-shaped. This study was concerned with the comparison of GFRP SIP formwork with
the convectional steel based on their failure mode, performance under service load, and
punching shear. The bridge decks reinforced with steel shows progressive punching
shear failure while the bridge deck with GFRP SIP forms had 7.8% greater than con-
ventional steel service load plus impact. The residual performance of GFRP after being
exposed to fire has also been carried out(Alsayed et al., 2012; Ellis et al., 2018;
Schmidt & d’Almeida, 2018). The residual tensile properties of GFRP with a vinyl es-
ter matrix that had been exposed to various temperatures (100 °C, 200 °C, and 300 °C)
for different periods of exposed fire (1, 2, and 3 h) was investigated. The higher tem-
peratures and longer exposure times resulted in a significant loss of GFRP properties. It
was found that GFRP losses the tensile strength of 9.4%, 19.8%, and 21.8% for a 1
hour of exposure to a temperature of 100 °C, 200 °C, and 300 °C respectively compared
to 3 hours of exposure period with the same temperature which had a loss in tensile
strength of 19.4%, 19.8%, and 21.8 % respectively. From this result, the authors con-
clude that the decrease in performance of GFRP is due to the increase in temperature
influences the bond between the fibers(Alsayed et al., 2012). Until now, there is a lim-
ited study on the post-fire performance of GFRP SIP for concrete bridge decks to as-
sess its performance under fire. According to the knowledge of (Nicoletta et al., 2019)
is the only one that has been frist conducted on fire performance of FRP SIP formwork
for concrete bridge decks. The study indicates that the fire-damaged GFRP SIP form-
work concrete deck exposed to 15 min heptane pool fire had around 13% higher ulti-
mate capacity compared with undamaged concrete decks due to thermal expansion of
GFRP formwork.
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Many researchers have focused on numerical investigation rather than experimental
study due to the expensive cost and time to investigate the fire performance of the
structural members(Cai et al., 2020; Hajiloo & Green, 2019; Hashim & Kadhum, 2021,
Xu et al., 2017).(Reshma Merin Roy & Jeena B Edayadiyil, 2016) Numerically investi-
gate the transient thermal analysis using commercially available software ANSYS to
assess the deflection behavior and thermal behavior of CFRP, Steel, and GFRP exposed
to elevated temperature. From the analysis, the maximum measured deflection value for
steel bars, CFRP and GFRP is 0.5449mm, 0.0564mm, 0.05mm respectively. Since the
GFRP reinforced beam has less deformation as compared with CFRP and steel rein-
forced beam; FRP can be used as a better alternative to steel reinforcement as both
CFRP & GFRP bars have nearly equal deformation. Another researcher (Morgado,
Silvestre, et al., 2018) also conduct a numerical investigation on fire resistance of pul-
truded GFRP beam exposed to ISO 834 using ABAQUS standard. The three-
dimensional finite element modeling of pultruded GFRP beam has been developed con-
sidering constitutive material properties at elevated temperatures without implementing
any failure criterion. The developed model was verified against experimental results
based on temperature evolution and load-deformation of the pultruded GFRP beam,
and further parametric studies on the type of fire exposure, effect of thermal expansion
of GFRP, and load levels were investigated. The result indicates that thermal expansion
of GFRP has a greater effect on the mechanical response of pultruded GFRP beam and
the numerical simulation of the fire behavior of pultruded GFRP beam using ABAQUS

standard predicts accurate results.

2.10.2 Effect of sustained service loading on FRP at elevated temperature

The effect of sustained service loading on FRP reinforced concrete structures has been
investigated by many scholars. However, there is still a limited study on pultruded
GFRP. (Bellakehal et al.,2014) performed an experimental and analytical study on
GFRP by simultaneously heating and loading. During this study different parameters
were considered such as concrete cover thickness, GFRP diameter, and temperature
variation to assess the effect of the sustained service loading and temperature effect on
the thermal strain of the GFRP rebar. The sustained mechanical load is 20% of the ul-
timate strength of the slab around 40KN at a temperature varying from 20 to -30 °C and
-30 to 60 °C with a temperature increment of 5 °C. The applied sustained load and tem-

perature did not show any influence on the transversal thermal strain of GFRP bars em-
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bedded in concrete but above 40 °C the longitudinal thermal strain at the slippage inter-
face between concrete and GFRP shows reduction. This reduction reaches 30% for the

temperature of 60 °C compared to the undamaged specimen.

The effect of sustained load at elevated temperature was also investigated by
(Thongchom et al., 2019). This study investigates the effect of sustained service loading
at an elevated temperature ranging from 700 and 900 °C for 180 min and air cooling in
the furnace. The result indicated that sustained service loading did not significantly af-
fect the peak temperature at the bottom layer of steel reinforcement and the fire re-
sistance of the RC beam exposed to fire. However, sustained service loading increased
the creep deflection at elevated temperatures above the temperature of 500 °C and leads
to failure of RC beams less than a 180 min fire exposure period based on deflection
limit. Additionally, the effect of sustained load on the post-fire performance of the
structure was conducted by (Lenwari et al., 2020). This study is concerned with the
post-fire performance of reinforced concrete beams subjected to cyclic load after being
exposed to a fire for 3 hours, air-cooled, and strengthened with CFRP plates. The par-
ametric study includes the level of exposure temperature (700 or 900 °C), sustained
service loading (in addition to the beam self-weight) at the elevated temperature, and
the CFRP plate length. The bottom reinforcement beam exposed to 900 °C gained max-
imum temperature above the critical value of 593 °C while almost 700 °C exposed
beam experienced below 593 °C. The presence of continuous service loading at elevat-
ed temperatures did not have a noticeable impact on the bottom steel reinforcement
temperature records. It encouraged the creep deflection, however, which led to the 900
°C exposed beams failure of deflection before 3 hours, during exposure to fire, and in-
juring to the post-fire performance of structures at elevated temperature. The bending
of fire-damaged beams may be reinstated by externally bonded CFRP plates and ex-
tending the CFRP plate near the supports, the degree of ultimate strength enhancement

for the fire-damaged beams can be increased

2.10.3 Effectiveness of strengthening fire-damaged structures using FRP

When RC members are exposed to high temperatures during a fire, they suffer exten-
sive damage, which can result in significant losses in load carrying capacity, compres-
sive and bond strengths of concrete, and plastic deformation of steel bars(Jadooe et al.,
2017, 2018). These strength losses due to fire result in the total or partial demolition of

the structures. As a result, there is an increasing need to understand the impact of high
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temperatures on structures and develop appropriate post-fire repair and rehabilitation
techniques. Furthermore, the time and ways of strengthening is the critical factor, since
any delays result in a significant impact on the financial problems. Therefore, fire-
damaged structural strengthening is the main concern of future studies. Various studies
have been conducted on ways of repairing and retrofitting fire-damaged concrete struc-
tures using fiber-reinforced polymer(Al-Salloum et al., 2016; Alshannag & Alshenawy,
2020; Yaqub et al., 2013). For example,(Yaqub et al., 2013) experimentally investigate
the effectiveness of strengthening the post-heated square and rectangular columns using
ferrocement, Glass fiber reinforced polymers(GFRP), and Carbon Fiber Reinforced
polymers (CFRP) and were all columns tested under axial compression. The result in-
dicates that the FRP jackets increased the compressive strength, ductility, deformation
ability, and energy dissipation capacity of post-heated columns but did not increase the
stiffness while ferrocement jackets increase both stiffness and strength of post-heated
columns. Strengthening the fire-damaged concrete with the integration of both ferro-
cement and FRP is more effective. Another researcher(Kai et al., 2011) conduct an ex-
perimental investigation on the strengthening of fire-damaged T-beams. During the
test, one T-beam was tested at ambient temperature to evaluate the mechanical behavior
of the beam at room temperature and three T-beams were subjected to fire for 75
minutes according to 1ISO 834 standard fire curve. Among these three T-beams, one T-
beam was not strengthened and two T-beams are strengthened by Carbon Fiber Rein-
forced Polymer (CFRP) sheets. The test results showed that external strengthening the
fire-damaged T-beams with CFRP sheets enhances the load-carrying capacity and stiff-

ness of the beam. However, the ductility of the fire-damaged beams was decreased.

The numerical investigation was also conducted on fire-damaged concrete structures.
(Bhuvaneshwari & Mohan, 2020) In this work both numerical and experimental study
has been conducted on the strengthening fire-damaged column using a recent innova-
tive material; Glass Fiber and Polypropylene Fiber-Based Engineered Cementations
Composites (GFPPECC). During the study both moderate (500 °C and high (900 °C)
intensities of fire load as per ISO 834 were adopted and implemented into finite ele-
ment software ANSYS. The result indicates that strengthening of the fire-damaged col-

umn restored about 68% of the stiffness compared with the unstrengthened one.

26



2.10.4 Parameters that affect fire performance of FRP
Correia, et al., (2018) Perform an experimental study on 12 pultruded GFRP beams
subjected to a fire load temperature curve according to 1ISO 834 to evaluate their fire re-

sistance.

During the test, the authors consider different parameters such as the number of sides
exposed to fire, load level, and fire protection system that is believed to significantly
affect the fire resistance of GFRP beams. The result indicates that exposing the beam to
fire with three exposure have a radical change on the fire resistance of the beam while
increasing the load level caused a moderate reduction of fire resistance of the beam.
(Hussien & Al-thairy, 2020) numerical investigate the performance of GFRP reinforced
concrete beams subjected to high temperatures ranging from 20 to 600 °C using finite
element software ABAQUS. The paper concludes that the number of sides the beam
exposed to temperature has more influence on load carrying capacity of beam com-
pared with the exposed length of the beam. Exposing the beam with the temperature of
600 °C to one side (top surface), one side (bottom soffit) and three sides the maximum
carrying capacity of the beam reduced by 11.5%,13% and 13% respectively. In general,
from the reviewed paper basic factors that influence the performance of the GFRP sub-

jected to fire were not considered.
211 Constitutive material models of concrete at elevated temperatures

Numerical analysis of the post-fire performance of GFRP SIP formwork for concrete
bridge decks; requires the material properties of concrete and GFRP at elevated tem-
peratures. These material properties are categorized into two parts: (i) thermal proper-
ties and (ii) mechanical properties. The thermal properties include mass or density, spe-
cific heat capacity, and thermal conductivity. The thermal properties of the materials
manage the transfer of heat and temperature distribution across the section while the
mechanical properties of the material include elastic modulus, poisons ration, tensile
strength, shear strength, compressive strength, stress-strain, thermal strain or thermal
expansion, and transient strain which determines the stiffness, strength, and defor-
mation of the material after exposure to elevated temperature. Therefore, in this part,
some of the existing models on normal strength concrete (NSC) and Glass Fiber Rein-
forced Polymer (GFRP) at elevated temperature are reviewed and the best fit model is

proposed for finite element inputs.
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2.11.1 Thermal properties of concrete at elevated temperature

The temperature-dependent thermal properties of concrete are governed by mass loss,
thermal conductivity, and specific heat capacity. These properties are mostly affected
by types of aggregates, moisture content, and concrete mix. Previously, much experi-
mental research is conducted for determining thermal properties of concrete at elevated
temperatures (Ki-Yeol Shin, 1999; K. R. Kodur et al., 2009; Othuman Mydin & Wang,
2012) and reviewed the influence of temperature on thermal properties of various types

of concrete including steel fiber reinforced concrete.

2.11.1.1 Density or mass loss

Based on density, concrete can be classified into two major parts: normal-weight con-
crete with a density between 2150 to 2450 kg.m= and lightweight concrete with a den-
sity of between 1350 and 1850 kg.m3(V. Kodur, 2014b). The density of the concrete is
influenced by free water loss and reduced with increasing temperature. European code
(EN 1991-1-2, 2011) develop the expression for the variation of density relating with
temperature by equation 2.38 and graphically the variation of density of concrete with
temperature is illustrated in figure 2.7. The density of the concrete remains constant be-
tween the temperature of 20 °C to 115 °C and decrease above the temperature of 115°C
and defined as follows:

Pc,20 for 20 °C<T<115 °C]
pc,20[1—%;115) for 115 °C<T<200 °C
Per = pc,zo[o.%—%] for 200 °C<T<400 °C (2.38)
| pc,20[0.95—%5400)] for 400 °C<T<1200°C |

Where p, 7 the density of concrete at specified temperature T in °C
Pc20 the density of concrete at ambient temperature, 20 °C.

2.11.1.2 Thermal conductivity

The thermal conductivity of the concrete is a measure of heat conduction in concrete
and is the ratio of heat flux to change in temperature. The ability to conduct the heat of
the concrete is influenced by moisture contents; since the concrete contains moisture in
different forms, types, and amounts(V. Kodur, 2014b). The thermal conductivity of
concrete is determined by a steady-state or transient test(ASTM E1530, 2013). Due to
the physical and chemical change of concrete at elevated temperatures causing the flow
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direction of heat; the transient method of measuring the thermal conductivity of con-

crete is preferable.
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Figure 2.7: Variation in density of normal strength concrete with temperature

Based on the experimental investigation and study different codes of building standards
formulate the relation between temperature and thermal conductivity of concrete. Euro-
pean code(EN 1991-1-2, 2011) and ASCE code(ASCE, 1992) develop the expression
for the variation of thermal conductivity with temperature as illustrated in equations
from 2.39 to 2.43. Graphically the variation of thermal conductivity of concrete with
temperature is illustrated in figure 2.8. According to the European code of standard, the
thermal conductivity of the upper and lower limit of the concrete decreases with in-
creasing temperature while as per the ASCE code of standard the thermal conductivity
of siliceous aggregate concrete decrease with the increase of the temperature up to
800 °C and remain constant for the temperature greater than 800 °C. For carbonate con-
crete aggregate its uniform between the temperature of 0 °C to 293 °C and decrease with

increasing of temperature above 293 °C.
A). Eurocode model
The upper limit of thermal conductivity, K. of normal weight, concrete can be ex-

pressed by:

2
Ke =2 - 02451 (=) +0.00107 (=) == for20°C < T <1200°C  (2.39)
Where T is the temperature of concrete in °C and K. is the thermal conductivity of con-
. w
crete in—
mK
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The lower limit of thermal conductivity, K. of normal weight, concrete can be deter-

mined by:

K = 1.36 — 0.136 () + 0.0057 (%)2 L for20°C<T <1200°C (2.40)
B). ASCE model

For siliceous aggregate concrete

K; = —0.000625T + 1.5 W m~1°C™! for0°C <T <800°C (2.28)
Ko =1Wm~teCc? for T > 800 °C (2.41)
For carbonate aggregate concrete

K. =1.355 W m~1°C! for0°C < T <293°C (2.42)
K. = —0.001241T + 1.7162 W m~1°C™!  for T > 293°C (2.43)

Where T is the temperature of concrete in °C
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Figure 2.8: Variation in thermal conductivity of normal strength concrete with tempera-
ture

2.11.1.3 Specific heat capacity

The specific heat is the amount of heat required per unit mass to alter the temperature
of a material by one degree and is expressed in terms of thermal capacity which is the
product of specific heat and mass loss(V. Kodur, 2014b). The specific heat capacity of
the concrete is influenced by the water in concrete and types of aggregates. The types

of aggregate have little effect on the specific heat capacity of concrete and with all
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types of aggregates, it is increased with increasing temperature. The approximate value
of the specific heat capacity of the concrete is around 1170 J/kg°C (ASCE, 1992). This
model does not consider any variation in moisture content. The model considers the
variation due to aggregate types. In this study, the Eurocode(EN 1991-1-2, 2011) and
ASCE code(ASCE, 1992) specific heat capacity temperature-dependent were used.
Hence, the Eurocode model in reverse to the ASCE code of standard considers the
moisture content of concrete which influences the capability of the specific heat capaci-
ty of concrete than types of aggregate. This has been considered when the moisture
content is considered in an explicit analysis by setting the peak value of the specific
heat capacity to 900 J/kg °C at 0% moisture content, 1470 J/kg °C at 1.5% moisture
content, and 2020 J/kg °C at 3% moisture content with the peak temperature between
100 °C and 115 °C. The temperature-dependent specific heat capacity according to Eu-
rocode is expressed by equation 2.44 and graphically illustrated in figure 2.9.

900 for20°C < T <100°C
|900 + (T — 100) for100°C < T < 200 °C |
| T — 200 | (2.44)
[1000 + ( > ) for 200°C < T < 400 °C
1100 for400°C < T < 1200 °C
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Figure 2.9: Variation in specific heat capacity of normal strength concrete with temper-

ature

2.11.1.4 Thermal diffusivity
The thermal diffusivity of concrete can be defined as a function of thermal conductivi-

ty, specific heat, and density of concrete(ASCE, 1992) and it indicates the performance
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of concrete in transient heat conduction. The thermal diffusivity of normal strength
concrete consists of different mix rations that have different thermal conductivity and
specific heat capacity. The normal strength concrete with less thermal diffusivity is pre-
ferred over concrete with higher thermal diffusivity in the case of acting as heat insula-
tion in transient heat transfer(Talebi et al., 2020). At high temperatures, the thermal dif-
fusivity of concrete decreases with increasing temperature and is given by the follow-

ing equation 2.45.

K
D=5 (2.45)
C

Where D= thermal diffusivity (mTZ);
K=thermal conductivity (%);
p=density (%);

C.=specific heat capacity (1;7)'

2.11.2 Mechanical properties of concrete

The most common important mechanical properties of concrete in fire resistance design
are compressive strength, tensile strength, elastic modulus, poisons ratio, and stress-
strain response in compression. Extensive research has been received in comparison to
the thermal properties of concrete than on the mechanical properties of concrete at ele-
vated temperatures (Li et al., 2004; Tang & Lo, 2009). In this section, the reduction in
mechanical properties of concrete at elevated temperatures is discussed.

2.11.2.1 Compressive strength

The most important property of concrete is its compressive strength. Initial curing,
moisture content at the time of testing, and the addition of admixtures and silica fume
to the concrete mix are all factors that directly affect compressive strength at elevated
temperatures(Sideris, 2007). These factors are not addressed in the literature, and no
test data exists to demonstrate their influence on the high-temperature mechanical
properties of concrete. Figure 2.10 illustrates the variation of compressive strength ratio
for normal strength concrete at elevated temperature for siliceous and carbonate aggre-
gates according to Eurocode (EN 1991-1-2, 2011). Between the temperatures, 20°C to

100 °C the reduction in compressive strength for both types of aggregates is the same.
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However, between 100 to 1000 °C shows a larger variation in the reduction of com-
pressive strength. In general, for both types of aggregates, the compressive strength de-

creases as the temperature rises.

2.11.2.2 Tensile strength

Because tensile strength is much lower than compressive strength, it is usually ignored
in strength calculations at room and elevated temperatures. However, from the perspec-
tive of fire resistance, it is an important property, since cracking in concrete is generally
caused by tensile stresses, and structural damage of the member in tension is frequently
caused by progression in micro-cracking(Sidney Mindess and J. Francis Young, 2003).
If it is important to account for the effect of tensile strength of concrete Eurocode(EN
1991-1-2, 2011) allow the reduction factor coefficient,K..(T) as given in expression
below and illustrated graphically with the variation of temperature in figure 2.11. Equa-
tion 2.46 to 2.48 is applied in absence of more data based on the reduction tensile

strength of the concrete at elevated temperatures.
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Figure 2.10: Variation of relative compressive strength of normal strength concrete as a

function of temperature.

fck,t(T) = Kc,t(T)fck,t (2-46)

Kc,t(T) =1 for20°C<T <100°C (2.47)
1(T — 100)

Kc,t(T) =1- T for 100°C < T < 600 °C (2.48)
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Figure 2.11: Reduction coefficient for tensile strength of concrete at elevated tempera-

tures

2.11.2.3 Elastic modulus

The elastic modulus of concrete is the measure of its stiffness or resistance to defor-
mation and in reinforced concrete structure it is extensively used in the analysis of
stresses, moments, and deformation. Since the response of the stress-strain curve of the
concrete is nonlinear the elastic modulus of concrete is obtained by initial tangent mod-
ulus, secant modulus, or tangent modulus method(Krishna et al., 2019b). The elastic
modulus of the concrete can be affected by various variables such as mixing, water-
cement ration, quantity and nature of aggregates, age of concrete, and nature of condi-
tioning(V. Kodur, 2014a). At elevated temperatures, the elastic modulus of concrete

rapidly decreases as the temperature rises (see figure 2.12).
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Figure 2.12: Variation of elastic modulus of concrete with temperature
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2.11.2.4 Stress-Strain response

This section reviews the existing relationship on temperature-dependent stress-strain
properties of concrete from literature review(V. K. R. Kodur et al., 2004; Krishna et al.,
2019b) and code of standard(ASCE, 1992; EN 1991-1-2, 2011). Most of the existing
constitutive models focus on the relationship between stress-strain curves with com-
pressive strength of concrete, strain at peak stress, and ultimate strain. (Krishna et al.,
2019a) develop a stress-strain response of the concrete at elevated temperature. The
stress-strain curve decrease with increased temperature since the compressive strength
of concrete decrease as temperature rises. The compressive strength of the concrete has
a major influence on the stress-strain of concrete at elevated temperature, especially
above 500 °C at which the strain at peak stress reaches four times the strain at ambient
temperature. the model developed by (Krishna et al., 2019a) did not consider types of
aggregates that have a significant effect on the compressive strength of concrete and it
is applicable for only normal strength concrete. This is one of the basic limitations of
the model.

The North American code of standard(ASCE, 1992) model for stress-strain takes into
account the effect of aggregate types(carbonate and siliceous aggregates) and (V. K. R.
Kodur et al., 2004) develop the model by modifying the ASCE equation for high
strength concrete (ASCE, 1992). Both models together provide the stress-strain rela-
tionship at elevated temperature for normal and high strength concrete. However, they
do not identify concrete aggregate types separately. Furthermore,(ASCE, 1992; V. K.
R. Kodur et al., 2004) implicitly consider the creep strain of concrete deformation in

the mechanical strain of the concrete.

There is also another model that estimates the uniaxial compressive stress-strain of
concrete at elevated temperature(EN 1991-1-2, 2011). Similar to North American mod-
els, the European models have similar trends of the stress-strain curve that is as temper-
ature rises, a significant decrease in peak stress, and a large increase in strain. Unlike
the North American model(ASCE, 1992), the Eurocode 2(EN 1991-1-2, 2011) consid-
ers three types of aggregate types for normal strength concrete( light-weight, car-
bonates, and siliceous aggregates). Similar to(ASCE, 1992; V. K. R. Kodur et al.,
2004), the Eurocode 2 accounts for the effect of creep strain of concrete at elevated
temperature implicitly into mechanical strain. Figure 2.13 shows the stress-strain curve

relationship for concrete under uniaxial compression at an elevated temperature accord-
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ing to Eurocode 2(EN 1991-1-2, 2011) with all parameters illustrated in the figure as a

function of concrete temperatures are given in table 2.1.

REX-E
o(T) = fer £< ey (2.49)

3
£
fe1t (2 * (5c1 T) >

gt < € < gqr  Forthe numerical purpose, a descending branch should be adopted

A linear or nonlinear model are permitted

Therefore, in this study a linear descending branch of the compressive stress-strain of
concrete at elevated temperature were adopted in finite element modeling following the

reduction according the Eurocode specified in table 2.1.

3efey
— fore s ecip
o(0) = | Ee14[2 + (elee )]
feo F-=-n Linear or non-linear models  fore, <& =eqqy

Stress g

ey Strain ¢ Ecul g

Figure 2.13: stress-strain relation of concrete under compression at elevated tempera-

tures

2.11.2.5 Strain at peak stress and ultimate strain

i) Strain at peak stress
Unlike the elastic modulus of the concrete, the strain at peak stress constitutive models

is either given as explicit equations of temperature (ASCE, 1992) or tabulated based on
temperature (EN 1991-1-2, 2011) see table 2.1. At ambient temperature, the strain at
peak stress, ecm models had approximately similar values with a minor difference in in-
creasing the strain at peak stress with increased temperatures. The Eurocode model as-

sumes the strain at peak stress ecm = 0.0025 at ambient temperature and the ASCE
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Table 2. 1: Parameters used in this study for the stress-strain relationship of normal-

weight at elevated temperatures

Siliceous NWC Calcareous NWC
0 faT faT
Temperature T(°C) —= Ec1T EeuT Ec1T EeuT
fek ’ ’ fek ! ’
20 1.00 0.0025 0.0200 1.00 0.0025 0.0200
100 1.00 0.0040 0.0255 1.00 0.0040 0.0225
200 0.95 0.0550 0.0250 0.97 0.0055 0.0250
300 0.85 0.0070 0.0275 0.91 0.0070 0.0275
400 0.75 0.0100 0.0300 0.85 0.0100 0.0300
500 0.60 0.0150 0.0325 0.74 0.0150 0.0325
600 0.45 0.0250 0.0350 0.60 0.0250 0.0350
700 0.30 0.0250 0.0375 0.43 0.0250 0.0375
800 0.15 0.0250 0.0400 0.27 0.0250 0.0400
900 0.08 0.0250 0.0425 0.15 0.0250 0.0425
1000 0.04 0.0250 0.0450 0.06 0.0250 0.0450
1100 0.01 0.0250 0.0475 0.02 0.0250 0.0475
1200 0.00 0.00 0.00 0.00 0.0 0.00
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Figure 2.14: Variation with the temperature of strain at peak stress

37



(ASCE, 1992) models assume the ambient temperature of the strain at peak stress
around ecm = 0.0026. The temperature-dependent strain at peak stress of normal
strength concrete, ecm, as asper North American Code (ASCE, 1992) and Eurocode (EN
1991-1-2, 2011) are presented in figure 2.14. It indicates that above 600 °C the strain at
the peak stress of the concrete remains constant, ecm = 0.025 in the Eurocode model

while in the ASCE model it linear increases.

ii) Ultimate strain

The Eurocode model (EN 1991-1-2, 2011) gives the explicit of the ultimate strain of
the concrete in the form table depending on variation with the temperature (see table
2.1). However, the ASCE model (ASCE, 1992) does not provide any explicit relation-
ships of the ultimate strain of the concrete with the variation of the temperature. In the
manual, the ASCE (ASCE, 1992) addresses how to determine the ultimate strain of the
concrete concerning the maximum stress; that is assuming 85% of the strain at peak
stress from the stress-strain relationship. The temperature-dependent ultimate strain of
normal strength concrete, ey, as asper North American Code (ASCE, 1992) and Euro-
code (EN 1991-1-2, 2011) are illustrated in figure 2.15. It can be observed from figure
2.15 that the two models result in a very large difference in the ultimate strain of the
concrete with the variation of the temperature. According to the ASCE model, the room
temperature of the ultimate strain of the concrete e, = 0.006, and the Eurocode assume
ecw = 0.02. This difference is since the Eurocode model implicitly included the creep

strain into the constitutive model of stress-strain relationship shown in figure 2.13.
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Figure 2.15: Variation with the temperature of ultimate strain
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2.11.2.6 Deformation properties of concrete at elevated temperature

The deformation properties of concrete at elevated temperature depend on the thermal
expansion, creep strain, and transient strain which is affected by chemical composition,
aggregate types, and chemical and physical reaction when the concrete is exposed to
heating (Schneider, 1988).

2.11.2.7 Thermal expansion

When concrete undergoes an elevated temperature it can be expanded. This expansion
of the concrete is measured through the coefficient of thermal expansion which is the
most important parameter that affects the performance of concrete under fire conditions
(Ghannam, 2019). Figure 2.16 illustrates the variation of normal weight concrete with
temperature according to Eurocode. (EN 1992-1-2, 2011) consider the influence of
types of aggregate on the variation of thermal expansion of concrete with temperature.
The concrete made of siliceous aggregate has a higher thermal expansion than car-
bonate aggregates. But,(ASCE, 1992) accounts for only one variation of the thermal
strain of concrete with temperature and develops the equation of linear thermal expan-
sion coefficient of concrete at elevated temperature. Therefore, in this study, the equa-
tion developed for thermal expansion of concrete with temperature as per ASCE is used
to implement the material properties of concrete into finite element software ABAQUS

during stress analysis.

The thermal strain or expansion of concrete €. o according to Eurocode (EN 1991-1-2,
2011) can be evaluated by:

For siliceous aggregates:

—1.8%x107* 4+ 9% 107°T + 2.3 x 1071173 for 20°C < T < 700°C

B 2.50
£0=114 %103 for 700°C < T < 1200°C (2:50)
For calcareous aggregates:

—1.2%107* 4+ 6 x107°T + 1.4 x 107 11T3 for 20°C < T < 700°C (2.51)

fe0=112+ 1072 for 700°C < T < 1200°C

The linear coefficient of thermal expansion of concrete according to North American
Standard (ASCE, 1992) expressed by equation 2.52

For both siliceous and carbonate aggregate concretes

a = (0.008T + 6) x 10~° (2.52)
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For expanded shale aggregate concrete

a=75x10"6 (2.53)

Where T is the concrete temperature (°C)

2.11.2.8 Creep and transient strain

At elevated temperatures under compressive stresses, time-dependent deformations in
concrete, such as creep and transient strains, are greatly enhanced (Kong & Kaplan,
1991). Moisture movement out of the concrete matrix causes creeps in concrete to in-
crease at high temperatures. Moisture dispersal and bond loss in cement gel magnifies
creep in concrete. As a result, the creep process is primarily caused and accelerated by
two processes: (i) moisture movement and dehydration of concrete as a result of high
temperatures, and (ii) acceleration in the bond breakage process (V. Kodur, 2014a).

According to a review of the literature, there is a lack of recent information on creep
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Figure 2.16: Variation of thermal expansion of normal weight concrete with tempera-

ture

And transient strain in concrete at elevated temperatures. The work of (Asamoto et al.,
2006; Meyers, 1972) provides some data on the creep of concrete at elevated tempera-
tures.(Anderberg & Thelandersson, 1976)perform experimental tests to evaluate transi-
ent and creep strains at high temperatures. The result indicates that predried specimens
with load stress levels of 45% and 67.5 % were less prone to deformation in the "posi-
tive direction” (expansion) under load. At 22.5% preload, there was no significant dif-

ference in strains. They also examine the effect of water saturation had a small change,
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except for free thermal expansion (0% preload), which was found to be less for water-

saturated specimens.

Schneider,(1988) also, investigate the effect of various parameters on the impact of
transient and creep restraint on concrete deformation. The transient test for measuring
total deformation or restraint of concrete has the strongest relationship to building fires
and is supposed to provide the most realistic data with direct relevance to fire. The
study's key findings are that (i) water to cement ratio and original strength have little in-
fluence on creep deformations under transient conditions, (ii) aggregate to cement ratio
has a large influence on strains and critical temperatures: the harder the aggregate, the
lower the thermal expansion, and thus total deformation in the transient state; and (iii)
curing conditions are very important in the 20-300 °C range: Lower transient and creep
strains are observed in air-cured and oven-dried specimens compared to water-cured

specimens.

Constitutive models for creep and transient strains in concrete at elevated temperatures
were developed by (Anderberg & Thelandersson, 1976) which can be formulated by
following equations 2.54 and 2.55 for creep and transient strain at high temperatures.

Eor = Py ——TeT=29) (2.54)
fc,T

Etr = Kzf i Eth (2.55)
C,

Where &,, =thermal strain, [,;=6.28*10 s0° d=2.658*10°K™, T= concrete tempera-
ture (°K) at time t(s), f.r=concrete strength at temperature T, ¢ = stress in the concrete
at current temperature, K, = constant range from 1.8 to 2.35, & = creep strain, and f,

20= concrete strength at room temperature.

Generally, in terms of transient creep strain, in the current Eurocode 2 (EN 1992-1-2,
2011) model there are no explicit terms for transient creep strain but it is implicitly in
the mechanical strain term. Therefore, in this study during the numerical analysis of
concrete bridge decks in fire, the effect of creep and transient strain of the concrete ex-
plicitly implemented into the finite element model is neglected.

2.12 Constitutive material models of GFRP at elevated temperatures

The time-dependent thermal (mass or density, specific heat, and thermal conductivity)

and mechanical (modulus of elasticity, thermal strain, and strength) properties of GFRP
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are needed to study the post-fire performance of GFRP at elevated temperatures. The
thermal properties evaluate the temperature rise and associated temperature evaluations
that develop within the section, whereas mechanical properties determine the degree of
fire-induced degradation in capacity and stiffness of the structural member. Defor-
mation properties control the degree of deformation in concrete members containing
FRP. Temperature-dependent thermal, mechanical, and deformation properties of con-
crete(Krishna et al., 2019a) and steel (Saafi, 2002)have been extensively reviewed in
the literature. however, constitutive or empirical relationships defining the temperature
variation of these properties at elevated temperature are also not addressed in different
codes of standards, such as(ASCE, 1992; EN 1992-1-2, 2011). Furthermore, there is no
empirical equation regarding the temperature variation with the properties of FRP at el-
evated temperatures. Therefore, in this section different thermal and mechanical proper-
ties of GFRP at the elevated temperature used in this study, based on the experimental

investigation from published works of literature are discussed.

2.12.1 Thermal properties of GFRP at elevated temperature

2.12.1.1 Mass or density of FRP

The density of the FRP material remains constant before the decomposition of its pol-
ymer matric. As the decomposition of the polymer matric begins; the molecular bond
between the polymer matric or thermoset is broken and the polymer materials react
with gas and char which brings to a reduction in mass or loss of mass (Correia, Bai, &
Keller, 2015). According to (T. Keller et al., 2005) conducted an experimental investi-
gation on pultruded E-glass/polyester composite through thermomechanical analysis to
determine the reduction in weight loss from room temperature to 550 °C under various
heating rates, the reduction in mass occurs as illustrated in figure 2.17. From the graph,
the decomposition temperature (Tq) of GFRP determined by thermal gravimetric analy-
sis (TGA) is 300 °C at a uniform rate of heating considering 5% weight loss with 115
°C glass transition temperature. However, at different heating rates; there are different
values of decomposition of temperature, that is, the higher rate of heating produces
high decomposition of temperature at the same temperature. This is due to the kinetic
mechanism of the decomposition reaction which is explained in (Thomas & Yu, 2007).
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Figure 2.17: Reduction in weight loss of pultruded GFRP as a function of temperature
at 2.5 and 20 °C/min rate of heating (Correia, Bai, & Keller, 2015)

2.12.1.2 Thermal conductivity of FRP

The thermal conductivity of FRP composite material at elevated temperature is depend-
ent on the characteristics of constituent material(Correia, Bai, & Keller, 2015; Thomas
& Yu, 2007) such as fibers and resin with their contents, forms, and structures. At room
temperature, the thermal conductivity of pultruded GFRP can be measured by the hot
plate method in which the thermal conductivity of pultruded GFRP is a combination of
the thermal conductivities of the fibers and resin (i.e., the constituents' properties) and
their volume fractions, geometric properties and morphology (i.e., size, shapes, orienta-
tions) as well as any voids between them(Correia, Bai, & Keller, 2015). For that, the
time temperature-dependent thermal conductivity of fibers and resins are evaluated
first, and then the properties of the composite can be determined.

According to (Thomas & Yu, 2007) also the best way to evaluate the thermal conduc-
tivity of FRP material properties at elevated temperature is accounting for the behavior
of FRP material at the stage of undecomposed and decomposed. Figure 2.18 illustrates,
at room temperature the thermal conductivity of fully decomposed material is less than
virgin material. For decomposed material, the thermal conductivity of material rise with
temperature while for virgin material as decomposition occurs it is effective thermal

conductivity is reduced(Bai, Keller, et al., 2008)

In general, the thermal conductivity of pultruded GFRP at room temperature needs sig-
nificant research efforts and several theoretical models for prediction purposes. Since
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from the literature reviewed there is no analytical equation developed to determine the
variation of thermal conductivity of pultruded GFRP with temperature like steel struc-
ture. However, there are some models. The simplest model was developed by (Thomas
& Yu, 2007) based on the rule of mixtures and inverse rule of mixtures, as given in
equations (2.56) and (2.57), respectively. This model represents the thermal conductivi-
ty of composite material, accounting for the effective thermal conductivity of material

with decomposed (undecomposed) and volume fraction of decomposed (undecom-

posed).

K. =V,K, + VK, (2.56)
1 v, V

=24, “ 2.57

K. K R, (2:57)

Where K¢ is the thermal conductivity of the composite material overall temperature Vp
(Va) is the volume fraction of undecomposed (decomposed) material, Ky (Ka) is the
thermal conductivity of undecomposed (decomposed) material.
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Figure 2.18: Temperature-dependent effective thermal conductivity on virgin and char

material from hot disk experiment.
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2.12.1.3 Specific heat capacity

The specific heat capacity of a pultruded FRP material at room temperature can be
measured using a calorimetry method that examines a relatively large piece of a speci-
men. Temperature can be measured directly using differential scanning calorimetry
(DSC), which uses a small amount of material, typically in powder form(Correia, Bai,
& Keller, 2015). Experimental investigation shows that excluding moisture evapora-
tion, the specific heat capacity of typical pultruded GFRP composites increases only to
a small degree with temperature before decomposition of material(Henderson et al.,
1982). When decomposition (an endothermic reaction) occurs, additional heat is need-
ed to break the molecular bond in chains. This results in a significant increase in the
measurement of specific heat capacity during the decomposition process, as shown in
Figures 2.20, and 2.21 illustrates the thermal properties of FRP across the glass transi-
tion and decomposition of the material. Because it expresses the total energy required
for all physical and chemical changes, the resulting measured value is often referred to
as effective specific heat capacity. As a result, rational modeling of effective specific
heat capacity can be established by combining the material-specific heat capacity (de-
scribed by physical theory, such as Debye's or Einstein's models) with the decomposi-
tion heat (described by Arrhenius kinetic equations), as presented in(Thomas & Yu,
2007).

Figure 2.21 illustrates the specific heat capacity of the pultruded GFRP obtained via
calorimetry is around 1170 J/Kg-K at room temperature and it is used in this study dur-
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ing heat transfer analysis. The minor variations of the true specific heat curve were neg-
ligible in comparison to the magnitude of the peaks due to dehydration and decomposi-
tion, so the curve was idealized as a constant value except in the ranges of boiling (90
°C to 110°C) and resin decomposition (250 °C to 600 °C).
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Figure 2.21: Temperature-dependent effective specific heat capacity of pultruded
GFRP at elevated temperature

46



2.12.2 Mechanical properties of GFRP at elevated temperatures

At elevated temperature’s the Glass fibers alone can attain their mechanical properties
while most polymer resins have less capability of temperatures. When the temperature
exceeds the glass transition (Tg) temperature of the material, the time-temperature de-
pendent mechanical properties like tensile strength, compressive strength shear modu-
lus, and modulus of elasticity decrease with an increase in temperature since the com-
posite action between fibers and resins rapidly deteriorate (Correia et al., 2013). This
reduction in mechanical properties of GFRP composites results in loss of strength and
stiffness. Therefore in this section, the mechanical properties of GFRP at elevated tem-
perature and standardized tests are used to determine these properties at room tempera-
ture when it is subjected to various types of loading, like, tension, compression, or

shear are discussed.

2.12.2.1 Elastic modulus of GFRP at elevated temperature

The elastic modulus of pultruded GFRP can be obtained through dynamic mechanical
analysis (DMA) in which the specimens are loaded in sinusoidal load path within the
elastic state of their stress-strain curve and the temperature is relatively small variation
at a uniform rate of heating(Bai, et al., 2008). As illustrated in figure 2.22, the degrada-
tion in elastic (storage) modulus has two distinct stages that correspond to the material's
glass transition and decomposition processes. As a result, the Tg is critical for GFRP
composite materials in civil engineering applications due to the significant reduction in
modulus (and strength) that occurs during this process. (Post, et al., 2008) perform an
experimental investigation on temperature-dependent thermophysical and mechanical
properties of pultruded GFRP composites. The result found that the storage modulus of
composites reduced with the rise in temperature and both directions along the pultru-
sion process and transverse directions the pultruded GFRP specimen shows the same

temperature mechanical properties.

There are no codes of standards that formulate the analytical equation of the reduction
in elastic modulus of FRP at elevated temperatures. However, there are numerous
scholars and codes of building standards are formulate analytical expression for steel
(ASCE, 1992; EN 1991-1-2, 2011). Because of this, in this study data gathered from
literature was used for finite element input. Based on collected data on the reduction of
mechanical properties of FRP rebar from literature according to (Saafi, 2002) the mod-

ulus of the FRP rebar remains constant up to the temperature of 100 °C and decreased
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linearly as the temperature increases. The value of the reduction in modulus of FRP re-
bar with room temperature can be obtained from the following equation 2.58, and it is

variations with elevated temperatures were determined by equation 2.59 to 2.61

Er

Kz (2.58)

" Efaoec

Where Ky temperature reduction factor for modulus of elasticity,E¢,¢.c and Egr are the

elastic modulus of FRP rebar at 20 °C and T °C respectively.

GFRP and AFRP
Kg=1 for0<T <100
Ky = 1.25 — 0.0025T for 100 < T < 300 559
Kp =2 —0.005T for 300 <T <400 (2.59)
Ky =0 for400<T
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Kg=1 for0<T <100
K; = 1.175 - 0.00175T for 100 < T < 300 2 60
Ky = 1.625 — 0.00325T for 300 < T <500 @
Ky =0 for500<T
12 T T T T T T T T T T
1.0 po=——mu L
W 0.8 1 \' -
4 .
S \ _
[&] [ ]
S 0.6 -
[
i) Y L
©
.8 0.4 -
T - _
=@®= GFRP and AFRP
0.2 Steel |
=N= CFRP
0.0 T T T T * T T T T T T
0 200 400 600 800 1000 1200

Temperature(°C)

Figure 2.22: Reduction in factor of elastic modulus of CFRP, GFRP, and steel with var-

iation in temperature
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2.12.2.2 Strength of pultruded GFRP at elevated temperature

The glass transition process that the polymer matrix undergoes, as well as the resulting
degradation of its mechanical properties, results in a significant reduction in the
strength of pultruded FRP composites. Figure 2.23 to 2.25 depicts the strength of pul-
truded GFRP materials in tension, shear, and compression for the temperature ranges
from room temperature 20 °C to 250 °C normalized to the room temperature from dif-
ferent literature and are used in finite element input in this study during simulation of

fire resistance GFRP SIP concrete bridge decks under fire.

Correia et al., (2015) reviewed that the tensile strength of pultruded GFRP at ambient
temperature is dominated by the fiber. This can be true only at elevated and high tem-
peratures if the polymer resin can efficiently transfer stresses between discontinuous fi-
bers. Also, Extensive studies have been conducted by (Correia et al., 2013) on strength
properties (tensile, compressive, and shear strength) of pultruded GFRP at elevated
temperatures. The experimental result indicates that in the range of the temperature 20
°C to 250 °C the pultruded GFRP is more endangered under shear and compression than
tension. The Tensile strength of pultruded GFRP exposed to high temperatures signifi-
cantly reduced, however, at 220 °C, the material retains approximately 54% of its am-
bient temperature strength. Shear and compressive strengths were extremely decreased
at elevated temperatures, with strength retentions of only 11% and 5%, respectively,

when compared to the strength at room temperature.

Bai and Keller,(2009) conducted an experimental investigation on modeling of strength
reduction of temperature-dependent pultruded GFRP subjected to fire. The model is
developed based on the rule and inverse rule of mixture, in which the composite mate-
rial at a certain temperature is obtained knowing the proportion of the composite mate-
rial in the mixture. The rule of the mixture can accurately determine the reduction in
strength of GFRP with temperature. The result concludes that the proposed modeling
can predict accurately the mechanical response of compressive strength, shear strength,
and elastic modulus of the composite material subjected to thermal loading, and it can
be used for finite element input. Therefore in this study for further parametric study and

numerical model validation, the work of (Bai and Keller,2009) was used.
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Figure 2.23: Normalized tensile strength of pultruded GFRP with temperature
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Figure 2.24: Normalized shear strength of pultruded GFRP with temperature
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2.12.3 Deformation properties of FRP at elevated temperature

2.12.3.1 Coefficient of thermal expansion of FRP

The coefficient of thermal expansion of GFRP composite experimental determined in
the same way to thermophysical properties of GFRP at elevated temperature using
standard test or based on the rule of mixture(Karadeniz & Kumlutas, 2007). The Amer-
ican Concrete Institute (ACI), a guide for the design and construction of structural con-
crete reinforced with fiber-reinforced polymer (ACI 4401.1R-15, 2015) reported the
thermal expansion coefficient of GFRP rebar to vary along its longitudinal and trans-
verse direction based on types of fiber, resin, and volume fraction of fiber. The longitu-
dinal coefficient of thermal expansion of the GFRP rebar is dominated by fiber while
its transverse direction is dominated by resin. According to this guide at room tempera-
ture, the coefficient of thermal expansion of GFRP varies from 6 to 10%10°%/ °C in the
longitudinal direction and 21 to 23*10®%/ °C in the transverse direction. At elevated
temperatures, there is limited information on the variation of thermal expansion of
GFRP rebar with temperature. Consequently, in this study only the longitudinal thermal

expansion coefficient of GFRP rebar is considered.

Furthermore, (Bai, Keller, et al., 2008) find the true value of the coefficient of thermal
expansion of pultruded GFRP can be obtained based on the integration coefficient of
fiber and matrix(micromechanics). As illustrated in figure 2.20 when the temperature
above the glass transition of GFRP composites, its elastic modulus is significantly re-
duced and the thermal expansion coefficient follows the trends of the reduction in elas-
tic modulus at elevated temperatures. As a result, the thermal expansion of GFRP
above glass transition temperatures may not induce further stresses or deformation to
another component. Therefore, the contributions of the true thermal expansion coeffi-
cient of the material after glass transitions to the global structural deformation are ne-
glected. Due to this, for material above the glass transition of the glass state, the effec-
tive coefficient of thermal expansion is zero. Based on the true coefficient of thermal
expansion of glass state is 12.6*10%/K in the longitudinal direction and temperature-
dependent effective coefficient of thermal expansion can be analytically expressed by
equation 2.48 (Tracy, 2005) and temperature-dependent thermal expansion coefficient
of pultruded GFRP is illustrated in figure 2.26 below.

Aee =Aex(1—ay) (2.62)
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Where A, the effective thermal coefficient, A, true thermal expansion and «, conver-

sion degree of glass transition
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Figure 2.26: Temperature-dependent effective coefficient thermal expansion

2.13 Research gap

Many temperatures dependent material behavior and performance for reinforced con-
crete members have been investigated previously by scholars and researchers, but only
very few such performance and behavior have been available for GFRP SIP formwork
for concrete bridge decks under fire. Therefore, in this study, the existing literature on
the post-fire performance of GFRP SIP formwork for concrete bridge deck at elevated

temperature was reviewed and a well-documented database was presented.

The constitute material models are implemented into the finite element software to
conduct numerical analysis of GFRP SIP formwork concrete bridge deck under fire by
simultaneously heating and loading. Until now, there is no fire requirement approaches
developed for GFRP reinforced structures unlike the design of reinforced concrete
structures to meet the fire requirements which can be achieved via the prescriptive ap-
proach, which is dependent on analytical or laboratory testing. The methods do not re-
quire temperature-dependent material properties. The new international code of practic-
es is moving towards numerical and performance-based fire design for structures,
which require temperature-dependent material properties and the application of these
properties to perform numerical analysis and design of structures under fire. Hence this
research becomes important to full fill this gap of knowledge particularly with GFRP at

elevated temperatures.
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Fire design of structure based on experimental test takes an excessive time and is ex-
pensive. Therefore, fire design of structures must be performed using FE analysis as
this would save time and resources. This study is carried out to conduct a numerical in-
vestigation on GFRP SIP formwork concrete bridge decks under fire. Using the per-
formance-based approach with FE software; duration of fire exposure; fire type, sus-
tained service load, aggregate type, GFRP plate length, GFRP plate thickness, deck
width, span to depth ratio, and cooling and heating phase are taken into consideration,
as these factors influence the performance of GFRP SIP concrete decks under fire.
Through the verified FE model, the assessment of the post-fire performance of GFRP

SIP formwork for concrete bridge decks exposed to fire conditions were investigated.

From the review of previous experimental and numerical studies, it can be seen that
most of these have been limited to conventional steel and CFRP but there are limited
studies concerning GFRP SIP forms. Therefore, this research was focused on GFRP
under fire conditions at elevated temperatures. As reported by several researchers,
GFRP is more vulnerable than CFRP under such conditions and loading. There are also
uncertainties on strength of GFRP reinforcing bars due to a lack of knowledge on the
assessment of the post-fire performance of GFRP at elevated temperatures (Hajiloo &
Green, 2018b, 2019). The flexural strengthening mechanism of fire-damaged GFRP
SIP formwork and performance of GFRP at elevated temperature warranted further in-
vestigation. No-load was applied during fire exposure, short duration of fire exposure
(pool fire) is applied which cannot represent the behavior of GFRP at elevated tempera-
ture, and variables that affect the fire resistance of the deck were not considered during
the study(Nicoletta et al., 2019). Additional mechanical and bond performance of FRP
strengthening systems at high temperature, the effect of varying the duration of expo-
sure to high temperatures that is, thermal aging, and effect of sustained load during and
after thermal exposures are addressed issues for further investigation(Foster et al.,
2008).
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CHAPTER 3

MATERIALS AND METHODS
3.1 General

An experimental investigation needs a great amount of cost and time to conduct an ex-
perimental test on the post-fire performance of the concrete bridge deck. As a result, fi-
nite element modeling and simulation of fire have a powerful and interesting computa-
tional tool for complicated nonlinear analysis of concrete bridge decks subjected to dif-
ferent fire scenarios. Therefore, in this study due to the unavailability of testing ma-
chines and expensive costs, finite element software ABAQUS was used throughout this
study. Particularly, the behavior of GFRP SIP formwork concrete bridge deck subjected
to simultaneously heating and loading is very complex and several parameters that in-
fluence its fire performance were not further investigated (Nicoletta et al., 2019). Be-
cause of this, the nonlinear finite element analysis has become much needed to investi-

gate further on fire performance of concrete bridge decks.

In this section, the material used and methodology followed in the present study are
more described in detail. The main goal of this section is to present all important in-
formation and details to reach the result and discussion of nonlinear finite element
analysis conducted in chapter four. This chapter includes material properties of con-
crete bridge deck components at room temperature from different literature-based man-
ufacture data and model geometry used to validate the numerical model, introduction to
ABAQUS software which briefly explain its application in the field of engineering,
constitutive material models of concrete, GFRP, and pultruded GFRP at elevated tem-
perature implemented into finite element model, loading and boundary condition, ther-
mal and mechanical contact interface, finite element analysis and parametric calibration

such as mesh sensitivity study, viscosity, and dilation angle.
3.2 Material and model geometry

3.2.1 Model geometry

Two 1,675 x840 mm GFRP forms used in model validation each had four T-Up ribs
spanning the full length of the forms spaced at 205 mm on center. Figure 3.1 shows a
typical span of a bridge deck reinforced with the spliced GFRP formwork used in this
study. The experimental program (Nicoletta et al., 2019) consisted of seven deck sec-

tions of a concrete bridge deck reinforced using a GFRP stay-in-place form. Figure 3.2
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shows the cross-section detailing of the tested GFRP stay-in-place form decks. The to-
tal beam had a height including the GFRP base plate and width of 186mm and 205mm,
410mm, respectively. The total length of the beam specimens was 1675 mm having a
variable exposed span length. The beams were reinforced with ®10 mm GFRP bars.
The longitudinal rebar was placed at 35mm from T-up ribs and the transverse bars are a

lower rebar layer spaced at 185mm typical for all specimens.

Glass Fiber Reinforced Polymer (GFRP) thickness greater than 9.5 mm was used to
make use of the fire resistance benefits associated with thermal thickness and select a
GFRP structural form that was representative of a full-scale bridge deck in practice.
The base plate has a maximum thickness of 19 mm, which is tapered to 13.7 mm away
from the ribs. The ribs protruded 96 mm from the interior of the base plate to the top of
the rib flange. The ribs are 12.7 mm thick, and their flanges are 102 mm wide(M.
Nelson & Fam, 2013).

Traffic Into Page - A | !,-—GFFIF‘ Reinforcement
—Bridge @ TA Bridge—
Girder ) Girder
Section A-A
! i 0 i i ik i i o !
GFRP Base PI.'-?nte—)I N GFRP Base JI\—T-Fiit:rs.
Plate Splice

Figure 3.1: Typical configuration of GFRP stay in place T-up formwork [source :( Ni-
coletta et al., 2019)]

3.2.2 Material models at room temperature

According to ASTMC39 the beam and cylindrical test were covered with wet burlap
during the curing. Based on the six cylindrical tests and taking their averages the 50
and 90 days of the compressive strength of the concrete is given as a table 3.1and to
better represent the actual strip of a GFRP stay in place formwork concrete bridge deck
a two-dimensional grid of 10-M GFRP V ROD of top rebar mesh was used only along
with both directions. The longitudinal rebar was placed at 35mm from T-up ribs and the
transverse bars are a lower rebar layer spaced at 185mm typical for all specimens hav-

ing the following material properties.
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Figure 3.2: Dimension of concrete deck specimen [source :( Nicoletta et al., 2019)]

A12.7mm thick pultruded GFRP plate is were composed of alternating layers of longi-
tudinal, transverse, and random mat E-glass fibers saturated with polyester resin. Ac-
cording to the manufacturer’s data and code of standard the mechanical properties of

GFRP rebar and pultruded GFRP at room temperature is listed in table below.

Table 3. 1: Lamina engineering constant of pultruded GFRP laminate

Mechanical properties Sources

E1(GPa) 16.8 (Nicoletta et al., 2019)
E. (GPa) 15.6 (Nicoletta et al., 2019)
E3 (GPa) 15.6 (Nicoletta et al., 2019)
G12 (GPa) 4.5 (Ayman et al., 2017)
G13(GPa) 4.5 (Ayman et al., 2017)
G23 (GPa) 5.51 (Ayman et al., 2017)
V12 0.25 (Ayman et al., 2017)
Vi3 0.25 (Ayman et al., 2017)
Va3 0.3 (Ayman et al., 2017)
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Table 3. 2: Lamina ultimate capacity of pultruded GFRP lamina

Mechanical properties

Sources

Longitudinal tensile strength (MPa) 203
Longitudinal compressive strength (MPa) 110
Transverse tensile strength (MPa) 126
Transverse compressive strength (MPa) 110
Longitudinal shear strength (MPa) 65.5

Transverse shear strength (MPa) 65.5

(Nicoletta et al., 2019)
(M. Nelson & Fam, 2013)
(Nicoletta et al., 2019)
(M. Nelson & Fam, 2013).
(Ayman et al., 2017)

(Ayman et al., 2017)

Table 3. 3: Material properties of GFRP rebar

Mechanical properties

Sources

Elastic modulus (GPa) 46
Density (Kg.m™) 2100
Poisons ration (-) 0.25

(ACI 4401.1R-15, 2015)

(ACI 4401.1R-15, 2015)

(Razaetal., 2019)

Table 3. 4: Material properties of concrete

Mechanical properties

Sources

Compressive strength (MPa) 50 days 45.7+1.2

(Nicoletta et al., 2019)

90 days 47.9
Density (Kg.m?) 2400 (EN 1991-1-2, 2011)
Poisons ration (-) 0.2 (fib), 2010)
3.3 An experimental program for numerical model validation

A small-scale Glass Fiber Reinforced Polymer (GFRP) stay-in-place formwork for
concrete bridge decks (Nicoletta et al., 2019) was selected and simulated to illustrate
the capability and accuracy of the proposed finite element model. During the fire test-
ing (Nicoletta et al., 2019) apply a pool fire to GFRP soffit between two point loads
approximately which cover 33% of the span length of the beam. Un exposed parts of
the beam were protected by using a 12.7mm thick gypsum board with a lightweight of
6.4 kg/m2. A 300mm pan diameter of pool fire with 1.6L of heptane at 0.11L/min and
a flame height of approximately 0.5m was used to expose the fire to the GFRP soffit.
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The beam was supported at 500mm from the base of the fuel pan (as shown in figure
3.3 b). A 14.5 min heptane pool fire was applied to the fire-damaged beam, FD, and
tested at 90 days after casting due to laboratory restrictions at ambient temperatures af-
ter being exposed to fire. Four-point monotonic bending of a beam spanned 1425mm
from the center of support with 125mm overhangs at either side with 475mm center to
center spacing of point loads (figure 3.3a) was applied to fire-damaged specimens to

identify the load-deflection performance of GFRP stay in place formwork.

p
475mm | A75mm | 475mm

(b)

Figure 3.3: Experimental test set up of concrete deck (a) four-point loading condition

and (b) exposing to pool fire[source:(Nicoletta et al., 2019)]
3.4 ABAQUS software

ABAQUS software has the capability of performing linear and nonlinear static, dynam-
ic, and transient analyses of various engineering problems. This includes coupled tem-
perature displacement, coupled thermal-electrical-structural, direct cyclic, dynamic, ge-
ostatic soils, static, dynamic implicit, and other complex analyses across various engi-
neering disciplines. In this study, a nonlinear static general with a sequential thermo-

mechanical analysis was performed.
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ABAQUS/CAE is a complex ABAQUS environment that presents a simple, consistent
interface to creating, submitting, monitoring, and visualization the results from
ABAQUS/Standard and ABAQUS/Explicit simulation. Abaqus is divided into mod-
ules, each of which contains only the tools necessary for the specific portion of the
modeling task. The logical sequence that the user follows to create a model corresponds
to the order of the modules in the menu and the model tree(ABAQUS, 2020) are well
explained as (1) Part in which individual parts are created either by sketching or import-
ing their geometry from other interface software such as AutoCAD, ANSYS, CATIA,
etc. (11) Property module which is used to create the material constitutive model, Sec-
tion, composite layup and assigning of the section to the region of parts. (111) Assembly
is used to an instance of parts and position of the instances relative to each other in a
global coordinate system. (V) Step module used to create and define the analysis steps,
associated field, and history output results. (V) Interaction module used to define and
manage mechanical and thermal interaction between the region of a model or region of
the model and its surrounding, interface region and coupling schemes for an
Abaqus/Standard to Abaqus/Explicit co-simulation, analysis constraints between re-
gions of a model, assembly-level wire features, connector sections, and connector sec-
tion assignments to model connectors, inertia (point mass, rotary inertia, and heat ca-
pacitance) on regions of the model, cracks on regions of the model and springs and
dashpots between two points of a model or between a point of a model and ground.
(V1) The load module is used to define load, boundary conditions, load cases, and pre-
defined fields. (VII) Mesh module allows generating meshes on parts and assemblies
created within ABAQUS/CAE. Furthermore, the mesh module contains functions that
verify an existing mesh and assign the stacking direction of composite bodies. (VIII)
The job module allows to create a job, submit it for analysis, and to monitor its pro-
gress. And finally, (IX) Visualization to read the output database that Abaqus/CAE

generated during the analysis and to view the results of the analysis.
3.5 Finite element modeling

The finite element model developed for some parametric studies such as aggregate
types, fire types, duration of the fire, deck width and sustained load has the same ge-
ometry as tested GFRP SIP formwork for concrete bridge decks by (Nicoletta et al.,
2019) but different loading condition and material properties since the mechanical and

thermal properties of materials were considered based their variation with temperature.
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The geometry of the concrete, GFRP reinforcing bars, and pultruded GFRP were creat-

ed as solid, wire, and shell/solid (during fire simulation) respectively.

3.5.1 Basic assumption
Some basic assumptions were proposed to simplify the simulation, analysis, and aid in

convergence solution of the post-fire performance of concrete bridge deck.

e There was no bond-slip between the concrete, reinforcement, and GFRP T-up ribs,
that is perfect bond is assumed.

e GFRP reinforcement is anisotropic material but it is modeled in finite elements as iso-
tropic material.

e The heat loss due to moisture evaporation and spalling of the concrete at elevated

temperatures during the fire was not considered.

3.5.2 Damage and failure criteria

In the current study, in both material concrete and GFRP were their damage and failure
mechanism were taken into account. The adapted failure criteria for concrete is the
compressive failure of concrete which occurs when the strain in the outermost fiber of
the section exceeds 0.0038 at room temperature and according to table 2.1 as per the
European code of standard (EN 1991-1-2, 2011) at elevated temperature. The material
rupture of the GFRP can be controlled using material strength at room temperature and
with the respective variation of material strength at elevated temperature. The initial
failure of the composite material can be modeled in ABAQUS either using Tsai-Hill
failure criteria (R.M. Jones, 1999) or Hashin damage criterion (Z. Hashin, 2016). The
Tsai-Hill failure criteria can be used only for plane stress elements and cannot indicate
the failure mode of the composites but indicate the damaged point of the composite ma-
terial. It can be expressed mathematically by equation 3.1 according to the ABAQUS
manual (ABAQUS, 2020).

2 2
(o} 0110: O; 0.
lp=— — o+ + =5 < 1.0 (3.1)
Sl Sl SZ 512

Where I is Tsai-Hill failure index, 0,41, 05, and oy, are respectively the longitudinal,

transversal, and shear stresses in a given point of the composite material, and S1, S2,
and S12 are respectively the longitudinal, transversal, and shear strengths of the GFRP
material. If Tsai-Hill index values reach (Iz = 1) at a given point, it shows that such
point appeared to be the onset of failure. For a given stress state, this criterion allows

the boundary between the damaged (Ir > 1) and undamaged (Iz < 1) state of the
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composite. But, the Tsai-Hill failure criterion did not influence the reduction in materi-
al stiffness and strength of the composite material. In general, Tsai-Hill failure criteria
only illustrates the zone of the composite failure and do not introduce a reduction in the
mechanical properties of the material.

In opposite to the Tsai-Hill failure criterion, providing a single model to determine
damage and failure initiation, Hashin damage failure criterion takes into account the
material progressive damage by considering four failure criteria: fiber compression, fi-
ber tension, matrix tension, and matrix compression. In this criterion, the equations 2.7
to 2.19 in chapter two were used. The Hashin damage failure criteria (Z. Hashin, 2016)
was used in the load-dependent model to estimate the load-carrying capacity of the
GFRP SIP formwork for concrete bridge deck and to predict their mode of failure. The
Hashin failure criteria also need the fracture energy of the GFRP, the values were set as
12.5 N/mm in longitudinal tensile and compressive fracture energy, and 5 N/mm in
transverse tensile and compressive fracture energy of fiber-reinforced epoxy (Ayman et
al., 2017). In this study to avoid the convergence problem, the viscosity coefficient of
fiber and matrix failure modes were assumed as 0.005 and 0.05 s respectively.

3.5.3 Thermal and mechanical contacts at the interface

There is a lack of information on contact between pultruded GFRP and concrete at ele-
vated temperatures. Therefore, in this study, the author enforced to use of the gab con-
ductance previously used for the contact between steel tube and concrete. The thermal
resistance at the boundary between the GFRP T-up ribs and the concrete was modeled
by providing the temperature-independent constant value of 200 W/m2K gap conduct-
ance according to (Espinos et al., 2010). Furthermore, a radiative heat transfer mecha-
nism at the interfaces between GFRP T-up ribs and concrete with an emissivity of both
GFRP T-up ribs and concrete surface equal to 0.8 and configuration factor equal to 0.8.
The fraction of dissipated energy caused by friction between concrete and pultruded
GFRP converted to heat and the fraction of converted heat distributed to slave surface
were assumed a default value of ABAQUS program (ABAQUS, 2020) set as 1 and 0.5

respectively.

The mechanical interaction between GFRP T-up ribs and the concrete contacting sur-
face was modeled using tie constraint available in ABAQUS Standard by selecting the
master and slave surface. The master and slave surfaces were selected depending on the

load transferring mechanism. In this study, concrete is the master surface, and GFRP T-
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up ribs are the slave surface. Moreover, the interaction between loading plates and con-
crete, supporting plates, and GFRP T-up ribs were modeled by surface-to-surface con-
tact with hard contact in normal behavior which allows any force or pressure value
when the two surfaces are in contact and when the surfaces are not in contact cannot
transfer any force. In tangential behavior using the Coulomb friction model with a con-
stant friction coefficient of 0.25 which had previously been used by many researchers.
In surface-to-surface contact loading and supporting plates act as master surfaces, and
concrete and GFRP Tup-ribs act as slave surfaces. The GFRP reinforcement is embed-

ded into the concrete using an embedded region available in ABAQUS standard

3.5.4 Discretization of the Finite Element Model

Different element types were selected from the ABAQUS element library selection for
both heat transfer and structural analysis. A three-dimensional eight-node solid linear
element with temperature degree of freedom (DC3D8) was used to model concrete dur-
ing heat transfer analysis. While the respective three-dimensional eight nodes (C3D8R)
general-purpose linear brick element with reduced integration (1 integration point) was

used to model concrete in structural analysis.

Linear displacement truss elements with two nodes (T3D2) were used in the modeling
of GFRP during structural analysis. It is noted that T3D2 is a three-dimensional two-
node linear displacement truss element. The three-node linear displacement quadratic
truss elements are unable to model the reinforcing bar accurately since the embedded
mid-node of the reinforcement is not properly in contact with the surrounding concrete
and result in excessive deformation of the reinforced concrete(Hajiloo & Green, 2019).
In addition, the author refers that the reinforcing bar cannot affect the temperature evo-
lution of the reinforced concrete structure because of very small in size compared to the
surrounding concrete, and it's possible to omit it during heat transfer analysis. There-
fore, in this study, the effect of nodal temperature of GFRP top bar reinforcements was
ignored. Figure 3.4 shows the three-dimensional elements used in structural and heat

transfer analysis of the current study.

The general-purpose continuum shell element (SC8R) with an eight-node, quadrilateral,
first-order interpolation, and stress or displacement continuum shell element with re-
duced integration was used in modeling of pultruded GFRP during structural analysis at
room temperature. The continuum shell element allows for modeling of the three-

dimension solid composite laminate, more accurate contact modeling, and stacking of
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the composite to capture a more accurate response of composite laminate through

thickness.
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(a)DC3D8 and C3D8R element  (b) DC3D20 and C3D20R element

(c) T3D2 element (d) SC8R shell element

Figure 3.4: The three-dimensional element model used in heat and thermomechanical
analysis.

During heat transfer analysis the second-order quadratic solid element (DC3D20) was
used in modeling of pultruded GFRP because in ABAQUS/Standard only for convec-
tional shell element is available to model heat transfer in shell-type structures to input
directly to the equivalent stress analysis shell element for sequentially coupled thermal
stress analysis. Figure 3.5 illustrates the difference between convectional and continu-

um shell elements during finite element mesh.
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Figure 3.5: Convectional and continuum shell element

Furthermore, during thermo-mechanical analysis the corresponding (C3D20R) second-
order quadratic three-dimensional solid element with twenty nodes was used to model
the pultruded GFRP at elevated temperature. Its notes that the second-order element
can capture high accuracy in ABAQUS/Standard than first-order element-based stress
concentration and modeling geometric features. Overall, second-order elements are
very essential in problems dominating bending.

Concrete

Rigid plate Reference point

GFRP top rebar  Pultruded GFRP

Figure 3.6: Symmetric finite element meshing of concrete bridge deck components
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Table 3. 5: Element used in the current numerical model

Types of analysis

Parts Structural analysis Heat transfer analysis

Types of element

Concrete C3D8R DC3D8

GFRP rebar T3D2 Neglected
Rigid plate R3D4 Neglected
Pultruded GFRP C3D20R and SC8R DC3D20

3.5.,5 Loading and boundary condition

The thermal and mechanical response of the GFRP SIP formwork for the concrete
bridge deck was simulated assuming the simple supported symmetric conditions con-
cerning the x-axis, and therefore, during mechanical analysis, the displacement in x
(U1=0), rotation in y (UR2=0), and z (UR3=0) were fully restrained as illustrated in
figure 3.7. The mechanical load was applied at top of the two loading of rigid plates in
the Y direction (downward) to the reference point using displacement control. The val-
ue of displacement applied in all specimens was equal to the ultimate displacement
(Amax) at peak load (P). The reference point of the loading rigid plates was fully con-
strained in all directions to prevent the excessive distortion of the elements in FRP and

material instability.

Symmetric boundary condition(U1=UR2=UR3=0) Applied vertical load

P1 P2

Exposed fire load
Pmned support Roller support
Figure 3.7: The loading and boundary condition of the concrete bridge deck

Regarding the thermal loading and boundary condition, in case of finite element valida-

tion and further parametric study except in case of durations and types of fire, the ther-
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mal load was applied at the soffit of the concrete bridge deck between the two loading
plates following the time-temperature curve as shown in figure 3.8 for 2340 sec. The
reason why this time-temperature curve was used, it represents the real fire loading
with cooling phase that the bridge deck subjected to fire. However, the standard Euro-
code fire temperature curve will be applied as nodal temperature loading versus time at
the soffit of the concrete bridge decks for further parametric study of fire types and du-
ration. In the cooling stage to investigate the effect of the sustained load on concrete
deck subjected to fire after cooling; linear cooling (decay) in fire temperature according
to European code of standard (EN 1991-1-2, 2011) recommended according to the
work of (Alconpat, 2020; Hosseini et al., 2014).

In ABAQUS software, in all fire loading cases, the average furnace temperature was
applied in terms of small-time incremental steps. Each time step is composed of several
smaller sub-steps that are solved using Newton-Raphson’s technique. At the end of
each time-temperature step, the convergence was achieved by Newton-Raphson equi-
librium iterations when the temperature difference at each node from each iteration do
not above 5 °C. And the boundary condition conduction, convection, and radiations
were used during heat transfer analysis, and for more detail, the reader may refer to sec-
tion 3.7.2 of this study. In general, the locations of the applied nodal transient tempera-
tures are based on their damaged types and the sustained load is applied at 475mm from

the center of support at each point load as shown in figure 3.3 a.
3.6 Identification of constitutive material models

The bridge deck components considered in this study consist of three materials. The
three materials are GFRP reinforcement, pultruded GFRP, and concrete which are
briefly described in chapter two based on information presented in the current code of
standard, manuals, and previously conducted research. In this section, it is necessary to
describe how material properties and stress-strain curves of the two main components
are accurately implemented into the finite element modeling both at room and elevated
temperatures. Numerical analysis of the post-fire performance of GFRP SIP formwork
for concrete bridge decks requires the material properties of concrete and GFRP at ele-
vated temperatures. These material properties are categorized into two parts: (i) thermal
properties and (ii) mechanical properties. The thermal properties include mass or densi-

ty, specific heat capacity, and thermal conductivity.
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Figure 3.8: Pool fire loading of time-temperature history [sources: (Nicoletta et al.,
2019)]
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Figure 3.9: Nominal temperature-time curve for standard and hydrocarbon fires
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The thermal properties of the materials manage the transfer of heat and temperature dis-

tribution across the section while the mechanical properties of the material include elas-
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tic modulus, poisons ration, tensile strength, shear strength, compressive strength,
stress-strain, thermal strain, or thermal expansion which determines the stiffness,

strength, and deformation of the material after exposure to elevated temperature.

3.6.1 Concrete

ABAQUS program (ABAQUS, 2020) can allow three ways to simulate the damage in
concrete using the crack models, those are concrete damage plasticity (CDP) model,
brittle crack model, and smeared crack concrete model. In this study, Concrete Damage
Plasticity (CDP) model was used to model the mechanical behavior of concrete at room
and elevated temperatures by providing inelastic behavior of the concrete in compres-
sion and tension softening of the concrete with their respective damage parameters. The
failure criteria mechanisms in CDP are cracking and crushing of the concrete under
tensile and compressive strength. The basic initial requirement to define the CDP mod-
el in ABAQUS such as yield surface, a hardening rule, and a flow rule is essentially
taken into consideration. The four constitutive parameters used to model the yield sur-
face of concrete are: (a) the poisons ratio set as 0.2 which controls the volume changes
of concrete before the inelastic behavior. (b) The dilation angle (y) which is the inter-
nal friction angle of concrete was taken as 35° default value of ABAQUS was recom-
mended as calibrated in section 3.8. (c) The flow potential and (d) the ratio of the sec-
ond stress invariant on the tensile meridian to that on the compressive meridian; in this
study, the default values in the ABAQUS program respectively 0.1 and 0.66 were used.
The default value for the ratio of initial biaxial compressive yield stress to initial uniax-
ial compressive yield stress was 1.16. Through finite element calibration, the viscosity
of the concrete was determined to be 0.004 (see section 3.8). All above-listed parame-
ters were implemented into the finite element model independent of the temperature
since according to the author's knowledge there is no information presented in a code of
standard and published papers on their mechanical properties with temperature varia-

tion.

In the present study, the default value of stiffness recovery factors of concrete both in
compression and tension at room and elevated temperature. In past also, numerous re-
searchers use the default value to model the stiffness recovery of concrete in finite ele-
ment software ABAQUS (Poudel and Yadav, 2021; Wahalathantri et al., 2021). There-
fore, the default value in ABAQUS for the compressive stiffness recovery factor, W¢ =

1lis used based on an assumption that compressive stiffness of concrete is fully recov-
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ered upon the closure of crack as the load changes from tension to compression, and the
tensile stiffness recovery factor, W; = 0 is assumed that the tensile stiffness is not re-
covered as load changes from compression to tension once the initiation of concrete
crushing. The reinforcement and surrounding concrete act independently during the

cracking of the concrete.

3.6.1.1 Thermal properties of concrete

Thermal conductivity, specific heat capacity, and density of concrete are the required
material parameter to perform transient heat transfer analysis. The equation of Euro-
code (EN 1991-1-2, 2011) is used in this study to define the temperature-dependent
thermal properties of concrete at elevated temperatures for both siliceous and carbonate
aggregates. For more information, the reader may refer the chapter three of this study.
Figure 3.10a illustrates the variation of specific heat capacity with temperature. It can
be seen between the temperature of 100 and 115 °C there is a sharp spike is presented
with the ultimate value of specific heat capacity which has a variation with the moisture
content of the concrete. In figure 3.10a the specific heat capacity of the concrete was
shown for the moisture content of the concrete up to 10% but in this study, the effect of

moisture content not concrete that is 0% moisture contents were assumed.

Eurocode (EN 1991-1-2, 2011) proposed the upper and lower limit of the thermal con-
ductivity of the concrete at elevated temperatures. In this study, the heat transfer analy-
sis was performed using the upper limit of thermal conductivity of the concrete and
good agreements were made with the experimental result as shown in chapter four, fig-
ure 4.1. Most researchers recommend the upper limit of the thermal conductivity of
concrete (Hawileh & Rasheed, 2017). For the further parametric study on the effect of
types of aggregates (ASCE, 1992) equations were used (figure 3.10b). The density of
normal weight concrete for siliceous and carbonates was taken as 2400 kg.m=.In
ABAQUS software density has been defined as a function of temperature and/or field
variables. For all elements except acoustic, heat transfer, coupled temperature-
displacement, and coupled thermal-electrical elements the density is a function of the
initial values of temperature and field variables. It will not be updated if temperatures
and field variables change during the analysis. Therefore in this study, density can be
with only the initial temperature of 20 °C.
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Figure 3.10: The variation with the temperature of (a) specific heat and (b) thermal
conductivity of concrete [source: (EN 1991-1-2, 2011)

3.6.1.2 Mechanical properties of concrete

The Compressive strength, tensile strength, elastic modulus, poisons ratio, and stress-
strain response in compression are the mechanical properties of concrete used in fire re-
sistance design. In this study, the equation of Eurocode (EN 1991-1-2, 2011) on com-
pressive, tensile, and stress-strain of concrete at elevated temperature were used. Figure
3.12a illustrates the variation of compressive strength for NSC for siliceous and car-
bonate aggregates according to Eurocode (EN 1991-1-2, 2011) at elevated temperature
and figure 3.11a the stress-strain curve used at room temperature in this study. Between
20°C to 100°C the degradation in compressive strength for both types of aggregates is
the same while at 100°C to 1000°C shows a larger variation in the reduction of com-
pressive strength. The tensile strength of concrete is lower than compressive strength
and ignored in strength calculations at elevated temperatures. However, it is an im-
portant property in terms of fire resistance, because cracking in concrete is typically
caused by tensile stresses, and structural damage of the member in tension is frequently
caused by progression in micro-cracking (Sidney Mindess and J. Francis Young, 2003).
In case of; to account the tensile strength of the concrete Eurocode (EN 1991-1-2,
2011) allows the reduction factor coefficient,K..(T) as illustrated in figure 2.11 and
tensile stress-strain of concrete at room and elevated temperature presented in figure
3.9b and 3.88b respectively. The elastic modulus of the concrete affected by various

variables such as mixing, water-cement ration, quantity and nature of aggregates, age of
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concrete, and nature of conditioning(V. Kodur, 2014a). At elevated temperatures, the

elastic modulus of concrete rapidly decreases as the temperature rises (figure 2.12).

Most of the existing constitutive models focus on the relationship between stress-strain
curves with compressive strength of concrete, strain at peak stress, and ultimate strain
of concrete at elevated temperature (Krishna et al., 2019a). In this study, the compres-
sive stress-strain curves at elevated temperature are implemented into the finite element
model as per the relationship developed by Eurocode (EN 1991-1-2, 2011). The stress
up to 0.3f°c is linear for the stress-strain curves at different elevated temperatures with a
nonlinear ascending branch up to f’c. For descending branch the Eurocode permits line-
ar or nonlinear stress-strain curves at various elevated temperatures. To ensure the nu-
merical convergence ABAQUS(ABAQUS, 2020) enforces a lower value of compres-
sive and tensile strength of the concrete not less than 0.01 of the initial compressive and
tensile strength of the concrete implemented into the ABAQUS program. Figure 3.12a
illustrates the reduction of the compressive stress-strain curve of siliceous aggregates
introduced into the FEM in the current study up to 1100 °C for the concrete compres-
sive strength of 45.7 MPa. The linear thermal expansion coefficient,a of the concrete
with the variation of temperature required to input into the ABAQUS program was ac-
cording to the equation of (ASCE, 1992).
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Figure 3.11 :( a) Compressive and (b) tensile stress-strain of concrete at room tempera-
ture
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3.6.2 Glass Fiber Reinforced polymer
The GFRP is an anisotropic material, due to limited studies on thermal and mechanical

properties, it is assumed as an isotropic linear elastic behavior providing the elastic
modulus and strength of material properties for GFRP rebar in finite element software
ABAQUS and ANSYS (Hawileh & Rasheed, 2017; Raza et al., 2019) until failure
without fiber damage criterion. Therefore, in this study, the GFRP reinforcement rebar
was simulated in the ABAQUS program as elastic-brittle materials until rupture. Figure
3.13 illustrates the stress-strain relationships of GFRP reinforcement that are applied in

the FE simulations.

=

5 FRP
" :
= Ef= 46000 MPa
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f ot >
Strain(mm‘mm)

Figure 3.13: The stress-strain relationships of FRP reinforcement

The pultruded GFRP SIP formwork for concrete decks was modeled as anisotropic ma-
terial according to the material properties of the manufacturer (M. Nelson & Fam,

2013) and presented data according to (Nicoletta et al., 2019) using engineering con-
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stant parameters such as elastic modulus in the x-direction (E1), elastic modulus in the
y-direction (E2), elastic modulus in the z-direction (E3), poisons ration in XY (NU12),
poisons ration in XZ (NU13), poisons ration in YZ (NU23), shear modulus in XY
(G12), shear modulus in XZ (G13), shear modulus in YZ (G23) available in
ABAQUS/standard based on the manufacturer data listed in table 3.3 to 3.4. In
ABAQUS; the composite material can be modeled using the composite layup in which
the number of plies, material, rotation angle, and integration points is specified. Based
on the partition cell of the pultruded GFRP different thickness of the composite layup
was performed in ABAQUS program with [0/40/90/130°] fiber orientation according to
(M. Nelson & Fam, 2013) conduct an experimental investigation GFRP panel similar
with GFRP SIP formwork for concrete bridge used in this study. The panel consists of
the 12.7mm GFRP base plate integrated with T-up ribs spaced at 12.7 mm, and the ribs
are 12.7 mm thick with a flange width of 102 mm.

Note: All dimensions are in millimeter (mm) and degree (°)
Figure 3.14: Composite layup of Pultruded GRP

3.6.2.1 Thermal properties of Glass Fiber Reinforced Polymers

For fiber-reinforced polymer rebar’s, their thermal properties(thermal conductivity,
specific heat capacity, and density are not accounted in the finite element model in heat
transfer analysis since they do not affect temperature evolution within the cross-section
and negligible volume ratio in reinforced concrete section (Yu & Kodur, 2013). How-
ever, the properties of constitutive materials of pultruded GFRP varying with tempera-
ture have a significant effect on the thermal response of concrete bridge deck exposed
to fire. For pultruded GFRP high-temperature thermal properties were built into the fi-
nite element model according to (T. Keller et al., 2006a) as illustrated in figure 3.15a
and b. The density of pultruded GFRP at room temperature was taken as 2100 Kg.m
with independent of temperature from ACI code of standard (ACI 4401.1R-15, 2015).
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Figure 3.15: The variation with the temperature of (a) thermal conductivity and (b) spe-
cific heat capacity of pultruded GFRP Mechanical properties of GFRP

In terms of mechanical properties of FRP bars at elevated temperatures, lack of suffi-
cient and well-documented databases, and there is an agreement between the research-
ers as well as the design codes that the behavior of FRP reinforcing bars require further
investigation. Therefore, in this study, the variation of the mechanical properties of the
GFRP reinforcing bars and the pultruded GFRP were taken from the published paper.
Figure 3.16a presents the reduction factor in shear, tensile and compressive strength of
the pultruded GFRP up to 250 °C according to the experimental work of (B. and Keller,
2009) and in figure 3.16b the reduction factor in elastic modulus of FRP and steel ac-
cording to (Saafi, 2002) were compared and illustrated. The elastic modulus of the FRP
rebar remains constant up to the temperature of 100 °C and decreased linearly as the
temperature increases.
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Figure 3.16. The Variation with the temperature of mechanical properties of FRP
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The linear thermal expansion coefficient (CTE) of FRP reinforcing bars are widely dif-
ferent in the longitudinal and transverse directions. The longitudinal thermal expansion
of FRP is dominated by the fibers while the transverse direction is dominated by resin
properties (ACI 4401.1R-15, 2015). According to this guide, the coefficient of thermal
expansion of GFRP varies from 6 to 10*10°%/ °C in the longitudinal direction and 21 to
23*10%/ °C in the transverse direction. At elevated temperatures, there is limited infor-
mation on the variation of thermal expansion of GFRP rebar with temperature. Conse-
quently, in this study, only the longitudinal CTE GFRP reinforcing rebar is taken as 6 x
10/°C based upon the material properties provided by (ACI 4401.1R-15, 2015) inde-
pendent of temperature. Experiment investigation shows that based on the rule of mix-
ture the coefficient of thermal expansion of pultruded GFRP along the direction of the
pultrusion ax = 12.6x10°%/K, transverse oy = 21.8x10°/K, and through-thickness oz =
37.0x10%/K (T. Keller et al., 2006a) and the values were used in this study independent

of temperature
3.7 Finite element analysis

The finite element software (ABAQUS, 2020) was used to implement the proposed fi-
nite element models. The temperature-independent thermal and mechanical contact
models described above were provided in the ABAQUS program (ABAQUS, 2020) to
accurately simulate the interface between concrete and pultruded GFRP. The constitu-
tive material models for concrete, GFRP rebar, and pultruded GFRP were implemented
into the framework of the software packages. The modeling of fire performance of con-
crete bridge decks subjected to fire was conducted using sequentially coupled thermo-
mechanical analysis. The sequentially coupled thermomechanical analysis means that
the stress analysis depends on thermal analysis; however, the reverse is not permitted in
ABAQUS software(ABAQUS, 2020). Therefore, this procedure consists of two stages:
first, heat transfer analysis in which the temperature distribution of the cross-section of
the structures is obtained. Second, stress analysis is sometimes a so-called mechanical
analysis in which the residual strength of the structures is evaluated. More detailed de-

scriptions of both types of analysis were given in sections 3.7.2.1 and 3.7.2.2.

3.7.1 Procedure of analysis
The process of developing finite element modeling and analysis was classified into the

following five stages.
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3.7.2

Concrete, GFRP Tup ribs, GFRP base plate, loading plate, support plate, and
GFRP rebar were created as separate parts in the graphical interface of the
ABAQUS (2020) program. Since the sequential analysis was performed two
models are constructed as per the case study; one model for heat transfer analy-
sis and the other for structural analysis. During the finite element modeling of
concrete bridge decks, the configuration of the model is similar for both heat
transfer analysis and mechanical analysis. The number of elements and mesh
size remain the same for both thermal analysis and mechanical analysis to trans-
fer safely the nodal temperature from heat transfer analysis to stress analysis.
Thermal and mechanical properties for concrete, GFRP Tups ribs, and GFRP
rebar were defined. In this section, the heat transfer model is differentiated from
the structural analysis using element types, boundary conditions, and loading.
Thermal analysis was performed by using the time-temperature history obtained
from experimental results by(Nicoletta et al., 2019) for finite element model
validation only. However, for further parametric study, the standard fire curve(
ISO 834) and hydrocarbon fire asper (EN 1991-1-2, 2011) were used.

Sustained loads were applied as a displacement control at the top face of con-
crete bridge decks in the structural analysis model to study stress-strain before
exposure to fire.

The pre-defined field available in the ABAQUS program was defined at the end-
stage of analysis to transfer the nodal temperature into the mechanical analysis
model, and sustained load and thermal effect were analyzed simultaneously at

each increment of the analysis time.

Type of analysis and increments

The sequential thermo-mechanical analysis procedure in ABAQUS/Standard was used

in the current study to analyze the GFRP SIP formwork concrete bridge deck subjected

to fire.

3.7.2.1 Heat transfer analysis

In this study to simulate the thermal response of the GFRP SIP formwork concrete

bridge deck; a transient heat transfer process is considered, during which the heat from

the fire flow to the soffit of the concrete deck and then propagated into the inner part of

the deck. The boundary conditions convective and radiative are used to transfer the heat
from the fire to the surface of the deck (Dai et al., 2014; Hajiloo & Green, 2019) and
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conduction is used to transfer the heat from GFRP SIP formwork to the concrete sec-

tion. The heat convection and radiation are analytically expressed by equation 3.2
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Figure 3.17: Flow chart of finite element modeling and analysis procedure
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Where n is the outward normal direction of the deck surface; h.is the coefficient of
convective heat transfer, T is the gas temperature near the fire exposed surfaces, T, is
the surface temperature of the structural member &,,, and & is the surface emissivity of

the element and the fire respectively. The Stefan Boltzmann constant ¢ is taken as
5.67*10~8W/m?K* and T, is the absolute zero and the initial temperature was set at -
273.15 °C below zero and 20 °C respectively. During fire simulation in ABAQUS, the
effect of convection is based on film condition with the varying temperature-time curve
according time-temperature curve illustrated in Figures 3.8 and 3.9. For standard fire;
the film condition was defined as 25 W/m?K as h for the fire exposed portion of the
concrete bridge deck. The unexposed part of the concrete bridge deck the film condi-
tion was taken as 9 W/m?K. While for hydrocarbon fire; the film condition of 50 and 9
W/m?K for exposed and unexposed parts of concrete bridge deck based on the provi-
sion of Eurocode(EN 1991-1-2, 2011). The nodal temperature obtained during heat
transfer analysis was read into mechanical analysis for stress analysis as a predefined
field in the respective step module created in ABAQUS/Standard. The temperature read
into the stress analysis were varied in position and time. The ABAQUS/Standard can
interpolate the nodal temperature of the points within the element based on the conver-

gence required.

3.7.2.2 Mechanical response analysis

In the current study, the mechanical analysis is divided into two stages: first, the con-
crete bridge deck is loaded at room temperature to investigate the material stability and
behavior of the concrete bridge deck; and second, the surface temperature which ap-
plies the nodal temperature to each node on the surface from heat transfer analysis is
then applied as predefined to model the process of fire. Following the fire load, the me-
chanical load was applied to the concrete bridge deck using displacement control at the
reference point of the rigid plate as illustrated in figure 3.7. During the mechanical
analysis to transfer the nodal temperature from heat transfer analysis to stress analysis,
the finite element mesh was kept uniform. However, the thermal elements were
changed to their respective stress element as further explained in section 3.5.4.
Throughout, a sequentially coupled thermomechanical analysis the real fire period
(2340 sec) was replaced to the extremely small period of 1s since the computational
time of the real fire period during mechanical analysis needs huge time even a week; as

a result, it is necessary to use the load factoring(Mago et al., 2014). The ABAQUS pro-
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gram selects the value of each step time automatically depending on the required con-
vergence; the minimum step time chosen in this study was initial (0.001), minimum
(0.00001), and maximum (0.001) to avoid the numerical convergence problems relating
to the nonlinear analysis. Because the concrete bridge deck exposed to fire generally
undergoes significant deflections, the consequences of dimensional nonlinearity were
incorporated into the Finite element model by using the updated Lagrangian
approach(ABAQUS, 2020). The influence of nonlinear geometry has been included in
the ABAQUS program by turning on the Nlgeon, choosing automatic stabilization with
a default value of specified dissipated energy fraction 0.002, and adaptive stabilization

with the maximum ratio of stabilization to strain energy 0.05.
3.8 Calibration of mesh sensitivity and plasticity parameters

The finite element analysis requires the calibration analysis to find the effect of the
varying constitutive material parameters on the finite element model comparing the re-
sult of numerical and experimental tests. Additional to ensure the accuracy and conver-
gence of the finite element model of the concrete bridge deck, it is necessary to investi-
gate the role of varying geometric and concrete material input plasticity parameters to
obtain accurate results. These parameters are mesh sensitivity study, dilation angle, vis-
cosity parameter, eccentricity, stress ratio, and shape factor. However, according to
(Raza et al., 2019) conduct, in an investigation on plasticity parameters only viscosity
parameters, dilation angle, and mesh size have an impact on the finite element analysis
result. The result indicates that with increasing viscosity parameter from 0.0018 to
0.0068 the peak load of the control specimen increased by 16%. Moreover, the ultimate
load increased by 13% when the mesh size of the element decreased from 60mm to
15mm. The effect of dilation angle has only 4.75% on the peak load of the control
specimen when it is increased from 30° to 40°. Therefore, viscosity parameters and

mesh size have a critical influence on finite element results.

Specimen C1 was selected to calibrate the effect of those parameters on the load defec-
tion response of the concrete bridge in comparison with the experimental test. After
that, the calibrated parameters are used to simulate the nonlinear finite element analysis
of concrete bridge deck subjected room and elevated temperature. The following sub-
section describes the effect of varying mesh size and concrete damage plasticity model
on load-deflection response.
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3.8.1 Mesh sensitivity analysis

Mesh sensitivity analysis was performed to avoid the effect of element size on the
analysis of the results(Elbahy et al., 2021). It can also investigate to obtain the optimal
mesh size and as the finite element size becomes finer; the computational cost of the
analysis increase. Due to this, it is necessary to model either half or quarter of the struc-
tures based on the mesh size required. Mesh sensitivity analysis was carried out to
overcome the effect of element size on finite element analysis results. In this study, the
mesh size of 20mm, 25mm, and 30mm was used to investigate the effect of mesh size
on load-deflection response of concrete bridge deck. In figure 3.18 it is observed that as
the mesh size element increase the accuracy of finite element result decreases. There-
fore, the optimum mesh size of 25 mm was selected for this study.
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Figure 3.18: Effect of mesh size on load-deflection response of concrete bridge deck

3.8.2 Viscosity parameter

Viscosity parameter is used for visco-plastic regularization of the concrete constitutive
equation in Abaqus/Standard analysis. The viscosity parameter can also serve for im-
proving the problem of convergence in nonlinear finite element analysis. The smaller
value of viscosity requires less regularization and gives an accurate result, but the small
value of viscosity significantly increases the computational cost of the analysis and is

faced with the problem of convergence(Wahid & Bisby, 2019).

This parameter is neglected in Abaqus Explicit due to ABAQUS/Explicit did not have
convergence issues. The default value viscosity in Abaqus is zero. In this study, the ap-

proximately high value of viscosity parameters ranging from 0.0035 to 0.005 was taken
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due to the convergence problem of finite element analysis. Figure 3.19 illustrates the
effect of varying the viscosity parameter on load-deflection response. It can be seen that
keeping the time increment of the initial and maximum increment constant through the
analysis to 0.001 and mesh size of 25mm, a higher value of 0.005 viscosity can esti-
mate a stiffer response of concrete bridge deck than experimental test and smaller value
of 0.0035 can predict less value of the ultimate load. Therefore in this study, the most
approximate value was achieved using 0.004 viscosity of concrete keeping the mesh
size and dilation angle 25 mm and 35° respectively.
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Figure 3.19: Effect of viscosity on the load-deflection response of concrete bridge deck

3.8.3 Dilation angle

Dilation angle defines the concrete dilatancy or a volume change in concrete which is
influenced by inelastic strain in Ducker-Prager hyperbolic function, used in concrete
plasticity flow potential in concrete damage plasticity model(Dassault system, 2012).
Also according to (Raza et al., 2019) dilation angle is one of the constitutive material
parameters and act as the internal friction angle of the concrete. The Drucker-Prager
function can be expressed in terms of dilatancy parameter for the concrete and repre-

sented by equation 3.3

G =.2], + apl (3.3)

Where a,, the dilatancy parameter for concrete.
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The flow potential function used in the concrete damage plasticity model can be de-
rived from equation 3.3 of Drucker-Prager hyperbolic function is represented by equa-
tion 3.4:

G = /(eo,otanyp)? + q2 — ptanyp (3.4)

Where ¥ is dilation angle, € is the eccentricity parameter of the plastic flow potential
function required to adjust the shape of hyperbola and a;, is the tensile strength of the

concrete.

In this study to observe the effect of dilation angle parameter on the load-deflection re-
sponse of concrete bridge deck the dilation angle 35°, 37° and 40°. Figure 3.20 shows
the effect of the dilation angle on the load-deflection curve for specimen C1. It can be
noted from the load-deflection response the effect of the variation of dilation angle on
finite element analysis results is relatively small as compared with the effect of the vis-
cosity parameter. Therefore, in this study, the default value of viscosity parameter 35°
is used throughout the finite element model of concrete bridge deck material both at

room and elevated temperatures.
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Figure 3.20: Effect of dilation angle on the load-deflection response of concrete bridge
decks
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The plasticity parameter viscosity, eccentricity, dilation angle, stress ratio, and shape

factor used in the current study were presented in table 3.6.

Table 3. 6: Concrete plasticity parameter used in current study

parameter values Remark
Viscosity(-) 0.004 Calibration
Eccentricity(-) 0.1 Default
Dilation angle(degree) 35 Calibration
Stress ration 1.16 default
Shape factor 0.67 default
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CHAPTER FOUR

RESULTS AND DISCUSSIONS
4.1 General

In this section, the main finding of this study is described based on finite element anal-
ysis. The validation of finite element models is performed using a commercially availa-
ble finite element software ABAQUS/Standard. In this study, the experimental program
of (Nicoletta et al., 2019) is used as a benchmark to validate the accuracy of the devel-
oped finite element model. The results of this small-scale experimental investigation on
the post-fire performance of GFRP stay in place formwork concrete bridge decks vali-
dates with the ABAQUS finite element analysis and compared with load versus deflec-
tion, crack patterns, failure modes, and time-temperature history. The developed and
verified numerical model is used for further parametric study on types of fire, duration
of the fire, Sustained service loading (in addition to bridge deck self-weight), length of
GFRP plate, the thickness of GFRP plate, types of aggregates, span to depth ration, and
deck width

In the next section of this chapter, a separate validation of the numerical model against
thermal test and structural response of concrete bridge deck at room and elevated tem-
perature after exposure to fire are further illustrated. In this chapter also various param-
eters that affect the performance of the GFRP SIP formwork concrete bridge deck un-
der fire were further investigated by the finite element model. Overall, the structural
and thermal response of the GFRP SIP formwork concrete bridge deck is discussed
based on a time-temperature, load-displacement curve, damage mode, crack pattern,

and plastic strain.
4.2 Validation of Finite Element Analysis

To ensure the accuracy of the developed numerical model and the data collected from
literature, the numerical model was validated against experimental tests carried out on

GFRP SIP formwork concrete bridge decks subjected to fire.

The numerical simulation results obtained from the suggested model were compared
with the experimental tests results and further parametric studies are conducted in this
paper. The section below describes the experimental tests used in the validation of the

current numerical model, validation of the numerical model against the thermal test,
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validation of the numerical model against structural test at room temperature and ele-

vated temperature.

4.2.1 Validation of numerical model against the thermal test

The results obtained from heat transfer analysis were presented in terms of tempera-
ture-time- histories of GFRP internal temperature at the soffit center and compared
with temperature-time- histories of corresponding experimental thermal tests(Nicoletta
et al., 2019). Fig. 4.1 and 4.2 show the temperature distribution predicted by the FE
model and the relevant experimental data. The model estimates the temperatures of the
GFRP very closely with the experimental one. The maximum predicted peak tempera-
ture is about 104 and 100 °C by numerical simulation and experimental tests respec-
tively. The percentage of the difference between numerical simulation and the experi-
mental test is 3.8% which is below 10% and acceptable. Therefore, the comparisons
show reasonable agreement between the numerical simulation results and the experi-
mental test results, especially at maximum temperature transferred from the soffit of
GFRP to the internal surface of GFRP. This agreement indicates the accuracy of the
suggested model in capturing the temperature distribution inside the GFRP SIP form-

work concrete bridge deck Crossection.
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Figure 4.1: Temperature distribution predicted by the FE model and experimental data.
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Figure 4.2: Temperature evolution of concrete bridge deck across a critical section.

4.2.2 Validation of numerical model against structural test before the fire
The mechanical behavior of concrete bridge decks is first investigated at room tempera-
ture to study the behavior of the concrete decks at ambient temperature. The load-
displacement curves and failure modes obtained from finite element analysis and exper-
imental results were analyzed and compared. As shown in Fig. 4.3a, the load-
displacement curves obtained for specimen C1 from FE analysis were in good agree-
ment with experimental results. However, did not show any failure mode without im-

plementing failure material of pultruded GFRP to the finite element model.
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Figure 4.3: Load-deflection response of numerical and experimental result for specimen
C1 without providing failure criteria of Pultruded GFRP

Figures 4.4a and b illustrate load versus deflection of the concrete decks of specimen
C1 and C2 respectively providing failure material into FEM and it captures both ulti-
mate load and failure modes with experimental tests. This agreement confirms that the
proposed numerical model can estimate and predict the response and maximum load of
GFRP SIP formwork concrete bridge decks under load at room temperature up to fail-

ure. The analyzed ultimate strength of specimen C1 was about 209.1 KN, accounting
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for 98.58% of the experimental result. The analyzed ultimate strength of specimens C1
was lower than the experimental result with 1.42%. Additionally, the numerical results
showed slightly fair displacement corresponding to the ultimate strength at failure
compared with the experimental result. The ultimate displacement obtained by finite
element analysis is about 29 mm which has a percentage of difference of 11.37% com-
pared with an ultimate displacement of the experimental result of 25.7 mm. This may
be due to the inaccurate simulation of friction and bonding effect. But the finite element
model could still be used to capture the load-displacement behavior. Similar, the spec-
imen C2, the ultimate load obtained by FEM is 438 KN accounting for 92.21% of the
experimental result. The analyzed ultimate load of specimen C2 was lower than the ex-

perimental result with 7.79%.
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The ultimate displacement measured by FEM was 25.67 mm with a 13.57% percentage
of difference compared to experimental measured maximum displacement. In general,
the finite element model has good agreement with the experimental result since it cap-
tures both the ultimate load and displacement of the concrete bridge deck at room tem-

perature.
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Figure 4.4: Load-deflection response of numerical and experimental result for specimen
C1 and C2 with providing failure criteria of Pultruded GFRP

4.2.3 Validation of numerical model against structural test after the fire.

The mechanical behavior of concrete bridge decks at elevated temperatures is also in-
vestigated to study their behavior when subjected to fire. The results of the numerical
model in terms of ultimate load-displacement relationships of the concrete bridge deck
were compared with the corresponding experimental load-displacement relationships.
Figures 4.5 below illustrate the comparison for the concrete bridge deck between finite
element analysis and experimental results. Good agreement can be seen between the
two sets of results. This agreement confirms that the proposed numerical model can es-
timate and capture the response and maximum load of the concrete bridge deck under
different elevated temperatures up to failure. However, did not show any failure mode
due to material failure Hashin damage of pultruded GFRP for the solid element is not
supported in ABAQUS/Standard. The effect of implementing Hashin damage of fiber-
reinforced polymer into the FEM did not affect the ultimate load of the concrete bridge
deck as illustrated in figure 4.3 above but have effects on showing the mode of failure.
Therefore, in this during thermomechanical modeling of the concrete bridge deck, these
effects were neglected. Numerical simulation results reveal that the maximum load of
fire-damaged concrete bridge deck FD was found to be increased by 8.67% compared
to the maximum load of undamaged concrete bridge deck C1. This shows that there is

some level of strengthening, because of heating and cooling of the pultruded GFRP
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which results in concrete prestressing. This result can also validate the experimental
work of (Nicoletta et al., 2019).

Figure 4.5 illustrates the load-deflection response of fire-damaged concrete bridge deck
specimen FD. The finite element result captures the ultimate load of the concrete bridge
deck in comparison with the experimental result shows good agreement. This agree-
ment confirms that the proposed numerical model can estimate and predict the response
and maximum load of GFRP SIP formwork concrete bridge decks subjected to fire.
The ultimate strength of fire-damaged deck specimen FD obtained by finite element
model was 228.85 KN, accounting for 95.35% of the experimental result. The analyzed
ultimate strength of specimens was lower than the experimental result within 4.64%.
Additionally, the numerical results showed slightly fair displacement corresponding to
the ultimate strength at failure compared with the experimental result. The difference in

the ultimate strength of the finite element model and the experimental result had 1.27%.
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Figure 4.5: Numerical versus experimental load-deflection response of concrete deck

after exposed to fire for specimen FD

In table 4.1 the summary of the percentage of error and the mean model accuracy of
predicted results obtained by FEM and experimental results based on the ultimate dis-
placement at mid-span and ultimate load of the concrete bridge deck is described. The
following equations were directly taken from(YIMER, 2019).

FEM — Test
Error = result result % 100 (4.1)
TeStresult
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M
Mean model accuracy, M(%) = result

x 100 4.2
TeStresult ( )

Table 4. 1: Comparison of ultimate displacement and load of concrete bridge deck with

the experimental result.

Ultimate displacement Prediction Ultimate Prediction
Specimen at mid span(mm) load(KN)

Experi- Percentage Error M

mental FEM difference Experimental FEM (%) (%)

(%)

C1 25.7 29 11.37 212 209 -1.42  98.58
C2 29.7 25.67 13.57 475 438 -7.79 92.21
FD 30 29.62 1.27 240 228.85 -4.64 95.35

As illustrated in table 4.1 above in all cases, the finite element model prediction of per-
centage difference of the ultimate displacement at mid-span and ultimate load error
leads to below 15% and 10% respectively, which shows that the finite element response

is in good agreement with the experimental result.

4.2.4 Cracking pattern

The concrete damaged plasticity model in ABAQUS assumes that the initiation of
cracking is due to the positive maximum principal plastic strain (PE). The orientation
of the cracks is considered to be normal to the maximum principal plastic strains (PE)
and thus, the direction of the cracking is visualized through the maximum principal
plastic strains. The maximum tensile principal stresses are also can be used to show the
cracking patterns in finite element analysis. However, the maximum plastic equivalent
principal strain can give a better visualization of crack direction on concrete surfaces.
Therefore, it’s necessary to use strain for showing the cracking patterns for the finite

element analysis (Genikomsou & Polak, 2015).

The cracking pattern on the tension side of the concrete bridge deck specimen C2 at a
failure is presented in figure 4.7 with the comparison between the finite element model
and experimental test. The cracking propagates to the compression zone of the concrete
bridge deck from the interface between concrete and pultruded GFRP. It starts
tangentially near the interface of concrete and pultruded GFRP and then extends
radially as the applied load increase. The presence of top reinforcement changes the
behavior of cracking and prevents the propagation of cracking further to the
compression zone of the deck. Overall, the finite element cracking patterns were in

good agreement with the experimentally obtained crack patterns.
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Figure 4.6: Cracking pattern at the ultimate load between finite element model and ex-

perimental test for specimen C2.

The crack pattern of specimen C1 and fire-damaged FD obtained from finite element
analysis were illustrated in figure 4.7. The author(Nicoletta et al., 2019) did not present
the image of a crack pattern of the fire-damaged FD during the experimental test in his
published paper but well describe theoretically the difference between the undamaged
and fire-damaged concrete deck based on their variation of the crack pattern. Therefore,
in this study based on the theoretically addressed in the literature, the crack pattern

obtained by finite element analysis were compared and discussed below.

To better understand the influence of fire on load transfer to the GFRP stay-in-place
formwork concrete bridge deck finite element analysis was applied to visualize the
crack pattern in specimens C1 and FD. As illustrated in Figures 4.7a and b the most
prominent flexural cracks occurred at the mid-span of the deck between the two loading
plates and the shear cracks were developed nearest to the two supporting radiating from
the interface between concrete and pultruded GFRP. Furthermore, for the same applied
load; the fire-damaged FD had smaller crack width than undamaged C1. This shows
that better load transfer to the GFRP stay-in-place formwork in fire-damaged FD than
in undamaged C1 as a result of concrete precompression due to thermal straining.
Overall, the crack pattern obtained by finite element analysis of concrete bridge at room
temperature and subjected to fire well agree with the experimental work of (Nicoletta et
al., 2019).
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Figure 4.7: Cracking pattern for (a) specimen C1 and FD
4.3 Parametric study

Various parameters that affect the performance of the GFRP SIP formwork concrete
bridge deck under fire were investigated by the finite element model. The parameters
were types of aggregates (siliceous and carbonate), duration of the fire, types of fire
(hydrocarbon and standard fire), sustained load, deck width, GFRP plate length, GFRP
plate thickness, span to depth ratio, and heating and cooling phase

4.3.1 Effect of aggregate type on concrete deck

This parametric study was conducted to investigate the influence of aggregate types on
temperature evolution of concrete surface, load-deflection response, tension damage,
compression damage, and crack pattern of concrete bridge deck subjected to pool fire.
In this study siliceous and carbonate, aggregates were used for concrete deck specimen
C1 and other parameters were kept the same. The effects of aggregate type on the pre-
dicted temperature of the concrete surface at mid-span of the concrete deck with a spec-
ified distance of 19 mm from the base of the concrete bridge deck cross-section are il-

lustrated in figure 4.8.
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Figure 4.8: Effect of aggregate types on temperature evolution of the concrete deck

The result presented in figure 4.8 shows the types of aggregates do have not a significant influ-
ence on the predicted temperature of the concrete deck. The peak temperature predicted on the
concrete surface for carbonate and siliceous aggregate is about 82 and 91 °C respectively.

Figure 4.9 illustrates the effect of aggregate types on the load-deflection response of the
concrete bridge deck. It can be seen that with different types of aggregate the deflection
mode of the concrete bridge is the same for both carbonate and siliceous concrete
decks. Additionally, the initial cracking load in both carbonate and siliceous occurred
around 30 KN. However, aggregate types have a little or low influence on the ultimate
load-carrying capacity of the concrete bridge deck. The ultimate load of the concrete
bridge deck consists of siliceous aggregate less than those of the concrete deck made of
carbonate aggregates. The predicted ultimate load of the concrete bridge deck is about
230 and 226 KN for carbonate and siliceous aggregate respectively. This is due to the
reduction in compressive strength of the concrete consists of siliceous aggregates more
than carbonates aggregate at elevated temperature. In general, aggregate types did not
have significant effects on predicted temperature and ultimate load-carrying capacity of

concrete bridge deck subjected to fire.

As illustrated in Figures 4.10a and b the mode of cracking failure of the concrete bridge
deck consists of siliceous and carbonate aggregates almost similar. Therefore, in both
cases, the cracking propagates from the interface between concrete and GFRP T-up ribs

to the compression zone of the concrete deck and radiates to the compression zone of
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the concrete deck up to the presence of the embedded top GFRP reinforcement and
GFRP T-up ribs.
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Figure 4.9: Effect of aggregate types on the load-deflection response of concrete bridge
deck.

This indicates that the presence of the GFRP T-up ribs and top reinforcement prevents
the damage of concrete above the ribs from fire damage and further cracking of the
concrete as applied load increases. However, the maximum plastic deformation and
crack width were observed for the deck consists of siliceous aggregates more than the
carbonate aggregates. This is because the siliceous aggregates are relatively less fire-

resistant than carbonate aggregates.
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(a) Maximum principal plastic strain for siliceous aggregates
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Figure 4.10: Effect of aggregate types on the maximum principal plastic strain and
cracking failure pattern of concrete

Figures 4.11a and b illustrate the observed tensile damage of the concrete bridge deck
consisting of siliceous and carbonate aggregates. In both concrete bridge decks, the
most severe damage of the deck is at the tension zone of the deck subjected to pure
bending under combined thermal and mechanical load. There was also a wider spread
of tensile damage at shear span supports. It’s observed that the spalling of concrete at
top of the deck nearest to the loading point occurred with a little difference in the con-
crete deck consisting of siliceous aggregates. Therefore, based on the tension damage
observed the aggregate types do not have a notable effect on fire-damaged concrete

bridge decks.

The pultruded GFRP Mises stress contours observed for concrete bridge deck made up
of different aggregates types subjected to fire were illustrated in figure 4.12a and b.
This result indicates that the maximum Mises stress on pultruded GFRP T-up ribs is

more concentrated at the soffit of the GFRP base plate between two loading plates.
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(a) Tension damage of concrete deck consists of siliceous aggregate
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(b) Tension damage of concrete deck consists of carbonate aggregate

Figure 4.11: Effect of aggregate types on tension damage of concrete bridge deck

The concrete bridge deck consists of siliceous aggregates relatively more experienced
GFRP T-up ribs Mises stress at the bottom soffit of the deck. The maximum Mises
stress on T-up ribs of concrete bridge deck with siliceous and carbonates were 176.3
and 175.5 N/mm? respectively. In general, also the aggregate types have very small or a
little effect on maximum mises stress developed on GFRP SIP formwork concrete

bridge decks.
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Figure 4.12: Pultruded GFRP Mises stress at different types of aggregates

4.3.2 Effect of fire duration on the concrete bridge deck

This parametric study was performed to evaluate the effect of fire duration on tempera-
ture evolution, load-displacement response, damage, crack pattern, and Mises stress of
concrete bridge deck exposed to fire. Fire duration of one and two hours was used in
this study following the time-temperature curve of standard fire according to Eurocode.
During this parametric study, the fire was exposed to the full span length of the con-
crete bridge deck between the two supports for a variable time. The effect of fire dura-

tion on temperature predicted can be illustrated as in figures 4.13a and b.
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Figure 4.13: Effect of fire duration on temperature evolution of concrete bridge deck

It can be observed from Figures 4.13a and b the fire duration significantly influences
the predicted temperature of pultruded GFRP and concrete with a peak temperature of
about 205 and 165 °C exposing the fire for 60 minutes standard fire (ISO 834). Similar-
ly, for 120 minutes of fire exposure, the predicted temperature were 346 and 289 °C on
pultruded GFRP and concrete surface respectively. This result indicates that from the

first 20 min heating rate temperature evolution of concrete bridge deck on pultruded
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GFRP and concrete surface close to each other, and the temperature of GFRP T-up ribs
rapidly increases at about 50 min. This is due to the thermal conductivity of the materi-
al that is above the decomposition temperature (300 °C) the thermal conductivity of the
pultruded GFRP increases rapidly to a very high level which validates the experimental
test conducted by(T. Keller et al., 2006b).
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Figure 4.14: Effect of fire duration on load-deflection response of concrete bridge deck
It can be seen from figure 4.14 that with different fire duration the deflection mode of
the concrete bridge is the same. However, with increased fire duration the ultimate
load-carrying capacity of the concrete bridge deck is reduced. The ultimate load of the
concrete bridge deck exposed to fire for 60 and 120 minutes are less than those of the
control concrete deck which are investigated without exposure to fire at room tempera-
ture. The reduction in ultimate load for concrete bridge deck is about 15 and 19% re-
spectively of the reference concrete deck specimen C1. This is due to high thermal load
resulting in excessive deflection, loss in strength, and stiffness of concrete and pultrud-
ed GFRP. Also, the reduction in strength of concrete deck subjected to standard fire is
as a result of no thermal heating and cooling phase was considered which result in pre-
compression of the concrete compared with the deck subjected to the pool fire men-
tioned in this study. Overall, the fire duration has a significant effect on ultimate load
carrying capacity and the stiffness of concrete bridge decks subjected to different fire

duration.

98



PE, Max. Principal
(Avg: 759%0)

+3.305e-02
+3.029e-02
+2.7/54e-02
+2.478e-02
+2. 203e-02
+1.928e-02
+1 . 65Z2e-02
+1.3772-02
+1.10Z2e-02
+8 262e-03

+5 508e-03
+2.7/54e-03
+0.000e+00

(a) Maximum principal plastic strain at 60 minutes of standard fire

PE, Max. Principal
(Avg: 7590)

+3.665e-02
+3.360e-02
+3.054e-02
+2.749e-02
+2.444e-07
+2138e-02
+1.533e-02
+1.527e-02
+1.222e-02 : N

+9.163e-03
+6.109e-03
+3.054e-03
+0.000e+00

(b) Maximum principal plastic strain at 120 minutes of standard fire

Figure 4.15: Effect of fire duration on the maximum principal plastic strain and crack
pattern of the concrete bridge deck.

Figure 4.15a and b illustrate the plastic strain distribution and cracking failure pattern
obtained from finite element analysis for the concrete bridge deck subjected to standard
fire for a period of one and two hours respectively. In ABAQUS it is possible to visual-
ize the crack pattern by using the maximum principal plastic strain (PE), in which the
material constitutive model is defined as cracking strain. The cracking pattern was ob-
served at the interface between pultruded GFRP and concrete in both cases. However,
the concrete deck subjected to two-hour standard fire experiences higher plastic defor-
mation than the deck exposed to one hour and the crack is further growth to compres-
sion zone. The result indicates that the concrete deck subjected to fire for a long period
increases the occurrence of cracking at interfaces and concrete crushing at the compres-

sion zone.

The tensile damage contours illustrated in Figures 4.16a and b were obtained from fi-
nite element models for specimen C1 subjected to the standard fire of one and two
hours respectively. In both cases, the tensile damage was initiated at extreme tension
fiber of the concrete deck in zones subjected to pure bending. There was a wider spread

of tensile damage around the loading point and shear span supports. The tensile damage
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of the concrete deck was more concentrated under the loading points. It’s observed that
the presence of the top reinforcement and pultruded GFRP prevents the tensile damage
of the concrete at the compression zone. The only difference in tensile damage of the
concrete deck in both cases was the degree of tensile damage.
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Figure 4.16: Effect of fire duration on tension damage of concrete bridge deck

The effect of fire duration on the Mises stress distribution of pultruded GFRP is illus-
trated in Figures 4.17a and b for different fire duration of the same fire types. As ob-
served from the contour plot; when the concrete bridge deck is subjected to fire for 60
minutes of standard fire the Mises stress on pultruded GFRP is more concentrated at
the web of the ribs while for 120 minutes of fire exposure; it’s more concentrated
across the soffit of the deck towards the web of the ribs. This is due to the rapid rise in
temperature of the GFRP above the decomposition temperature of about (300 °C). The
fire duration significantly influences the predicted Mises stress of pultruded GFRP. The
peak Mises stress recorded for 60 and 120 minutes on the ribs were 142.5 and 112.9

N/mm? respectively.
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Figure 4.17 Effect of fire duration on Mises stress of pultruded GFRP
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4.3.3 Effect of Fire Scenarios on the concrete bridge deck

The influence of fire scenarios was studied to determine the effect of fire type on the
performance of GFRP SIP formwork for concrete bridge decks subjected to fire. In this
study, hydrocarbon and standard fires (ISO 834) according to Eurocode were selected.
The fire was applied at the soffit of concrete decks between two supports for one and
two hours. The temperature distribution of the internal temperature of GFRP base plate
at soffit center, concrete surface, load-deflection response, and Mises stress of the
GFRP SIP formwork concrete bridge decks are compared and illustrated in figure 4.18
to 4.22.

As expected in Figures 4.18a and b, the predicted time-temperature evolution of pul-
truded GFRP base plate and concrete surface is higher with hydrocarbon fires in com-
parison with the standard fires. The predicted GFRP base plate of the concrete deck at
fire exposure of 60 minutes was about 352 and 206 °C using hydrocarbon and standard
fire respectively. This is due to the rapid increase in temperature within the first 10
minutes of hydrocarbon fires, as the standard fire temperature increases gradually. The
predicted GFRP base plate internal temperature with both fire types is very close at the
initial stage of heating rates of about 20minutes. Above this time range, the concrete
surface temperature is greater with hydrocarbon fires, with the maximum recorded
temperature of about 306 °C under hydrocarbon fire and 289 °C under standard fire for
a similar fire exposure time of 60 minutes. Therefore, the effect of fire scenarios be-

comes more significant on the temperature evolution of concrete decks
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Figure 4.18: Effect of fire scenarios on temperature evolution of concrete bridge
deck

From figure 4.19 the ultimate load-carrying capacity of the concrete bridge deck is
much higher under the standard temperature fire curve (1S0834), with the ultimate load
of 180 KN. In comparison, 172 KN ultimate loads were obtained under hydrocarbon
fire. Compared to undamaged specimen C1 the reduction in ultimate load of fire-
damaged specimen C1 was 13.9 and 17.7 % under standard and hydrocarbon fire re-

spectively.

102



Force (KN)

20 1 w1 hr standard fire B
1 w1 hr hydrocarbonfire

Y] T T T T T T

0 5 10 15 20 25 30 35

Displacement (mm)

Figure 4.19: Effect of fire scenarios on the load-deflection response of the concrete

deck
This

reduction in load-carrying capacity was due to the rapid rise in temperature of pul-

truded GFRP and concrete, which leads to a significant loss in stiffness, strength, and

load-carrying capacity of the concrete bridge deck.
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Figure 4.20: Effect of fire types on the maximum plastic strain and cracking failure pat-
tern of the concrete bridge deck
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Generally, the result indicates that the type of fire scenarios has a notable effect on the
performance of concrete bridge decks subjected to fire.

Figures 4.20a and b show the maximum plastic deformation of the concrete bridge deck
subjected to different fire types of the same duration. The concrete bridge deck subject-
ed to hydrocarbon fire experienced the maximum value of plastic deformation than
standard fire. As observed the shear crack in both cases was developed nearest to the
supporting under the loading points, there difference is the initiation of the crack width.
The width and growth of the cracks to the compression zone of the concrete deck are
more developed on the concrete deck subjected to hydrocarbon fire. And also the flex-
ural crack developed at mid-span of the deck between the two loading points with sev-
eral cracks on concrete bridge deck subjected to hydrocarbon fire than standard fire.

This is due to a rapid rise in the temperature of hydrocarbon fire with a short period.
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(a) Tension damage at 60 minutes of standard fire
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(b) Tension damage at 60 minutes of a hydrocarbon fire

Figure 4.21: Effect of fire types on tension damage of concrete bridge deck

The effect of fire types on tension damage of the deck was illustrated in Figures 4.21a
and b. The fire types have a little effect on the tension damage of the concrete bridge

deck with observed damage of the deck at the tension fiber. The concrete deck subject-
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ed to hydrocarbon, fire shows a small degree of tension damage of the concrete deck
above GFRP T-u ribs.

Figure 4.22 shows the pultruded GFRP mises stress when the concrete bridge deck is
subjected to one-hour standard and hydrocarbon fire at the soffit of the deck between
two supports. The concrete bridge deck exposed to fire at the soffit of the deck with
different fire types of the same duration experiences different mises stress on pultruded
GFRP and the Mises stress is more concentrated at the web of GFRP T-up ribs in both
cases. However, the maximum mises stress due to a standard fire and hydrocarbon fire
on pultruded GFRP are about 142.5 and 120.3 N/mm? respectively. This indicates the
concrete bridge deck resists high ultimate load under standard fire experienced larger
pultruded GFRP mises stress developed in the web of GFRP T-up ribs than stress
developed at the soffit of GFRP base plate and flanges of GFRP T-up ribs. The mises
stress used to determine the given material will yield or fracture. The GFRP did not the
yield point, however, it can be rupture or fracture in which stress caused to separate the
material. Therefore, based on the predicted mises stress of GFRP, higher Mises stress is
required to rupture the GFRP under the short duration of standard fire than the longest
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Figure 4.22: Effect of fire types on Pultruded GFRP Mises stress

4.3.4 Effect of sustained load level on concrete deck

The sustained load level was investigated to evaluate its effect on temperature evolu-
tion, load-deformation response, damage, and crack pattern of concrete bridge deck
subjected to pool fire. In the current study, two load levels were considered: 50% and
75% of the ultimate load-carrying capacity of the concrete deck at room temperature.
The two-load level was subjected to the same fire duration of 2340 sec of pool fire load
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in figure 3.8. The temperature evolution of concrete decks after sustained load of 50%
and 75% applied at the top loading plate of the concrete deck; did not have any varia-
tion on the predicted temperature of pultruded GFRP and the concrete surface. The
predicted temperature evolution of the internal temperature of pultruded GFRP at the
soffit center had the same pattern as illustrated in figure 4.1. In this study, the effect of
sustained load on predicted temperature evolution of concrete bridge deck did not illus-
trate graphically to avoid repetition. The reader may refer to figure 4.1 of this study.
The effect of sustained load and deflection of the concrete deck is illustrated and com-
pared in Figures 4.23a and b.
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Figure 4.23: The effect of sustained load level on the load-deflection response of the
concrete deck

It can be observed from figure 4.23a and b that with varying the sustained load level the
deflection of the concrete deck increase with increasing the load level. As the sustained
load increased from 50% to 75% the ultimate load-carrying capacity; the deflection of
the deck increased from 129 to 193.5 KN and 10.3 to 20.5 mm respectively. This indi-
cates the effect of the sustained load significantly influences the deformation of the
concrete bridge deck subjected to fire. In general, the presence of sustained loading at
elevated temperatures does not have a noticeable impact on the pultruded GFRP act as
a bottom layer reinforcement and concrete temperature predicted. However, it leads to

creep deflection.
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(b) Maximum principal plastic strain at 75% of sustained load

Figure 4.24: Effect of sustained load on maximum principal plastic strain and cracking
of the concrete deck

The effect of sustained load on maximum principal plastic strain was illustrated in
Figures 4.24a and b. The concrete bridge deck sustained with 75% of the ultimate load
of undamaged deck experienced maximum plastic deformation than the 50% of the
sustained load. At 50% of sustained load as illustrated in figure 4.24a, the small shear
crack starts from the interface of concrete and GFRP SIP formwork concrete bridge
deck, and further growth to the compression side of the deck while at 75% of sustained
load around the loading points nearest to support the shear cracks more concentrated.
Additionally, the flexural cracks also were developed at the tension side of the deck
between two loading points. This result also indicates that the level of the sustained
load has a significant effect on creep deformation, and the growth of shear and flexural

cracks across the section of the deck.

Figure 4.25a and b present the effect of sustained load on tension damage of concrete

bridge deck subjected to fire between two loading points. As the level of the sustained
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load increase from 50 to 75 % the degree of tension damage of the deck increase. The
interior concrete directly above the GFRP formwork sustained less damage as a result
of an exposed fire at 50% of sustained load compared with the 75% sustained load.
Furthermore, the concrete spalling due to thermal loading was more developed at the
compression zone of the deck at 75% of the sustained load. This result indicates that
the level of the sustained load has a notable effect on tension damage of the GFRP SIP

formwork concrete bridge deck simultaneously subjected to fire and mechanical load.
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(b) Tension damage at 75% of sustained load

Figure 4.25: Effect of sustained load on tension damage of concrete bridge deck

The influence of the sustained load on predicted Mises stress of the pultruded GFRP
Tup ribs was presented in Figures 4.26a and b. In both cases, the Mises stress is more
concentrated at the bottom soffit of the deck rather than at the web of GFRP T-up ribs.
The maximum value of the Mises stress on ribs increases from 78.58 to 135.6 N/mm? at
50 and 75% sustained load. This is because as the applied load increase the stress de-

veloped on the object also increase.
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Figure 4.26: Effect of sustained load on pultruded GFRP Mises stress

4.3.5 Effect of deck width on the concrete bridge deck

This parametric study was performed to investigate the size effect on temperature eval-
uation, the load-carrying capacity, damage, cracking, and Mises stress of the concrete
bridge deck. To investigate the effect of deck width, two concrete deck sizes of
205%186x1425mm and 410x186x1425mm were investigated under fire damage state
and had one and two GFRP T-up ribs along their length respectively. The reason
behind varying the number of GFRP T-up ribs was to further study whether
downscaling the GFRP T-up ribs had a proportional influence on the performance of
the concrete bridge deck subjected to fire. Figure 4.27 illustrates the predicted
temperature of internal temperature of pultruded GFRP in both cases.
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Figure 4.27: Effect of deck width on the predicted temperature

It is observed that in figure 4.27 the effect of deck width did not have a significant ef-
fect on the temperature evolution of the concrete bridge deck. The peak temperature
predicted on pultruded GFRP for 205 and 410mm deck width were about 104 and 103
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°C. This indicates that the deck width had a very smaller effect on the predicted tem-

perature evolution of the concrete deck.

Figure 4.28 shows the effect of varying the concrete deck width and downscaling the
pultruded GFRP stay-in-place formwork on a load-deflection response before the fire.
The result indicates that the specimen with twice the width and GFRP top reinforce-
ment area had about 52.6% ultimate carrying capacity than the deck had one GFRP T-
up ribs. The increase in the ultimate carrying capacity of the deck consisting of two
GFRP SIP formwork is due to concrete confinement as a result of two adjacent T-up
ribs. In general, the result obtained by finite element analysis verifies that approxi-

mately the linear scaling the ultimate carrying capacity with member width.
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Figure 4.28: Effect of deck width on the load-deflection response of concrete bridge
deck before exposed to fire

Figure 4.29 presents the effect of varying the concrete deck width and downscaling the
pultruded GFRP stay-in-place formwork on the load-deflection response after the fire.
The 410 mm deck width with twice the width and GFRP top reinforcement area than
205mm deck width had about 54.6% ultimate carrying capacity. Compared with the
undamaged deck, the fire-damaged deck reinstates its peak load by 13.1 and 8.61% for
specimens C2 and C1 respectively. The increase in the ultimate carrying capacity of the
deck consisting of two GFRP SIP formwork is due to concrete confinement as a result
of two adjacent T-up ribs and thermal expansion of the GFRP which result in pre-

compression of concrete. In general, the result obtained by finite element analysis also
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verifies an approximate linear scaling of the ultimate carrying capacity with member

width of concrete bridge deck after exposure to fire.
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Figure 4.29: Effect of deck width on the load-deflection response of concrete bridge
deck after exposed to fire
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(b) Maximum principal plastic strain for 410 mm deck width

Figure 4.30: Effect of deck width on the maximum principal plastic strain and cracking
failure of concrete bridge deck exposed to fire

The effect of concrete deck width on the mode of cracking failure was illustrated in

4.30a and b. Significant shear cracking was observed in specimens C1 and C2 in
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regions nearest to the supporting point. Beyond the ultimate load, the shear crack
further developed to the compression side of the deck. Due to the confinement of the
concrete as a result of GFRP T-up rips in the case of specimen C2 the flexural crack
developed at the mid-span of the deck between the loading points is improved com-
pared with the specimen C1 where a small flexural crack observed at the mid-span area
of the deck.

The contour plot of the tension damage of the concrete deck with varying deck width is
illustrated in Figures 4.31a and b. In both specimens, C1 and C2 consisting of 205 and
410 mm deck width most severe tension damage was observed at the tension side of the
deck nearest to the loading points. The spalling or concrete crushing due to thermal
loading at the left and right side of the deck top fiber vertical extends up to the presence
of the top reinforcement for specimen C1 while in the case of specimen C2 did not fur-
ther extend to the tension side of the deck. This is due to the presence of twice the
GFRP T-up ribs and top reinforcement area in specimen C2 enhanced the concrete con-

finement.
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(b) Tension damage for 410 mm deck width

Figure 4.31: Effect of deck width on tension damage of concrete bridge deck exposed
to fire
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The effect of deck width on Mises stress of pultruded GFRP T-up ribs is presented in
Figures 4.32a and b. The Mises stress was more concentrated at the interface between
GFRP base plates and GFRP T-up ribs within the mid-span of the deck. This indicates
that beyond the ultimate load the GFRP T-up ribs fracture at the mid-point of the concrete
bridge deck. The pultruded GFRP for 205 and 410 mm deck width had the maximum
Mises stress 172.7 and 211.5 N/mm? respectively. Therefore, the deck width has a signif-
icant effect on predicted Mises stress of pultruded GFRP.
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(a) Mises stress on pultruded GFRP for 205 mm deck (b) Mises stress on pultruded
GFRP for 205 mm deck
Figure 4.32: Effect of deck width on Mises stress of pultruded GFRP

4.3.6 Effect of GFRP base plate length on concrete deck

This parametric study was conducted to investigate the effectiveness of strengthening
the concrete bridge deck using a Glass fiber reinforced polymer base plate under room
and elevated temperature. In this study, the GFRP base plate having lengths of 475 and
950 mm was used to study the effect of plate length on the performance of the concrete
bridge deck. The GFRP base plate in two cases was extended from the mid-span length
of the concrete deck to the two supports with their respective length. Figure 4.33 illus-
trates the effect of the GFRP base plate on the load-deflection response of the concrete

bridge deck before being exposed to fire.

According to figure 4.33 extending the GFRP base plate to the two supports enhanced
the ultimate strength of the undamaged concrete deck up to 49% compared to the con-
trol specimen SDF at room temperature. The concrete deck strengthened between the
two loading points with the GFRP base plate having 14mm thickness and 450mm
length reinstate the deflection of the concrete deck by 20% of the unstrengthened con-

crete deck and does not have any appreciable effect on the peak load of the concrete
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deck. In both cases, the initiation of crack has occurred around a cracking load of 20KN
and the concrete deck strengthened using GFRP base plates are stiffer than the un-
strengthened deck. Further extending the GFRP base plate nearest to supports enhances
the flexural response and stiffness of the concrete bridge deck at room temperature.
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Figure 4.33: Effectiveness of GFRP base plate strengthening on the load-deflection re-
sponse of concrete deck before the fire.
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Figure 4.34: Effectiveness of GFRP base plate strengthening on the load-deflection re-
sponse of concrete deck after the fire.

Figure 4.34 presents the effectiveness of GFRP base plate strengthening on the load-
deflection response of the fire-damaged concrete bridge deck. Extending the GFRP
base plate about 475 and 950mm length enhanced the ultimate strength of the fire-
damaged concrete deck up to 10.94 and 50.6 % compared to the control specimen SDF
in which full span GFRP base plate was removed. The initiation of the crack in un-

strengthened fire damaged specimen C1 had a cracking load of about 25 KN while the
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strengthened fire damaged specimen C1 between loading point and further extending to
support the initiation of crack were occurred at around a cracking load of 28 KN. The
fire-damaged strengthened concrete bridge deck is stiffer than the unstrengthened fire-
damaged specimen SDF. Overall, further extending the GFRP base plate nearest to
supports enhances the flexural response and stiffness of the concrete bridge deck after
the fire. The level of strength enhancement for a fire-damaged concrete bridge deck
subjected to the simulated fire and mechanical load was higher than an undamaged
concrete deck. Beyond the cracking load of an undamaged concrete deck, the stiffness

of the fire-damaged could be restored.
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Figure 4.35: Effectiveness of GFRP base plate strengthening on the maximum principal
plastic strain and cracking failure of concrete deck subjected to fire
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As observed from figure 4.35a significant flexural crack was observed in the SDF spec-
imen in the region where full span GFRP base plate was removed. Strengthening the
fire-damaged specimen SDF between the loading points with 450 mm plate length in
figure 4.35b and further extending to support with 950 mm plate length in figure 4.35c
improve the occurrence of the flexural crack between the loading points. However, the
shear crack was observed at the interface of the end length of the GFRP base plate and
concrete due to the weak composite action between the concrete and GFRP base plate.
Therefore, strengthening the flexural area of the fire-damaged concrete deck using the

GFRP base plate is effective to improve the cracking failure of the concrete decks.
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Figure 4.36: Effectiveness of GFRP base plate strengthening on tension damage of
concrete deck subjected to fire
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The tension damage of the concrete bridge deck subjected to fire was occurred at the
tension side in all fire damage concrete specimen SDF with and without GFRP base
plate strengthened. But, the degree of the tension damage in all specimens shows
different damage contour plots. As observed from figure 4.36a, removing the GFRP
base plate from the full span length of the concrete deck, concrete tension damage
between the loading points was extended up to the presence of the top reinforcement.
For the fire-damaged strengthened concrete deck, similar to the unstrengthened fire
damage the tension damage of the concrete occurred at the tension fiber of the concrete
deck subjected to pure bending. The difference in tension damage of the strengthened
and unstrengthened fire-damaged concrete deck is the strengthened fire damage using
the 450 and 950 mm GFRP base plate length improves the damage of the concrete
between the loading points above the GFRP T-up ribs as illustrated in figure 4.3b and 3
respectively. As the applied load increased in the specimen, SDF strengthened using a
950 mm GFRP base plate; the tension damage of the concrete becomes more
concentrated around the loading points. As a result, its necessary to strengthen the fire-
damaged concrete bridge deck using a GFRP base plate to improve the tension damage

further extending to the compression zone.
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Figure 4.37: Effectiveness of GFRP base plate strengthening on GFRP Mises stress
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Figure 4.37a, b, and c present the effect of GFRP base plate length on Mises stress de-
veloped on pultruded GFRP. The Mises stress on pultruded GFRP of unstrengthened
fire damaged specimen SDF in which full span GFRP base plate removed more con-
centrated at mid-span while for fire-damaged strengthened the concentration of the
Mises stress observed at interface of the end length of the GFRP base plate and GFRP
T-up ribs. This result indicates beyond the ultimate load of the concrete deck, for un-
strengthened fire-damaged concrete deck, the fracture of the GFRP T-up ribs occurs at
the midpoint while for the strengthened fire-damaged concrete deck it occurs at the in-
terface of the GFRP base plate and GFRP T-up ribs. The maximum predicted Mises
stress on pultruded GFRP for unstrengthened and strengthened fire-damaged concrete
deck using 475, and 950 mm GFRP base plate length had 237.6, 391.5, and 436.9
N/mm? respectively.

4.3.7 Effect of GFRP base plate thickness on concrete deck

This parametric study was conducted to study the effect of GFRP base plate thickness
on predicted temperature, load-deflection response, damage, Mises stress, and crack
pattern of concrete bridge deck subjected to fire. Two GFRP base plates having 10 and
20 mm thickness were selected in this study based on the use of the fire resistance ben-
efits associated with thermal thickness and select a GFRP structural form that was rep-
resentative of a full-scale bridge deck in practice(M. Nelson & Fam, 2013). The effect

of the GFRP base plate thickness on predicted temperature is illustrated in figure 4.38.
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Figure 4.38: Effect of GFRP base plate thickness on the predicted temperature of the

concrete deck
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It can be observed in Figure 4.38 the GFRP base plate thickness significantly influ-
ences the predicted temperature of pultruded GFRP with a peak temperature of about
136 and 95 °C for 10 and 20 mm GFRP base plate thickness respectively. During the
first heating rate of 150 seconds and the cooling phase, the GFRP base thickness did
not influence the predicted temperature of the concrete bridge deck subjected to fire.
This result indicates that the thickness of the GFRP base plate must be in consideration
to improve the thermal load during a high heating rate than the cooling stage due to fire
on the concrete bridge deck.
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Figure 4.39: Effect of GFRP base plate thickness on the load-deflection response of
concrete bridge deck before the fire

Figure 4.39 presents the load-deflection relationship of undamaged concrete bridge
deck with control specimen C1 which has a 14mm thick GFRP base plate replaced with
10 and 20 mm thickness for further investigation on the ultimate carrying capacity of
the concrete bridge deck before the fire. It can be observed from figure 4.39 that with
different GFRP base thicknesses the failure mode of the concrete bridge is the same.
However, increased GFRP base plate thickness enhances the ultimate load-carrying ca-
pacity of the concrete bridge deck. The ultimate load of the undamaged fire concrete
bridge deck with 20mm GFRP base plate had 25.95% more than 10mm GFRP base
plate thickness. The GFRP base thickness increases the stiffness of the undamaged
concrete bridge deck and cannot influence the initiation of crack which occurred in
both cases at a cracking load of about 25 KN. Therefore, the GFRP base plate thickness
has a significant effect on ultimate load carrying capacity and the stiffness of concrete
bridge decks before the fire.
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Figure 4.40: Effect of GFRP base plate thickness on the load-deflection response of
concrete bridge deck after fire

It can be seen from figure 4.40 that with different GFRP base thickness the deflection
mode of the fire-damaged concrete bridge deck behaves the same pattern. But, with in-
creased GFRP base thickness; the peak load of the concrete bridge deck subjected to
fire was enhanced. The ultimate load of the concrete bridge deck exposed to fire with
10 and 20mm GFRP base plate thickness experienced more ultimate load than the con-
trol concrete decks which are investigated without exposure to fire at room tempera-
ture. The enhanced ultimate load of the fire-damaged concrete bridge deck is about
9.09 and 14.65 % of the reference concrete deck with 10 and 20 mm GFRP base plate
thickness respectively. After exposed to fire the GFRP base thickness also reinstates the
occurrence of the initiation cracking of fire-damaged concrete deck from cracking load
of about 25 to 30 KN. This is due to the thermal heating and cooling of the concrete
bridge deck resulting in the pre-compression of concrete. Because of this, it is effective

to increase the thickness of the GFRP base plate of concrete bridge deck.
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Figure 4.41: Effect of GFRP base plate thickness on the maximum principal plastic
strain and cracking failure pattern of concrete bridge deck after fire
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(b) Tension damage for 20 mm GFRP base plate thickness

Figure 4.42: Effect of GFRP base plate thickness on the maximum principal plastic
strain and cracking failure pattern of concrete bridge deck after fire
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Figure 4.43: Effect of GFRP base plate thickness on Mises stress of pultruded GFRP
4.3.8 Effect of span to depth ration
The effect of span to depth ratio on the performance of concrete bridge deck at room

temperature and subjected to fire were examined. This was performed by varying the
length and the depth of the concrete bridge deck with uniform deck width. Four con-
crete decks were used in this study with dimensional specimen detail given in table 4.2.
The load-deflection response of the concrete deck is presented and compared in figures
4.44 to 4.49. Table 4.2 summarize the flexural properties of the concrete bridge deck of
the undamaged and fire damage concrete decks, including peak load (Pmax) and dis-
placement at maximum load(Amax).

Table 4. 2: Span to depth ratio used in the current study

Maximum Maximum
Concrete deck  Span to ultimate load (KN) deflection(mm)
size(mm) depth (-) Room Elevated Room Elevated

temperature temperature Temperature temperature

1425%205%x186 7 209.14 228.85 27.23 29.62
1425%205%x172 8 97.6 117.64 20.82 24.6
1302x205x186 7 233.52 282.36 24 27.8
1488x205*186 8 198.61 240.97 29.52 34.2

Note: Concrete deck dimensions are given in c/c span x width x depth format
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Figures 4.44 and 4.45 present’s effect of span to depth ratio on the load-deflection rela-
tionship of undamaged concrete bridge deck before the fire with varying concrete deck
depth and length respectively. It can be observed from figure 4.44 that with increasing
span to depth ratio of the concrete deck from 7 to 8 varying the depth of deck; the ulti-
mate load-carrying capacity significantly reduced by 53.3% while varying the length of
the deck relatively influence the performance of the deck; that is reduced only by
14.95%. Therefore, the result indicates that it’s the effect of span to depth ratio varying

with a depth significantly influence the performance of concrete deck under normal
condition.
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Figure 4.44: Effect of span to depth ratio on load deflection response of concrete deck
varying deck depth before the fire
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Figure 4.45: Effect of span to depth ratio on the load-deflection response of concrete
deck varying deck length before the fire
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Figure 4.46 and 4.47 illustrates the effect of span to depth ratio on the load-deflection
relationship of fire-damaged concrete bridge decks with varying concrete deck depth
and length respectively. It can be seen from figure 4.46 that with increasing span to
depth ratio of the concrete deck from 7 to 8 varying the depth of deck; the ultimate
load-carrying capacity of a fire-damaged concrete deck significantly reduced by 48.6%
while varying the length of the deck relatively influence the performance of the fire-
damaged deck; that is reduced only by 14.66%. Therefore, the finding also indicates
that it’s the effect of span to depth ratio varying with a depth significantly influences

the performance of fire-damaged concrete deck subjected to fire.
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Figure 4.46: Effect of span to depth ratio on the load-deflection response of concrete
deck varying deck depth after fire
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Figure 4.47: Effect of span to depth ratio on the load-deflection response of concrete
deck with varying length

124



PE, Max. Principal
(Avg: 75%)

+5.102e-02
+4.677e-02
+4.251e-02
+3.826e-02
+3.401e-02
+2.976e-02)
+2.551e-0

+2.126e-0

+1.701e-0

+1.275e-02

+8.503e-03
+4.251e-03
+0.000e+00

(a) Maximum principal plastic strain for span/depth = 7

PE, Max. Principal
{Avg: 75%)

+2.708e-02
+2.483e-02
+2.257e-02
+2.031e-02
+1.805e-02
+1.580e-02
+1.35de-02
+1.128e-02
+9.027e-03l

+6.770e-03
+4.514e-03
+2.257e-03
+0.000e+00

(b) Maximum principal plastic strain for span/depth = 8

Figure 4.48: Effect of span to depth ratio on the maximum principal plastic strain and
cracking failure pattern of concrete bridge deck with varying depth after fire
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Figure 4.49: Effect of span to depth ratio on the maximum principal plastic strain and
cracking failure pattern of concrete bridge deck with varying length after fire

The effect of span to depth ratio on the maximum principal plastic strain and cracking
failure pattern of concrete bridge deck with varying depth and length after the fire were
presented in Figures 4.48 and 4.49 respectively. As observed from figure 4.48 b signifi-
cant flexural crack was observed in the fire-damaged concrete deck with a span to
depth ratio equal to 8 in which the full span GFRP base plate was removed. However, a
significant shear crack was observed at the interface of the GFRP base plate and con-
crete on the rest of the fire-damaged concrete deck varying deck width and length.
Therefore, increasing the span to depth ratio with varying depth have a significant ef-

fect on the cracking pattern of the concrete under fire condition.

4.3.9 Effect of heating and cooling phase

This parametric study was considered to investigate the effect of sustained load under
simultaneously heating and cooling phases of the concrete bridge deck. In this study,
one hour heating and cooling phase of standard fire with 100% of the sustained loads

were considered. Figure 4.50 illustrates the predicted temperature of the concrete deck.
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Figure 4.50: The predicted temperature at Lhour heating and cooling of standard fire

It can be observed from Figures 4.50a the heating and cooling phase significantly influ-
ences the predicted temperature of pultruded GFRP and concrete with a peak tempera-
ture of about 226 and 187 °C respectively exposing the fire for 1-hour heating and cool-
ing phase according to standard fire (ISO 834) compared with the predicted tempera-
ture of 2-hour standard fire without cooling phase (see figure 4.13b). Above 60 minutes
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of fire exposure, the temperature starts to decrease, unlike the standard fire without

cooling phase linear increase.

Figure 4.51 presents the effect of the heating and cooling phase on the deflection mode
of the fire-damaged concrete bridge deck. The ultimate load of the concrete bridge deck
exposed to fire for 1-hour heating and cooling phase experienced more ultimate load
than the concrete decks which are investigated without cooling phase of 2-hour stand-
ard fire. The enhanced ultimate load of the fire-damaged concrete bridge deck is about
3.56 and 21 % of the undamaged concrete deck and 2-hour fire-damaged concrete deck
without cooling phase respectively. This is due to the thermal heating and cooling of

the concrete bridge deck resulting in the pre-compression of concrete.
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Figure 4.51: Effect of heating and cooling phase on the load-deflection response of the
concrete deck

The cracking pattern was observed at the interface between pultruded GFRP and con-
crete in both concrete decks subjected to 1-hour heating and cooling phase, and 2-hour
standard fire as presented in figure 4.52a and b. However, on the concrete deck subject-
ed to lhour heating and cooling phase, the flexural crack observed at the mid-span of
the deck improved due to the heating and cooling of the concrete.

The tensile damage contours are illustrated in Figures 4.53a and b for 1lhour heating
and cooling phase, and 2-hour standard fire without cooling phase. In both cases, the
tensile damage was initiated at extreme tension fiber of the concrete deck in zones sub-
jected to pure bending. There was a wider spread of tensile damage around the loading
point and shear span supports in the case of the concrete deck subjected to a 2-hour

standard fire without a cooling phase. The tensile damage of the concrete deck was
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more concentrated under the loading points in both cases. It’s observed that at the top
of concrete around supporting points there is more crushing of concrete occurred on
concrete deck subjected to fire with cooling phase. This is due to the heating and cool-

ing of the concrete resulting in spalling of the concrete under thermal loading.
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Figure 4.52: Effect of heating and cooling phase on the maximum principal plastic
strain and cracking failure pattern of concrete bridge deck after fire
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Figure 4.53: Effect of heating and cooling phase on tension damage of concrete

bridge deck after fire
The effect of the heating and cooling phase on the Mises stress distribution of pultruded
GFRP is illustrated in Figures 4.54a and b for 1hour heating and cooling phase, and 2
hour heating without cooling phase. As illustrated on the contour plot; the concrete
bridge deck is subjected to fire for 1-hour heating and cooling of standard fire experi-
enced more the Mises stress on pultruded GFRP. This is due to the thermal expansion
of the GFRP under the heating and cooling phase resulting in pre-compression of the

concrete. The peak Mises stress obtained on the GFRP base plate is 171.3 N/mm?,
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Figure 4.54. Effect of heating and cooling phase on Mises stress of concrete bridge
deck after fire
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS
5.1 General

In the current study, the post-fire performance of the concrete bridge deck has been in-
vestigated through numerical finite element modeling using commercially available
software ABAQUS (Version.2020). An extensive parametric study has been conducted
to investigate the effect of aggregates types, fire duration, fire types, sustained load,
deck width, GFRP plate length, GFRP plate thickness, and span to depth ratio on post-
fire performance of concrete bridge deck subjected to fire. The response of the concrete
bridge deck under fire such as time-temperature evolution, load-deflection response,
tensile damage, cracking pattern, and Mises stress is predicted and discussed. Finally,

based on the finding indicates the conclusions and recommendations are drawn.
5.2 Conclusions

This study has suggested and validated the numerical model to simulate the post-fire
performance of GFRP SIP formwork for concrete bridge deck subjected to the fire
using the non-linear finite element software ABAQUS standard. A further parametric
study was conducted on the validated numerical model to investigate the influence of
very essential parameters on the performance and failure of concrete bridge decks at
elevated temperatures. For the geometrical and material properties of concrete bridge
deck components considered in the numerical model suggested in this study, and for
the type and arrangement of the applied loading used, the following conclusions can be

drawn.

1. The finite element software ABAQUS can predict both the thermal( temperature
evolution) and mechanical response( load-deflection response, crack pattern, and
damage) of the undamaged and fire-damaged concrete bridge deck.

2. The peak temperature predicted on concrete surface for carbonate and siliceous ag-
gregate is about 82 and 91 °C respectively. The ultimate load of the concrete bridge
deck consists of siliceous aggregate is less than carbonate aggregates with a peak load
of 226 and 230 KN respectively. This result indicates aggregate types have little effect
on both predicted temperature and ultimate load-carrying capacity of concrete bridge

deck subjected to fire.
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3. The fire duration significantly influences the predicted temperature of pultruded
GFRP and concrete with a peak temperature of about 205 and 165 °C, 346 and 289 °C
for 60 and 120 minutes standard fire (ISO 834) respectively. The reduction in ultimate
load of the fire-damaged concrete bridge deck had 15 and 19% respectively. This is due
to high thermal load resulting in excessive deflection, loss in strength, and stiffness of

concrete bridge decks.

4. The effect of fire scenarios becomes more significant on the temperature evolution
and fire performance of concrete decks. About 352 and 206 °C maximum temperature
was predicted on pultruded GFRP and the concrete surface under hydrocarbon and
standard fire respectively. Compared to undamaged fire specimen C1 the reduction in
ultimate load of fire-damaged specimen C1 was 13.9 and 17.7 % under standard and
hydrocarbon fire respectively.

5. The presence of sustained loading at elevated temperatures does not have a noticea-
ble impact on the pultruded GFRP act as a bottom layer reinforcement and concrete
temperature predicted. However, it leads to excessive deflection. Since, as the sus-
tained load increased from 50% to 75% of the ultimate load-carrying capacity and the
deflection of the deck increased from 129 to 193.5 KN and 10.3 to 20.5 mm respective-
ly.

6. The peak temperature predicted on pultruded GFRP for 205 and 410mm deck width
had about 104 and 103 °C. This indicates that the deck width had a very smaller effect
on the predicted temperature evolution of the concrete deck. Specimen C2 with twice
the width and GFRP top reinforcement area than specimen C1 had about 54.6% ulti-
mate carrying capacity. The fire-damaged deck reinstates its peak load by 13.1 and
8.61% for specimens C2 and C1 respectively. This is due to concrete confinement as a
result of two adjacent T-up ribs and thermal expansion of the GFRP which result in

pre-compression of concrete.

7. Extending the GFRP base plate about 475 and 950mm length enhanced the ultimate
strength of the fire-damaged concrete deck up to 10.94 and 50.6 % compared to the
control specimen SDF. Therefore, further extending the GFRP base plate nearest to
supports enhances the flexural response and stiffness of the concrete bridge deck after
the fire.
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8. The GFRP base plate thickness significantly influences the predicted temperature of
pultruded GFRP with a peak temperature of about 136 and 95 °C for 10 and 20 mm
GFRP base plate thickness respectively. And enhanced the ultimate load of the fire-
damaged concrete bridge deck from 9.09 to 14.65 %. After exposed to fire the GFRP
base thickness also reinstates the occurrence of the initiation cracking of fire-damaged

concrete deck from cracking load of about 25 to 30 KN.

9. With increase the span to depth ratio of the undamaged concrete deck from 7 to 8
varying the depth of deck; the ultimate load-carrying capacity significantly reduced by
53.3% while varying the length of the deck relatively influence the performance of the
deck; that is reduced only by 14.95% while for fire-damaged concrete deck reduced by
48.6 and 14.66% respectively. Therefore, the finding indicates that the effect of span to
depth ratio varying with a depth significantly influences the performance of concrete
decks.

10. The ultimate load of the concrete bridge deck exposed to fire for the 1-hour heating
and cooling phase experienced more ultimate load. The enhanced ultimate load of the
fire-damaged concrete bridge deck is about 3.56 and 21 % of the undamaged concrete
deck and 2-hour fire-damaged concrete deck without cooling phase respectively. This
is due to the thermal heating and cooling of the concrete bridge deck resulting in the

pre-compression of concrete.
5.3 Recommendations and future works

During this study, urgent areas of research needed for further investigation on the post-fire per-
formance of GFRP SIP formwork for concrete bridge decks are addressed. Depending on the
current work carried out in this study the following areas of research can be recommended for

future work.

e In this study, the experimental specimen used for numerical validations used is small-
scale testing which cannot fully represent bridge decks in existing structures,
which are always subject to vehicular live loads and heavy sustained loads. Fur-
ther investigation needs on large scale GFRP SIP formwork for concrete bridge
deck both experimental and numerical.

e A perfect bond is assumed between concrete and GFRP SIP formwork in this
study due to the lack of information on bond-slip between the two materials at
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elevated temperatures. Therefore, an experimental investigation is needed on
the bond performance of GFRP SIP formwork and concrete.

Based on parameters investigated in this study; a simple model for evaluating
the fire-resistant of GFRP SIP formwork concrete bridge deck which would ac-
count for major factors influencing the fire performance of concrete deck ex-
posed to fire must be developed.

The mechanical properties of GFRP such as compressive, tensile and shear
strength above 250 °C needs further investigation to model the accurate re-

sponse of composite materials at elevated temperature in finite element.
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