University of Windsor

Scholarship at UWindsor
Electronic Theses and Dissertations

Theses, Dissertations, and Major Papers

2012

EFFECTIVE FIRE PROTECTION MEASURES FOR FIELD
DEPLOYMENT OF FRP STRENGTHENED CONCRETE BEAMS
Mena Bebawy
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd

Recommended Citation
Bebawy, Mena, "EFFECTIVE FIRE PROTECTION MEASURES FOR FIELD DEPLOYMENT OF FRP
STRENGTHENED CONCRETE BEAMS" (2012). Electronic Theses and Dissertations. 401.
https://scholar.uwindsor.ca/etd/401

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.

EFFECTIVE FIRE PROTECTION MEASURES FOR FIELD DEPLOYMENT
OF FRP STRENGTHENED CONCRETE BEAMS

by
Mena Bebawy

A Dissertation
Submitted to the Faculty of Graduate Studies
through Civil and Environmental Engineering
in Partial Fulfillment of the Requirements for
the Degree of Doctor of Philosophy at the
University of Windsor

Windsor, Ontario, Canada
2011
© 2011 Mena Bebawy

Effective Fire Protection Measures for Field Deployment of FRP Strengthened
Concrete Beams
by
Mena Bebawy
APPROVED BY:

Dr. V. Kodur, External Examiner
Michigan State University

Dr. J. Sokolowski
Department of Mechanical Automotive and Materials Engineering

Dr. F. Ghrib
Department of Civil and Environmental Engineering

Dr. S. Das
Department of Civil and Environmental Engineering

Dr. N. Grace, Advisor
Department of Civil & Environmental Engineering

Dr. M. Madugula, Co-Advisor
Department of Civil and Environmental Engineering

Dr. R. Muscedere, Chair of Defense
Department of Electrical and Computer Engineering
17 May 2011

AUTHOR’S DECLARATION OF ORIGINALITY

I hereby certify that I am the sole author of this dissertation and that no part of this
dissertation has been published or submitted for publication. I certify that, to the best of my
knowledge, my dissertation does not infringe upon anyone’s copyright nor violate any
proprietary rights and that any ideas, techniques, quotations, or any other material from the
work of other people included in my dissertation, published or otherwise, are fully
acknowledged in accordance with the standard referencing practices. I declare that this is a
true copy of my dissertation, including any final revisions, as approved by my doctoral
committee and the Graduate Studies office, and that this dissertation has not been
submitted for a higher degree to any other University or Institution.

iii

ABSTRACT

Numerous investigations have been performed to evaluate the structural capacity and the
suitability of using Fiber Reinforced Polymer (FRP) materials in stiffening or strengthening
existing concrete and steel structures. Results of different research projects were organized
and documented in several codes and design guidelines to facilitate the deployment of FRP
materials in field applications. However, the performance of FRP materials under fire
events has not been fully addressed by researchers. The lack of enough fire research
imposed a significant limitation on the use of FRP materials in many structural
applications, where fire event is a concern.
Through this study, an experimental program was developed to investigate the
performance of rectangular reinforced concrete beams strengthened with FRP materials
under fire/loading events. Thirteen rectangular beams were constructed and tested to
failure. Three beams served as control beams and were tested under three-point-loading setup at ambient temperature. Other beams were exposed to ASTM E119 fire scenario from
four sides and tested under the same loading configuration. Beams tested under fire/loading
events were provided with different kinds of supplemental fire insulation layers.
In addition, the results and observations collected from the experimental
investigation were employed to conduct an extensive numerical investigation. First, the
modeling technique was optimized and verified by simulating the behavior of selected
beams from the experimental investigation. Numerical beam models were generated and
analyzed under load at both ambient temperature and fire event. The response of the
numerical beam models was compared to that of the experimental beam specimens.
Second, after gaining confidence in the numerical simulation, the investigation extended to
address the effect of different parameters on the fire resistance of FRP beam strengthening
systems. Finally, the results of the numerical investigation were organized, analyzed, and
presented in simple mathematical formulas that can be employed in fire design codes. The
experimental/numerical investigation revealed that the common hypothesis that strength of
FRP system should be neglected during fire is inaccurate and underestimates the capacity
of the strengthened structural element during fire events.
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CHAPTER 1: INTRODUCTION

1.1

Statement of the Problem

Fire is a catastrophic unpredictable event that can result in numerous casualties in addition
to certain financial loss. Nowadays, with the growing number of terrorist attacks, both
public and military infrastructures are increasingly in danger of fire events. Therefore,
researchers have been developing standards and guidelines for testing and evaluating the
fire resistance of different building materials and structural elements under fire events.
Significant progress has been made in evaluating the fire resistance of common building
materials such as steel, concrete, and wood. However, with the advancement in
construction industry, new building materials such as Fiber Reinforced Polymers (FRP)
emerged and have been deployed in several structural applications. Since their emergence
in the civil engineering market in the 1950s, FRP materials have drawn the attention of
many researchers and engineers. FRPs are distinguished as high-strength, light-weight, and
corrosion-free building materials that can be employed in different structural applications
such as reinforcing, stiffening, and strengthening.
Numerous investigations have been performed to evaluate the structural capacity
and the suitability of using FRP as a structural material. Results of different research
projects were organized and documented in several codes and design guidelines, which
facilitated the deployment of FRP materials in field applications. However, the
performance of FRP materials under fire events has not been fully addressed by
researchers. This lack of sufficient fire research imposed a significant limitation on the use
of FRP materials in many structural applications, where fire event is a concern.
1.2

Motivation for Research

In contrast to steel, FRP materials are strong, light, easy to use, corrosion free, and durable.
However, their complex performance under fire events places a major restriction in
employing them in general civil engineering applications. Therefore, it is expected that
with proper design guidelines for FRP under fire events, the civil engineering market will
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be altered completely from the use of conventional construction materials to the use of
innovative fire-resistant FRP materials.
The current investigation was conducted with three main motivations. The first
motivation was to enhance the understanding for the performance of FRP beam
strengthening systems under fire events. The second motivation was to provide an
innovative FRP beam strengthening system that can endure fire events for a long enough
time to evacuate the building and save the lives of the occupants. The third motivation was
to provide design guidelines for FRP strengthened concrete elements under fire events. The
design guidelines can by implemented in the FRP design guides and codes such as ACI440, Guide for the Design and Construction of Externally Bonded FRP Systems for
Strengthening Concrete Structures (ACI Committee 440, 2008).
1.3

Objectives of the Current Investigation

The objectives of the current investigation are as follows:
1. Determine for how long FRP beam strengthening system maintains its structural
integrity under fire event.
2. Determine the influence of the thermal properties of the organic epoxy matrix on
the performance of the FRP beam strengthening system.
3. Establish basic guidelines for the proper kinds of epoxy matrices for use in FRP
strengthened concrete structures susceptible to fire events.
4. Establish basic guidelines for the proper kinds of fire insulation materials for use in
FRP strengthened concrete structures susceptible to fire events.
5. Study the performance of different available fire insulation materials and methods.
6. Develop design equations for field application for calculating the fire resistance of
FRP strengthened concrete structures when subjected to standard fire tests.
7. Determine under a fire event whether or not a properly insulated FRP strengthened
concrete beam achieve higher load carrying capacity than that of an uninsulated
unstrengthened concrete beam.
2

8. Establish the relationship between the fire resistances calculated using different
standard fire test methods.
1.4

Arrangement of Dissertation

Details of current investigation are presented in four main chapters. A detailed literature
review of available codes, design guides, and available related background materials is
given in Chapter 2. A detailed description of the experimental program conducted at
Lawrence Technological University is presented in Chapter 3. The analysis and the results
of a numerical investigation for FRP beam strengthening systems under fire events are
presented in Chapter 4. Summary and conclusions from the experimental/numerical
investigations and recommendations for future research are given in Chapter 5.
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CHAPTER 2: LITERATURE REVIEW

2.1

Introduction

The lack of good understanding of the nature of fire and the fire resistance of the structures
has cost the world generally and the USA in particular, thousands of lives of civilians and
fire fighters. For instance, the National Fire Protection Agency (NFPA) reported that in the
year 2009, the US fire departments responded to an estimated 1,348,500 fires. These fires
resulted in 3,010 civilian fire fatalities, 17,050 civilian fire injuries, and an estimated $12.5
billion in direct property loss. This is in addition to the death of 82 firefighters.
Although structure fires represented only 36 % of the fires in the USA during 2009,
they caused 2,695 civilian fire fatalities, 14,740 civilian fire injuries, and $10.8 billion in
property damage. In other words, structure fires were responsible for 90 % of total civilian
fire fatalities, 86 % of total civilian fire injuries, and 86 % of total fire property damage.
Fire events may be avoided by eliminating the causes for fire in the first place, and
by installing active fire protection systems such as smoke detectors, fire alarms, sprinkler
systems, and fire extinguishers. Active fire protection systems will help in the early
detection and quenching of the fire while it is still localized. Proper fire design for the
building and proper installation for fire doors and fire rated walls will enable the
confinement of the fire and prevent its spread to the entire building, which limits the
damage and reduces the effort to put out the fire.
Despite of all fire safety precautions, some fires can survive active fire protection
systems and become large. Once the fire size passes a certain stage, it is usually difficult to
put it out by fire fighters. Consequently, the last line of defense to protect the people and
property would be the inherent fire resistance of the building itself, identified as a fire
rating. When a building or system is said to have a two-hour fire rating, it means that the
system has satisfied the requirements for a two-hour rating specified in a relevant standard
test. It is likely for this building or this structural system to withstand a fully developed fire
event for two hours. This time frame allows the occupants to escape the building in the first
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place and also allows fire fighters to combat the fire in the building before any major
structural collapse (Buchanan, 2002).
Through the following sections, a detailed discussion is presented to address
different aspects of fire events with the focus on the performance of FRP materials under
fire. The discussion addresses aspects such as fire resistance of different building materials,
standard methods of testing structural elements under fire events, performance of FRP
materials under fire events, and available codes and guidelines for fire protection
engineering.
2.2

Concrete under Fire

Concrete is a non-combustible material that emits no toxic fumes and has a slow rate of
heat transfer. Therefore, concrete is highly effective barrier to the spread of fire. Design of
concrete for fire is related to its strength, continuity of reinforcement and adequate detailing
of connections. As concrete is a good insulator, the core temperature of the concrete
element will usually be much less than the flame temperature. In most fires, concrete will
retain its structural integrity and the structure can be successfully repaired. The insulating
properties of concrete normally protect the embedded steel reinforcement for the required
fire period. Aggregate plays an important role in defining the thermal behavior of concrete
material. Concrete containing limestone aggregates retains greater strength in fires than
those with flint gravel aggregate (Arita et al., 2002).
As the concrete temperature rises, it progressively loses moisture and gradually
loses strength. The loss of strength is greatest at concrete temperatures above 850-1110 °F
(450-600 oC). Wet or moist concrete can spall in a fire, due to the buildup of steam pressure
within the concrete, leading to separation and loss of the surface layer. If the concrete
surface spalls off, the reinforcement can be exposed to high temperatures, which causes it
to soften and lose effectiveness. Dry concrete is more resistant to spalling. Inclusion of
synthetic fibers in the concrete (which melt in the fire allowing steam to escape more easily
from the concrete) reduces the risk of spalling.
According to ASCE (2005), in order to achieve certain fire rating in a reinforced
concrete column, the minimum dimensions shall conform to the values given in Table
5

2.2-1. The minimum concrete cover shall be taken equal to 1.0 in. (25 mm) multiplied by
the required fire rating in hours. This is regardless of the type of aggregate in the concrete.
In addition, the minimum thickness of concrete cover to positive moment nonprestressed and prestressed reinforcement for concrete floors and roof slabs shall be taken
as shown in Table 2.2-2. Also, the minimum cover for non-prestressed beams to achieve
certain fire rating is presented in Table 2.2-3. It should be noted that the values given are
applicable for restrained beams with center-to-center spacing more than 4 ft (1.2 m). For
beams with center-to-center spacing equal or less than 4 ft (1.2 m), a cover of thickness ¾
in. (19 mm) was found adequate to achieve a fire rating of 4 hours regardless of the beam
width. The structural element either beam or the slab is considered restrained if the
expansion under fire event is restrained at the support by a resisting force. The structural
element is considered unrestrained under fire event if it is allowed to move and rotate freely
at the supports.
From the previous discussion, it can be seen that concrete is hardly protected
against fire. In fact concrete is used as a fire insulation material that offers a great fire
protection to the underlying structural elements, usually structural steel elements. However,
moisture in concrete can be a major concern and can highly influence the performance of
concrete under fire event.

Table 2.2-1 Minimum concrete column dimension (ASCE 29-05 (ASCE, 2005))
Concrete
Aggregate type

Minimum column dimension in. (mm)
1h

1.5 h

2h

3h

4h

Siliceous

8 (203)

9 (229)

10 (254)

12 (305)

14 (356)

Carbonate

8 (203)

9 (229)

10 (254)

11 (279)

12 (305)

Lightweight

8 (203)

8.5 (216)

9 (229)

10.5 (267)

12 (305)
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Table 2.2-2 Minimum cover for non-prestressed and prestressed reinforcement in
concrete floors and roof slabs according to ASCE 29-05 (ASCE, 2005)
Concrete
Aggregate type

Thickness of cover, in. (mm) for fire resistance rating
Restrained

Unrestrained

Minimum cover for non-prestressed reinforcement in concrete floor or roof slabs
4 h or less

1h

1.5 h

2h

3h

4h

Siliceous

¾ (19)

¾ (19)

¾ (19)

1 (25)

1 ¼ (32)

1 5/8 (41)

Carbonate

¾ (19)

¾ (19)

¾ (19)

¾ (19)

1 ¼ (32)

1 ¼ (32)

Sand-LW

¾ (19)

¾ (19)

¾ (19)

¾ (19)

1 ¼ (32)

1 ¼ (32)

Lightweight

¾ (19)

¾ (19)

¾ (19)

¾ (19)

1 ¼ (32)

1 ¼ (32)

Minimum cover for prestressed reinforcement in concrete floor or roof slabs
Siliceous

¾ (19)

1 1/8 (28)

1 ½ (38)

1 ¾ (44)

2 3/8 (60)

2 ¾ (70)

Carbonate

¾ (19)

1 (25)

1 3/8 (35)

1 5/8 (41)

2 1/8 (54)

2 ¼ (57)

Sand-LW

¾ (19)

1 (25)

1 3/8 (35)

1 ½ (38)

2 (51)

2 ¼ (57)

Lightweight

¾ (19)

1(25)

1 3/8 (35)

1 ½ (38)

2 (51)

2 ¼ (57)

Table 2.2-3 Minimum cover for non-prestressed reinforcement in concrete beams
according to ASCE 29-05 (ASCE, 2005)
Restrained or
unrestrained

Beam width in.
(mm)

Restrained

Thickness of cover, in. (mm) for fire resistance rating
1h

1.5 h

2h

3h

4h

5 (127)

¾ (19)

¾ (19)

¾ (19)

1 (25)

1 ¼ (32)

Restrained

7 (178)

¾ (19)

¾ (19)

¾ (19)

¾ (19)

¾ (19)

Restrained
lightweight

≥10 (254)

¾ (19)

¾ (19)

¾ (19)

¾ (19)

¾ (19)

Unrestrained

5 (127)

¾ (19)

1 (25)

1 ¼ (32)

-

-

Unrestrained

7 (178)

¾ (19)

¾ (19)

¾ (19)

1 ¾ (44)

¾ (19)

Unrestrained
lightweight

≥10 (254)

¾ (19)

¾ (19)

¾ (19)

¾ (19)

1 ¾ (44)
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2.3

Steel under Fire

Extensive research has been performed to evaluate the performance of structural steel
elements under fire events. In general, at approximately 1000 °F (538 °C), steel loses
approximately 40 % of its room-temperature strength and modulus of elasticity (ASCE-78,
1992). Without fire protection layers, loaded structural steel element under fully developed
fire event can collapse in less than 20 minutes. Therefore, most design guidelines provide
standard methods for protecting structural steel elements. Different formulas have been
provided to estimate the temperature of the steel under certain fire event and to estimate the
fire rating of protected steel elements. According to ASCE 29-05 (ASCE, 2005), the
procedures for calculating the fire rating of a steel element are based on the weight (W) and
the heated perimeter (D) of the structural steel element. As mentioned earlier, to use the
formulas, some sort of fire protection has to be applied to protect the steel element. For
example, when using gypsum boards to protect steel columns, the fire rating of wideflange, pipe, or tubular structural steel columns with (W/D) less than or equal to 3.65 (U.S.
customary units) or 0.215 (SI units) shall be:
.

2.17

in U.S. customary units

Eqn. 2.3-1

.

or

1.6

in SI units

Eqn. 2.3-2

where, R is the fire resistance in hours, h is the total thickness of gypsum boards in in.
(mm),

is the mass of the structural steel column and gypsum wallboards protection in

lb/ft (kg/m) and can be calculated as:
in U.S. customary units
or

0.0008

Eqn. 2.3-3

in SI units

Eqn. 2.3-4

For Structural steel columns with weight-to-heated-perimeter ratios greater than 3.65 (U.S.
customary units) or 0.215 (SI units), the thickness of gypsum boards required for specified
fire resistance rating shall be the same as the thickness determined for W14×233 (U.S.
customary units) or W360×347 (SI units).
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Other sets of equations are given in the ASCE 29-05 (ASCE, 2005) for calculating the fire
resistance rating of Structural steel columns protected against fire with other methods of
fire protection such as spray applied materials, concrete or masonry encasement. The fire
resistance rating is assumed to vary linearly with the thickness of the fire protection layer in
case of spray applied materials. However, this is not the case for concrete and masonry
protection. The fire resistance rating of steel columns protected with concrete or masonry
encasement is determined using the following equation:
1

0.03

Eqn. 2.3-5

Where,
0.17

.

0.28

.

1

.

26

.

in U.S customary units
1.22

.

.0027

Eqn. 2.3-6
.
.

1

31,000

.

in SI units

Eqn. 2.3-7

is the fire resistance rating at zero moisture content,
is the equilibrium moisture content of concrete or masonry, by volume (%),
is the thickness of the concrete or equivalent thickness of for masonry in in. (mm),
is the ambient temperature thermal capacity of the steel column
is the ambient temperature thermal conductivity of concrete or masonry in Btu/hr.ft.°F
(W/m.K)
is concrete or masonry density in lb/ft3 (kg/m3)
is the ambient temperature specific heat for concrete or masonry in Btu/ft.°F (kJ/m.K)
is the interior dimension of one side of square concrete or masonry box protection in in.
(mm)
By looking at the last equation, it can be concluded that the fire resistance rating is
dependent on different variables besides the weight and perimeter of the steel element and
the thickness of the insulation. Fire resistance rating depends on the moisture content and
the thermal properties of the concrete layer. This is of particular significance to the current
9

study as similar principles will be used later to develop guidelines for the fire resistance of
FRP beam strengthening systems.
2.4

Filled Hollow Sections in Fire

Unprotected columns made of steel hollow sections and filled with concrete can easily
attain 2 hours fire resistance. During the fire, the steel heats up and loses its strength. Then,
the load is transferred into the concrete core which heats up slowly and maintains its
strength during the fire. The steel hollow section protects the concrete core from spalling.
2.5

Fire Protection Techniques

Fire protection is crucial for structural elements with low fire resistance rating to promote
extended time before experiencing any major structural collapse during fire event. Fire
protection includes applying thin or thick coating of fire suppressing materials or materials
with very low thermal conductivity. Different kinds of fire protection layers are currently
available in the market but they can be classified into seven main categories as discussed in
the following subsections.
2.5.1

Board systems

Board systems are commonly used as a fire protection material in both hidden and visible
areas and can be applied on unfinished steelwork. Board system offers boxed appearance
which may be finished or suitable for further decoration with the price of the boards
varying based on the required quality of finishing. The quality of the board system is
assured since the boards are factory manufactured and the thickness is guaranteed.
However, the process of applying the boards is time-consuming when compared with other
systems of fire protection. In addition, it can be difficult to apply a board system around
complex elements.
Gypsum boards are considered the most common type of fire protection boards (
Figure 2.5-1). Their fire resistance greatly relies on the chemically-combined water, which
represents approximately 21 % of the weight of the boards. When the board system is
exposed to fire, the water gradually evaporates in a process that consumes heat energy, and
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thus keeps the temperature of the protected structural element relatively low. When all the
water evaporates, the temperature of the structural element starts to increase slowly based
on the thermal conductivity of the dry gypsum boards. According to ASTM C 1396,
Specifications for Gypsum Boards (ASTM Standard C1396, 2009a), there are two types of
gypsum boards, regular type and Type X. When a fire resistance is required, Type X is
usually recommended. As defined by the ASTM standards, Type X gypsum board is the
board that provides not less than one-hour fire resistance for 5/8 in. (16 mm) thick boards
or not less than 3/4 hour fire resistance rating for 1/2 in. (13 mm) thick boards, applied
parallel with and on each side of load bearing 2×4 in. (51×102 mm) wood studs spaced 16
in. (406 mm) on center tested according to the requirement of ASTM E119, Test Methods
for Fire Tests of Building Construction and Materials (ASTM Standard E119, 2010). When
extended fire resistance rating is required, multiple layers of gypsum boards can be applied
as shown in Figure 2.5-2. Details of installing gypsum boards to achieve certain fire and
sound protection level can be found in Fire Resistance Design Manual (Gypsum
Association, 2003).

Figure 2.5-1 Gypsum boards for fire protection of steel members (PFPA, Nov. 2007)
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Figure 2.5-2 Fire protection of steel column to achieve 1, 2, 3, and 4-hour fire resistance
rating (Gypsum Association, 2003)
Less common types of boards include vermiculite boards. Vermiculite boards are made by
pressing and gluing vermiculite particles into board form. These boards can withstand
thermal shocks and temperatures up to 2012 °F (1100 °C), therefore, they find their place in
the lining of high temperature equipments such as fire chambers and wood burning stoves.
According to some manufacturers, vermiculite boards comprise in percent by weight:


40 to 90 % heat expanded vermiculite particles



5 to 20 % ceramic clay particles



10 to 30 % hydrated cellulosic gel



1 to 20 % defiberized wood



1 to 20 % starch

2.5.2

Sprays

Spray applied fire-protective materials fall into two broad categories: mineral fiber and
cementitious. These materials are based on proprietary formulations, supplied in a dry
form, and must be mixed and applied according to the manufacturer’s recommendations.
The mineral-fiber mixture combines fibers, mineral binders, air and water. It is
usually spray-applied. The dry mixture of mineral fibers and binding agents is fed to
spaying nozzle. Water is added to the mixture in the nozzle as it is sprayed onto metal
surface. In its final, cured form, the mineral-fiber coating is lightweight, non-combustible,
chemically inert and a poor conductor of heat (a low thermal conductivity insulator).
Cementitious coating incorporates lightweight aggregates, like perlite or
vermiculite, in a heat-absorbing matrix of gypsum and/or Portland cement. Some
12

formulations also use magnesium oxychloride, magnesium oxysulfate, calcium aluminate
or ammonium sulfate. Various additives and foaming agents can be added to the mixture.
Cementitious coatings are often classified by their density (as low, medium, and high).
Spray protection systems are suitable for hidden areas where the appearance is not
an issue (Figure 2.5-3). The spray system is cheaper than the cheapest board system and
can be applied over un-primed steel elements and over complex details. Some kinds of
sprays are durable and suitable for external application. However, spraying almost involves
masking the surrounding objects and takes time to cure. This can delay the construction
program and increase the overall cost of the construction.

Figure 2.5-3 Steel beam covered with fire cementitious material (PFPA, Nov. 2007)
2.5.3

Thin film intumescent coating

Intumescent coatings are paint-like substances which are inert at low temperature but
which swell and provide a charred layer of low conductivity insulating materials at
temperature of approximately 400 to 480 °F (200 to 250ºC). Intumescent layers are
aesthetic, attractive, and allow for decorative finishing but the cost is higher than sprays
and need suitable atmospheric conditions in order to cure. Also, precautions should be
taken against over-spraying. Intumescent coatings usually provide limited fire resistance
period, approximately 60 minutes although some types of intumescent layers were recently
developed and can provide up to 120 minutes fire resistance. Some problems are associated
with the use of the intumescent coating. Examples include deterioration due to weather
effect and low resistance to wear and erosion.
Intumescent coating can be applied off-site in large heated sheds with good air
movement provided by large fans as shown in Figure 2.5-4. Off-site application has several
13

advantages as it reduces the construction time and eliminates the on-site related problems
such as bad weather conditions and quality control. Off-site application is proven to reduce
the construction time and the overall cost of the project. In addition, intumescent coating
can be manufactured in the form of sheets as shown in Figure 2.5-5 and Figure 2.5-6. The
newly developed sheets were tested under torch flame at the Center for Innovative Material
Research (CIMR) at Lawrence Tech. University.

Figure 2.5-4 Fire protection with intumescent layer on and off-site (PFPA, Nov. 2007)

Figure 2.5-5 Recently developed intumescent sheet under torch fire
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Figure 2.5-6 Charring and expansion of intumescent sheet after exposure to fire
Generally, the compounds of the intumescent system can be placed into four categories:


Carbon rich compound (carbonific). This is a carbon-rich polyhydric compound
that yields a large amount of char, and is usually a polycarbonate (such as starch or
polyhydric alcohol) or phenol (such as phenol-formaldehyde).



Inorganic acid or acid salt such as zinc borate, linear high molecular-weight
ammonium phosphate, melamine phosphate, organic esters, and salts of
ammonium,



Amide or organic amine such as urea, melamine, dicyandiamide and their
derivatives



A blowing agent, usually nitrogen compounds such as urea, dicyandiamide,
guanidine, melamine and glycine

For the intumescent layer to char and work as a fire protective coating, these compounds
must undergo a series of decomposition reactions, almost simultaneously but in a sequence.
First, the inorganic salt is decomposed. The decomposition temperature usually ranges
between 212 to 480 °F (100 to 250 °C). The decomposition reaction of the acid is catalyzed
by the organic amides. Second, the carbonific is decomposed by dehydration reaction with
the inorganic salt. This reaction yields a large amount of char. Finally, the hot char is
expanded with the decomposition of the blowing agent. The coating eventually solidifies
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into a thick, multicellular material that slows the rate of heat conduction from the fire into
the composite substrate. Good intumescent layer can expand up to 50:200 times its original
thickness (Figure 2.5-6).
2.5.4

Flexible blanket systems

Blanket systems offer cheap alternative for the sprays but without need to curing time.
However, they are not suitable where the structural element is visible (Figure 2.5-7).
Thermal blankets can maintain their performance at temperatures up to 2400 °F (1350 °C).
They are stable materials and do not degrade over time. They can be manufactured from
mineral wool or fiberglass. Recently, a new thermal fiber composite was developed by
Thermal Ceramics, Augusta, Georgia, U.S.A. under the trade name of Firemaster. It is
composed of ceramic fiber and low biopersistence calcium-magnesium fiber. The fibers
can be manufactured in different forms such as blankets, boards, paper, felts, and bulks
(Figure 2.5-8). Table 2.5-1 provides some general physical and thermal properties of
common thermal blankets with respect to other building materials.

Table 2.5-1 General properties for of thermal blankets (Thermal Ceramics)
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Figure 2.5-7 Structural steel fire protection with thermal blanket (Thermal Ceramics)

Figure 2.5-8 Different forms of fire insulation made of Firemaster fibers
2.5.5

Concrete encasement

Concrete has seen dramatic reduction in its use as a fire protecting material since the
development of light weight protection materials such as boards and intumescent coatings.
Concrete encasing consumes time and valuable space and adds extra weight to the
structure. In addition, the cost of the concrete encasing is the highest in fire protection
systems. However, the main advantage of the concrete encasing is its durability and high
resistance to impact, abrasions, and weather exposure; therefore, concrete is suitable for
outdoor applications such as underground car parks, warehouses, and external structures.
2.5.6

Ablation

Ablation is the removal of protective material from the surface of an object by melting,
vaporization, chipping, or other erosive processes. This method of fire protection is used in
spaceships and rockets to protect the fine components of the spaceship, which would have
been damaged by the excessive heat during the reentry to the atmosphere. For fire
protection industry, ablation depends mainly on having a sacrificial layer of protection
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made of a material that can melt or evaporate due to the excessive heat leaving the
components underneath unaffected. Endothermic reaction is considered a common ablation
technique.
2.5.7

Calcinations

Calcination is one form of endothermic reactions. For CaCO3 to decompose into CaO and
CO2, heat is required. The heat energy required is taken from the fire resulting in a fire
protection for the layers underneath.
2.6

Specifications of Fire Testing

To keep the fire burning, there should be enough fuel and enough ventilation, otherwise the
fire will die. Fire fuel accounts for all combustible building contents, including furnishings,
equipments, and combustible construction components. Most of a building’s fire load
results from contents that have been introduced after the construction was complete. The
fire load is usually expressed in terms of the “wood-equivalent” weight of combustible
building contents per unit building-floor area in psf (kg/m2). The actual weight of
combustible contents is adjusted to the wood-equivalent weight based on the estimated
potential heat of contents normalized to the potential heat of wood (8000 Btu/lb or 18,568
kJ/kg). Alternatively, the fire load could be expressed in terms of the potential heat of
building contents per unit building-floor area in Btu/ft2 (J/m2). The rate at which a fire
spreads and grows in a building depends on many factors such as:


The combustion properties of the construction materials



Building furnishing and contents



Ventilation conditions



Room geometry and configuration



Timely detection and effectiveness of fire suppression response by occupants
and/or firefighters



Availability and effectiveness of fire barriers

The duration and maximum temperature of a fire in a building compartment depend on the
amount and configuration of available combustibles, ventilation conditions, properties of
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the compartment enclosure, and the weather conditions. The maximum temperature of a
fully developed building fire will rarely exceed 1800ºF or 982ºC (Alfawakhiri et al., 2002).
The average gas temperature in a fully developed fire is not likely to reach 1500ºF (815
°C). Temperature of fires that have not developed to post-flashover stage will not exceed
1000ºF (537 °C).
Flashover is an abrupt transition from the burning of a small number of items in the
room, or a small portion of the room, to full-room involvement in a fire. Room-fire
flashover is a state in which all the combustible contents of the room experience a nearly
simultaneous ignition. Most fires never reach flashover because they are extinguished
before this can occur. Some fires self extinguish when the air supply is insufficient or when
the fire has too low energy source to allow ignition of multiple targets. The time to
flashover depends on many factors, such as the properties of the combustibles, the size of
the room and ventilation conditions. In larger rooms, the time to flashover will usually be
longer. In well-ventilated large premises, like open parking garages and large atriums,
flashover is unlikely. Flashover is also unlikely to occur in sprinklered premises.
Simulating an exact fire event in an experimental investigation is very complicated
because of the numerous variables involved. However, guidelines and standard fire tests
have been developed all over the world to evaluate the capability of the structural elements
to resist fire events. Although they may not represent a real fire event, standard fire test can
be regarded as a general procedure to conduct fire tests regardless of the tested material,
where the fire event is simulated using a predetermined time-temperature curve.
In the United States and Canada, the fire-resistive properties of the structural
members are determined according to the standard test ASTM E-119. According to the test
specifications, the performance of the structural member under fire is defined as the
elapsing period of resistance to standard fire exposure before the first critical point in
behavior is observed. The intention of the standard test is to determine the performance
during the period of exposure but not the suitability of use after fire exposure. The test,
however, does not provide information for the assemblies constructed with components or
lengths other than those tested. The standard time-temperature curve for this test is defined
by discrete points and a correction factor shall be applied when the indicated resistance
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period is half an hour or over. The correction factor can be expressed by the following
equation:
/3

2

Eqn. 2.6-1

Where,
Correction in the same units as I
Indicated fire-resistance period
Area under the curve of indicated average furnace temperature for the first three
fourths of the indicated period
Area under the standard furnace curve for the same part of the indicated period
Lag correction in the same units as

and

(54ºF.hour or 30ºC.hour).

In Europe, ISO 834, Fire Resistance Tests-Elements of Building Construction (ISO
834, 1975) is the standard fire test used in the Code for Fire. Unlike the ASTM E-119
curve, the temperature T (ºC) of the temperature-time curve in ISO 834 test specifications
can be calculated based on the time t (minutes) using the following equation:
345
Where

8

1

Eqn. 2.6-2

is the ambient temperature (ºC)
When the structural member is engulfed in large pool of fire, another fire curve

known as hydrocarbon fire is used to design the structural members (http://www.promattunnel.com/en/hydrocarbon-hcm-hc-rabt-rws.aspx). The temperature T (ºC) in the
hydrocarbon fire curve is given by
1080 1

0.325

.

0.675

.

Eqn. 2.6-3

The French regulations modified the time-temperature curve for the hydrocarbon
fire and increased the maximum temperature to 1300 °C instead of 1100 °C. The new curve
was

called

Hydrocarbon

Modified

Curve

(HMC)

(http://www.promat-

tunnel.com/en/hydrocarbon-hcm-hc-rabt-rws.aspx). The new curve can be represented by
the formula:
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1280 1

0.325

.

0.675

.

Eqn. 2.6-4

Other common time-temperature curves for fire events include RABT ZTV curve,
which was developed in Germany to address the fire in tunnels due to a train or car
explosion. Through this curve, the temperature increases rapidly up to 1200 °C in 5
minutes, then the temperature is maintained at 1200 °C for another 55 minutes in case of
train fire or 25 minutes in case of car fire. There is 110 minutes cooling period. It should
be noted that the failure criterion of this test is defined by the temperature of concrete
exceeding 300 °C.
The Ministry of Transportation in the Netherlands developed different timetemperature curve for fire events. The curve is called RWS (http://www.promattunnel.com/en/hydrocarbon-hcm-hc-rabt-rws.aspx). It is based on the worst case scenario
of the explosion of 50 m3 fuel tank with a fire load of 300 MW. All fire curves are plotted
in Figure 2.6-1.
In addition to theoretical fire curves, the Swedish manual for fire protection
provides design charts for fire event. They were described in detail by Petterson et al.
(1976) and were based on fundamental heat balance equations and Kawagoe’s burning rate
equation. Two main factors were considered while developing the Swedish design chart;
fire load and ventilation. As mentioned earlier, the fuel for the fire is usually the
components inside the burning compartment. The ventilation is largely controlled by the
size of the openings such as doors and windows with respect to the volume of the
compartment. To calculate the ventilation effect in case of fire, an opening factor was
introduced as

√

for a compartment under consideration, where A is the area of

openings in the enclosure (m2), H is the height of the openings (m), and

is the area of the

2

bounding surfaces (walls, floors, and ceilings) (m ).
It should be noted that these curves are based on a number of assumptions. First, it
is assumed that the ceiling for the compartment does not collapse during fire. Second, the
curves are based on wood crib fires with the energy content of wood equals 18,800 kJ/kg.
Third, the decay phase assumes a rate of cooling of 10 °C/min. Fourth, the fire is assumed
to be ventilation-controlled. Fifth, the curves are based on predefined Type A compartment,
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which is a compartment with surrounding structures that have thermal properties similar to
concrete, brick, and lightweight concrete. Multipliers are provided for other compartment
types that might normally found in buildings (Pettersson at al., 1976).
These curves are widely used for fire design especially in Europe because of their
simplicity. The Swedish curves are reproduced in Figure 2.6-2 to Figure 2.6-8. The figures
show the time-temperature curves for different opening factor and for different fuel amount
(q). In addition, time-temperature curve for standard test ASTM E119 was plotted along
with the curves to evaluate the difference.
One of the drawbacks for these fire curves is that the heating period hardly exceeds
two hours. This is not the case in real fire events, which can continue on burning for several
hours and extend from one compartment to another or from one building to another.
Therefore, the curves can be regarded accurate for single compartment fires only.
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Figure 2.6-1 Standard time-temperature curves for different fire test specifications
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Figure 2.6-2 Swedish time-temperature curves for opening factor F = 0.3
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Figure 2.6-3 Swedish time-temperature curves for opening factor F = 0.12
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Figure 2.6-4 Swedish time-temperature curves for opening factor F = 0.08
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Figure 2.6-5 Swedish time-temperature curves for opening factor F = 0.06
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Figure 2.6-6 Swedish time-temperature curves for opening factor F = 0.04
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Figure 2.6-7 Swedish time-temperature curves for opening factor F = 0.02
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Figure 2.6-8 Swedish time-temperature curves for opening factor F = 0.01

A new approach to predict a natural fire curve has been introduced by Barnett (2002) and
Barnett and Clifton (2002). Researchers introduced an equation to predict the fire curve,
which was given the name “BFD curve”. The proposed equation was:
.
Where

Eqn. 2.6-5

is the temperature at any time (ºC),

maximum temperature generated above
from ignition of fire (minutes),

(ºC)

the ambient temperature (ºC),
ln

is the time at which

ln

/

, where

is the

is the time

occurs (minutes) and

is the

shape constant for the temperature time curve (dimensionless number). The equation can
predict the heating as well as the cooling part of the curve.
The ASTM E-119 fire curve can be plotted using the newly developed equation
with

1211

3500 min, and

replaced with the same equation using

58. Similarly, the ISO 834 equation can be
1418 ,

10,000 min, and

the same way, the hydrocarbon equation can be replaced with the equation using
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62. In

1065

80 min, and

60. The provided equation was considered unique as

there were only three factors required to model any fire event: maximum gas temperature,
time at which this temperature occurs, and the shape constant for the curve.
2.6.1

Load combination requirements for fire-resistant structural design

Buildings are designed to withstand the effect of dead loads, live loads, snow loads, wind
loads, and earthquake loads. Fire is considered a low-probability event for design purposes
according to ASCE Standard 7-02, Minimum Design Loads for Buildings and Other
Structures (ASCE, 2003). However, the main design philosophy requires that the structure
shall be safe and the performance of the structure shall not be sensitive to uncertainties in
load or environmental influences.
Dealing with extraordinary events is different from dealing with regular loads such
as dead and live loads. When considering extraordinary event such as fire event, the
designer is trying to limit the damage but not to avoid it. Therefore, to effectively address
the fire event during design, multiple steps have to be taken. First, the design shall include
an alternate path for the load that would develop upon certain member failure. Second, no
load bearing member shall be made ineffective due to the fire event. Third, effective
measures and precautions shall be taken to protect essential structural elements in the
structure. Finally, the fire event shall be included in the load combination used to check the
capacity of the structural element.
Different codes and design guidelines offer different loads combinations. For
example, two equations for load combinations were introduced in ASCE standard 7-02
(2003)
0.5

1.2
0.9
Where

1.2

0.2

Eqn. 2.6-6

0.2

Eqn. 2.6-7

is the load effect from the fire (or any extra ordinary event),

is the live load,

is the snow load, and

is the dead load,

is the wind load. In addition, for checking a

structure to determine its residual load-carrying capacity following occurrence of a
damaging extraordinary event, selected load-bearing elements should be notionally
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removed and the capacity of the remaining structure evaluated using the following load
combination:
0.9

1.2

0.5

0.2

0.2

Eqn. 2.6-8

The probability for the occurrence of each kind of load was taken into account through a
recent statistical investigation by Ellingwood (1991 & 2005). For a structurally significant
fire event, Ellingwood suggested using the load combination:
1.2

0.5

0.5

0.2

Eqn. 2.6-9

Where T denotes the structural action resulting from the postulated fire scenario and

is

the miscellaneous roof live load. The structural action T was not clearly identified in the
published study and further research efforts were recommended to specify T for different
fire scenarios, occupancies, compartment ventilation, and bounding surfaces.
2.6.2

Drawbacks in fire testing

Certain drawbacks are associated with fire testing. These drawbacks hinder the full
understanding for the performance of structural member under real fire event. However,
until a new procedure for fire testing is developed, standard fire tests remain the sole
technique for evaluating the fire performance of materials or structural elements.
Drawbacks of current fire tests can be summarized as follows:
1. Tests are conducted on individual building elements of small sizes
2. Tests do not address the connection between the different elements
3. Tests demonstrate the fire resistance based on theoretical fire curve and assumed
load conditions
4. Tests are not conducted to ultimate failure. Tests always stop after achieving the
required fire resistance rating.

28

2.7

FRP under Fire

During the last few decades, FRP materials have been extensively used in construction
(Grace et al, 2002). The light weight and high strength of FRP materials give them
superiority over steel plates in nearly all strengthening and stiffening applications (Figure
2.7-1 and Figure 2.7-2). Accordingly, FRP materials became the preferred choice for
strengthening and stiffening reinforced concrete, prestressed concrete, and steel structures.
Design guidelines and specifications for the use of FRP as a strengthening system have
been developed in different countries all over the world. Hundreds of building and bridges
have been strengthened using FRP materials. Strengthening applications comprise flexural
strengthening, shear strengthening, and confinement with reasons for strengthening
including:


Increasing the load carrying capacity of a structural element to support additional
loads.



Restoring the structural capacity to a deteriorated a structural element



Restoring the structural capacity to a damaged structural element



Modifying the structural system to accommodate an unexpected use for the
building

Stiffening on the other hand is another application for FRP materials. On the contrary to
strengthening, stiffening is not intended to increase the ultimate load carrying capacity.
Stiffening is used primarily to enhance the serviceability of the structural element. Reasons
for stiffening include reducing deflection or vibration.
Usually, FRP are bonded to the concrete surface using an organic thermoset resin.
The most common types of thermoset resin are Unsaturated Polyesters, Vinyl Esters and
Epoxies. However, a major problem with thermoset resins is their susceptibility to fire. The
resins can easily ignite, burn, and produce toxic fumes, which obscure the rescue operation
and jeopardize the lives of the occupants.
Because of the susceptibility of the epoxy to fire events, ACI 440-2R (ACI
Committee 440, 2008) suggested that FRP strengthening system will lose its strength
during fire event. This is due to the fact that most organic epoxies have a glass transition
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temperature, defined in the following section, within the range of 140 to 180 °F (60 to 82
°C). During fire, temperature is expected to be much higher than the glass transition
temperature of the epoxy. In addition, it is unlikely to effectively insulate the FRP
strengthening system against fire because the required thickness of the insulation will not
be realistic. Furthermore, both concrete and reinforcing steel will lose their strength when
exposed to fire for extended time. Therefore, it is recommended that the unstrengthened
member be capable of supporting a certain load level during fire event to ensure that the
member will not collapse during fire. This level of load is given as the service dead load
plus the live load.

Figure 2.7-1 Left: Connection strengthening Aigaleo football stadium, Athens, Greece.
Right: Column strengthening, Reggio Emilia stadium, Italy. (Motvalli et al., 2007)

Figure 2.7-2 Left: Beam shear strengthening, DK81 bridge over railways to Laziska
power planet, Poland. Right: flexural strengthening, Poland. (Motvalli et al., 2007)
30

To evaluate the performance of FRP strengthened concrete members under fire events in
the light of available design codes, a recent extensive experimental/numerical investigation
has been conducted by Kodur et al. (2007). Through the experimental investigation,
researchers tested slabs, columns, and beam slab assemblies strengthened with CFRP
sheets and insulated against fire using different fire insulation schemes. Two epoxy
matrices were tested. The glass transition temperatures for the used epoxy matrices were
given as 160 and 200 °F (71 and 93 °C).
The slabs were tested without load according to ULC S101, Standard Methods of
Fire Endurance Tests of Building Construction and Materials, a test method equivalent to
ASTM E119. The experimental investigation showed that the glass transition temperatures
for both epoxy matrices were exceeded in less than 2 hours.
The columns were tested under both load and fire events according to ASTM E119
standard fire test. The fire insulation thickness ranged from 0 to 2.25 in. (0 to 57 mm). The
results also showed that the glass transition temperatures for the epoxy matrices were
exceeded at an early stage of the fire test. However, even with a complete burn out for FRP
strengthening system, the columns continued to sustain the applied loads for extended time.
Similar results were obtained when beam-slab assemblies were tested under
load/fire events according to SATM E119 standard fire test. The glass transition
temperatures for the epoxy matrices were exceeded early at the test but the beams
continued to sustain the imposed service loads for more than four hours.
The researchers concluded that although the glass transition temperature of the
epoxy was exceeded, the fire insulation layer protected the concrete and the steel from
excessive heat. Therefore, the unstrengthened reinforced concrete member was able to
support the imposed service load for extended time. They suggested that fire resistance
rating of a FRP strengthened structural member should be based on the capability of the
unstrengthened structural element to support the service load during fire event. Similar
conclusions and recommendations were given by Williams et al. (2008) and Chowdhury et
al. (2008).
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In addition, Kodur et al. (2005 & 2006) conducted an experimental study to evaluate the
performance of square columns strengthened with CFRP wraps and subjected to
fire/loading events. The tested specimens sustained the applied service load for more than
four hours due to the reserve strength of the concrete and steel reinforcement. The
investigation emphasized the hypothesis of neglecting the fire resistance of FRP materials
during fire events.
2.8

Glass Transition Temperature vs. Heat Deflection Temperature

Epoxy manufacturers provide either the glass transition temperature ( ) or the heat
deflection temperature (HDT) to identify the temperature at which the mechanical
properties of the epoxy polymer degrade. Even though not equal, Epoxy HDT and
measurements are highly correlated as both temperatures identify the same thing, the point
where the cured resin goes through a change in its molecular structure. At this point
mechanical properties decrease at an increasing rate and the coefficient of thermal
expansion increases.
can loosely be defined as a temperature point where

According to ASTM E1356,

a polymer experiences a significant change in properties. Typically, a large change in
Young’s modulus is experienced. The

is where a polymer structure turns "rubbery" upon

heating and "glassy" upon cooling. The behavior of the polymers at its

is highly

dependent on the type of the polymer. Some polymers, such as amorphous polymers, are
structurally sound just below the

. Then they go through one stage of the change from a

glassy to a rubbery consistency with a simultaneous loss in stiffness (Young's modulus).
However this stage of going from stiff to flowing happens over a wide temperature range.
Other polymers go through a stage of becoming leathery before becoming rubbery with a
certain loss of stiffness (Young's modulus) in both of these stages. The loss of stiffness is
accompanied by a sharply defined melting point. Currently, computerized methods are
used to measure the molecular change in the epoxy polymer and accordingly determine

.

Three types of equipment, with different measuring methods, can be used to serve this
purpose: Differential Scanning Calorimeter (DSC), Dynamic Mechanical Analyzer
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(DMA), and Thermal Mechanical Analyzer (TMA). The chemist decides which equipment
is the most accurate for a particular product.
According to ASTM D648, HDT is a temperature at which a polymer sample
deflects a certain amount under heat and load. There is no good consistency between test
methods, making data sheet reading difficult. The test can be conducted on three different
thicknesses, two different loading conditions. What follows is one test definition: the
temperature where the material shows a deformation of 0.01 in. (0.25 mm) under a constant
load. To measure HDT, a cast bar measuring 0.5 in. × 0.5 in. × 5 in. (12.7 mm × 12.7 mm ×
127 mm) is suspended between two points 4 in. (102 mm) apart. A load is applied halfway
between the two suspension points. The entire apparatus is submerged in an oil bath, with
the temperature of the oil being raised at a set rate. When the cast bar deflects 0.01 in.
(0.25 mm) under the load, the oil temperature is recorded as the HDT. This number is
commonly reported at two load levels, 64 and 264 psi (0.44 and 1.82 MPa).
Measuring HDT is a time consuming procedure that can tie up a lab technician for
hours. Besides, HDT is a function of the temperature, strain rate, and stress. Some
companies report high HDT numbers by testing laminates instead of cast bars. Fiber
reinforcement keeps the bar from deflecting even after the resin system has passed its
HDT. These numbers do not accurately represent the capacity of a resin system.
Although the mechanical properties of the composites degrade with increasing the
temperature, they can be considered reversible up to the onset of the first decomposition,
which usually occur in the epoxy polymer matrix. Some researchers tried to estimate the
degradation of the material properties in the transition zone using the polynomial formula
(Kulcarni and Gibson, 2003):
1

Eqn. 2.8-1

where,

is a particular property, and

temperature

.

,

, and

is the value of that property at room

are fitting constants. Figure 2.8-1and Figure 2.8-2 show the

degradation of the mechanical properties for FRP materials with the increase in
temperature.
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Figure 2.8-1 Schematic curve showing the degradation of the mechanical properties for
composite materials with temperature (Kulkarni and Gibson, 2003
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Figure 2.8-2 Young’s moduli of polyester and vinyl ester resins as a function of
temperature (Mouritz et al., 2006)
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2.9

Ignition of FRP

According to Mouritz et al. (2006), FRP is ignited when the surface is heated to the
endothermic decomposition temperature of the polymer matrix, usually ranging from 570
to 930 °F (300 to 500 °C). Due to the decomposition of the polymer matrix, flammable
volatile gases are released. The flammable gases flow to the ignition source, which is the
fire, and eventually ignite. The ignition of the volatile gases will help in spreading the fire
and igniting the rest of the epoxy polymer. However, for the FRP to ignite, the surface shall
be exposed to a heat flux larger the threshold heat flux. The threshold heat flux is the
lowest heat flux required to start the endothermic decomposition reaction and it is
dependent on the type of the epoxy polymer. For polyester, vinyl ester, and epoxy
composites, the threshold heat flux is approximately 13 kW/m and for phenolic laminate,
it is approximately 25 kW/m . Above the threshold heat flux, the ignition time decreases
rapidly with the increase of the heat flux. Once FRP material is ignited, it works as a source
for thermal energy that releases heat at a high rate shortly after ignition. The heat release
from the ignited FRP material will help the spread of the fire. However, the heat release is
accompanied by consumption of the organic epoxy polymer and the loss of its mass.
Associated with the burning of FRP material, a significant dense cloud of smoke is
released. The smoke produced by a burning composite is a mix of small fragments of fiber
and ultra-fine carbon (soot) particles. The short-term exposure of people to smoke released
from a burning composite is usually not considered a serious health hazard. However, the
smoke can be extremely dense and thereby reduce visibility, cause disorientation, and make
it difficult to fight the fire. In addition, carbon monoxide can be released during the burning
of the composite materials with amount depending on the temperature of the fire and the
availability of the oxygen. Carbon monoxide is considered one of the toxic fumes that can
cause human death in nearly an hour if its concentration in the air exceeds 1500 ppm.
2.10 Heat Resistant Epoxy
Recently a group of heat resistant resins were introduced in the market. For example,
Phenolic resin is a thermoset resin known for its excellent fire/smoke properties. It is
prepared by the reaction of phenol and formaldehyde. Phenolic matrices are rated for
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continuous use at 392 °F (200 °C), maintaining over 90 % retention of their flexural
modulus at 392 °F (200 °C) compared to ambient temperature (Mekjian, 2005).
Another technique to reduce the flammability of the organic epoxy is to introduce
flame retardant fillers to the matrix. Flame retardant polymers work by disrupting the
decomposition process. This can be done by modifying the thermal properties of the matrix
to reduce the amount of the flammable gases or by the generation of the decomposition
gases, which react with the flammable gases or by the reduction of the temperature of the
matrix and modifying its heat conduction and/or specific heat. According to Muritz et al.
(2006), fire retardants influence the decomposition process by:


diluting the amount of combustible organic material by the addition of inert filler
particles,



reducing the temperature of the composite by the addition of filler that acts as a heat
sink,



reducing the temperature by the addition of fillers that decompose endothermically
to yield water or other non-combustible products with a high specific heat capacity,



reducing the heat release rate by using polymers that decompose via endothermic
reactions,



increasing the aromaticity of the polymer matrix in order that it decomposes into an
insulating surface layer of carbonaceous char that slows heat conduction into the
composite and reduces flammable gas emission.

Flame retardant fillers can be either additive or reactive compounds. Additives do not react
with the organic polymer. Examples for most common additives are antimony, aluminum,
boron, phosphorus, bromine or chlorine. On the other hand, reactive compounds are
polymerized with the resin during processing to become integrated into the
molecular network structure. Reactive fire retardants are mainly based on halogen
bromine and chlorine , phosphorus, inorganic and melamine compounds.
Several drawbacks are associated with the use of flame retardant fillers. Many types
of fillers reduce the mechanical properties of polymers. Some fillers also increase the toxic
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fumes, which is a major safety concern when choosing the proper flame retardant. Flame
retardants may also affect the viscosity and reduce the processing time.
2.11 Experimental Studies on FRP under Fire Events
Deuring (1994) conducted fire tests on six 12 in.×16 in.×16.4 ft (300 mm×400 mm×5 m)
RC beams strengthened with external CFRP strips and steel plates. The beams were tested
according to ISO 834 standard fire test in order to assess the post-fire residual strength.
Four beams were strengthened with CFRP strips, one beam was strengthened with
adhesively bonded steel plate, and the remaining beam was left unstrengthened. Some of
the strengthened beams were provided with supplemental fire protection. During the fire
test, CFRP strips delaminated from unprotected beams within 20 minutes. Insulated beams
experienced CFRP debonding after nearly an hour.
In an attempt to study the influence of the temperature increase on the bond region
between the concrete and CFRP materials, Blontrock et al. (2000) tested two
unstrengthened reinforced concrete beams and six CFRP strengthened reinforced concrete
beams. The beams were subjected to fire event according to ISO 834 standard fire test. It
was concluded that some fire protection was necessary to keep the temperature of the
epoxy below the glass transition temperature, 176-194 °F (80-90 °C).
In addition, in 2001, the same research team tested a total of 10 reinforced concrete
slabs with dimensions 6 in. ×16 in. ×10.5 ft (150 mm×400 mm×3155 mm). The slabs were
tested under four-point-loading set-up over an effective span of 9.35 ft (2850 mm). Slabs
#1, 2, and 3 were control slabs and were tested at ambient temperature. Slab #1 was
unstrengthened. Slab #2 was strengthened with two layers of CFRP sheet. Slab #3 was
strengthened with one layer of CFRP sheet. The failure loads for Slab#1, 2, and 3 were
7500, 11330, and 8947 lb (33.4, 50.4, and 39.8 kN), respectively. Slabs #4 to 10 were
tested under fire event according to ISO 834 plus a service load. The service load was
calculated according to Eurocode to be 2634, 4078, 3212 lb (11.72, 18.14, and 14.92 kN)
for unstrengthened, two-layers strengthened, and one-layer strengthened slabs. Slab #4 and
#5 were unstrengthened unprotected against fire, while Slabs #6 to #9 were strengthened
and protected against fire with a 0.75-in. (18-mm) fire protection layer (Gyproc plate strips,
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with a 1.25 in. (30 mm) gap remained empty or filled with Rockwool). Slab #10 was
strengthened and protected with two 0.5-in. (12.5-mm) fire protection layers (Gyproc plate
strips, with a 1.25 in. (30 mm) gap filled with Rockwool). The research team recorded the
loss of interaction between the concrete and CFRP layers by monitoring the sudden
increase in deflection. The loss of interaction took place after 24, 38, 34, 34, and 55
minutes for slab # 6, 7, 8, 9, and 10, respectively. The temperature of the CFRP plates at
the time of loss of interaction was 145, 136, 154, 116, and 136 °F (63, 58, 68, 47, and 58
°C) for the slab #6 to 10, respectively. Knowing that the glass transition temperature for the
epoxy was approximately 152 °F (67 °C), it was clear that the loss of interaction took place
when the temperature of the CFRP layer approached the glass transition temperature of the
epoxy.
Wu et al., (2005) investigated the temperature effect on bonding and debonding
behavior between FRP sheets and concrete (Figure 2.11-1). In their experimental study,
they investigated both ordinary epoxy and thermo-resistant epoxy. T for the epoxies
ranged between 100 to 104 °F (38 to 40 °C) and the HDT ranged between 118 and 134 °F
(48 and 57 °C). The specimens were tested under load and a temperature ranging between
80 and 140 °F (26 to 60 °C). They observed that before

, there was no significant loss in

the bond strength between the concrete and the FRP sheet. The situation changed rapidly
once the

was exceeded. For example, using ordinary epoxy, the specimens debonded at

load level of 5600, 4700, 3150, and 2250 lb (25, 21, 14, and 10 kN) when the ambient
temperature was 79, 86, 104, and 122 °C (26, 30, 40, and 50 °C), respectively. Using
thermo-resistant epoxy, the specimens debonded at load level of 5600, 5400, 3600, and
2900 lb (25, 24, 16, and 13 kN) when the ambient temperature was 79, 104, 122, and 140
°F (26, 40, 50, and 60 °C), respectively. It was also observed from results that the value of
fracture energy decreased at temperatures near to or higher than
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or HDT.

Note: Dimension in mm

Figure 2.11-1 Specimens tested by Wu et al. (2005)

Gamage et al. (2005) performed a limited investigation on the bond strength between FRP
sheets and concrete specimens. They concluded that increasing the temperature adversely
affected the strength of the epoxy polymer and therefore reduced the bond strength between
the concrete and the FRP sheets. The researchers provided some basic formulas to relate
the bond strength at elevated temperature to the bond strength at ambient temperature.
According to the given formulas, when T < 113 °F (45 °C), bond strength was taken as 100
%. When 133 < T < 167 °F (45 < T < 75 °C), bond strength was taken as [246.31 – 1.31 T]
% ([204.36 – 2.36 T] %) and when T > 167 °F (75 °C), bond strength was taken as 18 % of
the bond strength at ambient temperature. It should be noted that the investigation was very
limited and provided formulas were strictly related to the type of epoxy used in the
investigation. However, the outcome of the investigation agreed with the expected
structural behavior of the epoxy polymer matrix and confirmed the quick degradation for
the strength of the epoxy polymer when the

is reached.

Klamer et al. (2005) conducted an experimental investigation to determine the
influence of increasing the temperature on the bond strength of the epoxy adhesive.

for

the epoxy adhesive in the experimental investigation was 143 °F (62 °C). Two sets of
specimens were prepared. One set was tested under double-lap shear test set-up and the
other set was tested under three- point-bending test set-up. It was found that the bending
capacity was not much influenced as long as

was not reached. Also, it was concluded

that when the temperature increased, the stiffness and the strength of the adhesive were
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reduced, especially for temperatures above

. For low temperature, delamination failure

took place at the concrete side of the interface causing the CFRP plates to debond with 0.04
to 0.12 in. (1 to 3 mm) of concrete attached. At elevated temperatures, 122 to 167 °F (50 to
75 °C), failure took place at the epoxy adhesive layer.
Barnes et al. (2006) tested 24 reinforced concrete beams. The beams were divided
into eight sets of three. The sets were split into fire tested group and control group. The
control group comprised an unstrengthened control set, a set strengthened with bonded
CFRP plates, and a set with bonded CFRP plates with bolted anchorages. The fire-tested
group comprised unstrengthened control set, a set strengthened with bonded CFRP plates, a
set with bonded CFRP plates with bolted anchorages, a set strengthened with bonded CFRP
plates and a cementitous fire protection system, and a set with bonded CFRP plates with
bolted anchorages and a cementitous fire protection system. The beams were exposed to
fire but without loading. After fire event, the beams were loaded to examine the residual
strength. The strengthening system in the unprotected beams was destroyed in the fire test.
The provided fire protection protected the resin in the CFRP plate but not the adhesive
bonding the plate to the concrete surface. Bolts kept the plate attached to the beam but did
not provide as good connection as the adhesive.
Stratford et al. (2006a, 2006b) conducted a field investigation to study the
performance of insulated FRP material under a real fire event. The investigation took place
inside a compartment in a building scheduled for demolition as shown in Figure 2.11-2.
The reinforced concrete ceiling of the compartment was strengthened with FRP plates and
near surface mounted (NSM) FRP bars. Some of the FRP plates and bars were not
insulated against fire. Others were insulated using two layers of 0.5-in. (12-mm) thick
gypsum boards with intumescent sealer or just intumescent layer. It should be noted that
the average glass transition temperature for the epoxy adhesive was between 150 and 212
°F (65 and 100 °C), as reported by researchers.
The results showed that the temperature of the FRP plates and NSM bars exceeded
the glass transition temperature within first 10 minutes of the fire test. However, FRP
materials protected with gypsum boards showed no visual signs of fire damage. FRP
materials protected with intumescent layer showed some signs of burning, while
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unprotected FRP materials were completely delaminated and burnt. The performance of
NSM bars was superior to the performance of FRP plates during the fire test.

Figure 2.11-2 Compartment before and after real fire event (Stratford et al., 2006a, b)

In an effort to establish a good strengthening system for reinforced concrete beams in a
240-ft (73-m) high industrial tower, Camata et al. (2007) tested three different types of
strengthening systems. Type #1 was adhesive SikaDur 30LP and CFRP plates. Type #2
was adhesive Epolam 2025/2035 and carbon fiber unidirectional woven fabrics. Type#3
was adhesive Macroplast and carbon fiber unidirectional woven fabrics. The main
motivation of the study was to examine the system with best performance at ambient
temperatures up to185 °F (85 °C). Researchers concluded that performance of Type#1
strengthening system did not degrade up to temperature of 185 °F (85 °C). Type #2
however, experienced degradation under temperature cycles. Strengthening system Type#3
had the problem of high viscosity and the epoxy failed in impregnating the fabric
completely. In addition,

for the epoxy was less than 185 °F (85 °C). Overall, the tests

showed that the performance of any epoxy did not degrade up to its recommended
addition, the failure load increased by increasing

. In

of the epoxy adhesive.

Klamer et al. (2008) investigated the influence of increasing the ambient
temperature on the failure mode of reinforced concrete beams strengthened with CFRP
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plates. They tested series of CFRP strengthened reinforced concrete beams at ambient
temperatures of 68, 122, and 176 °F (20, 50, and 80 °C), noting that the glass transition
temperature for the adhesive epoxy was approximately 140 °F (60 °C). The researchers
concluded that the failure mode and the ultimate load carrying capacity were not affected as
long as the ambient temperature was less than

for the epoxy adhesive. However,

concerns arose when the ambient temperature exceeded

as the failure mode changed to

bond failure between the CFRP plates and the concrete surface due to the loss in stiffness
and strength of the epoxy adhesive.
Cao et al. (2009) tested the tensile properties of several specimens made of carbon
fiber reinforced polymer (CFRP) sheets, hybrid carbon/glass fiber reinforced polymer
(C/GFRP) sheets and hybrid carbon/basalt fiber reinforced polymer (C/BFRP) sheets
within temperature range between 60 and 392 °F (16 and 200 °C). The tested epoxy had a
of 100 °F (38 °C). Therefore, after the temperature exceeded the

of the epoxy, the

epoxy resin softened and its rigidness degenerated. The results from uniaxial tensile test on
FRP sheets at 392 °F (200 °C) showed that although

was exceeded, the epoxy was able

to hold the fibers. That was because the structural properties of the epoxy did not
degenerate to zero. Therefore, at 392 °F (200 °C), the specimens of CFRP, C/GFRP, and
C/BFRP sheets achieved approximately 67 %, 63 %, and 58 % of their ultimate strength at
room temperature 60 °F (16 °C), respectively. It should be noted that, at room temperature,
the strength of dry fibers (without epoxy) for CFRP, C/GFRP, and C/BFRP sheets was
approximately 48 %, 47 %, and 45 % of the strength of the epoxy impregnated fibers,
respectively.
2.12 Inorganic Epoxy Matrix for FRP
Due to numerous fire concerns associated with the use of organic epoxy adhesives, several
research teams followed a different approach to improve the fire resistance of FRP system.
They tried to use an inorganic epoxy instead of the conventional organic epoxy to bond the
external FRP materials to the concrete surface. For example Wu et al. (2005) performed an
experimental study on a cement based matrix developed at Wayne State University,
Detroit, MI, U.S.A. They used the cement based binder to form the matrix for the uniaxial
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carbon fiber sheet. Then, they used the carbon fiber sheet to confine concrete cylinder
under axial load and to strength unreinforced concrete beam under flexural load. The
concrete cylinders showed improved load carrying capacity under compressive load. The
behavior of the strengthened concrete beam was better than that of the unstrengthened
beam in terms of ductility. However, the load carrying capacity did not improve
significantly and the ultimate load carrying capacity was much lower than the load carrying
capacity of a corresponding beam strengthened with FRP using organic epoxy. The failure
of the inorganic binder is characterized by breaking of the FRP sheet because of the
inability of the binder to penetrate between the fiber filaments and form a strong matrix.
Other research teams (Foden et al., 1996; Balaguru an Kurtz, 1997; and Toutanji et
al., May 2002, June 2002 and 2004) conducted several investigations on replacing the
organic epoxy matrix with inorganic heat resistant matrix. In general, their investigations
revealed that the inorganic epoxy is more brittle and exhibits less strength than the
conventional organic epoxy. Nevertheless, the high fire resistance of the inorganic epoxy
may compensate for the lack of the strength in case of fire events. The investigations
through this approach, however, were limited to loading the specimens at the ambient
temperature. No further investigation was performed to assess the performance of the
inorganic matrix at elevated temperatures.
The research team at Lawrence Technological University, Southfield, Michigan,
U.S.A. conducted a limited experimental investigation to assess the performance of
commercially available inorganic epoxies in strengthening applications. Small scale
specimens of unreinforced concrete beams with dimensions of 4 in. × 4 in. × 12 in. (102
mm × 102 mm × 305 mm) were constructed and strengthened for flexure using uniaxial
carbon fiber sheet as shown in Figure 2.12-1. The strengthening technique included
applying a 4 in. × 10 in. (102 mm × 254 mm) single layer of prepreg CFRP sheets to the
soffit of the concrete specimens using either organic or inorganic epoxy matrix. To ensure
strong bond between the concrete and the CFRP sheet, the concrete surface was sand
blasted and treated with acid and base to remove all the dust. In addition, two 1.0-in. (25mm) wide wraps were provided on both sides as shown in Figure 2.12-2 and Figure 2.12-3
to increase the bond capacity of the strengthening system.
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In addition to the organic epoxy, six types of inorganic epoxy were investigated.
The inorganic epoxies were provided by two manufacturers: Aremco Products, Inc., NY,
U.S.A. and Toagosei, Tokyo, Japan. Ceramabond 571, 835M, 569, 671, and 552
nonorganic epoxies from Aremco Products, Inc. were selected and applied according to the
manufacturer’s recommendation. Aron ceramic D inorganic epoxy from Toagosei was
selected and applied according to the manufacturer’s recommendation as well.
Aron Ceramic D is a white paste with viscosity of 50,000 cp and density of 143
lb/ft3 (2300 kg/m3). The main component of the epoxy is Alumina and it requires curing at
300 °F (150 °C) for at least one hour. According to the manufacturer, it is expected that the
epoxy can achieve a tensile strength of 3500 psi (24 MPa), compressive strength of 28,000
psi (196 MPa), modulus of rupture of 8500 (58.8 MPa), and can sustain temperature up to
2300 °F (1300 °C). General properties for inorganic epoxies provided by Aremco Products,
Inc. are provided in Table 2.12-1.
After curing, the specimens were tested under three-point-loading test set-up.
Unstrengthened beam specimens failed at load of 1825 lb (8.1 kN). Strengthened concrete
specimens with organic epoxy experienced shear failure at load level of 6051 lb (26.9 kN).
Strengthened concrete specimens with inorganic epoxy experienced flexural failure and
rupture of the CFRP sheet at the point of maximum moment. Some specimens also
experienced delamination of the CFRP sheets. The concrete specimens achieved a
maximum load level of 3577, 3048, 1832, 2460, and 2657 lb (15.9, 13.6, 8.1, 10.9, and
11.8 kN) with inorganic epoxies Ceramabond 571, 835, 569, 671, and 552, respectively.
When using Aron Ceramic D, the strengthened concrete specimen achieved a maximum
load level of 2600 lb (11.6 kN).
The results of this limited experimental investigation confirmed the observations of
other research teams regarding the brittleness of FRP strengthening systems prepared using
inorganic matrix. When examining the ruptured CFRP sheets, it was clear that only exterior
filaments were impregnated in the epoxy matrix. The matrix failed to penetrate the CFRP
and reach the inner filaments.
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Figure 2.12-1 Unstrengthened specimens under three-point-loading

Table 2.12-1 Material properties for inorganic epoxies by Aremco Product, Inc.
Product No.

552

569

671

835M

571

Trade name

Ceramabond

Ceramabond

Ceramabond

Ceramabond

Ceramabond

Major Constituent

Alumina

Alumina

Alumina

Alumina

Magnesium
Oxide

Maximum sustained
temperature °F ( °C)

3000 (1650)

3000 (1650)

3200 (1760)

3000 (1650)

3200 (1760)

Viscosity, cp

62,000

Paste

84,000

35,000

60,000

Specific gravity

2.07

2.30

2.24

2.41

1.5

Cure Temperature
°F(°C), h

200 (93), 2

200 (93), 2

200 (93), 2

200 (93), 2

200 (93), 2

6.0 (8.1)

24 (32.6)

8.5 (11.5)

21.6 (29.3)

Torque strength ft.lb
(N.m)

500 (260), 2*
6.7 (9.1)

*Requires two-step curing process
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Figure 2.12-2 Failure of specimen strengthened with CFRP using organic epoxy

Figure 2.12-3 Failure for specimens strengthened with CFRP using inorganic epoxy
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2.13 Basic Theories of Thermodynamics
It is essential to understand the laws of thermodynamics when dealing with fire events.
Whenever a temperature difference exists between two media, thermal energy is transferred
from higher-temperature medium to the lower-temperature medium. Heat transfer takes
place by conduction, convection, or radiation. Conduction refers to the heat transfer that
will occur across the medium. Convection refers to the heat transfer that will occur between
a surface and moving fluid or gas when they are at different temperature. Radiation refers
to the emission of energy from the surface as electromagnetic waves. In addition, the first
law of thermodynamics states that:
At an instant (t), the rate at which thermal and mechanical energy enters a control
volume, plus the rate at which thermal energy is generated within a control volume, minus
the rate at which thermal and mechanical energy leaves the control volume must equal the
rate of increase of energy stored within the control volume. It can also be expressed as:
over a time interval (∆t), the amount of thermal and mechanical energy that enters a control
volume, plus the amount of thermal energy that is generated within a control volume,
minus the amount of thermal and mechanical energy that leaves the control volume must
equal the increase in the amount of energy stored within the control volume. The first law
of thermodynamics can be expressed by the following equation:
E

E

E

∆E

Eqn. 2.13-1

Where, E is the energy entering the volume, E is the energy generated inside the volume,
E

is the nergry leaving the volume, and ∆E is the energy stored inside the volume. In

the following subsections, each mode of heat transfer will be discussed in brief in the light
of the first law of thermodynamics. Detailed literature can be found in Incropera and
DeWitt (2002).
2.13.1 Conduction
Increasing the temperature of certain medium will cause the particles or the molecules of
this medium to attain certain level of energy and move faster. Conduction in brief is the
transfer of energy from high energetic particles to lower energetic particles inside the
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medium during the collision of the particles. Conduction can be expressed in a rate
equation:
"

∆

Where,

(Fourier’s law for heat conduction)
"

Eqn. 2.13-2

(W/m2) is the heat flux or the heat transfer rate in the

perpendicular to the direction of transfer.

direction per unit area

(W/m.K) is the thermal conductivity, ∆ is the

temperature difference between two points of a distance . The heat rate

is the product

"

of the heat flux and the area

In addition to defining the thermal conductivity of the material, it is important to
define both the density and the specific heat of the material. The product of the density and
the specific heat is called volumetric heat capacity and it represents the ability of the
material to store thermal energy. Also, by dividing the thermal conductivity by the
volumetric heat capacity, a new property termed thermal diffusivity is attained
.

(m2/s)

Eqn. 2.13-3

Thermal diffusivity measures the ability of a material to conduct thermal energy relative to
its ability to store thermal energy. A material with higher thermal diffusivity will respond
quickly in the change in the thermal environment. A material with low thermal diffusivity
will take longer to reach equilibrium state.
In case of an insulation layer of thickness

in steady-state state where equilibrium

is achieved with the temperature at the exterior surfaces of the insulation is denoted as
and

where

. The temperature at any distance

through the thickness is

equal to:
(Incropera and Dewitt (2002))

Eqn. 2.13-4
Eqn. 2.13-5

"

Eqn. 2.13-6
Eqn. 2.13-7
Eqn. 2.13-8
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For composite insulation wall with layers A, B, C, and D, the heat transfer rate can be
expressed as:
⁄

⁄

⁄

Eqn. 2.13-9

⁄

Eqn. 2.13-10

∑
⁄

⁄

⁄

Eqn. 2.13-11

⁄

. . ∆T

Eqn. 2.13-12
⁄

Where,

⁄

⁄

Eqn. 2.13-13

⁄

is the overall heat transfer coefficient.

For transient conduction state however, analytical calculation is more complicated. Some
theories and methods were introduced to facilitate the calculations such as the Lumped
Capacitance Method. However, nearly all analytical methods have some inherent
approximation and can only handle simple shapes. The use of analytical method for design
purposes would require extensive knowledge and time. Therefore, the call for a finite
element method becomes necessary to handle the problem of transient conduction. In
Chapter 3 of this study, an extensive numerical investigation was carried out using
commercially available software (ABAQUS) to deal with the problem of transient
conduction.
2.13.2 Convection
A common application for heat transfer by convection is cooling a hot surface using a flow
of gas or liquid. In convection, heat is transferred due to both the random motion of the
molecules and due to the bulk movement of the particles. As gases or liquids heat up, large
numbers of molecules move as one unit from one location to another causing heat transfer.
This movement or flow can be free or forced. Example for free flow is the upward
movement of hot air with low density to be replaced with cooler air. Forced flow can be
caused by a fan or a liquid pump. It should be noted that if there is a change in medium
state, from solid to liquid or from liquid to vapor, additional energy known as latent heat is
consumed. This is of particular importance when dealing with insulation materials that
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have inherent moisture in their molecular structure or have the capability of absorbing
moisture from the surrounding media and preserve it. The rate of heat transfer due to
convection, heat flux

"

(W/m2), can be expressed by the formula:

"

Eqn. 2.13-14
(W/m2.K) is the convection heat transfer coefficient,

Where,

is the difference

between the temperature of the surface and the fluid temperature, respectively.
2.13.3 Radiation
A hot surface loses heat by emitting heat energy in the form of electromagnetic waves or
photons. While conduction and convection require medium to transfer heat, radiation does
not. In fact, radiation is most efficient in vacuum, where no medium obstructs the emission
of the photons. The emissivity of a black body represents the upper limit of emissivity,
which is represented by Stefan-Boltzmann law
.
Where,

Eqn. 2.13-15
is the absolute temperature of the surface in Kelvin and

Boltzmann constant

5.67

10

is the Stefan

W/m2.K4)

For other surface condition, the heat flux emitted can be expressed by
. .
Where, 0

Eqn. 2.13-16
1 is and is termed as emissivity.
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CHAPTER 3: EXPERIMENTAL PROGRAM

3.1

Overview

Through the current investigation, an experimental program was developed to investigate
the performance of rectangular reinforced concrete beams strengthened with FRP materials
under fire/loading event. Thirteen rectangular beams were constructed and tested to failure.
Three beams served as control beams and were tested under three-point-loading set-up at
ambient temperature. Other beams were tested under the same loading configuration along
with a fire event according to ASTM E119 standard fire test, where the beams were
exposed to fire from four sides to simulate the worst fire scenario. The experimental
investigation revealed that the common hypothesis that strength of FRP system should be
neglected during fire is inaccurate and underestimates the capacity of the strengthened
structural element during fire events. Through this chapter, a description for the
experimental program and the results is presented in detail.
3.2

Specimen Construction

Reinforced concrete beams with rectangular cross section were constructed at the Center
for Innovative Materials Research (CIMR), Lawrence Technological University,
Southfield, Michigan, U.S.A. The beams had a span of 12 ft (3.65 m) and cross section
dimensions of 6 in.  12 in. (152 mm 305 mm) as shown in Figure 3.2-1. Each beam was
reinforced with two No. 4 (12.7 mm diameter) deformed steel reinforcing bars grade 60
(yield strength of 413 MPa) as a bottom reinforcement and two No. 4 (12.7 mm diameter)
deformed steel reinforcing bars as a top reinforcement. In addition, to control the shear
cracks, No. 3 (9.5 mm diameter) stirrups were provided along the span with a center-tocenter spacing of 6 in. (152 mm). A clear cover of 1.5 in. (38 mm) was provided at the
soffit of the beam, while a clear cover of 1.0 in. (25 mm) was provided at the top and the
sides of the beam (Figure 3.2-2).
The concrete mix was designed to achieve a 28-day compressive strength of 7000
psi (48.2 MPa). One cubic yard (0.91 cubic meter) of the mix comprised 1710 lb (775 kg)
of coarse aggregate, 1290 lb (585 kg) of fine aggregate, 822 lb (373 kg) Type I cement
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(Ordinary Portland Cement), 31.8 U.S. gallons (120.3 liter) of water, 24.66 oz (0.73 liter)
of water reducing agent, and 73.98 oz (2.18 liter) of mid-range of water reducing agent.
Figure 3.2-3 and Figure 3.2-4 show the process of casting and vibrating the concrete inside
the formworks.
After casting, the concrete beams were covered with wet burlap and plastic sheets
and allowed to cure for 72 hours (Figure 3.2-5). The concrete achieved an average 28-day
compressive strength of 7300 psi (50.3 MPa). The reinforcement bars had guaranteed yield
strength of 60,000 psi (413 MPa) and ultimate tensile strength of 90,000 psi (620 MPa). In
an effort to avoid concrete spalling during fire testing, the beams were stored indoor for
more than 6 months to allow for moisture escape.
Type K thermocouples (Figure 3.2-6 and Figure 3.2-7) were attached to the bottom
and top steel reinforcing bars at the mid-span section and at the quarter-span sections
before casting the concrete (Figure 3.2-8). For control beams tested at ambient temperature,
thermocouples were replaced with strain gauges to measure the strain developed in the
reinforcement under different load levels. The thermocouple is made by arc-welding the
positive and negative wires in a butt joint as shown in Figure 3.2-7. In Type K
thermocouples, the positive wire is made from chromel while the negative wire is made
from alumel. Chromel consists of 90 % nickel and 10 % chromium, while alumel consists
of 95 % nickel, 2 % manganese, 2 % aluminum, and 1 % silicon. Type K thermocouple has
sensitivity of approximately 41μV/ °C and can function in a temperature range between 328 and 2462 °F (-200 and 1350 °C).
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Note: Dimensions in in. [mm]

Figure 3.2-1 Cross section of beam specimens

Figure 3.2-2 Construction of beam specimens (formwork and steel cages)
53

Figure 3.2-3 Casting ready-mix concrete in formwork

Figure 3.2-4 Vibrating concrete while casting beam specimens
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Figure 3.2-5 Three-day concrete curing with wet burlap and plastic sheets

Figure 3.2-6 Type K thermocouples to record steel and concrete temperature
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Figure 3.2-7 Type K thermocouple, made by arc-welding the ends of the wire

Note: Dimensions are in in. [mm]

Figure 3.2-8 Longitudinal view of the beam specimens showing the location of
thermocouples on steel reinforcement
3.3

FRP Strengthening

Ten beams were selected for flexural strengthening with FRP materials. Two different
strengthening schemes were applied. Five beams were strengthened with two layers of Uwrap Ductile Hybrid Fiber (DHF) fabric. Five beams were strengthened with four layers of
56

uniaxial Carbon Fiber (CF) fabric, commercially known as Replark™. A commercially
available organic epoxy polymer was selected to form the matrix for both strengthening
schemes. The following subsections provide details for the strengthening techniques and
the material properties for both strengthening schemes.
3.3.1

Organic epoxy

The organic epoxy was manufactured by Dow Chemical Company™. The epoxy was
formed by mixing a high purity bisphenol A diglycidylether epoxy resin D.E.R. 332 with
epoxy hardener D.E.H 24. Epoxy resin D.E.R 332 had a viscosity range of 4000-6000 cp at
77ºF (25ºC), and specific gravity of 1.16 at 77ºF (25ºC).
According to the technical data sheet offered by the manufacturer, cured organic
epoxy matrix can achieve a flexural strength of 15,590 psi (107.5 MPa), flexural modulus
of 4.05105 psi (2792 MPa), yield compressive strength of 15,840 psi (109.2 MPa),
compressive modulus of 2.63105 psi (1813 MPa), tensile strength of 9620 psi (66.3 MPa),
and ultimate elongation of 4.4 %.
When epoxy resin D.E.R. 332 is cured with hardener D.E.H. 24, the resultant epoxy
polymer will have HDT of 224 °F (107 °C).

, however, was not provided by the

manufacturer. In addition, if exposed to a temperature of 320ºF (160ºC) for 100 hours, the
cured organic epoxy would go through thermal degradation and lose approximately 92 %
of its weight. Flash point for the cured epoxy polymer was given as 485ºF (250ºC). Regular
electric mixer was used to mix the resin and the hardener as shown in Figure 3.3-1.
It should be noted that if the epoxy resin D.E.R. 332 is cured with different
hardener, the resultant epoxy polymer will have different HDT and different mechanical
properties. For example, Table 3.3-1 shows the HDT for the cured epoxy polymer with
different hardeners. Through the current study, the choice of the appropriate hardener was
based on the overall performance of the epoxy matrix at both ambient and elevated
temperatures. Other physical properties such as viscosity were also considered.
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Figure 3.3-1 Mixing resin and hardener for organic epoxy using electric drill

Table 3.3-1 HDT for cured epoxy polymer using different curing agents
Hardener for epoxy resin D.E.R. 332

3.3.2

HDT, °F (°C)

D.E.H. 24

224 (107)

Nadic Methyl Anhydride

275 (135)

BF3. MEA

266 (130)

Polyamide curing agent

198 (92)

Ductile Hybrid Fiber (DHF)

DHF fabric is an innovative strengthening fabric that was developed at the CIMR. The
average thickness of one layer of the fabric is approximately 0.039 in. (1.0 mm) and it is
made by weaving multiple kinds of fibers (Figure 3.3-2 and Table 3.3-2) in angles of 0, 45,
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and -45º. In the longitudinal direction, the fabric comprises filaments of ultra high modulus
carbon fiber (Carbon #1), high modulus carbon fiber (Carbon #2), and E-glass fiber. In
both diagonal directions, the fabric comprises filaments of high modulus carbon fiber
(Carbon #2) and E-glass fiber. Combining fiber filaments with different elastic moduli and
different strengths allows the fabric to experience ductile plateau and avoid the common
problem of sudden failure associated with FRP. For instance, when the fabric is subjected
to uniaxial tensile load, the fabric exhibits successive failure. First, ultra high modulus
carbon fiber filaments (Carbon #1) fail at relatively low strain. Second, high modulus
carbon fiber filaments (Carbon #2) fail at moderate strain. Finally, E-glass fiber filaments
fail at high strain. Therefore, strain increases without significant increase in the load
carrying capacity and the tested specimen goes through a ductile phase with multiple
warning messages before complete failure. The behavior of the fabric when the load is
acting in the longitudinal direction is different from its behavior when the load is acting in
diagonal directions as shown in Table 3.3-3 and Figure 3.3-3. Complete details of DHF
fabric can be found in Grace et al. (2002c).
The beam specimens were strengthened with two layers of U-wrap DHF fabric as shown in
Figure 3.3-4. The first layer had a length of 10 ft (3.05 m) and a width of 18 in. (450 mm).
Since the width of the beam was 6 in. (152 mm), both sides of the U-wrap measured
approximately 6 in. (152 mm). To avoid stress concentration at the ends of the fabric, the
second layer of DHF fabric was cut 2 ft (0.61 m) shorter than the first layer.
Before applying the strengthening system, the concrete surface was ground and
then sand-blasted to remove any loose particles and ensure good bond between the fabric
and the beam specimens. Organic epoxy polymer was prepared and applied to the concrete
surface and to the DHF fabric as well. The first layer of the fabric was applied to the
concrete beam specimen and an additional layer of epoxy was applied on top of it. The
second impregnated layer of DHF was then applied to the beam specimens. Excessive
epoxy and air voids were removed by pressing the fabric as shown in Figure 3.3-5. The
strengthening system was allowed to cure for 72 hours before moving the beams. DHF
fabric strengthened beam specimens after curing are shown in Figure 3.3-6.
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Figure 3.3-2 Ductile hybrid fabric DHF

Table 3.3-2 Mechanical properties of the FRP
Material

Description

Longitudinal
modulus of
elasticity, ksi
(MPa)

Longitudinal
tensile
strength, ksi
(MPa)

Failure
strain
(%)

Transverse
modulus of
elasticity,

Filament
diameter
(µm)

Ksi (MPa)

Carbon
#1

Ultra high
modulus
carbon fiber

55,000
(379,000)

192 (1320)

0.35

800 (5500)

11

Carbon
#2

High modulus
carbon fiber

33,500
(231,000)

350 (2400)

0.9-1

1500
(10,300)

5

Glass

E-glass fiber

7000 (48,000)

150 (1030)

2.1

1400 (9600)

12.1

Epoxy

Resin

-

9.6 (66)

4.4

-

-
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Figure 3.3-3 Experimental and analytical behavior of triaxial fabric

Table 3.3-3 Tensile behavior of the triaxial fabric in both axial and diagonal directions
Yield-equivalent
load, kip/in
(kN/m)

Yieldequivalent stain
(%)

Ultimate load,
kip/in (kN/m)

Ultimate
strain (%)

Thickness in.
(mm)

Longitudinal

1.08 (190)

0.35

1.89 (330)

2.1

0.039 (1)

Diagonal

0.66 (115)

0.47

1.15 (200)

2.05

6.0 [152]

Direction

24.0 [610]
12.0 [305]

One DHF layer of length = 96.0 [2438]

24.0 [610]

One DHF layer of length = 120.0 [3048]

12.0 [305]

Note: Dimensions are in in. [mm]

Figure 3.3-4 Strengthening scheme using DHF
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Figure 3.3-5 Application of DHF on beam specimens for flexural strengthening

Figure 3.3-6 Beam specimens strengthened for flexure with DHF

3.3.3

Carbon fiber fabric (Replark™)

Replark™ 20 (Figure 3.3-7) is a carbon fiber fabric manufactured by Mitsubishi Chemical
Functional Products, Inc., Japan. Replark™ has fiber areal weight of 0.04 lb/ft2 (200 g/m2),
tensile strength of 493,000 psi (3400 MPa), tensile modulus of 3.3105 psi (2.3103 MPa),
elongation of 1.5 %, cross sectional area of 0.052 in2/ft (1.11 cm2/m), and design thickness
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of 4.3710-3 in. (0.11 mm). As Replark™ is made solely from carbon filaments, it does not
show any yield plateau. The stress-strain curve is linear until failure.
Four layers of Replark™ were used to strengthen the beams as shown in the
strengthening scheme in Figure 3.3-8. The first two layers had a length of 10 ft (3.05 m),
while the other two layers had a length of 8 ft (2.44 m). All the layers had a width of 5 in.
(127 mm). In addition, four full wraps with a width of 5 in. (127 mm) and center-to-center
spacing of 12 in. (305 mm) were provided at each end of the beam to ensure good bond
between the strengthening fabric and the beam specimens and delay the onset of
delamination failure. The concrete surface was ground, sand-blasted, and cleaned off any
loose particles before applying the epoxy polymer and the strengthening system. Figure
3.3-9 shows the process of impregnating the fabric with the organic epoxy, while Figure
3.3-10 shows CF strengthened concrete beam specimens after curing.

Figure 3.3-7 Replark™ carbon fiber fabric for concrete strengthening
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Full-wrap of width = 5.0 [127]
14.5 [368]

12.0 [305] 12.0 [305] 12.0 [305]

43.0 [1092]

12.0 [305] 12.0 [305] 12.0 [305]

14.5 [368]

5.0 [127]

24.0 [610]
12.0 [305]

Two Replark layers of length = 96.0 [2438]

24.0 [610]

Two Replark layers of length = 120.0 [3048]

12.0 [305]

Note: Dimensions are in in. [mm]

Figure 3.3-8 Strengthening scheme using Replark™

Figure 3.3-9 Applying organic epoxy to Replark fabric

Figure 3.3-10 Beam specimens strengthened for flexure with Replark™
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3.4

Fire Insulation

For beam specimens tested under fire event, fire insulation schemes were provided to
protect the strengtheneing systems from elevated temperature. Three fire insulation
schemes were examined through the experimental program:
1. Cementitious fire insulation Grancrete™
2. Gypsum board
3. Gypsum board and thermal blanket
A detailed discussion for each fire insulation scheme is presented in the following
subsections.
3.4.1

Cementitious fire insulation Grancrete™

The first tested fire insulation scheme included applying newly developed cementitious fire
protection layer, commercially know as Grancrete™. The new fire protection layer was
made of mixing Grancrete™ powder with vermiculite using adequate amount of water. The
mix ratio was set to 1:1 by volume (Grancrete: vermiculite), while water/Grancrete ratio of
0.25 (by weight) was selected.
3.4.1.1 Grancrete™
Grancrete™ powder is the binding agent in the fire protection layer. It is a ceramic
compound blend of inorganic components, mainly magnesium oxide, potassium phosphate,
recycled fly ash, calcium silicate, and polyethylene fibers. Grancrete powder has an
approximate density of 130 lb/ft3 (2100 kg/m3). Exact density depends on the state of the
powder whether it is loose or compact and the packing technique. Grancrete™ has a
thermal conductivity of 0.31 Btu/hr.ft.°F (0.53 W/m.K) and a specific heat of 203 Btu/lb.
°F (850 kJ/kg.K). According the manufacturer, Grancrete™

has an expected lifespan of

100 years. It is impervious to fire, water, alkalines, acids, and salt water and can be
hardened and functional in less than 30 minutes. Depending on the used aggregate type in
the mix, Grancrete™ mix can achieve a 28-day compressive strength of 10,000 psi (70
MPa). As far for the bond capability, Grancrete mix can bond to most metal surfaces,
concrete, and plastics. The fire resistance of Grancrete is attributed to not only its low
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thermal conductivity but also to its capability of reserving moisture. The process of
reserving water inside Grancrete is quite complicated but on an average, water represents
around 10 to 20 % by weight of the Grancrete mix. This water will evaporate when
Grancrete layer is heated during fire event.
Vermiculite
Vermiculite (Figure 3.4-1) is a natural mineral with a chemical formula as:
,

,

.4

In its raw state, vermiculite has a specific gravity of approximately 2.6. However, when the
mineral is heated, it expands in a process called exfoliation. The flakes of vermiculite can
expand up to 30 times their original size. The bulk density of the expanded vermiculite
ranges from 4 to 10 lb/ft3 (64 to 160 kg/m3). Vermiculite is a non-combustible material that
has a specific heat within the range of 0.2 to 0.26 Btu/lb.°F (0.84 to 1.08 kJ/kg.K) and a
thermal conductivity within the range of 0.033 to 0.41 Btu/hr.ft.°F (0.058 to 0.071 W/m.K).
Because of its low thermal conductivity, Vermiculite has been used extensively
with Portland cement to form non structural light weight concrete for fire protection
applications. Vermiculite concrete has a dry unit weight of approximately 30 lb/ft3 (480
kg/m3). ASTM C332, Specification for lightweight Aggregate for Insulating Concrete,
(ASTM Standard C332, 2009) is set to govern the mixing procedure for vermiculite with
Portland cement.
A shotcrete mixer, shown in Figure 3.4-2, was used to prepare the fire insulation
mix. Grancrete and vermiculite were dry mixed and fed to the mixer. Water was added later
to the mixer (Figure 3.4-3). The mix was sprayed on the surface of the concrete beam using
shotcrete gun operated by an electric air compressor (Figure 3.4-4). Several spray rounds
were conducted to achieve the required insulation thickness (Figure 3.4-5). After curing,
the Grancrete formed a thick fire protection layer as shown in Figure 3.4-6. An average fire
insulation thickness of 2 in. (51 mm) was achieved for all insulated beams.
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Figure 3.4-1 Vermiculite sacks for fire insulation

Figure 3.4-2 Fire insulation mixer
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Figure 3.4-3 Mixing Grancrete™ with vermiculite

Figure 3.4-4 Spraying Grancrete™ fire insulation using shotcrete technique
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Figure 3.4-5 Grancrete™ fire insulation during application

Figure 3.4-6 Grancrete™ fire insulation after curing
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3.4.2

Gypsum board fire insulation

Gypsum boards have been used to protect structural steel elements such as columns and
beams. Design codes such as ASCE-29 (2005) provided recommendations and guidelines
for the use of gypsum boards to achieve the required fire resistance of steel elements.
However, the suitability of using gypsum boards to protect FRP strengthening systems has
not been investigated yet. Therefore, a part of this experimental investigation was dedicated
to investigate the fire resistance of FRP beam strengthening systems when Type-X gypsum
board fire protection is provided.
Three layers of 5/8 in. (16 mm) thick Type-X gypsum boards were used to form a
fire protection layer for the FRP beam strengthening system (Figure 3.4-7 to Figure 3.4-9).
The boards were attached to the concrete beams using masonry screws with each layer
having a separate set of screws. After installing the second layer, the corners were secured
against fire using aluminum corner beads. In addition, 16 gage (1.29 mm diameter) steel
wires were wrapped around the gypsum boards to hold them in place during fire. The third
layer was then applied and the joints were sealed using gypsum compound.

Figure 3.4-7 Mounting gypsum boards on a beam specimen for fire insulation
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Figure 3.4-8 Beam specimens insulated using 3 gypsum boards

1.9 [48]

10.2 [258]

12.0 [305]

16.0 [405]

Gage 16 steel wires

2.1 [53]

FRP strengtheing system

2.1 [53]

6.0 [152]

2.1 [53]

Corner Beads

Note: Dimensions in in. [mm]

Figure 3.4-9 Insulation scheme using three 5/8-in. (16 mm) thick Type-X gypsum boards
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3.4.3

Gypsum boards and thermal blanket insulation

The third fire protection scheme consisted of three 5/8 in. (16 mm) thick Type-X gypsum
boards and 1.0- in. (25-mm) thick layer of Kaowool RT thermal blanket manufactured by
Thermal Ceramics. Kaowool RT blanket is produced from a blend of high quality alumina,
silica, and kaolin using spinning process. Kaowool can survive temperatures up to 2300 °F
(1260 °C). The blanket is white in color and has a density of 8 lb/ft3 (128 kg/m3). Table
3.4-1 shows the components of the thermal blanket while Table 3.4-2 shows the thermal
conductivity for the blanket at different temperature levels.
As shown in the layout in Figure 3.4-10, thermal blanket was applied first to the
concrete beam specimens. Wood studs and hangers were attached to the beam specimens
using masonry screws to accommodate the thickness of the blanket. 16 gage (1.29 mm
diameter) steel wires were wrapped around the blanket to hold it in place. The gypsum
boards were then attached to the wooden hangers as shown in Figure 3.4-11 and Figure
3.4-12.
Table 3.4-1 Components of Kaowool RT thermal blanket
Component

Percentage

Alumina Al2O3

35-47 %

Silica SiO2

49-54 %

Ferric oxide FE2O3

0.05-1.5 %

Titanium oxide TiO2

0.05-1.9 %

Calcium Oxide CaO

0.05

Magnesium oxide MgO

0.05

Alkalies, Na2O

0.2

Zirconia

0-15 %

Other

0-3 %
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Table 3.4-2 Thermal conductivity of Kaowool thermal blanket
Thermal conductivity

Temperature

Btu/ft.h.°F (W/m.K)

°F (°C)

0.04 (0.06)

500 (260)

0.08 (0.13)

1000 (538)

0.13 (0.23)

1500 (816)

0.17 (0.30)

1800 (982)

3.4 [86]

13.2 [334]

Wood hangers

12.0 [305]

19.9 [506]

Gage 16 steel wires

3.6 [91]

Thermal Blanket

3.6 [91]

6.0 [152]

3.6 [91]

Corner Beads
Note: Dimensions in in. [mm]

Figure 3.4-10 Layout for insulation scheme using gypsum boards and thermal blanket
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Figure 3.4-11 Applying thermal blanket and gypsum boards as fire insulation

Figure 3.4-12 Wood hangers to hold thermal blanket in place and mount gypsum boards
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3.5

Beam Notation

The notation of each beam shows the type of strengthening material, the fire insulation
material, and the testing conditions (ambient temperature or fire event) as shown in Figure
3.5-1

(O) No insulation,
(C) Cementitious material, Grancrete
(G) Gypsum boards
(GB) Gypsum board + Blanket

(B)

Beam – Strengthening material –Fire insulation material /Testing condition

(U) No strengthening,

(A) Ambient Temperature,

(DH) Ductile hybrid fabric,

(F) Fire test, ASTM E-119

(CF) Carbon fiber fabric

Figure 3.5-1 Beam notation
3.6

Test Conditions/Procedure

Beams tested at ambient temperature were loaded to failure using displacement control
mode with a loading rate of 0.15 in. (3.8 mm) per minute. On the other hand, beams tested
under load/fire event were loaded using a force control mode with loading rate of 500 lb
(2.22 kN) per minute. The loading continued until the load level reached a predetermined
load level, which was maintained for the entire fire test. For unstrengthened beams, the
load level during fire event was selected to be 50 % of the ultimate load carrying capacity
of the unstrengthened beam. For beams strengthened with FRP strengtheneing systems, the
load level during fire event was selected to be higher than the ultimate load carrying
capacity of the unstrengthened beam but less than the ultimate load carrying capacity of the
strengthened beams.
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After loading the test beam with the vertical load, the furnace door was closed and the
heating phase of the furnace started. The heating phase followed the time-temperature
curve provided in ASTM E119, the fire test standard. It should be noted that the test beams
were exposed to fire from four sides (even though fire on three sides is more common for
beams) to simulate the worst case scenario when multiple floors in the building are caught
on fire and the structural elements in the floor are exposed to fire from all directions.
The temperature of the tested beams and the air temperature were monitored during
the fire test using thermocouples. In addition, the deflection of the beam was monitored
during the fire test by recording the displacement of the hydraulic loading actuator.
However, it should be noted that, while correlated with the mid-span deflection of the
beam, the displacement of the loading actuator comprised deformations from different
components of the loading system. Therefore, the recorded displacement served only as a
rough indication for the deflection of the beam during the fire event.
The heating phase of the fire test was terminated with the failure of the test beam.
The fire chamber was allowed to go through a cooling phase, which usually lasted for
approximately 24 hours. During the cooling phase, the temperature at different locations
were monitored and recorded whenever applicable.
Two data acquisition systems were used in the fire test. The first data acquisition
system was used to monitor and collect data from load cell, strain gauges, and linear
motion transducers, while the second data acquisition system was used to collect the
temperature readings from thermocouples. The data acquisition systems were
interconnected using a closed loop to correlate the collected data. The load cell, data
acquisition systems, and thermocouples were calibrated to ensure the accuracy of the
collected data. Calibration sheets are provided in Appendix I.
3.7

Test Results

Figure 3.7-1 shows a general layout for the experimental program. All beam specimens
were tested under three-point-loading set-up at either ambient temperature or at a fire event
according to ASTME119 standard fire test. For beams tested at ambient temperature, strain
in concrete, steel, and FRP was recorded using electrical strain gauges. Deflection was
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recorded using a linear motion transducer attached to the beam specimen at the mid-span
section. The results of testing each beam specimen are presented in the following
subsections followed by a general comparison between different beam specimens.

Experimental Investigation
(Thirteen beams)

Strengthened with DHF
(Five beams)

Strengthened with CF
(Five beams)

Ambient/
uninsualted

Ambient/
uninsualted

Ambient/
uninsualted

ASTM E119/
Uninsulated

ASTM E119/
Grancrete™

ASTM E119/
Grancrete™

ASTM E119/
Grancrete™

ASTM E119/
gypsum boards

ASTM E119/
Grancrete™

ASTM E119/
gypsum boards
& blanket

ASTM E119/
gypsum boards

Unstrengthened
(Three beams)

ASTM E119/
gypsum boards
& thermal

ASTM E119/
gypsum boards
& blanket

Figure 3.7-1 Flowchart for the experimental investigation
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3.7.1

Control beam B-U-O/A

The first control beam (B-U-O/A) was unstrengthened and tested for flexure under threepoint-loading set-up at ambient temperature as shown in Figure 3.7-2. Strain gauges were
attached to the steel reinforcement and to the concrete surface to measure the strain at
different load levels. In addition, linear transducer was attached to the beam at the mid-span
section to measure the deflection under the central load. The load was applied through a
hydraulic actuator using displacement control with a rate of 0.05 in. (1.3 mm) per minute.
First flexural crack of the beam was noticed at a load level of 2700 lb (12 kN). The
flexural cracks propagated with increasing the load. At a load level of 10,000 lb (44.5 kN),
signs of steel yielding were noticed as the beam specimen experienced excessive deflection
with a slight increase in the load carrying capacity. The beam specimen achieved a
maximum load level of 12,920 lb (57.47 kN) with a corresponding mid-span deflection of
1.75 in. (45 mm). With further loading, the beam specimen experienced a decrease in the
load carrying capacity with significant increase in the mid-span deflection until the load
was removed at a maximum deflection of 3.3 in. (84 mm) (Figure 3.7-3).
At a load level of 10,000 lb (44.5 kN), the strain in the concrete top surface reached
approximately 500 με, while the strain in the bottom reinforcement reached approximately
3000 με (Figure 3.7-4). Although the selected reinforcement was made of grade 60 steel,
with guaranteed yield strength of 60,000 psi (413 MPa), it appears from strain readings that
the actual yield strength of the reinforcement was much higher than the guaranteed value.
The actual yield strength of the reinforcement was approximately 80,000 psi (551 MPa).
Beyond a load level of 11,000 lb (49 kN), most of the strain gauges failed to give
accurate readings. However, from the load-displacement curve shown in Figure 3.7-5, it
can be concluded that the failure of the beam specimen was characterized by yielding of the
reinforcing steel accompanied by excessive deflection with a slight or no increase in the
load carrying capacity. This mode of failure was expected as the beam specimen was
designed to be under-reinforced for flexure.
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Figure 3.7-2 Three-point-load set-up for control beam B-U-O/A

Figure 3.7-3 Failure of Beam B-U-O/A due to yielding of bottom reinforcement
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Figure 3.7-4 Strain distribution in steel and concrete during loading
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Figure 3.7-5 Load-displacement curve for beam B-U-O/A
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3.7.2

Beam B-DH-O/A

This beam was strengthened with two layers of U-wrap DHF fabric. The beam specimen
was tested for flexure under three-point-loading set-up at ambient temperature as shown in
Figure 3.7-6. The beam specimen experienced no signs of failure up to a load level of
25,000 lb (111 kN), when some clicking sounds, most likely fiber or epoxy rupture, were
heard. The beam specimen continued to support additional load up to a level of 26,259 lb
(116.8 kN). At this load level, a sudden delamination of the fabric took place near one of
the ends. Delamination was accompanied by a loud clacking noise. The load carrying
capacity decreased to approximately 23,000 lb (102 kN) before complete delamination took
place (Figure 3.7-7). After fabric delamintation, the strength of the beam dropped to the
strength of the unstrengthened beam. The deflection at failure was approximately 1.27 in.
(32 mm) as shown in Figure 3.7-8.
The strain in the concrete reached approximately 2000 με before the failure of the
strengthening system. The strain in the steel and DHF fabric is shown in Figure 3.7-9. It
appears that adding two layers of DHF delayed the yielding of the bottom steel reinforcing
bars.
It should be noted that the common mode of failure for DHF fabric is the gradual
rupture for the fabric at the section of maximum moment. Delamination of the fibers is not
expected unless significant amount of fabric was applied to the section. That was the case
for the beam specimens under investigation. However, the amount of strengthening fabric
was determined based on several factors including the expected mode of failure under fire
event and the maximum load carrying capacity of the strengthened beam specimens.
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Figure 3.7-6 Three-point-load set-up for control B-DH-O/A

Figure 3.7-7 Delamination of the strengthening fabric in B-DH-O/A
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Figure 3.7-8 Load-displacement curve for beam B-DH-O/A
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Figure 3.7-9 Strain distribution in concrete, steel, and DHF during loading B-DH-O/A
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3.7.3

Beam B-CF-O/A

This control beam was strengthened with four layers of Replark™ carbon fiber fabric.
Under the three-point-loading set-up at ambient temperature (Figure 3.7-10), the beam
reached a load level of 18,150 lb (80.7 kN) with a corresponding deflection of 1.09 in. (28
mm). With further increase in the load, clicking sounds were heard and the end wraps
showed visual signs of distress and partial delamination. However, the beam continued to
sustain additional load up to 22,570 lb (100.4 kN). At this load level, progressive
delamination of the end wraps took place (Figure 3.7-11). The failure started in the wrap
near the mid-span and progressed to the other wraps. Failure of the end wraps caused the
longitudinal fabric to lose bond and delaminate from the concrete surface. Upon fabric
delamination, the load carrying capacity of the beam specimen dropped to that of the
unstrengthened beam and the load level dropped to 10,580 lb (47 kN) then increased again
as the steel reinforcement continued to yield. Final failure took place at load level of 13,952
lb (62 kN) with a corresponding deflection of 3.35 in. (85 mm). Load displacement curve
for the mid-span section is shown in Figure 3.7-12.
The strain in the concrete reached approximately 1000 με before the failure of the
end wraps. The strain in the reinforcing steel and the carbon fiber fabric reached 4000 and
5000 με, respectively at a load level of 15,000 lb (66.7 kN) as shown in Figure 3.7-13. The
strain reading showed that the yielding of bottom steel reinforcement took place before the
delamination of the end wraps which caused complete delamination of the strengthening
system.
The failure of the strengthening system was not sudden. In fact, beam specimen
experienced a considerable increase in the deflection with slight increase in the load
carrying capacity before the complete failure. Over the stage of failure, the load carrying
capacity increased from 18,150 to 22,570 lb (80.73 to 100.4 kN) with corresponding
increase in deflection from 1.09 to 2.55 in. (28 to 65 mm). This gradual failure is attributed
to different factors but mainly to the configuration of the end wraps, which did not allow
sudden delamination of the strengthening system.

84

Figure 3.7-10 Three-point-loading set-up for B-CF-O/A

Figure 3.7-11 Failure of B-CF-O/A
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Figure 3.7-12 Load-displacement curve for B-CF-O/A
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Figure 3.7-13 Strain distribution in concrete, steel, and Replark during loading B-CF-O/A
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3.7.4

Beam B-U-O/F

This beam was unstrengthened and tested under three-point-loading set-up with fire event
according to ASTM E119. The beam was loaded with a vertical load of 6500 lb (28.9 kN),
which was equivalent to 50 % of its ultimate load carrying capacity. The vertical load was
maintained while the beam was subjected to the fire event (Figure 3.7-14). At the time of
the test, the concrete beam was six months old.
According to ASCE29-05 (2005), the minimum cover for a non-prestressed beam
to achieve two hours of fire resistance rating is 1 in. (25.4 mm). This beam was provided
with 1.5 in. (38 mm) clear cover, or 2.375 in. (60 mm) to the center of bottom
reinforcement. In addition, to avoid early concrete spalling, the relative humidity inside the
concrete was measured before the fire test at four different locations (top, sides, and bottom
of the beam). The average relative humidity reading was approximately 67 % at average
concrete temperature of 73 °F (23 °C). At the time of the test, the relative humidity of the
air was approximately 21 % at air temperature of 74 °F (23 °C). At that level of relative
humidity, spalling was less likely to occur.
Temperatures of the top reinforcement, bottom reinforcement, and concrete surface
were recorded using thermocouples at the mid-span section. In addition, the temperature of
the bottom reinforcement at the quarter-span sections was recorded. Furthermore, 11
thermocouples were provided within 12 in. (305 mm) distance around the beam to measure
the air temperature of the furnace.
No concrete spalling was observed during the entire fire test (Figure 3.7-15). The
beam sustained the vertical load under the fire event until the temperature of the bottom
reinforcement exceeded 962 °F (516 °C). At that temperature, the tensile strength and the
elastic modulus of the bottom reinforcement degenerated to the point where it failed to
sustain the developed stresses due to the vertical load. The beam collapsed due to rupture of
bottom reinforcement at the point of maximum moment (mid-span section) as shown in
Figure 3.7-16 and Figure 3.7-17.
Failure took place after 1h 52m from the start of the fire test. At the time of failure,
temperature of the concrete surface reached 1730 °F (943 °C), temperature of top
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reinforcement reached 814 °F (434 °C), temperature of bottom reinforcement at quarterspan sections reached 1093 °F (589 °C), and the air temperature around the concrete
averaged 1885 °F (1029 °C). Time-temperature curves for different elements are provided
in Figure 3.7-18.
During the fire event, the beam experienced a steady increase in the deflection
under the applied load level of 6500 lb (28.9 kN) as shown in Figure 3.7-19. When the load
was applied before the fire event, the corresponding deflection was 0.32 in (8.1 mm).
Maximum recorded deflection before failure was 4.36 in (111 mm). The increase in
deflection can be attributed to the loss of strength of the beam and reinforcement with the
increase in temperature. Expansion of the beam may be regarded as a contributing factor in
the increase of the deflection as well.

Figure 3.7-14 Beam B-U-O/F inside the furnace before testing
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Figure 3.7-15 Beam B-U-O/F under fire/loading event

Figure 3.7-16 Beam B-U-O/F after fire/loading event
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Figure 3.7-17 Rupture of steel reinforcement due to fire/loading event in B-U-O/F
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3.7.5

Beam B-U-C/F

This beam was unstrengthened but was protected against fire using 2-in. (51 mm) thick
cementitious fire insulation Grancrete™. Similar to the previous beam, the beam was
subjected to three-point-loading set-up loaded up to a load level of 6,500 lb (28.9 kN)
(Figure 3.7-20). The load level was maintained while the beam was being exposed to
ASTM E119 fire event. The set-up and the arrangement of thermocouples was the same as
that of the previous beam. At the time of the test, the fire insulation was 111-day old, while
the beam was approximately seven months old.
During the fire test (Figure 3.7-21), the temperature of concrete and reinforcement
gradually increased to 212 °F (100 °C), where some interruption was observed in the
temperature readings. The interruption was attributed to the escape of the moisture from
both the concrete and the insulation layer. It was also noticed that tiny vertical cracks
developed in the insulation layer near the mid-span section. The cracks were initiated while
applying the vertical load before the fire event. The cracks slightly widened after exposure
to heat. Apart from the cracks at the mid-span section, the rest of the fire insulation layer
seemed sound and intact. It was also noticed that the color of the insulation layer changed
from light to dark brown when exposed to heat.
The fire test lasted for six hours without any signs of failure (Figure 3.7-22).
However, by the end of the sixth hour, the loading column (steel tube filled with concrete)
showed signs of buckling (Figure 3.7-23). Therefore, it was decided to stop the fire test and
remove the load.
By looking at the temperature readings, it was determined that after six hours of fire
exposure, the temperature of the bottom reinforcement reached 773 °F (411 °C),
temperature of concrete top surface reached 1209 °F (653 °C), temperature of concrete
bottom surface reached 1524 °F (828 °C), temperature of top reinforcement reached 765 °F
(407 °C), temperature of bottom reinforcement at both quarter-span sections reached 857
and 780 °F (458 and 415 °C), and the air temperature reached 2124 °F (1162 °C).
The temperature reading showed that after six hours, the temperature of the bottom
reinforcement was less than the recoded temperature after 1h 52min in the previous test
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(962 °F (516 °C)). In addition, the temperature recorded at the soffit of the beam was
relatively higher than the recorded temperature at the top of the beam, most likely because
of the developed cracks at the mid-span section. However, the performance of the
insulation layer at the mid-span section was not different from that at the quarter-span
sections as the temperatures of the bottom reinforcement were similar at all points. It
should be noted that the temperature of the reinforcement continued to increase after
ending the fire test because the fire chamber maintained high heat level for significant time
during the cooling period. The heat energy slowly penetrated into the reinforcement and
increased its temperature over time. It should also be noted that although every effort was
made to achieve a uniform thickness of fire insulation layer, some areas were covered with
thicker fire insulation than other areas. However, the average thickness was approximately
2 in. (51 mm) as shown in Figure 3.7-24. The deflection of the beam increased steadily
with time. Starting from 0.31 in. (8 mm) at the beginning of the fire test, the final deflection
before ending the fire test after six hours was 3.5 in. (89 mm). The increase in deflection
was less than the increase in deflection in the previous beam specimen.

Figure 3.7-20 Beam B-U-C/F before fire/loading event
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Figure 3.7-21 Beam B-U-C/F during fire/loading event
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Figure 3.7-22 Time-temperature curve for B-U-C/F
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Figure 3.7-23 Beam B-U-C/F after six hours of fire/loading event

Figure 3.7-24 Beam B-U-C/F after removing fire insulation material
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3.7.6

Beam B-DH-C/F

This beam was strengthened using 2 layers of U-wrap DHF fabric and insulated against fire
using 2-in. (51 mm) thick layer of Grancrete™ cementitious insulation. The beam was
loaded under a three-point-loading set-up (Figure 3.7-25). The load level was maintained at
14,000 lb (62.3 kN), which represented 55 % of the ultimate carrying capacity of this beam
(26,259 lb or 116.8 kN) and was slightly larger than the ultimate carrying capacity of the
unstrengthened beam (12,920 lb or 57.5 kN). At the time of the test, the insulation layer
was approximately six months old, while the concrete specimen was approximately nine
months.
After loading the beam and before conducting the fire test, the insulation layer was
inspected for cracks. It was found that few flexural hair cracks developed near the mid-span
section. No major cracks were detected (Figure 3.7-26). The beam was then subjected to
fire event according to ASTM E119 test. Thermocouples were provided at different
locations of the beam specimens to record the temperature of DHF fabric, bottom
reinforcement, top reinforcement, and concrete surface. Most of the thermocouples were
concentrated at the mid-span section but some thermocouples were provided at the quarterspan sections to record the temperature of the DHF fabric at those locations. Additional
thermocouples were also provided around the beam specimen to record the air temperature
during the fire test.
During the fire event, the cracks slightly propagated and widened. However, the
beam sustained the fire and loading events with no signs of failure. As shown in Figure
3.7-27, first, the temperature of the DHF gradually increased from 68 °F (20 °C) to 212 °F
(100 °C) in nearly 62 minutes. Second, the temperature of the DHF fabric was maintained
at 212 °F (100 °C) for additional 83 minutes. Third, the temperature increased rapidly to
reach 252 °F (122 °C) in 12 minutes. Finally, at 252 °F (122 °C), after 157 minutes from
the start of the test, the epoxy matrix lost its bond strength to the concrete surface and the
entire strengthening system was delaminated and separated from the beam along with the
fire insulation layer. Once exposed to direct heat, the epoxy matrix ignited and flames arose
inside the fire chamber. On the other hand, the vertical load was applied using force control
command. Therefore, when the strengthening system collapsed the unstrengthened beam
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deflected rapidly under the load until the loading actuator triggered the minimum
permissible position and stopped automatically.
The temperature of both bottom and top reinforcement remained under 212 °F (100
°C) for nearly the entire test. By the end of the test, the temperature of the bottom
reinforcement reached 227 °F (108 °C) while the temperature of the top reinforcement
reached 232 °F (111 °C). The temperature profile of the DHF at the quarter-span sections
was similar to that at the mid-span section with a maximum temperature at failure of
approximately 254 °F (123 °C).
The temperature profile of the concrete top surface was quite different. Out of two
thermocouples mounted on the top surface of the concrete, one thermocouple recorded a
temperature of 694 °F (367 °C) at failure, while the other thermocouple recorded a
temperature of 1155 °F (623 °C). It was not possible to identify the source of discrepancy.
But the recorded temperatures implied that either the fire insulation was relatively thin at
that particular location or there was a significant crack in the fire insulations that allowed
the heat to penetrate into the concrete. The crack might have developed as a result of an
insulation layer crushing under the applied central load.
The fire test was stopped and the fire chamber was allowed to cool down over time.
However, after approximately 15 minutes, the reinforcement of the beam melted and
caused the beam to break into two pieces under its own weight as shown in Figure 3.7-28
and Figure 3.7-29. It appears that the wide flexural cracks that developed in the beam
specimen after the collapse of the DHF strengthening system allowed the heat to penetrate
into the bottom reinforcement. The heat caused a rapid increase in the temperature of the
reinforcement and consequently rapid loss in its tensile strength.
The load-displacement curve for the beam is shown in Figure 3.7-30 along with the
load-displacement curve for beam B-DH-O/A. Over the time of the fire event (157
minutes), the mid-span displacement of the beam increased from 0.78 in. (20 mm) to 1.22
in. (31 mm). The slight difference between the two load-displacement curves was attributed
to the addition of the insulation layer, which experienced some deformation at the support
locations and under the central concentrated load.
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Figure 3.7-25 Beam B-DH-C/F before fire/loading event

Figure 3.7-26 Beam B-DH-C/F during fire/loading event
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Figure 3.7-27 Time-temperature curve for B-DH-C/F during fire/loading event

Figure 3.7-28 Failure of B-DH-C/F after fire/loading event
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Figure 3.7-29 Delamination of DHF and breaking of steel reinforcement in B-DH-C/F
Displacement (mm)
5

10

15

20

25

30

35

40

45

50

55

60

65

B-DH-O/A
B-DH-C/F

27,500

Load (lb)

25,000

130
120
110

22,500

100

20,000

90

17,500

80
70

15,000

60

12,500

50

10,000

40

7,500

30

5,000

20

2,500

10

0
0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

2.25

Displacement (in.)

Figure 3.7-30 Load-displacement curves B-DH-O/A and B-DH-C/F

100

0
2.50

Load (kN)

0
30,000

3.7.7

Beam B-CF-C/F1

This beam was strengthened using four layers of carbon fiber fabric Replark™ and
insulated using Grancrete™ cementitious fire insulation. As shown in Figure 3.7-31, the
beam was loaded up to a load level of 14,000 lb (62.3 kN), which represented 65 % of the
ultimate load carrying capacity of this beam at ambient temperature (22,570 lb or 100.4
kN). At the time of the test, the fire insulation was seven month old.
After applying the load, the beam specimen was investigated for potential cracks in
the fire insulation layer. It was found that there were vertical hair cracks near the mid-span
section and there was a transverse crack under the central load. The transverse crack
separated the insulation on the side of the beam from the insulation on the top of the beam.
During the fire test, the cracks propagated with the increase in temperature. The
width of the transverse crack reached approximately 1.0 in. (25.4 mm) as shown in Figure
3.7-33 just before the failure. The temperature increase resulted in failure of the epoxy
matrix and delamination of the strengthening system along with the fire insulation layer.
Failure took place after 70 minutes from the start of the fire test. Figure 3.7-34 to Figure
3.7-36 show the failure of the strengthening system and the insulation layer. The epoxy in
the carbon fiber fabric was burnt out leaving only loose filaments of the fiber. In addition,
the unstrengthened beam experienced several flexural cracks. The reinforcement however,
held the beam intact.
During the fire test, the temperature of the carbon fiber fabric increased gradually
up to 212ºF (100 ºC) in approximately 60 minutes. Unlike the previous beam, the
temperature stabilized at 212ºF (100 ºC) for only few minutes followed by rapid increase in
the temperature until reaching 257ºF (125ºC) (Figure 3.7-32). As shown in Figure 3.7-37,
the temperature of the top reinforcement did not exceed 148ºF (64ºC) while the temperature
of the bottom reinforcement did not exceed 116ºF (46ºC). The temperature at the concrete
top surface reached 211ºF (99ºC) on one side and 770 ºF (410ºC) on the side facing the
transverse crack. In addition, Figure 3.7-38 shows the load displacement curve for the
beam compared with that of Beam B-CF-O/A. The deflection of the beam increased from
0.78 to 3.54 in. (20 to 90 mm) during the fire test under the vertical load.
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Figure 3.7-31 Beam B-CF-C/F1 before fire/loading event

Figure 3.7-32 Beam B-CF-C/F1 during fire/loading event
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Figure 3.7-33 Cracking of insulation layer of B-CF-C/F1

Figure 3.7-34 Failure of B-CF-C/F1 after fire/loading event
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Figure 3.7-35 Cracking of B-CF-C/F1 after fire/loading event

Figure 3.7-36 Carbon fiber filaments after burning of epoxy adhesive
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Figure 3.7-38 Load-displacement curves for B-CF-O/A and B-CF-C/F1
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3.7.8

Beam B-CF-C/F2

This beam was a replica for the previous beam B-CF-C/F1. However, certain measures
were taken to ensure the proper mounting for the fire insulation layer. Since, insulation
cracking was the main cause for the premature failure of the previous beam, the fire
insulation of the current beam was fastened to the concrete beam specimen using masonry
screws as shown in Figure 3.7-39. In addition, 16 gage (1.29 mm diameter) steel wires
were wrapped around the beam specimens to further hold the fire insulation in place. The
beam was loaded with a central load of 8,000 lb (35.9 kN). This load represented 35 % of
the ultimate load carrying capacity of the strengthened beam at ambient temperature
(Figure 3.7-40). Minor flexural hair cracks were developed in the fire insulation layer due
to the loading. However, no major cracks were observed.
The performance of this beam was better than the performance of the previous
beam. The temperature of the carbon fiber fabric increased gradually from 68ºF (20ºC) to
212ºF (100 ºC) in 68 minutes. The temperature of the fabric remained at 212ºF (100ºC) for
additional 67 minutes. Then, a rapid increase in the temperature up to 250ºF (121ºC) took
place within 8 minutes. The total time taken for the temperature of the fabric to reach 250ºF
(121ºC) was 143 minutes. During that time frame, the temperature of the concrete top
surface reached 465ºF (240ºC). The temperature of the bottom reinforcement reached
191ºF (88ºC), and the temperature of the top reinforcement reached 204ºF (95ºC). It should
be noted that after 55 minutes from the start of the fire test, small flames were observed at
the corner of the beam near the end wraps (Figure 3.7-41). The cause of the flame was
mostly a crack in the fire insulation layer, which exposed part of the epoxy polymer to the
heat. The flames however did not spread and were quenched after few minutes.
During previous fire tests, the strengthening system failed to support the load once
the temperature exceeded 250ºF (121ºC). However, the applied load on the current beam
specimen was less than the ultimate load carrying capacity of the unstrengthened beam.
Therefore, no signs of failure were observed with the temperature of the epoxy matrix
reaching 250ºF (121ºC).
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To verify the failure of the strengthening system, the load level was increased while
conducting the fire test. The beam sustained a load level up to 12,800 lb (56.9 kN), which
represented the ultimate load carrying capacity of the unstrengthened beam. Then, the
beam experienced large deflection followed by complete failure of the beam as shown in
Figure 3.7-43 and Figure 3.7-44.
Figure 3.7-45 shows the load-displacement curve for the beam specimen. During
the fire event, the beam experienced increase in the deflection from 0.43 to 0.60 in. (11 to
15 mm) under a load level of 8,000 lb (35.9 kN). With increasing the applied load, the
beam experienced additional increase in the deflection. The maximum deflection before
failure was approximately 3.38 in. (86 mm).

Figure 3.7-39 Securing fire insulation layer in place using steel masonry screws
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Figure 3.7-40 Beam B-CF-C/F2 before fire/loading event

Figure 3.7-41 Beam B-CF-C/F2 during fire/loading event
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Figure 3.7-42 Time-temperature curve for B-CF-C/F2

Figure 3.7-43 Failure of B-CF-C/F2 due to fire/loading event
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Figure 3.7-44 Mid-span section after the failure of B-CF-C/F2
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Figure 3.7-45 Load-displacement curves for B-CF-O/A and B-CF-C/F2
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3.7.9

Beam B-CF-G/F

This beam was strengthened with four layers of carbon fiber fabric Replark™ and insulated
against fire using three 5/8-in. (16 mm) thick Type-X gypsum boards (Figure 3.7-46).
Twelve thermocouples were attached to top and bottom steel reinforcement, carbon fiber
fabric, and concrete surfaces. In addition, nine thermocouples were mounted within 12-in.
(305 mm) distance from the beam to measure the air temperature. At the time of the test,
the beam was eleven months old.
The loading scenario of this beam was slightly different from the loading scenarios
of previous beams. The beam was loaded with a central load of 14,000 lb (62.3 kN), which
represented 65 % of the ultimate load carrying capacity of the strengthened beam at
ambient temperature. The load, however, was maintained for only the first fifteen minutes
of the fire test. This loading scenario represented a situation where the occupants escape the
building once a fire event occurs. Based on previous fire tests, it was determined that
failure of the epoxy matrix and strengthening system takes place when the temperature of
the fibers reaches 250 °F (121 °C). Therefore, the current test was terminated when the
temperature of the strengthening fabric reached 250 °F (121 °C).
During the fire test, the third gypsum board collapsed after nearly an hour from the
start of the test (Figure 3.7-47). The second gypsum board also experienced some fire
damage. On the other hand, the temperature of the fabric increased steadily with time with
no significant temperature stabilization at 212 °F (100 °C). After 104 minutes, the
temperature of the fabric reached 250 °F (121 °C) and the fire test was terminated. At that
time, the air temperature around the beam specimen was 1833 °F (1000 °C). Temperature
of concrete top surface reached 212 °F (100 °C). Temperature of top and bottom
reinforcement reached 169 °F (76 °C). Temperature profiles are provided in Figure 3.7-48.
Unlike the cementitious fire insulation, temperature profiles at different locations were
relatively uniform and more correlated to each other. The temperature readings indicated
that gypsum boards offered a more uniform fire protection than the cementitious fire
protection.
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After ending the fire test, the fire chamber was allowed to gradually cool down over
a time frame of 24 hours (Figure 3.7-49). During the cooling period, the temperature of the
carbon fiber fabric continued to slowly increase. The temperature of the fabric reached
approximately 440 °F (226 °C). The temperature was less than the flash point of the epoxy
as provided by the manufacturer (485ºF or 250ºC).
Figure 3.7-50 to Figure 3.7-53 show the beam specimen after the cooling period.
The third gypsum board collapsed along with some parts of the second board. The first
board, close to the beam, remained intact. The carbon fiber fabric seemed sound with no
major signs of delamination.
To evaluate its post-fire performance, the beam was loaded under three-pointloading set-up as shown in Figure 3.7-54. The beam deflected under the applied load and
flexural cracks propagated as shown in Figure 3.7-55 and Figure 3.7-56. Under the loading
set-up, the beam specimen achieved a maximum load of 18,800 lb (83.6 kN) with a
corresponding mid-span deflection of 3.46 in. (87 mm). Then, the load carrying capacity of
the beam specimen dropped down to 9,900 lb (44 kN) to increase again to 14,000 lb (62.3
kN). The load carrying capacity fluctuated as shown in Figure 3.7-57 until total failure of
the beam took place at load level of 12,400 lb (55.2 kN) with corresponding mid-span
deflection of 6.33 in. (161 mm).
By comparing the load-displacement curve of the beam with that of B-CF-O/A, it
was determined that the stiffness of the strengthening system was slightly reduced due to
fire event. However, the maximum load carrying capacity after fire event was
approximately 80 % of the maximum load carrying capacity of the beam at ambient
temperature. This implies that as long as the epoxy is not ignited, it is possible to retrieve
the structural capacity of the strengthening system after a fire event.
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Figure 3.7-46 Beam B-CF-G/F before fire/loading event

Figure 3.7-47 Beam B-CF-G/F during fire/loading event
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Figure 3.7-48 Time-temperature curves for B-CF-G/F, heating phase
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Figure 3.7-50 Beam B-CF-G/F after fire event

Figure 3.7-51 Failure of gypsum boards due to fire event
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Figure 3.7-52 Removal of gypsum boards and exposing Replark™ in B-CF-G/F

Figure 3.7-53 Bottom layers of Replark™ after fire event
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Figure 3.7-54 Beam B-CF-G/F under three-point-loading set-up after fire event

Figure 3.7-55 Failure of B-CF-G/F under three-point-load set-up after fire event
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Figure 3.7-56 Flexural cracks at mid-span of B-CF-G/F at failure
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Figure 3.7-57 Load-displacement curves for B-CF-O/A and B-CF-G/F
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3.7.10 Beam B-DH-G/F
This beam was strengthened using two layers of U-wrap DHF fabric and protected against
fire using three 5/8-in. (16 mm) thick Type-X gypsum boards (Figure 3.7-58). The beam
was loaded under three-point-loading set-up to a load level of 14,000 lb (62.3 kN). The
load was maintained throughout the entire fire test until the failure of the beam.
During the fire test (Figure 3.7-59), the third gypsum board sustained the fire event
for nearly an hour before collapsing. The second gypsum board cracked but remained in
place. The first gypsum board was not exposed to fire. The temperature of the DHF fabric
increased gradually with time. Temperature readings at quarter-span sections were similar
to those at the mid-span section. After 98 minutes, the temperature of the DHF reached 250
°F (121 °C). As shown in Figure 3.7-60. At that time, the air temperature reached 1815 °F
(990 °C). the temperature of the concrete top surface reached 206 °F (97 °C), while the
temperatures of top and bottom reinforcement reached 160 and 146 °F (71 and 63 °C),
respectively.
Figure 3.7-61 shows the beam specimen after the fire test. Similar to the behavior
of previous beams, when the temperature of the strengthening system exceeded 250 °F
(121 °C), the epoxy matrix lost its structural capacity and failed to sustain the induced
stresses due to the applied load. The beam specimen showed a sudden decrease in the load
and sudden increase in the deflection with the failure of the strengthening system. Figure
3.7-62 shows the DHF after removing the gypsum boards. The epoxy was not burnt but the
fabric delaminated from the beam at different locations but mainly at the mid-span section.
It can be seen that the remaining epoxy turned black in color but was able to hold the fabric
in place.
During the fire event, the beam experienced additional deflection under the applied
load. The deflection of the beam increased from 0.599 to 1.443 in. (15 to 36 mm) during
the 98 minutes of the fire test. After the failure of the strengthening system, the deflection
of the beam increased rapidly. Additional 4.06 in. (103 mm) of deflection was recorded.
Figure 3.7-63 shows the variation in mid-span deflection with time. Four stages can be
determined in the load-displacement curve: loading stage, a waiting stage before the start of
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the fire test, stage of the fire test, and post-failure stage. It can be seen that during the fire
test, the deflection steadily increased with time until failure.

Figure 3.7-58 Beam B-DH-G/F before fire/loading event

Figure 3.7-59 Beam B-DH-G/F during fire event
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Figure 3.7-60 Time-temperature curves for fire event on beam B-DH-G/F

Figure 3.7-61 Beam B-DH-G/F after fire/loading event
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Figure 3.7-62 Burning of DHF underneath gypsum boards

Figure 3.7-63 Deflection of B-DH-G/F with time
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3.7.11 Beam B-DH-GB/F1
This beam was strengthened using two layers of U-wrap DHF fabric and insulated against
fire using 1.0-in. (25 mm) thick thermal blanket and three 5/8-in. (16-mm) thick gypsum
boards. Eighteen thermocouples were attached to the beam at different locations while
eight thermocouples surrounded the beam to record the air temperature during the fire test.
The beam was loaded under three-point-loading set-up up to a load level of 14,000 lb (62.3
kN). The load was maintained for the entire fire test (Figure 3.7-64).
Figure 3.7-65 shows the beam during the fire event. The third gypsum board
cracked after approximately 40 minutes, partially collapsed after approximately 60
minutes, and fully collapsed after approximately 90 minutes from the start of the test.
Meanwhile, the second gypsum board cracked and partially collapsed. After approximately
two hours from the start of the fire test, the wood studs at the ends of the beam were
exposed to fire and ignited (Figure 3.7-66). The flames continued to propagate at the ends
of the beam for the subsequent 30 minutes. Finally, the flames propagated to the mid-span
section (Figure 3.7-67) and the strengthening system collapsed after nearly two hours and
thirty minutes from the start of the fire test.
The temperature readings of the thermocouples were uniform during the first two
hours of the test. However, with the collapse of gypsum boards during the last thirty
minutes, the reading became highly non-uniform. This can be attributed to the failure or
detachment of thermocouples with the collapse and failure of gypsum boards. By the end of
the test, the reading of thermocouples attached to the DHF fabric at the mid-span section
and at the quarter points averaged 250 °F (121 °C). The temperature of the concrete top
surface reached 395 °F (201 °C), while the temperature of the top reinforcement reached
287 °F (141 °C). The air temperature at failure reached 1912 °F (1044 °C) as shown in
Figure 3.7-68. In addition, Figure 3.7-69 and Figure 3.7-70 show the failure of the beam,
which was characterized by the delamination of the fabric due to the loss of bond between
the fabric and the concrete at high temperature. In addition, Figure 3.7-71 shows the midspan deflection of the beam under fire event. The mid-span deflection steadily increased
with time during fire event. Approximately 0.94 in. (24 mm) increase in deflection was
attained during the fire event.
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Figure 3.7-64 Beam B-DH-GB/F1 before fire/load event

Figure 3.7-65 Beam B-DH-GB/F1 during first hour of fire event
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Figure 3.7-66 Beam B-DH-GB/F1 after two hours of fire event

Figure 3.7-67 Beam B-DH-GB/F1 before total failure
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Figure 3.7-68 Time-temperature curves for B-DH-GB/F1

Figure 3.7-69 Removing insulation and exposing DHF in B-DH-GB/F1
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Figure 3.7-70 Failure of B-DH-GB/F1 due to fire/loading event
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Figure 3.7-71 Load-displacement curve for B-DH-O/A and B-DH-GB/F1
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3.7.12 Beam B-DH-GB/F2
This beam was strengthened with two layers of U-wrap DHF fibers and insulated against
fire using 1.0-in. (25 mm) thick thermal blanket and three 5/8 in. (16 mm) thick Type-X
gypsum board. Total of 18 thermocouples were attached to the beam specimen at different
locations to record the temperature. Additional eight thermocouples were positioned within
12 in. (305 mm) distance around the beam to record the air temperature during the fire test.
The beam was loaded under three-point-loading set-up to a load level of 18,000 lb (80 kN)
as shown in Figure 3.7-72. This load level represented 68 % of the ultimate load carrying
capacity of this beam at ambient temperature (26,256 lb or 116.8 kN).
During the first two hours of the fire test, the third and second gypsum boards
collapsed, while the first gypsum board cracks. After the second hour, some flames
developed near the ends of the beam, the flames propagated towards the mid-span section
of the beam while the first layer of gypsum board was cracking and collapsing. The wood
studs were exposed and burnt by the fire as shown in Figure 3.7-73. However, the thermal
blanket prevented the burning of the epoxy polymer and the strengthening system for some
time. The temperature readings of the thermocouples were uniform until the failure of the
gypsum boards. As chunks of gypsum boards were collapsing during the last thirty minutes
of the test, the thermocouple wires were pulled out of place or broken, which resulted in
inaccurate readings for several thermocouples as shown in Figure 3.7-74.
The failure of the beam specimen took place after 150 minutes from the start of the
test. The load carrying capacity of the beam dropped suddenly and deflection increased
rapidly due to the failure of the strengthening system. The fire test was stopped after the
failure of the strengthening system and the fire chamber was allowed to gradually cool
down. However, during the cooling down phase, the bottom reinforcement of the beam
failed to resist the induced stresses due to the own weight of the beam, which resulted in
failure and breaking the beam into two pieces as shown in Figure 3.7-75 and Figure 3.7-76.
In addition during the fire test, the beam specimen experienced a steady increase in the
deflection as shown in Figure 3.7-77. The increase in the deflection over the fire test was
approximately 1.45 in. (37 mm).
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Figure 3.7-72 Beam B-DH-GB/F2 before fire event

Figure 3.7-73 Fire flames in beam B-DH-GB/F2
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Figure 3.7-74 Time-temperature curve for B-DH-GB/F2

Figure 3.7-75 Failure of B-DH-GB/F2 due to fire/loading event
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Figure 3.7-76 Removing insulation and exposing DHF after failure of B-DH-GB/F2
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Figure 3.7-77 Load-displacement curves for B-DH-O/A and B-DH-GB/F2
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3.7.13 Beam B-CF-GB/F
This beam was strengthened using four layers of carbon fiber fabric and insulated against
fire using 1.0-in. (25 mm) thick thermal blanket and three 5/8-in. (16 mm) thick Type-X
gypsum board. Under three-point loading set-up (Figure 3.7-78), the beam was loaded with
a vertical load of 15,500 lb (69 kN). The applied load represented 69 % of the ultimate load
carrying capacity of the strengthened beam at ambient temperature (22,570 lb or 100 kN).
During the first hour of the fire test, cracks developed in the third gypsum board.
During the second hour, the cracks propagated and chunks of gypsum board collapsed. The
underlying layers of gypsum boards were exposed to fire. By the end of the second hour,
flames of fire developed at ends of the beams, mainly near the left end (Figure 3.7-79). The
flames propagated along the span of the beam (Figure 3.7-80) and continued for several
minutes until the failure of the strengthening carbon fiber fabric layer. Similar to previous
beams, the failure was characterized by a sudden loss of the load carrying capacity with a
sudden deflection of the beam. At the time of failure, the temperature of the fabric at the
mid-span section and right quarter-span section averaged approximately 210 °F (99 °C).
The temperature at the left quarter-span section, where the flames developed and
propagated, exceeded 250 °F (121 °C). The failure took place after 125 minutes from the
start of the fire test (Figure 3.7-81).
The load was removed and the fire test was stopped to allow the furnace to slowly
cool down. After 10 minutes, the beam collapsed into two pieces connected only through
the top reinforcement (Figure 3.7-82 to Figure 3.7-84). By inspecting the carbon fabric
after the fire test, the failure of the beam specimen can be summarized as follows: first, due
to the developed flames mainly near the left end of the beam, the fabric delaminated at the
left end as shown in Figure 3.7-85. Second, the failure of the strengthening system resulted
in a large deflection of the beam under the applied load. The large deflection was
accompanied by the formation of large flexural cracks. The cracks allowed the heat to
penetrate into the bottom reinforcement causing it to lose its strength and rupture under the
effect of the self weight of the beam. In addition, during the fire test, the beam experienced
a steady increase in the deflection. The increase in the deflection over the duration of the
fire test was approximately 1.79 in. (46 mm) as shown in Figure 3.7-87.
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B-CF-GB/F

Figure 3.7-78 Test set-up for B-CF-GB/F

Figure 3.7-79 Flames of fire at B-CF-GB/F near the end of the test
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Front view

Side view

Figure 3.7-80 Failure of B-CF-GB/F after 120 minutes of fire/loading event
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Figure 3.7-81 Time-temperature curve for B-CF-GB/F
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Figure 3.7-82 Total failure of B-CF-GB/F

Figure 3.7-83 Total failure of B-CF-GB/F (after removing the insulation layers)
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Figure 3.7-84 Failure of the steel reinforcement in B-CF-GB/F

Slippage

Figure 3.7-85 Failure of carbon fiber fabric layers in B-CF-GB/F
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Figure 3.7-86 Load-deflection curve for B-CF-GB/F compared with that of B-CF-0/A
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Figure 3.7-87 Time-deflection curve for B-CF-GB/F
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Summary of Experimental Results

Table 3.8-1 shows a summary for the results of the experimental program. Out of thirteen
beam specimens, three beam specimens served as control specimens and were tested at
ambient temperature, while ten beams were subjected to fire/loading event. The beams
were either unstrengthened, strengthened with two layers of U-wrap DHF fabric, or
strengthened with four layers of CF fabric. In addition, specimens tested under fire events
were either un-insulated or insulated against fire using: Grancrete™ cementitious
insulation, three gypsum boards, or thermal blanket and gypsum boards.
The test results showed that strengthening beam specimens with DHF or CF fabric
can increase the ambient load carrying capacity of the specimen by approximately 104 %
or 75 %, respectively. However, the amount of increase in the load carrying capacity is
dependent on several factors such as the reinforcement ratio, number of fabric layers,
compressive strength of the concrete, and scheme of strengthening.
Unstrengthened beam specimens failed due to yielding of steel reinforcement.
Strengthened beam specimens failed due to delamination of the strengthening system either
at ambient temperature or during the fire event. Delamination failure was associated with
the performance of the epoxy matrix rather than the type of fabric. Therefore, U-wrap
strengthening scheme showed slightly better performance than soffit strengthening with
end wraps because of the increased bond area.
The epoxy matrix lost its strength and failed to bond the strengthening system to the
concrete surface when the temperature of the matrix reached 250 °F (121 °C). Comparing
this temperature level with the HDT given by the manufacturer of the organic epoxy matrix
(224 °F or 107 °C), it can be concluded that the structural performance of the epoxy matrix
can be regarded as stable as long as the HDT is not exceeded. If the HDT is exceeded, the
structural capacity of the epoxy matrix is likely to degenerate quickly over a short range of
temperature change.
Grancrete™ cementitious fire insulation seemed to have superior performance over
other types of tested fire insulation materials. From economical point of view, Grancrete
was cheaper to apply using the shotcrete technique, which saved time and workmanship.
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However, the performance of Grancrete™ was largely jeopardized with the development of
cracks in the insulation layer. In addition, the targeted thickness of the insulation layer
could not be adequately maintained.
Gypsum boards offered a fire protection system for extended time with a thickness
that was easy to maintain. As the board system was relatively flexible, no cracks developed
with the application of vertical loads. In addition, corners and joints of the gypsum boards
did not seem to represent any significant threat to the insulation system. The failure of the
gypsum boards was characterized by cracking and falling of big chunks of the boards. The
outlook of the gypsum board system was more appealing than cementitious fire insulation,
which makes it a suitable candidate for fire insulation applications in visible areas.
However, the fire resistance obtained using three gypsum boards was less than that
obtained when using Grancrete™ cementation fire insulation with comparable overall
thickness. In addition, measuring, cutting, and mounting gypsum boards were a timeconsuming process, which required several hours of workmanship.
Using a 1.0-in. (25 mm) thick thermal blanket underneath the gypsum boards was
proven to be effective in prolonging the fire resistance of FRP beam strengthening system.
However, the end corners were the weak points in fire insulation system. The heat managed
to penetrate into the strengthening system from the ends causing the epoxy matrix to
degenerate and strengthening fabric to collapse.
Overall, beam specimen strengthened with CF fabric with end wraps was more
prone to failure than beam specimens strengthened with U-wraps DHF fabric. This can be
attributed to the extra time that was need for the heat energy to travel along the span of the
beam and deteriorate the epoxy polymer over a larger surface area.
The post-fire-event performance of the strengthening system was addressed by
testing one of the beams after fire event. The results of the test showed that the
strengthening system retained as much as 83 % of its ambient load carrying capacity after
exposure to fire event provided that the temperature of the epoxy matrix did not exceed its
decomposition temperature or its flash point temperature.
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Table 3.8-1 Summary of the experimental investigation
Beam

FRP

Insulation

Load
lb (kN)

Temperature

Fire
endurance
(min.)

Failure mode

B-U-O/A

–––

–––

12,920 (57.5)

Ambient

–––

Steel yield

B-DH-O/A

DHF

–––

26,259 (117)

Ambient

–––

Delamination

B-CF-O/A

CF

–––

22,570 (100)

Ambient

–––

Delamination

B-U-O/F

–––

–––

6500 (28.9)

ASTM E119

112

Steel yield

B-U-C/F

–––

Grancrete™

6500 (28.9)

ASTM E119

360

–––

B-DH-C/F

DHF

Grancrete™

14,000 (62.3)

ASTM E119

157

Delamination

B-CF-C/F1

CF

Grancrete™

14,000 (62.3)

ASTM E119

70

Insulation

B-CF-C/F2

CF

Grancrete™

12,800 (56.9)

ASTM E119
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Delamination

B-CF-G/F

CF

Gypsum

–––

ASTM E119

104

–––

B-CF-G/FP

CF

–––

18,800 (83.6)

Ambient

–––

Delamination

B-DH-G/F

DHF

Gypsum

14,000 (62.3)

ASTM E119

98

Delamination

B-DH-GB/F1

DHF

Gypsum&
Blanket

14,000 (62.3)

ASTM E119

150

Delamination

B-DH-GB/F2

DHF

Gypsum&
Blanket

18,000 (80)

ASTM E119

150

Delamination

CF

Gypsum&
Blanket

15,500 (69)

ASTM E119

125

Delamination

B-CF-GB/F
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CHAPTER 4: NUMERICAL INVESTIGATION

4.1

Introduction

Results and observations collected from the experimental program were employed to
conduct an extensive numerical investigation using commercially available software
ABAQUS (ABAQUS, 2008). First, the modeling technique was optimized and verified by
simulating the behavior of selected beam specimens from the experimental program.
Numerical beam models were generated and analyzed under load at both ambient
temperature and fire event. The response of the numerical beam models was compared to
that of the experimental beam specimens. Second, after gaining the confidence in the
numerical simulation, the investigation extended to address the effect of different
parameters on the fire resistance of FRP beam strengthening systems. Thickness, properties
of fire insulation, and intensity of fire event were the key parameters of the study. Finally,
the results of the numerical investigation were organized, analyzed, and presented in simple
mathematical formulas that can be employed in fire design codes to determine the fire
resistance of FRP beam strengthening systems.
4.2

Verifying Modeling Technique

To verify the accuracy of the modeling technique, successive steps were taken during the
analysis. First, the performance of an unstrenghened reinforced concrete beam was verified
by generating and analyzing a beam model under three-point-loading set-up at ambient
temperature. Then, strengthening schemes, using either DHF or CF fabric, were modeled
and applied to the beam model. The strengthened beam models were analyzed under threepoint-loading set-up at ambient temperature. Finally, the numerical investigation extended
to simulate the performance of unstrengthed and strengthened beams under loading and fire
event. At this stage of the analysis, insulation schemes were introduced to the numerical
investigation and applied to the numerical model. All numerical models were generated
using three dimensional elements to accurately simulate the experimental beam specimens.
The following subsections present a description for the numerical models along with the
material properties and the element types used.
141

4.2.1

Numerical model for B-U-O/A

The numerical model for this beam specimen comprised three components as shown in
Figure 4.2-1: concrete beam, top and bottom steel reinforcement, and stirrups. In addition,
steel plates were provided at the ends of the beam as supports to distribute the reaction and
avoid crushing failure of the concrete elements. Another steel plate was also provided at the
mid-span section to apply the vertical load. The concrete beam was modeled using a three
dimensional solid element C3D8R. A continuum, plasticity-based, damage model for
concrete was used to model the material behavior. The concrete damaged plasticity model
uses concepts of isotropic damaged elasticity in combination with isotropic tensile and
compressive plasticity to represent the inelastic behavior of concrete. It assumes that the
main two failure mechanisms are tensile cracking and compressive crushing of the concrete
material. Consequently, the concrete material was defined by its uniaxial compressive and
tensile performance in addition to the elastic properties.
For the compression side, the response was assumed linear until the value of initial
yield; the initial yield usually occurs at stress equal to approximately 60 % of the concrete
ultimate strength and then the material begins the plastic response, which is typically
characterized by stress hardening followed by strain softening beyond the ultimate stress.
For the tension side, the stress-strain response followed a linear elastic relationship
until the cracking stress is reached, which corresponds to the onset of micro-cracking in the
concrete material. Beyond the cracking stress, the formation of micro-cracks is represented
macroscopically with a softening stress-strain response, which included strain localization
in the concrete structure. The stress-strain curves for the concrete were adapted from Nawy
(2005) for the concrete of strength of 7300 psi (50.3 MPa). In addition, the modulus of
elasticity was taken as 4.27x106 psi (29.4 GPa), the modulus of rupture was taken as 530
psi (3.6 MPa), and Poisson’s ratio was taken as 0.2. These values were calculated based on
section 5.4.2 of AASHTO LRFD (AASHTO, 2007) for the material properties of the
concrete.
The reinforcement, including shear reinforcement, was modeled with a two-node
linear 3D truss element (T3D2), where each node had three degrees of freedom (ux, uy, uz).
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Truss elements were embedded inside the host concrete brick elements. The translational
degrees of freedom of the embedded element nodes were constrained to the interpolated
values of the corresponding degrees of freedom of the host element nodes.
Figure 4.2-2 shows the experimental/numerical load-displacement curves at the
mid-span section. The numerical model closely predicted the behavior of the experimental
beam specimen up to the yield of the bottom reinforcement. After the yield of bottom
reinforcement, the experimental beam specimen experienced excessive deflection with a
slight increase in the load carrying capacity. This behavior was not feasible to simulate in
the numerical investigation because with excessive deformation, convergence problems
evolved and caused the analysis to abort unless advanced finite element solving techniques
are used. However, this was beyond the scope of the current study. The estimated load
carrying capacity from the numerical investigation was approximately 12,297 lb (54.7 kN),
which closely matched the experimental load carrying capacity (12,920 lb or 57.5 kN) with
a difference of less than 5 %. The numerical input files, excluding the geometry and
meshing, for two beams are provided in Appendix II of the current study.

Beam

Reinforcement cage

Supporting plate

Figure 4.2-1 Components of numerical model for B-U-O/A
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Figure 4.2-2 Experimental vs. numerical load-displacement curve for B-U-O/A

4.2.2

Numerical model for B-DH-O/A

Figure 4.2-3 shows the components of this numerical model. The DHF fabric and the
organic epoxy adhesive were modeled along with the concrete and the reinforcement. The
modeling technique for the concrete material and the reinforcement was similar to that of
beam B-U-O/A. The DHF strengthening fabric was modeled as an elastic-plastic material
with a stress-strain curve similar to that given in Figure 3.3-3. An eight-node linear brick
element C3D8R with reduced integration and hourglass control was used to model the
DHF fabric.
The epoxy layer was modeled as an elastic material up to failure with a flexural
modulus of 4.05105 psi (2792 MPa), compressive yield strength of 15,840 psi (109.2
MPa), compressive modulus of 2.63105 psi (1813 MPa), tensile strength of 9620 psi (66.3
MPa), and ultimate elongation of 4.4 %. However, it should be noted that the full strength
of the epoxy adhesive was not utilized as the failure was governed by the delamination
strength of the concrete cover.
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The epoxy adhesive layer was modeled using an eight node three dimensional
cohesive element COH3D8, where the strength of the materials was defined in normal and
transverse shear directions. In addition, traction-separation law with quadratic nominal
stress damage was assumed for the material behavior. This law assumed initially linear
elastic behavior followed by the initiation and evolution of damage. Detailed literature for
the model behavior can be found in ABAQUS (2008).
Delamination in the finite element model occurred when the maximum principal
stress at the concrete surface exceeded the tensile strength of the concrete material. With
the failure of the concrete cover, the stability of the finite element model was lost and the
analysis was aborted. The load-deflection curve at the mid-span section for the numerical
model was plotted against that of the experimental beam specimen. As shown in Figure
4.2-4, there was a good agreement between both curves up to the maximum load. The postpeak behavior was not modeled in the numerical simulation due to the instability of the
model. The predicted failure load from the numerical model was approximately 25,970 lb
(115.5 kN), which matched the experimental failure load (26,259 lb or 116.8 kN) with less
than 2 % difference.

Concrete
beam
Reinforcement
cage
Steel support

Epoxy
adhesive

DHF fabric

Figure 4.2-3 Components of beam B-DH-O/A
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Figure 4.2-4 Experimental vs. numerical load-displacement curve for B-DH-O/A

4.2.3

Numerical model for B-CF-O/A

Figure 4.2-5 shows the components of this numerical model. The same modeling technique
was used to model this beam. However, instead of modeling the strengthening fabric as a
continuous layer of U-wrap, the CF fabric was modeled as a 5-in. (127-mm) wide flat sheet
attached to the soffit of the beam using a thin layer of cohesion elements, epoxy adhesive.
In addition, full end wraps enclosing longitudinal CF fabric and the concrete beam were
provided as shown in Figure 4.2-6. The material properties for the CF fabric were defined
in accordance with the manufacturer’s data sheet. Material properties for concrete,
reinforcement, and epoxy were similar to those of previous beam models.
The load-deflection curve at the mid-span section was plotted against the loaddeflection curve obtained from the experimental investigation as shown in Figure 4.2-7.
There was a good agreement between the experimental and the numerical curves until
reaching a load level of 18,150 lb (80.7 kN). At this load level, the end wraps showed signs
of delamination in both experimental and numerical models. In the experimental model,
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delamination of the end wraps was associated with a significant increase in the deflection
and a slight increase in the load carrying capacity. It was not feasible to simulate this
behavior in the numerical model because of convergence and instability problems. The
numerical model showed continuous increase in the load carrying capacity to the failure
load with no signs of excessive deflection. The numerical model achieved a maximum load
level of 22,086 lb (98.2 kN) with 2 % difference from the maximum load level achieved in
the experimental investigation (22,570 lb or 100.4 kN).
Figure 4.2-8 shows the locations of delamination at ultimate load. There was a good
agreement between the failure mode of the experimental and numerical models. The failure
was initiated by the delamination of the wraps near the mid-span section and progressed
towards the exterior wraps while the longitudinal fabric delaminated from the soffit of the
beam at the mid-span section.

Figure 4.2-5 Components of beam B-CF-O/A
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Figure 4.2-6 Numerical model for B-CF-O/A
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Figure 4.2-7 Experimental vs. numerical load-displacement curve for B-CF-O/A
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Figure 4.2-8 Delamination locations at ultimate load

4.2.4

Numerical model for B-U-O/F

This numerical model was analyzed under the load effect and a fire event according to
ASTM E119 standard test. To include the fire effect into the numerical analysis, thermal
properties for the concrete and reinforcement were provided. The defined thermal
properties comprised thermal conductivity, specific heat, latent heat, thermal expansion,
and emissivity.
Thermal conductivity is the quantity of heat transmitted through a unit thickness in
the direction normal to a surface of a unit area due to a unit temperature gradient under
steady state conditions. Thermal conductivity is measured in watts per degree Kelvin per
meter (W.K-1.m-1). Specific heat is the amount of heat per unit mass required to raise the
temperature by one degree Celsius. The amount of heat Q can be expressed in the form:
, where

is the specific heat,

is the mass, and

is the temperature

change. The Surface emissivity is the ratio of radiation emitted from/to the surface to that
emitted by by a blackbody under same temperature, wave length, and under same viewing
conditions. Table 4.2-1 to Table 4.2-7 provide the elastic and thermal properties for both
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concrete and steel as defined in the numerical model. The values were obtained from
Purkiss (2007).
Latent heat is defined as the amount of heat energy required to change the state of
the material without changing its temperature. For example, a certain amount of heat
energy is required to change the state of water from the liquid to gas with no increase in its
temperature beyond the boiling point. This amount of energy is estimated by 970 Btu/lb
(2260 kJ/kg) for water.
Latent heat was defined in the numerical model to account for the moisture level in
the concrete. When concrete is exposed to fire, the moisture tends to evaporate.
Evaporation of the moisture consumes heat energy and thus keeps the temperature of the
surrounding concrete unchanged until all the moisture escapes. The consumption of heat
energy can be noticed on the time-temperature curve for concrete element during a fire test
by a brief stability for the temperature near the boiling temperature of the water (212 °F or
100 °C). Based on some laboratory investigations, the moisture of the concrete was taken
as 4 % by weight and the latent heat was defined based on that percentage of moisture.
The numerical model closely predicted the performance of the beam specimen
under fire event. As shown in Figure 4.2-9, the temperature profile for the bottom
reinforcement from the numerical investigation was in a good agreement with that of the
experimental investigation. Also, Figure 4.2-10 shows the temperature distribution through
the cross section at mid-span at time of failure, which was reached after 114 minutes
(experimental failure took place after 112 minutes). The failure mode of the numerical
model was characterized by the failure of the elements of the bottom reinforcement at the
mid-span section due to excessive heating and loss of strength. The numerical failure mode
matched the failure mode of the experimental beam specimen.
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Table 4.2-1 Change of thermal conductivity for concrete with temperature
Thermal conductivity

Temperature

Btu/ft.h.°F (W/m.K)

°F (°C)

0.95 (1.64)

68 (20)

0.91 (1.58)

122 (50)

0.86 (1.49)

212 (100)

0.77 (1.33)

392 (200)

0.68 (1.18)

572 (300)

0.61 (1.05)

752 (400)

0.54 (0.93)

932 (500)

0.48 (0.83)

1112 (600)

0.43 (0.74)

1292 (700)

0.39 (0.68)

1472 (800)

0.36 (0.63)

1652 (900)

0.34 (0.59)

1832 (1000)

0.34 (0.58)

2012 (1100)

0.33 (0.57)

2192 (1200)

0.34 (0.59)

2372 (1300)

0.36 (0.62)

2552 (1400)

0.39 (0.67)

2732 (1500)

Table 4.2-2 Change of specific heat for concrete with temperature
Specific heat

Temperature

Btu/lb.°F (J/kg.K)

°F (°C)

0.215 (900)

68 (20)

0.215 (900)

212 (100)

0.239 (1000)

392 (200)

0.263 (1100)

752 (400)

0.263 (1100)

2192 (1200)
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Table 4.2-3 Change of thermal conductivity for steel with temperature
Thermal Conductivity

Temperature

Btu/ft.h.°F (W/m.K)

°F (°C)

30.8 (53.3)

68 (20)

29.2 (50.6)

212 (100)

27.3 (47.3)

392 (200)

25.4 (44.0)

572 (300)

23.5 (40.6)

752 (400)

21.6 (37.3)

932 (500)

19.7 (34.0)

1112 (600)

17.7 (30.6)

1292 (700)

15.8 (27.3)

1472 (800)

15.8 (27.3)

1652 (900)

15.8 (27.3)

1832 (1000)

15.8 (27.3)

2012 (1100)

15.8 (27.3)

2192 (1200)

Table 4.2-4 Change of specific heat for steel with temperature
Specific heat

Temperature

Btu/lb.°F (J/kg.K)

°F (°C)

0.105 (439.8)

68 (20)

0.116 (487.6)

212 (100)

0.127 (529.7)

392 (200)

0.135 (564.7)

572 (300)

0.145 (605.8)

752 (400)

0.159 (666.5)

932 (500)

0.182 (759.9)

1112 (600)

0.167 (700.2)

1292 (700)

0.192 (803.2)

1472 (800)

0.155 (650.4)

1652 (900)

0.155 (650)

1832 (1000)

0.155 (650)

2192 (1200)
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Table 4.2-5 Change of Young’s modulus for steel with temperature
Young’s modulus

Temperature

psi (MPa)

°F (°C)

6

68 (20)

6

212 (100)

6

392 (200)

6

572 (300)

6

752 (400)

6

932 (500)

29×10 (200,000)
29×10 (200,000)
26×10 (180,000)
23×10 (160,000)
20×10 (140,000)
17×10 (120,000)
6

9×10 (62,000)

112 (600)

6

1292 (700)

6

1472 (800)

6

1.9×10 (13,000)

1652 (900)

6

1.3×10 (9,000)

1832 (1000)

6

2012 (1100)

3.8×10 (26,000)
2.6×10 (18,000)

0.7×10 (5,000)

Table 4.2-6 Change of yield strength for steel with temperature
Yield strength

Temperature

psi (MPa)

°F (°C)

78,000 (541)

68 (20)

78,000 (541)

212 (100)

78,000 (541)

392 (200)

78,000 (541)

572 (300)

78,000 (541)

752 (400)

61,000 (422)

932 (500)

37,000 (254)

112 (600)

23,000 (162)

1292 (700)

8,700 (60)

1472 (800)

4,600 (32)

1652 (900)

3,200 (22)

1832 (1000)

1,600 (11)

2012 (1100)
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Table 4.2-7 Loss of concrete strength with temperature
Remaining strength

Temperature

%

°F (°C)

100

68 (20)

95

392 (200)

65

752 (400)

35

932 (500)

20

112 (600)

10

2012 (1100)
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Figure 4.2-9 Time-temperature curve for bottom reinforcement at mid-span section for BU-O/F (experimental vs. numerical)
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Figure 4.2-10 Temperature readings across mid-span section for B-U-O/F at failure

4.2.5

Numerical model for B-DH-C/F

In addition to modeling the concrete and steel reinforcement, this numerical model
comprised modeling both DHF fabric strengthening system and the Grancrete™
supplemental fire insulation layer. The model was analyzed under loading and fire event.
Through the numerical model (Figure 4.2-11), the epoxy matrix was assumed to
maintain its full structural strength until the temperature of the matrix exceeded 250 °F
(121 °C). After that, the epoxy matrix was assumed to lose all of its structural strength. In
other words, the failure criterion of the model was defined by the temperature of the epoxy
matrix reaching 250 °F (121 °C). In addition, specific heat and thermal conductivity for the
epoxy matrix were taken as 0.105 Btu/lb.°F (439 J/kg.K) and 30.6 Btu/ft.h.°F (53 W/m.K),
respectively as provided in the material data sheet. Furthermore, the DHF fabric was not
expected to suffer any loss of filament strength at the temperature level of 250 °F (121 °C).
Therefore, no loss of strength was defined for the DHF fabric in the numerical model.
Grancrete™ fire insulation layer was defined as a thermal protective layer with
negligible structural strength. An eight-node thermally coupled, trilinear displacement and
temperature element C3D8T was selected to model the fire insulation layer. Thermal
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properties were defined as given in material data sheet provided by the manufacturer.
Average thermal conductivity and specific heat were taken as 0.1 Btu/ft.h.°F (0.17 W/m.K)
and 0.15 Btu/lb.°F (637 J/kg.K), respectively. Based on experimental investigations,
amount of moisture preserved in the insulation layer was taken as 10 % by weight. Surface
emissivity was not provided in the material data sheet. Therefore, several analysis runs
were performed to determine the appropriate value for surface emissivity. Finally, it was
determined that the surface emissivity fell within the range of 0.8 to 0.9.
The analysis of the numerical model showed that the failure of the epoxy matrix
took place after 155 minutes. Failure occurred when the temperature of the matrix
exceeded 250 °F (121 °C) and therefore triggered the sudden loss in strength defined
primarily in the material properties of the epoxy matrix.

Figure 4.2-12 shows the

experimental and numerical temperature profiles for the DHF fabric at the mid-span
section. The predicted failure time from the numerical analysis closely matched the actual
failure time. The numerical and experimental temperature profiles were in good agreement
most of the test time as shown in Figure 4.2-13, where the temperature profiles measured
by different thermocouples mounted at the DHF fabric is plotted against the temperature
profile obtained from the numerical analysis.

Figure 4.2-11 Numerical model for B-DH-C/F
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Figure 4.2-12 Time-temperature curve for DHF fabric at mid-span section in B-DH-C/F
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Figure 4.2-13 Time-temperature curve for DHF fabric at mid-span section in B-DH-C/F
(experimental vs. numerical, reading of different thermocouples)
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4.2.6

Numerical model for B-DH-GB/F

The modeling technique for this beam model was similar to previous beam models.
However, two layers of insulation were added to the model to account for gypsum boards
and thermal blanket. Each layer of insulations was defined by its thermal and material
properties. Gypsum boards were defined with thermal conductivity of 0.1 Btu/ft.h.°F (0.17
W/m.K), specific heat of 0.26 Btu/lb. °F (1090 J/kg.K), density of 42 lb/ft3 (677 kg/m3),
and moisture content of 21 %. In addition, a definition for cracking and failure of gypsum
boards was implemented while defining the thermal properties for the boards. On the other
hand, thermal blanket was defined with density of 8 lb/ft3 (128 kg/m3), specific heat of 0.2
Btu/lb. °F (840 J/kg.K), and thermal conductivity as shown in Table 4.2-8.
Figure 4.2-14 shows the numerical (finite element analysis, FEA) versus experimental
temperature profiles under each gypsum board. There was a good agreement between
numerical and experimental profiles. In addition, failure time of each gypsum board was
accurately predicted. It should be noted that the temperature of each interior gypsum board
approached the stability stage at 212 °F (100 °C) only after the exposed board had failed.
Figure 4.2-15 shows the experimental/numerical temperature profiles at the level of
DHF fabric. The numerical profile matched the experimental profile except for the last
thirty minutes of the test. As discussed earlier, during the last thirty minutes of the test, the
beam experienced collapse and failure of gypsum boards which resulted in dragging the
thermocouples out of place. However, the failure time was accurately predicted by the
numerical model. After exactly 150 minutes, the numerical analysis aborted indicating the
failure of epoxy matrix as the temperature of DHF fabric was approaching 250 °F (121 °C).
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Table 4.2-8 Thermal conductivity for thermal blanket (adopted from material data sheet)
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Figure 4.2-14 Temperature profiles under gypsum board layers (experimental vs. FEA)
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Figure 4.2-15 Time-temperature curves for DHF fabric in B-DH-GB/F

4.2.7

Summary of modeling verification

By comparing the results from the numerical investigation with those of the experimental
investigation, it was determined that the numerical models adequately simulated the
behavior and performance of the experimental beam specimens. It was therefore,
reasonable to extend the numerical investigation to study the performance of the FRP beam
strengthening system under different fire events using different insulation schemes.
4.3

Parametric Study

According to the Eurocode 1: Actions on structures (European Committee for
Standardization, 2002), there are four steps to ensure the proper design of a structural
element under loading/fire events. These steps can be summarized as:
1. Selection of relevant fire scenarios
2. Determination of the corresponding design fires
3. Calculation of the temperature evolution within the structural member
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4. Calculation of mechanical behavior of the structural element under fire event
Mechanical analysis for structural element under fire event can be a time domain, strength
domain, or temperature domain. In other words, designer can design the structural element
such that the required fire resistance time is less than the design fire resistance time, or the
required strength is less than the design strength, or the design value for material
temperature during fire is less than the design value for critical material temperature. The
second approach is used through the current parametric study. The failure criterion of the
strengthening system was defined by the temperature of the system during fire exceeding
the critical material temperature, which was taken as

or HDT.

In addition, the performance of FRP beam strengthening systems was evaluated
when protected against fire using either cementitious insulation materials or layers of firerated gypsum boards. The fire resistance of the strengthening systems was established for
each insulation scheme using simple mathematical formulas. As per the current
investigation, the fire resistance of FRP beam strengthening system was defined as: the
elapsed time at which FRP system maintained its structural integrity and functioned as an
effective strengthening system under standard fire test. The structural integrity of FRP
beam strengthening system was assumed to diminish when the temperature of the
strengthening system exceeded

or HDT of the organic epoxy matrix as provided by the

manufacturer. Therefore, the fire resistance of FRP beam strengthening system can also be
defined as the elapsed time required for the temperature of FRP system to exceed

or

HDT of the organic epoxy matrix.
The parametric study extended to model epoxy matrices with different

and

cementitous insulation materials with different thermal/physical material properties. The
input of the numerical investigation was adjusted accordingly to include all the studied
parameters.
Through the following sections, the results of the parametric study are presented. It
should be noted that a complete beam model was not utilized in the study. Instead, a 2-in.
(51 mm) segment of the beam span was only modeled. The segment comprised the beam,
top and bottom reinforcement, epoxy adhesive and FRP fabric, and the insulation layer.
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Modeling a thin segment instead of modeling the entire beam enabled the usage of a finer
mesh, without exceeding the software or hardware capabilities. In addition, the relationship
between different parameters were plotted and summarized in the form of simple
mathematical formulas to enable the designer to select the proper fire insulation layer based
on the required fire resistance.
4.4

Cementitious Insulation Material

The experimental study showed that Grancrete™ cementitious insulation material was
applied successfully to protect FRP beam strengthening systems under fire events for
extended time. However, certain concerns were associated with the performance of
Grancrete™ or similar cementitious materials as an effective fire insulation layer. One of
the main concerns was the influence of the material mix on the thermal properties and
accordingly the fire resistance of the insulation material. For example, changing the ratio
between binder, aggregate, and water would not only change the elastic properties of the
fire insulation material, but it would change its thermal properties as well. Therefore, a
guideline was needed to evaluate the fire resistance of Grancrete™ or similar cementitious
fire insulation materials based on their actual thermal properties.
In addition, the thickness of the fire insulation layer plays a key role in determining
the fire resistance of protected FRP beam strengthening systems. Therefore, another design
guideline was needed to establish the relationship between the required fire resistance and
the thickness of the fire insulation layer.
Through this part of the parametric study, the relationships between the fire
resistance of insulated FRP beam strengthening systems and the geometrical/thermal
properties of the fire insulation layer was established. Based on basic principles of heat
transfer analysis, properties of fire insulation layer such as density, thickness, thermal
conductivity, specific heat, and moisture content were evaluated with respect to the fire
resistance of the insulated FRP system under ASTM E119 standard fire test.
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4.4.1

Thermal conductivity, thickness and moisture content

Heat energy is transferred into the FRP beam strengthening system through the insulation
layer by conduction. The conduction through insulation can be represented using Fourier’s
law for heat conduction
rate in the

∆

"

, where,

"

(W/m2) is the heat flux or the heat transfer

direction per unit area perpendicular to the direction of transfer.

(W/m.K) is

the thermal conductivity, ∆ is the temperature difference between two points at a distance
, which is the thickness of the fire insulation
linearly proportional both to
expressed as a function of

in this case. Accordingly, the heat flux is

and 1/ . Therefore, the rate of heat transfer can be

⁄ .

Through the parametric study, different levels for /

were investigated. The

thickness of the insulation material was maintained as 2 in. (51 mm) while, values ranging
from 0.06 to 1.16 Btu/ h.ft.°F (0.1 to 2 W/m.K) were assigned for . The time-temperature
curves for insulated FRP beam strengthening system were plotted for insulation materials
with different moisture contents as shown in Figure 4.4-1 to Figure 4.4-6.
It should be noted that, the moisture content was calculated as a percentage of
weight. However, the percentage of moisture content was of less relevance to the analysis.
Rather, the amount of water per unit surface area (expressed in kg/m2 or lb/ft2) was the key
parameter during the analysis when investigating the effect of moisture content. The
amount of water per unit surface area was calculated by multiplying the moisture content
by the weight of the unit surface area of the fire insulation layer. Weight of unit surface
area was calculated by multiplying the material density

(lb/ft3 or kg/m3) by the thickness

of the fire insulation layer . Consequently, the amount of water per unit surface area of a
fire insulation layer can be expressed as:
%

Amount of water per unit surface area

Eqn. 4.4-1

The amount of water per unit surface area of fire insulation layer changes by changing
either

% ,

,

. During this stage of analysis,

therefore, the amount of water per unit surface area
moisture content

%.
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remained unchanged,
was linearly proportional to the

As shown in Figure 4.4-1 to Figure 4.4-6, the fire resistance of FRP beam
strengthening system insulated with a 2-in. (51 mm) thick fire insulation material increased
with increasing the ratio / , or when

was constant, the fire resistance increased with

decreasing the thermal conductivity . At a temperature level of 212 °F (100 °C), the
moisture content of the fire insulation layer evaporated and the rise in the temperature of
the insulated strengthening system was delayed for significant time. The delay time at 212
°F (100 °C) was governed by both the amount of moisture and the thermal conductivity.
After all the moisture escaped, the temperature of FRP beam strengthening system
continued to increase with time.
From design point of view, FRP beam strengthening system prepared using epoxy
matrix with

or HDT lower than 212 °F (100 °C) will experience delamination in a

relatively short time regardless of the amount of moisture contained in the fire insulation
layer. In that case, the fire resistance depends mainly on the ratio /

and

(or HDT) of

the epoxy polymer.
On the other hand, epoxy polymers with

or HDT higher than 212 °F (100 °C) are

likely to endure fire event for prolonged time until all the moisture content in the fire
insulation layer escapes. In that case, the fire resistance of FRP system will depend on the
amount of moisture in addition to the ratio / and

(or HDT).

Figure 4.4-7 shows the fire resistance of FRP beam strengthening system prepared
using epoxy matrix with

or HDT of 221 °F (105 °C). The fire resistance increased

linearly with increasing the ratio / for different levels of moisture content. On the other
hand, Figure 4.4-8 shows the fire resistance of the strengthening system when prepared
using epoxy matrix with

or HDT of 203 °F (95 °C). In this case, the influence of the

moisture content on the fire resistance was negligible. In addition, the fire resistance for
any / was remarkably less than the fire resistance obtained from Figure 4.4-7 for epoxy
with

or HDT of 221 °F (105 °C).
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Figure 4.4-1 Time-temperature curves for FRP system insulated with 2-in. (51 mm) thick
cementitious material with a moisture content of 0 % and subjected to ASTM E119
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Figure 4.4-2 Time-temperature curves for FRP system insulated with 2-in (51 mm) thick
cementitious material with a moisture content of 5 % and subjected to ASTM E119
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Figure 4.4-3 Time-temperature curves for FRP system insulated with 2-in. (51 mm) thick
cementitious material with a moisture content of 10 % and subjected to ASTM E119
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Figure 4.4-4 Time-temperature curves for FRP system insulated with 2-in. (51 mm) thick
cementitious material with a moisture content of 15 % and subjected to ASTM E119
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Figure 4.4-5 Time-temperature curves for FRP system insulated with 2-in. (51 mm) thick
cementitious material with a moisture content of 20 % and subjected to ASTM E119
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Figure 4.4-6 Time-temperature curves for FRP system insulated with 2-in (51 mm) thick
cementitious material with a moisture content of 25 % and subjected to ASTM E119
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Figure 4.4-8 Fire resistance of FRP system with

of 203 °F(95 °C) insulated using 2-in.

(51 mm) thick cementitious fire insulation
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4.4.2

Specific heat and density

Specific heat

represents the amout of energy stored inside the insulation layer in the

form of a temperature increase of the layer. The amount of energy required to raise the
temperature of a certain volume by one degree is equal to the specific heat of the material
multiplied by the mass density of the volume, which is called volumetric heat capacity
(VHC). For two materials with the same VHC, the amount of heat energy required to raise
the temperature by one degree for a unit volume shall be the same. This is regardless of the
geometry or the independent values for

and .

The VHC for cementitious insulation layers was evaluated in the parametric study
by changing VHC while keeping other thermal/physical properties unchanged. The
analysis was then repeated for different values of ( / ) and different levels of moisture
content,

%.

Figure 4.4-9 to Figure 4.4-11 show the time-temperature curves for FRP beam
strengthening system insulated using 2-in. (51 mm) thick cementitious fire insulation layer
with moisture content levels of 25, 15, and 5 %, respectively. The time-temperature curves
were plotted for the cases of fire insulation with VHC ranging from 6 to 20.9 Btu/ft3.°F
(400 to 1400 kJ/m3.K), and thermal conductivity

ranging from 0.06 to 0.58 Btu/ h.ft.°F

(0.1 to 1.0 W/m.K).
The analysis revealed that, VHC had a minimal effect on the fire resistance of FRP
beam strengthening system with

or HDT higher than 221 °F (105 °C). Alternatively,

had the dominant effect on the temperature profile under the insulation layer. For example,
with

0.06 Btu/h.ft.°F (0.1 W/m.K) and
3

25 %, changing VHC from 6 to 20.9

3

Btu/ft .°F (400 to 1400 kJ/m .K) would yield in an increase of fire resistance by
approximately 6 % for FRP system prepared using epoxy matrix with

of 221 °F (105

°C). On the other hand, changing VHC slightly influenced the fire resistance of FRP beam
strengthening systems prepared using epoxy matrix with

of 203 °F (95 °C) or lower.

However, it should be noted that the fire resistance of such systems were considerably low
and therefore, although increasing VHC of the insulation layer would increase the fire
resistance, the final achieved fire resistance remains remarkably low. For example,
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increasing VHC from 6 to 20.9 Btu/ft3.°F (400 to 1400 kJ/m3.K) resulted in increasing the
fire resistance of FRP system by approximately 35 %, when the insulation layer had a
thickness of 2 in. (51 mm),

of 0.13 Btu/h.ft.°F (0.23 W/m.K) and

of 15 %. The final

achieved fire resistance however did not exceed 50 minutes.
Figure 4.4-12 shows the relationship between ,

, and ⁄ for

lower than 203

°F (95 °C) at moisture content level of 15 % and VHC of 14.9 Btu/ft3.°F (1000 kJ/m3.K).
Similar graphs were plotted for different combination of moisture content and VHC. It was
determined that the relationship between

and ⁄ was nearly linear at all levels of

regardless of the level of moisture content or VHC. In addition, the analysis revealed that
the relationship between

and

can be represented using a linear function for any level

of VHC, M, or ⁄ . For example, Figure 4.4-13 shows the relationship between
for 2-in. (51 mm) thick insulation layers with

of 15 % and

and

of 0.06 Btu/h.ft.°F (0.1

W/m.K) at different levels of VHC. Results of analysis for insulation systems with different
m and k were not presented to avoid repetition.
200

392
k =1.0 W/m.K

180

352

160

k =0.23 W/m.K

312

Temperature (°F)

120

k =0.1 W/m.K

232
100
192
80
152

VHC = 400
VHC = 800
VHC = 1000
VHC = 1400

112

Temperature (°C)

140

272

60
40

72

20
VHC=Volumetric heat capacity=Specific heat×density (kJ/m3.K)

32

0
0

30

60

90

120

150

180

210

240

270

300

330

360

Time (minutes)

Figure 4.4-9 Time-temperature curves for FRP beam strengthening system insulated
using 2-in. (51 mm) thick fire insulation layer with m = 25 % and different VHC levels
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Figure 4.4-10 Time-temperature curves for FRP beam strengthening system insulated
using 2-in. (51 mm) thick fire insulation layer with m = 15 % and different VHC levels
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Figure 4.4-11 Time-temperature curves for FRP beam strengthening system insulated
using 2-in. (51 mm) thick fire insulation layer with m = 5 % and different VHC levels
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Figure 4.4-12 Fire resistance of FRP system insulated using 2-in. (51 mm) thick fire
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4.4.3

Design formulas for cementitous insulation layers

The results of the numerical investigation were summarized in the form of design formulas
that can be included in the design guidelines of FRP beam strengthening system. The
design formulas deal with different aspects and depend on different parameters. Therefore,
in order to reach a proper design for the fire insulation system, material properties for both
epoxy matrix and cementitious fire insulation shall be established.
Two design formulas were provided. The first design formula deals with FRP beam
strengthening systems prepared using organic epoxy matrix with

or HDT lower than 203

°F (95 °C), while the second formula deals with systems prepared using matrix with
higher than 221 °F (105 °C).
In order to avoid the overestimation for the performance of the fire insulation
layers, the second design formula limits
not considered and therefore

to 221 °F (105 °C). Higher values for

were

does not appear as a variable in the equation. This is due to

the fact that moisture escape from the fire insulation layer at 212 °F (100 °C) is likely to
result in a significant reduction in the volume of the fire insulation layer, which in turn
results in crack development of the insulation layer. The crack development allows heat to
penetrate into the insulated FRP system and rapidly accelerates the failure of the
strengthening system.
Using SI or U.S. customary units, the fire resistance of FRP system prepared using
organic epoxy matrix with

lower than 203 °F (95 °C) can be calculated as:

1.846

12 2.34

10

0.181

12 0.0157

0.756 ………… (SI)

Eqn. 4.4-2

0.756 ….(U.S. customary)

Eqn. 4.4-3

On the other hand, the fire resistance of FRP system prepared using organic epoxy matrix
with

higher than 221 °F (105 °C) can be calculated as:
22

248.5

0.6

12

1

173

10

0.9 ……. (SI)

Eqn. 4.4-4

19

43.85

2.93

12

6.71

10

0.9…(U.S. customary)
Eqn. 4.4-5

Where,
: Fire resistance, minutes
: Glass transition temperature or HDT for epoxy matrix, °F (°C)
: Ambient temperature, °F (°C) = 68 °F or 20 °C
: Thickness of the fire insulation layer, ft (m)
: Thermal conductivity of fire insulation layer, Btu/hr.ft.°F (W/m.K)
: Volumetric heat capacity of insulation layer, Btu/ft3.°F (J/m3.K) =
: Moisture per unit surface area of fire insulation layer, lb/ ft2 (kg/ m2) =

.
. .

: Percentage of moisture in fire insulation layer by weight (%)
: Mass density of fire insulation layer, lb/ft3 (kg/m3)
: Specific heat of fire insulation layer, Btu/lb.°F (J/kg.K)
4.5

Gypsum Board Insulation System

Unlike cementitous fire insulation materials, thermal and physical properties of gypsum
boards are predetermined. They are nearly constant for wide range of gypsum boards
regardless of the manufacturing process. Therefore, the fire resistance of FRP system
insulated using number of gypsum boards is dependent only on the overall thickness of the
boards and T of the epoxy matrix.
In addition, the temperature profile for FRP systems protected with layered fire
insulation such as gypsum boards is relatively different from that of FRP systems protected
with cemetitiuos fire insulation. In case of cementitous fire insulation, there is an apparent
stability for the temperature of the FRP system at 212 °F (100 °C) due to moisture escape.
This is not the case with layered fire insulation. During the fire event, the exterior layer of
fire insulation is sacrificed while underneath layers are protected against fire for a
significant time. Until the exterior layer collapses, the interior layers are not exposed to fire.
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Therefore, moisture evaporation process of interior layers starts after the moisture
evaporation of the exterior layer ends. The overall temperature profile of FRP system
insulated using layered fire insulation will be slightly lower than that of FRP system
insulated using cementitious fire insulation. This part of the parametric study was
conducted to establish the relationship between the fire resistance of FRP system and both
and the overall thickness of layered fire insulation.
A series of numerical models were generated to evaluate the fire resistance of FRP
beam strengthening systems protected with multiple gypsum boards. Figure 4.5-1 shows
the temperature of FRP beam strengthening system underneath the gypsum boards when
the protected system was subjected to ASTM E119 standard fire test. Gypsum boards
offered fire protection to the strengthening system until all the combined water in the
boards evaporated. After water evaporation, the temperature rapidly increased with time
due to cracking and failure of boards.
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Figure 4.5-1 Time-temperature profiles for FRP strengthening fabric when insulated
using multiple gypsum boards and subjected to ASTM E119 fire test
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The actual fire resistance of FRP beam strengthening systems protected with gypsum
boards is mainly dependent on the
matrix has a

or HDT for the organic epoxy matrix. If the epoxy

or HDT higher than 212 °F (100 °C), the FRP beam strengthening system

will be structurally sound and protected against fire until the failure of gypsum boards. On
the other hand, if

or HDT is lower than 212 °F (100 °C), the structural capacity of the

strengthening system will be lost before the complete failure of the gypsum boards. In other
words, the entire fire resistance capacity of gypsum boards will not be utilized. The timetemperature curves can be represented in the form of a polynomial formula to determine
the fire resistance of gypsum boards. Two formulas are provided for the fire resistance. The
first formula deals with epoxy matrix with
formula deals with epoxy matrix with

less than 203 °F (95 °C), while the second

high than 221 °F (105 °C).

lower than 203 °F (95 °C)
For

(or HDT) lower than 203 °F (95 °C), the fire resistance of FRP beam strengthening

system can be determined from Figure 4.5-2, which contains the same curves of Figure
4.5-1 but plotted to a larger scale. In addition, the shown time-temperature curves can be
presented by a polynomial function as:
Eqn. 4.5-1
Where,

is the fire resistance (minutes),

is the glass transition temperature (or heat

deflection temperature HDT) of the epoxy matrix (°F), and constants , , , and

can be

determined (if U.S. customary unites are used) based on the total thickness of gypsum
boards (in.) as:
2402
102
1.388
54.74

4739

5023

175

192

1.736

Eqn. 4.5-2

10

Eqn. 4.5-3

2.189

55.82

If SI units are used,

10

Eqn. 4.5-4

76.56

Eqn. 4.5-5

is expressed in °C and constants , , , and

based on the total thickness of gypsum boards (m) as:
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can be determined

2174

110

4024

3

170.2
58.4 t

2319
31702

10
4.75

Eqn. 4.5-6
10

Eqn. 4.5-7

2.07

702.5

Eqn. 4.5-8
25

Eqn. 4.5-9

For example, if three 5/8 in. (16 mm) thick Type-X gypsum boards are used to protect an
of 150 °F (65

FRP beam strengthening system prepared using an organic epoxy that has
°C), then:
1.875

.

4.58

10

0.0222 ,

,

3.81 ,

164.34 ,

62

Using SI unites:
1.875

. = 0.0476 m

2.689

10

,

0.0577 ,

4.54 ,

63.39 ,

62

same as above
The aforementioned calculations show that the specified FRP beam strengthening system
will remain structurally sound for nearly one hour under ASTM E119 fire event.
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Figure 4.5-2 Time-temperature curves for FRP beam strengthening system insulated
against fire with multiple gypsum boards and subject to ASTM fire event

higher than 221 °F (105 °C)
For

or HDT higher than 221 °F (105 °C), the full fire resistance of gypsum boards will

be utilized to protect the FRP beam strengthening system for extended time. However, it
should be noted that once water evaporation from gypsum boards is completed, the
remaining board system will either collapse or be considerably cracked. Consequently, the
quality of the fire insulation may not be guaranteed beyond the temperature of 221 °F (105
°C). Therefore, the fire resistance of FRP beam strengthening system will depend solely on
the total thickness of gypsum boards t (in. or m) regardless of

or HDT as long as it

exceeds 221 °F (105 °C). From the numerical analysis, it was determined that the fire
resistance of the FRP beam strengthening system varies linearly with the total thickness of
gypsum boards according to the following formulas:
2259

13……..….(SI units,
178

)

Eqn. 4.5-10

57.376
4.6

13……….(U.S. customary units,

.)

Eqn. 4.5-11

Performance under Standard Fire Tests

FRP beam strengthening system insulated with multiple of X-Type gypsum boards was
evaluated under several common standard fire curves such as ISO 834, hydrocarbon fire,
modified hydrocarbon fire, RAWT-car, RAWT-train, and RWS curves. It was assumed
that the T or HDT of the epoxy matrix was higher than 221 °F (105 °C).
It appears from the results that the fire resistance obtained from ASTM E119
standard fire test is directly related to the fire resistance obtained from other standard fire
tests (Table 4.6-1 and Figure 4.6-1 to Figure 4.6-5). The relationships between fire
resistances obtained from different standard fire tests can be represented as a function of
the fire resistance obtained from ASTM E119 standard fire test as:
0.88

6
0.78

1.16

6

Eqn. 4.6-2

23

0.95
0.77

Eqn. 4.6-1

Eqn. 4.6-3

14

Eqn. 4.6-4

6

Eqn. 4.6-5

0.99

Eqn. 4.6-6

Table 4.6-1 Fire resistance of FRP beam strengthening system made with epoxy

> 221

°F (105 °C) under different standard fire curves
Fire resistance (minutes)
Gypsum
boards

ASTM
E119

Hydrocarbon

Hydrocarbon
modified

RABT-Car

RABTTrain

RWS

ISO834

One

23

15

13

13

13

13

24

Two

58

41

36

37

37

36

55

Three

95

79

67

77

73

68

96

Four

130

109

97

129

104

95

130

Five

167

144

126
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Figure 4.6-1 Time-temperature curves of FRP insulated with single gypsum board
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Figure 4.6-2 Time-temperature curves of FRP insulated with two gypsum boards
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Figure 4.6-3 Time-temperature curves of FRP insulated with three gypsum boards
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Figure 4.6-4 Time-temperature curves of FRP insulated with four gypsum boards
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Figure 4.6-5 Time-temperature curves of FRP insulated with five gypsum boards
4.7

Summary of Numerical Investigation

Results and observation from the experimental investigation were employed to conduct a
parallel numerical simulation. The numerical simulation adequately predicted the
performance of the experimental beam specimens under fire/loading events. In addition, a
parametric numerical investigation was carried out to address different situations and
schemes of fire insulations and fire scenarios. The results of the numerical investigation are
presented in charts and translated into simple design formulas that can be employed to
design a proper fire protection scheme for FRP beam strengthening systems. The design
formulas addressed two types of fire insulation schemes: cemetitious fire insulation and
layered fire insulation using multiple type-X gypsum boards. The design formulas are
applicable only for the fire design of concrete structures strengthened with FRP materials.
Other systems and structural elements shall be evaluated based on their performance and
expected failure modes.
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CHAPTER 5: SUMMARY, CONCLUSIONS & RECOMMENDATIONS

5.1

Introduction

Different FRP strengthening systems are applied to structural members to enhance their
service or ultimate load carrying capacity. The unstrengthened structural member may not
be able to support service loads due to deterioration, change in the usage of the building, or
even change in the structural system of the building. Nonetheless, the designer will not
address the option of strengthening unless there is a potential increase in the load carrying
capacity of the member that justifies the estimated cost of strengthening.
One of the main drawbacks of FRP strengthening systems is their performance at
elevated temperature. Available FRP strengthening codes and design guides ignore the
structural capacity of the strengthening system during fire events and depend solely on the
structural capacity of the unstrenethend member to resist service loads during fire. This is
because current FRP systems are prepared using organic epoxy matrices, which are
flammable in nature and can easily ignite in case of fire causing the strengthening system to
burn and collapse. Ignition of FRP strengthening systems will not only add fuel to fire, but
it will also result in the emission of dense cloud of nontoxic/toxic gases, which can obstruct
the vision, hinder the rescue missions, and suffocate the occupants. Consequently, even if
the structural capacity of FRP strengthening system is ignored, it is strongly recommended
to insulate the FRP strengthening system to prevent the burning of the epoxy matrix.
Ignoring the structural capacity of FRP strengthening system during fire adds great
limitations on level of strengthening and does not seem to be applicable in case of
deteriorated structural members, the main candidate for strengthening. In addition, although
it is anticipated that the service loads during fire will be less than the design factored loads,
there is also a chance that additional loads may be imposed on the structural member
during a fire event. These additional loads may result from load distribution due to the
collapse of adjacent structural members and may also result from impact forces due to the
collapse of machinery or other compartment equipments or even the collapse of the
structural system of higher floors, a situation that led to the collapse of the twin towers on
September 11, 2001 in New York.
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Based on the previous discussion, the current investigation was conducted with the
main objective of evaluating the performance of FRP beam strengthening systems under
fire and loading events. The investigation comprised an experimental program and a
parallel numerical and parametric study. The main findings and observations of the
experimental/numerical investigation are summarized and reported in this chapter.
Observations from experimental and numerical investigations are presented and main
conclusions are drawn. Recommendations for field applications and for future research
activities are provided at the end.
5.2

Summary of Experimental Program

The experimental program comprised constructing and testing reinforced concrete beams
under fire and loading events. Thirteen rectangular concrete beams with a span of 12 ft
(3.65 m) and cross section dimensions of 6 in. × 12 in. (152 mm × 305 mm) were
constructed and reinforced with steel reinforcing bars. Three beams remained
unstrengthened, five beams were strengthened for flexure using two layers of U-wrap DHF
fabric, and five beams were strengthened for flexure using four layers of Replark™
uniaxial carbon fiber fabric with full end wraps. One beam of each group was tested at
ambient temperature under three-point loading set-up. Other beams were tested with the
same loading set-up under a fire event according to ASTM E119 standard fire test. Beam
specimens tested under fire events were either:


Uninsulated against fire,



Insulated using 2-in. (51 mm) thick layer of cementitious fire insulation materials
Grancrete™,



Insulated using three 5/8- in. (16 mm) thick Type-X fire-rated gypsum boards



Insulated using three 5/8-in. (51 mm) thick Type-X fire-rated gypsum boards and
1.0-in. (25 mm) thick layer of thermal blanket.

From the experimental investigation, the following observations are made:
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1. Strengthening concrete beams with FRP strengthening systems for flexure
increased the maximum load carrying capacity of the beam by as much as 104 %.
However, the increase in the ultimate load carrying capacity depended on many
factors such as amount of reinforcement, amount of FRP fabric, and quality of the
concrete surface.
2. An unstrengthened beam loaded with 50 % of its ultimate flexural load carrying
capacity sustained the applied load for approximately 1h 52min. under ASTM E119
standard fire test. On the other hand, a FRP strengthened beam loaded with 68 % of
its ultimate load carrying capacity and insulated against fire sustained the applied
load for approximately 2h 30min. under ASTM E119 standard fire test.
3. Cementitious fire insulation Grancrete™ offered a unique fire protection for FRP
beam strengthening systems. Its low thermal conductivity along with its high
capacity to preserve moisture greatly enhanced the fire resistance of the
strengthening system. Grancrete™ was applied to the surface of the beams by
spraying the wet mix. The process of application was quick and economic.
However, it was not feasible to precisely control of the thickness of the fire
insulation.
4. With a 2-in. (51 mm) thick layer of Grancrete™, FRP beam strengthening system
sustained the fire/loading event for 2h 37min.
5. Three phases can be detected on the temperature profile of FRP beam strengthening
system protected against fire using cementitious fire insulation materials. The first
phase comprised a gradual increase for the temperature with time until reaching a
temperature of 212 °F (100 °C). The second phase comprised temperature
stabilization for extended time at 212 °F (100 °C). The third phase comprised a
rapid increase in temperature with time until the failure of the system.
6. Although Grancrete™ protected the strengthening system against fire for extended
time, certain measures shall be taken to ensure the proper bond between the
insulation layer and the protected systems. In addition, Grancrete™ is less likely to
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provide reliable fire protection after evaporation of moisture due to crack
development.
7. Gypsum boards were used efficiently to protect FRP beam strengthening system.
Type-X gypsum boards provided fire protection for approximately 1h 40min. This
was less than the fire protection provided by Grancrete™ with comparable
thickness. However, unlike Grancrete™, gypsum boards provided aesthetic cover
to the strengthening system that can be more suitable in visible areas. In addition,
thickness and material properties of gypsum boards were assured.
8. Fire resistance of strengthening systems was greatly enhanced by providing a 1.0in. (25 mm) thick thermal blanket underneath the Type-X gypsum boards. The
combined insulation system protected the strengthening system in beams for
approximately 2h 30min.
9. Gypsum boards failed successively during fire event. First, the exterior board failed
and collapsed into pieces. Then, interior boards were exposed to fire and
experienced cracking and failure consecutively.
10. The temperature profile for FRP beam strengthening system protected against fire
with layered insulation, such as multiple Type-X gypsum boards, did not exhibit
distinct phases. The temperature gradually increased with time until reaching 212
°F (100 °C) and stabilized there for a short time period followed by a rapid increase
in the temperature until failure.
11. Having an epoxy matrix with a heat deflection temperature higher than 212 °F (100
°C) prolonged the survival of the strengthening system under fire event.
5.3

Summary of Numerical Investigation

A numerical investigation was developed to further evaluate the fire performance of FRP
beam strengthening systems under fire events. First, the numerical approach was validated
by generating numerical models for selected experimental beam specimens and subjecting
them to the same loading and fire conditions. Second, the numerical investigation was
extended to simulate FRP beam strengthening systems with different fire insulation
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schemes and different fire events. Finally, the results of the numerical investigation were
plotted and presented in the form of design formulas. With the proposed design formulas,
the designer would be able to select the appropriate fire insulation scheme to achieve the
required fire resistance of FRP beam strengthening system. Based on the analysis of the
numerical investigation, the following observations are made:
1. The fire resistance of FRP beam strengthening system is directly related to the
conductivity of the insulation material. For the same fire insulation thickness, the
fire resistance of FRP system increased with decreasing the thermal conductivity.
2. Specific heat of fire insulation has a relatively minor influence on the fire resistance
of FRP system. This may be attributed to the fact that fire insulation layer is
relatively thin and has a low mass density and therefore, its capacity to store heat
energy as a form of temperature increase is limited.
3. The amount of moisture in the fire insulation layer greatly influenced the fire
resistance of FRP systems prepared using epoxy matrix with glass transition
temperature or heat deflection temperature higher than 212 °F (100 °C). The
moisture acted as a heat sink and absorbed significant amount of heat energy to
change its state from liquid to vapor. The process of evaporation delayed the
temperature rise in the protected FRP system and increased its fire resistance.
4. On the other hand, the amount of moisture in the insulation layer had a negligible
influence on the fire resistance of FRP systems prepared using epoxy matrix with
glass transition temperature lower than 212 °F (100 °C). The epoxy matrix failed
once the glass transition temperature was exceeded. The failure took place before
the evaporation of the moisture. This was more apparent in case of cemetitious fire
insulation than in the case of layered fire insulation such as gypsum boards.
5. Thickness of fire insulation layer was evaluated along with its thermal conductivity.
It was observed that a similar fire performance was achieved using different
thicknesses and different values for thermal conductivity provided that the ratio
between the thickness and the thermal conductivity was maintained.
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6. Likewise, density of fire insulation layer was evaluated along with its specific heat
and its thickness. It was observed that when the product of density, thickness, and
specific heat was maintained, the fire performance of different fire insulation layers
was analogous given that other material properties remained the same.
7. There was a strong relationship between the fire resistance of FRP system obtained
using ASTM E119 standard fire test and fire resistance obtained using different
standard fire tests. The relationship between different fire resistances was nearly
linear and can be expressed in the form of mathematical formulas.
5.4

Conclusions

Based on the observations from the experimental and numerical investigations, the main
conclusions of the current study are drawn as follows:
1. FRP beam strengthening system maintains its structural integrity until the
temperature of the strengthening system exceeds the glass transition temperature for
the organic epoxy matrix. Therefore, if the strengthening system is provided with a
properly designed fire insulation layer, its full structural capacity can be maintained
for extended time during fire events.
2. The glass transition, or heat deflection, temperature of the organic epoxy matrix is a
key factor in calculating the fire resistance of FRP beam strengthening system. It is
less likely to achieve a good fire resistance (more than an hour) for FRP beam
strengthening systems prepared using organic epoxy matrix with a glass transition
temperature lower than 212 °F (100 °C). On the other hand, FRP beam
strengthening systems prepared using organic epoxy matrix with glass transition
temperature higher than 212 °F (100 °C) are likely to achieve high fire resistance
(more than two hours) if a fire insulation layer is properly designed and provided.
3. It is therefore recommended that whenever fire is a concern, FRP beam
strengthening system shall be prepared using an organic epoxy matrix with glass
transition, or heat deflection, temperature higher than 212 °F (100 °C).
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4. Thermal properties of fire insulation layers greatly influence the fire resistance of
FRP beam strengthening systems. Moisture content and thermal conductivity in
particular govern the performance of the fire insulation layer. In addition, fire
insulation materials that can preserve moisture or contain combined water in their
molecular structures appear to be a suitable candidate for protecting FRP systems
against fire. The fire resistance of FRP system increases with increasing the
moisture content in the fire insulation layer provided that the glass transition
temperature for the organic epoxy is higher than 212 °F (100 °C).
5. Layered fire insulation such as gypsum boards appears to be more appropriate when
the glass transition temperature for the organic epoxy matrix is lower than 212 °F
(100 °C), while comparable cemetitious fire insulation promotes higher fire
resistance in case of organic epoxy matrix with glass transition temperature higher
than 212 °F (100 °C).
6. Fire insulation of FRP beam strengthening systems protected against fire using
different fire insulation layers can be calculated using mathematical formulas, given
in Chapter 4. The calculated fire insulation is defined as the elapsed time at which
the FRP beam strengthening system maintains its structural load carrying capacity
during a fire event according to ASTM E119 standard fire test.
7. Under a fire event, a properly insulated FRP strengthened concrete beam can
achieve higher service load carrying capacity, higher ultimate load carrying
capacity, and higher fire resistance than those of an uninsulated unstrengthened
concrete beam.
8. The fire resistance of FRP strengthened beam calculated based on ASTM E119
standard fire test is related to the fire resistance calculated using different standard
fire tests. The relationship can be expressed in mathematical formulas as given in
Chapter 4.
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5.5

Field Implementation

The designer can calculate the fire performance of certain FRP beam strengthening system
as follows:
1. Determine the time-temperature curve for the anticipated fire
2. Determine the equivalent required fire resistance according to ASTM E119
standard fire test. Generally, the requirements for fire resistance of the strengthened
member will be similar to those of surrounding structural members.
3. The level of stress in the FRP is not likely to affect the design. The design will be
based on the glass transition temperature of the epoxy matrix.
4. Based on the glass transition temperature of the epoxy matrix, select the appropriate
design formula for the fire insulation as given in Chapter 3.
5. Determine the thermal properties of the required fire insulation. Determine the
thickness of the fire insulation layer to achieve the required fire resistance. This step
can involve several trials before the final design.
6. The methodology can be reversed if the insulation scheme is given. The fire
resistance can be calculated based on the properties of the insulation scheme. If
higher fire resistance is required, consider using different epoxy matrix with higher
glass transition temperature.
FRP strengthened beam will be capable of supporting service loads and any additional
loads up to its maximum load carrying capacity until the glass transition temperature of the
epoxy matrix is exceeded. When the glass transition temperature is exceeded, the
strengthening system will eventually collapse causing a redistribution of the loads among
the surrounding structural members. However, by that time, it is expected that the
occupants are able to evacuate the building.
After quenching the fire, it is essential to determine the conditions of FRP beam
strengthening system and determine whether the system needs replacement or not. A
mandatory inspection shall be performed immediately after the fire event. The post-fire
inspection shall address different aspects and depend not only on visual inspection, which
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can be misleading in regard to the amount of debris from the burnt non-structural elements
and the amount of fumes escalating from the burnt building. Certain factors shall be looked
at when inspecting FRP beam strengthening systems. These factors are summarized as
follows:
1. The conditions of the fire insulation layer. If the fire insulation layer is severely
cracked and damaged, it is an indication that the heat found its way to the
strengthening system.
2. Burning of epoxy matrix, which is characterized by the release of a strong smell.
The smell of burnt epoxy can last for several hours after the fire event and can be
easily identified by inspectors.
3. The color of the strengthening system, which turns black in case of epoxy burning.
4. The conditions of fiber filaments. With the combustion of the epoxy matrix, fiber
filaments become loose. This is also associated with delamination of the fibers from
the concrete surface as well.
5. Deformation of structural member. Excessive deflection or deformation is an
indication for the failure of the strengthening system.
6. Load path. Inspectors shall determine the load path during the fire event by spotting
the failed structural members and perform redistribution for the existing loads for
the undamaged members.
7. Time and severity of fire. Endurance of fire shall be compared with the fire
resistance of strengthening system.
8. Maximum temperature of fire, amount of fuel in fire, length taken to fight fire.
Debris left behind fire can be utilized to determine the maximum temperature
achieved based on the burnt materials. For instance, measuring the charring depth
of timber exposed to the entire fire event can give an estimate for the severity of
fire.
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5.6

Recommendations for Future Research

The current investigation addressed the fire performance of FRP beam strengthening
systems under fire events. However, certain aspects are yet to be covered through future
research activities. Recommended objectives for future research activities include:
1. Studying the fire performance of FRP beam strengthening system prepared using
inorganic epoxy matrix.
2. Developing a relationship between standard fire test and actual fire events
3. Examining the fire performance of FRP strengthening systems applied to slabs and
columns.
4. Examining the fire performance of FRP strengthening systems applied to beams for
the purpose of shear strengthening.
5. Examining the post-fire performance of FRP strengthening system.
6. Developing a technique to avoid the sudden failure of the strengthening system
when the glass transition temperature of the epoxy matrix is exceeded in fire.
7. Developing a fire insulation system that can sustain impact loads and explosions.
8. Evaluating smoke and toxicity of FRP strengthening systems
9. Establishing standards and specifications for the use of different epoxy resins in
structural applications indoors and outdoors.
5.7

Intellectual Property

Through this research investigation, the hypothesis that FRP beam strengthening system
shall be ignored during fire event was proven inaccurate. FRP beam strengthening system
was proven to maintain its structural integrity during fire event when properly protected
against fire with a fire protection layer. In addition, the research investigation provides
designers with unique design guides developed specifically to address the fire resistance of
insulated FRP systems. The design guides will facilitate the deployment of FRP beam
strengthening systems through numerous field applications without jeopardizing the safety
of the structure or the occupants during fire events.
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Calibration Sheet for Thermocouple Wires
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APPENDIX II: Sample Numerical Input Files

Input File for beam B-U-O/A
*Heading
** Job name: BUOA-19 Model name: Model-1
*Preprint, echo=NO, model=NO, history=NO, contact=NO
**
** PARTS
**
*Part, name=Beam
*End Part
**
*Part, name=Stturip
*End Part
**
*Part, name=loadshell
*End Part
**
*Part, name=platesupp
*End Part
**
*Part, name=reinf
*End Part
**
**
** ASSEMBLY (NOT SHOWN)
**
*Amplitude, name=ASTME119
0., 20., 300., 537.778, 600., 704.444, 900., 759.444
1200., 794.444, 1500., 821.111, 1800., 843.333, 2100., 862.222
2400., 878.333, 2700., 892.222, 3000., 905., 3300., 916.111
3600., 926.667, 3900., 936.667, 4200., 946.111, 4500., 954.444
4800., 962.778, 5100., 970.556, 5400., 977.778, 5700., 984.444
6000., 990.556, 6300., 996.667, 6600., 1001.67, 6900., 1006.11
7200., 1010.
*Amplitude, name=Amp-2, definition=SOLUTION DEPENDENT
1., 0.1, 3000.
**
** MATERIALS
**
*Material, name=Concrete
*Conductivity
1.64222, 20.
1.58678, 50.
1.49765, 100.
1.3317, 200.
1.18215, 300.
1.049, 400.
0.93225, 500.
0.8319, 600.
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0.74795, 700.
0.6804, 800.
0.62925, 900.
0.5945,1000.
0.57615,1100.
0.5742,1200.
0.58865,1300.
0.6195,1400.
0.66675,1500.
*Density
2400.,
*Elastic
3.49e+10, 0.2, 20.
3.141e+10, 0.2,200.
2.79e+10, 0.2,400.
1.047e+10, 0.2,600.
5.58e+09, 0.2,800.
*Latent Heat
227000., 95.,200.
*Specific Heat
900., 20.
900., 100.
1000., 200.
1100., 400.
1100.,1200.
*Concrete Damaged Plasticity
30., 0.1, 1.16, 0.67,
0.
*Concrete Compression Hardening
3.44e+07,
0.
4.826e+07, 0.00162
100.,
0.003
*Concrete Tension Stiffening
3.44738e+06,
0.
2.41316e+06, 0.0004
1.37895e+06, 0.001
689475., 0.01501
68947.,
0.025
*Material, name=Concreteshell
*Conductivity
1.64222, 20.
1.58678, 50.
1.49765, 100.
1.3317, 200.
1.18215, 300.
1.049, 400.
0.93225, 500.
0.8319, 600.
0.74795, 700.
0.6804, 800.
0.62925, 900.
0.5945,1000.
0.57615,1100.
0.5742,1200.
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0.58865,1300.
0.6195,1400.
0.66675,1500.
*Density
2400.,
*Elastic
3.49e+10, 0.2, 20.
3.141e+10, 0.2,200.
2.79e+10, 0.2,400.
1.047e+10, 0.2,600.
5.58e+09, 0.2,800.
*Latent Heat
227000., 95.,200.
*Specific Heat
900., 20.
900., 100.
1000., 200.
1100., 400.
1100.,1200.
*Material, name=Steel
*Conductivity
53.334, 20.
50.67, 100.
47.34, 200.
44.01, 300.
40.68, 400.
37.35, 500.
34.02, 600.
30.69, 700.
27.36, 800.
27.3, 900.
27.3,1000.
27.3,1100.
27.3,1200.
*Density
7800.,
*Elastic
2e+11, 0.3, 20.
2e+11, 0.3, 100.
1.8e+11, 0.3, 200.
1.6e+11, 0.3, 300.
1.4e+11, 0.3, 400.
1.2e+11, 0.3, 500.
6.2e+10, 0.3, 600.
2.6e+10, 0.3, 700.
1.8e+10, 0.3, 800.
1.3e+10, 0.3, 900.
9e+09, 0.3,1000.
5e+09, 0.3,1100.
*Plastic
5.41e+08,
0.
6.55e+08, 0.00172
1.,
0.005
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*Specific Heat
439.802, 20.
487.62, 100.
529.76, 200.
564.74, 300.
605.88, 400.
666.5, 500.
759.92, 600.
700.263, 700.
803.261, 800.
650.444, 900.
650.,1000.
650.,1100.
650.,1200.
*Material, name=Steelplates
*Conductivity
53.334, 20.
50.67, 100.
47.34, 200.
44.01, 300.
40.68, 400.
37.35, 500.
34.02, 600.
30.69, 700.
27.36, 800.
27.3, 900.
27.3,1000.
27.3,1100.
27.3,1200.
*Density
7800.,
*Elastic
2e+11, 0.3
*Specific Heat
439.802, 20.
487.62, 100.
529.76, 200.
564.74, 300.
605.88, 400.
666.5, 500.
759.92, 600.
700.263, 700.
803.261, 800.
650.444, 900.
650.,1000.
650.,1100.
650.,1200.
**
** INTERACTION PROPERTIES
**
*Surface Interaction, name=IntProp-3
1.,
*Gap Conductance
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1.,0.
0.,1.
**
** PHYSICAL CONSTANTS
**
*Physical Constants, absolute zero=-273., stefan boltzmann=5.6697e-08
**
** BOUNDARY CONDITIONS
**
** Name: BC-1 Type: Displacement/Rotation
*Boundary
_PickedSet51, 1, 1
_PickedSet51, 2, 2
_PickedSet51, 3, 3
** Name: BC-2 Type: Displacement/Rotation
*Boundary
_PickedSet52, 1, 1
_PickedSet52, 2, 2
** ---------------------------------------------------------------**
** STEP: ambient
**
*Step, name=ambient, nlgeom=YES
*Static
1., 1., 1e-05, 1.
**
** LOADS
**
** Name: selfweight
Type: Gravity
*Dload
_PickedSet122, GRAV, 1., 0., -1., 0.
**
** OUTPUT REQUESTS
**
*Restart, write, frequency=0
**
** FIELD OUTPUT: F-Output-1
**
*Output, field, variable=PRESELECT
**
** HISTORY OUTPUT: H-Output-1
**
*Output, history, variable=PRESELECT
*End Step
** ---------------------------------------------------------------**
** STEP: Loading
**
*Step, name=Loading, nlgeom=YES, inc=400
*Static
1., 1., 1e-05, 1.
**
** LOADS
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**
** Name: LL
Type: Pressure
*Dsload
_PickedSurf135, P, 2.48977e+06
**
** OUTPUT REQUESTS
**
*Restart, write, frequency=0
**
** FIELD OUTPUT: F-Output-1
**
*Output, field, variable=PRESELECT
**
** HISTORY OUTPUT: H-Output-1
**
*Output, history, variable=PRESELECT
*End Step
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Smaple input file for beam B-DH-C/F
*Heading
** Job name: BDHCF-20 Model name: Model-1
** Generated by: Abaqus/CAE 6.9-2
*Preprint, echo=NO, model=NO, history=NO, contact=NO
**
** PARTS
**
*Part, name=Beam
*End Part
**
*Part, name=DHF
*End Part
**
*Part, name=Epoxy
*End Part
**
*Part, name=InsulationM
*End Part
**
*Part, name=loadshell
*End Part
**
*Part, name=platesupp
*End Part
**
*Part, name=reinf
*End Part
**
*Part, name=stt
*End Part
**
**
** ASSEMBLY (NOT SHOWN)
**
*Amplitude, name=ASTME119
0.,
20.,
300.,
537.777778,
704.444444,
900.,
759.444444
1200.,
794.444444,
1500.,
821.111111,
843.333333,
2100.,
862.222222
2400.,
878.333333,
2700.,
892.222222,
905.,
3300.,
916.111111
3600.,
926.666667,
3900.,
936.666667,
946.111111,
4500.,
954.444444
4800.,
962.777778,
5100.,
970.555556,
977.777778,
5700.,
984.444444
6000.,
990.555556,
6300.,
996.666667,
1001.66667,
6900.,
1006.11111
7200.,
1010.
*Amplitude, name=Amp-2, definition=SOLUTION DEPENDENT
1.,
0.1,
3000.
**
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600.,
1800.,
3000.,
4200.,
5400.,
6600.,

** MATERIALS
**
*Material, name=Concrete
*Conductivity
1.64222, 20.
1.58678, 50.
1.49765, 100.
1.3317, 200.
1.18215, 300.
1.049, 400.
0.93225, 500.
0.8319, 600.
0.74795, 700.
0.6804, 800.
0.62925, 900.
0.5945,1000.
0.57615,1100.
0.5742,1200.
0.58865,1300.
0.6195,1400.
0.66675,1500.
*Density
2400.,
*Elastic
3.49e+10, 0.2
*Latent Heat
227000., 85.,150.
*Specific Heat
900., 20.
900., 100.
1000., 200.
1100., 400.
1100.,1200.
*Concrete Damaged Plasticity
50., 0.1, 1.16, 0.67,
0.
*Concrete Compression Hardening
5.04e+07,
0.
6.02e+07, 0.00162
100.,
0.003
*Concrete Tension Stiffening
3.44738e+06,
0.
68947., 0.025
*Material, name=Concreteshell
*Conductivity
1.64222, 20.
1.58678, 50.
1.49765, 100.
1.3317, 200.
1.18215, 300.
1.049, 400.
0.93225, 500.
0.8319, 600.
0.74795, 700.
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0.6804, 800.
0.62925, 900.
0.5945,1000.
0.57615,1100.
0.5742,1200.
0.58865,1300.
0.6195,1400.
0.66675,1500.
*Density
2400.,
*Elastic
3.49e+10, 0.2, 20.
3.141e+10, 0.2,200.
2.79e+10, 0.2,400.
1.047e+10, 0.2,600.
5.58e+09, 0.2,800.
*Latent Heat
227000., 95.,200.
*Specific Heat
900., 20.
900., 100.
1000., 200.
1100., 400.
1100.,1200.
*Material, name=DHF
*Conductivity
53.,
*Density
240.,
*Elastic
2.2e+10, 0.2
*Plastic
1.13e+08,
0.
1., 0.00514
*Specific Heat
439.,
*Material, name=Epoxy
*Conductivity
50.,
*Damage Initiation, criterion=QUADS
3.44738e+06, 3.44738e+06, 3.44738e+06
*Damage Evolution, type=DISPLACEMENT
1e-05,
*Density
1000.,
*Elastic, type=TRACTION
2.8e+13, 2.8e+13, 2.8e+13
*Specific Heat
500.,
*Material, name=Grancrete
*Conductivity
0.25,
*Density
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1200.,
*Elastic
2e+06, 0.2
*Latent Heat
865000.,100.,105.
*Specific Heat
850.,
*Material, name=R
*Conductivity
53.,
*Density
1000.,
*Elastic, type=ENGINEERING CONSTANTS
280000., 280000., 2.8e+09,
0.,
2.8e+09
2.8e+09,
20.
280000., 280000., 2.8e+09,
0.,
2.8e+09
2.8e+09,
60.
280000., 280000., 2.8e+09,
0.,
2.8e+09
2.8e+09,
120.
*Plastic
3.44738e+06, 0., 20.
3.44738e+06, 0.,100.
34473., 0.,121.
*Specific Heat
439.,
*Material, name=Steel
*Conductivity
53.334, 20.
50.67, 100.
47.34, 200.
44.01, 300.
40.68, 400.
37.35, 500.
34.02, 600.
30.69, 700.
27.36, 800.
27.3, 900.
27.3,1000.
27.3,1100.
27.3,1200.
*Density
7800.,
*Elastic
2e+11, 0.3, 20.
2e+11, 0.3, 100.
1.8e+11, 0.3, 200.
1.6e+11, 0.3, 300.
1.4e+11, 0.3, 400.
1.2e+11, 0.3, 500.
6.2e+10, 0.3, 600.
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0.,

0., 280000.,

0.,

0., 280000.,

0.,

0., 280000.,

2.6e+10, 0.3, 700.
1.8e+10, 0.3, 800.
1.3e+10, 0.3, 900.
9e+09, 0.3,1000.
5e+09, 0.3,1100.
*Plastic
5.41e+08,
0.
6.55e+08, 0.00189
1.,
0.005
*Specific Heat
439.802, 20.
487.62, 100.
529.76, 200.
564.74, 300.
605.88, 400.
666.5, 500.
759.92, 600.
700.263, 700.
803.261, 800.
650.444, 900.
650.,1000.
650.,1100.
650.,1200.
*Material, name=Steelplates
*Conductivity
53.334, 20.
50.67, 100.
47.34, 200.
44.01, 300.
40.68, 400.
37.35, 500.
34.02, 600.
30.69, 700.
27.36, 800.
27.3, 900.
27.3,1000.
27.3,1100.
27.3,1200.
*Density
7800.,
*Elastic
2e+11, 0.3
*Specific Heat
439.802, 20.
487.62, 100.
529.76, 200.
564.74, 300.
605.88, 400.
666.5, 500.
759.92, 600.
700.263, 700.
803.261, 800.
650.444, 900.
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650.,1000.
650.,1100.
650.,1200.
**
** PHYSICAL CONSTANTS
**
*Physical Constants, absolute zero=-273., stefan boltzmann=5.6697e-08
**
** BOUNDARY CONDITIONS
**
** Name: BC-1 Type: Displacement/Rotation
*Boundary
_PickedSet51, 1, 1
_PickedSet51, 2, 2
_PickedSet51, 3, 3
** Name: BC-2 Type: Displacement/Rotation
*Boundary
_PickedSet52, 1, 1
_PickedSet52, 2, 2
** ---------------------------------------------------------------**
** STEP: ambient
**
*Step, name=ambient, nlgeom=YES
*Coupled Temperature-Displacement, creep=none, steady state
1., 1., 1e-05, 1.
**
** LOADS
**
** Name: slefweight
Type: Gravity
*Dload
_PickedSet83, GRAV, 1., 0., -1., 0.
**
** INTERACTIONS
**
** Interaction: Int-1
*Sradiate
_PickedSurf238, R, 20., 0.85
**
** OUTPUT REQUESTS
**
*Restart, write, frequency=0
**
** FIELD OUTPUT: F-Output-1
**
*Output, field, variable=PRESELECT
**
** HISTORY OUTPUT: H-Output-1
**
*Output, history, variable=PRESELECT
*End Step
** ---------------------------------------------------------------**
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** STEP: Loading
**
*Step, name=Loading, nlgeom=YES, inc=500
*Coupled Temperature-Displacement, creep=none, steady state
1., 1., 1e-05, 1.
**
** LOADS
**
** Name: Load-1
Type: Pressure
*Dsload
_PickedSurf66, P, 2.68123e+06
**
** OUTPUT REQUESTS
**
*Restart, write, frequency=0
**
** FIELD OUTPUT: F-Output-1
**
*Output, field, variable=PRESELECT
**
** HISTORY OUTPUT: H-Output-1
**
*Output, history, variable=PRESELECT
*End Step
** ---------------------------------------------------------------**
** STEP: ASTMfire
**
*Step, name=ASTMfire, nlgeom=YES, inc=500
*Coupled Temperature-Displacement, creep=none, deltmx=25.
10800., 10800., 0.108, 10800.
**
** INTERACTIONS
**
** Interaction: Int-1
*Sradiate, amplitude=ASTME119
_PickedSurf238, R, 1., 0.85
**
** OUTPUT REQUESTS
**
*Restart, write, frequency=0
**
** FIELD OUTPUT: F-Output-1
**
*Output, field, variable=PRESELECT
**
** HISTORY OUTPUT: H-Output-1
**
*Output, history, variable=PRESELECT
*End Step
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