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Abstract

This study discusses the using of Slurry Infilirated Fiber Concrete
(SIFCON) as shear strengthening materials for normal and high strength
lightweight reinforced concrete beams through using lightweight expanded
aggregate (LECA) as a coarse aggregate in the reference mixture. The aim of
thestudyis to provide aneffective high-performance construction
material utilized in strengthening process of fire damaged lightweight

concrete beams.

The experimental section in this study passed into main three stages. The
first stage included an investigation the behavior of normal and high strength
(LWA) concrete beams after exposed to high temperature (600°C). For this
purpose, a total of twenty-eight specimen with dimension of (150mm x200mm
x2000mm). The second stage involved a post-development procedure for
jacketing fire-damaged beams with SIFCON material layer was also examined.
Aside from the reference samples, several parameters of concrete beams and
conditioning were investigated, including duration of fire exposure, cover
of concrete, and thickness of SIFCON jacket. The primary factors in this
investigation were two concrete cover 20mm and 30mm, half and one-hour fire
duration exposure, and two SIFCON layer thicknesses 20mm and 30mm. The
heat gradient through the beam cross section was measured by embedding
thermocouples sensors in various locations inside the beam. The physical and
chemical properties were tested for all used materials in this study. Overall,
twenty-eight concrete beam samples were tested for all the three phases (high
and normal references, fire damaged samples, and post enhancement with
SIFCON jacket). The level of comparison for the test specimens was
concentrated on various parameters, including ultimate load capacity and
corresponding displacement, ductility index, cracking load, stiffness (initial

and secant), and energy absorption. The experimental test findings obtained as



part of this study revealed a significant enhancement for the strengthened
beams when compared to the damaged samples. Furthermore, the results
demonstrated that, excluding the absorption energy, the strengthened beams
were recovered as well as similar and more than the undamaged (reference
beam) in terms of the parameters indicated. According to the test findings, all
of the strengthened beams with SIFCON jackets had a good load carrying
capacity. After burning the load-carrying values of damaged beams were
reduced. The decay rate for the NSC and HSC beams of (20 and 30) mm
concrete cover were (24.4 and 20.5) % and (41.56 and 35.6) % respectively.
While for the strengthening beams the carrying capacity were increased
significantly, forthe NSC the increment was between (159 and 207) %, and for
HSC was between (180 and 220) %. Furthermore, the SIFCON jackets used as
external strengthening avoided brittle shear failure and raised the ultimate shear
strength of strengthened specimens. Finally, a simulation theoretical
expression was conducted through constructing of finite element model (FEM),
modelling and simulation the concrete beams that experimentally tested in the
lab and ensure the accuracy of the results. Such approach, which is called
numerical validation by using ABAQUS program with an acceptable absolute

error of less than 15%.
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Chapter 1. Introduction

1.1 Overview

n many new structures, the need for lightweight concrete is on a rise
I because of the advantages of the low density of load-carrying parts and
small cross-sections which resulted in a decrease in the size of the construction
foundation (Babu&Babu,2003). The lightweight aggregates are obtained
naturally from volcanic cinders, diatomite, etc., or artificially from clay,
sintered, etc. The mentioned lightweight aggregate is normally used to produce
lightweight concrete (Kili¢ etal., 2003). This concrete has several advantages
such as an improved strength/weight ratio, higher tensile capacity, and reduced
thermal expansion owing to the higher air voids content in the concrete.
Lightweight concrete production growth has accelerated. Nowadays, this
concrete is produced in different varieties ranging from low-density concrete
such as block manufacturing with densities up to 1200 kg/m? to high-density
concrete with densities of up to 2000 kg/m3 that have a compressive strength of
up to 100 MPa (Topcu & Uygunoglu, 2007).

During fire incidents, the concrete is exposed to a significantly elevated
temperature which leads to a significant loss in the properties of the concrete
like compressive strength and ductility. Besides, a significant increase happens
in the internal stress due to the vapor pressure in the pores which generates
cracks of various sizes and lengths, particularly at high temperatures of more
than 550°C. At high temperatures like 550°C, Dehydration of calcium
hydroxide takes place and aggregates start to weaken. At higher temperatures
(700°C or above), the binding materials like hydrated cement (C—S—H) start to
disintegrate which results in a significant loss in the mechanical properties
(stiffness and compressive strength) of reinforced concrete (RC). Besides, the

concrete suffers from losses in the bonds between the aggregate and the cement
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paste which leads to the development of cracking and the concrete starts to
dramatic lay deteriorate. As a consequence, the capacities of the structural
components cannot handle dead and living loads unless they are reinforced
Which is broadly agrees with the opinions of the following researchers,
(Alarcon-Ruiz et al., 2005; Haddad&Shannis, 2004)

The only viable approach for regenerating structural capacity would
often be to replace heat damaged components. Many aspects should be
addressed carefully for carrying out repairs for fire-damaged components,
including damage size, component shape, repair materials, cost, time, and
the functions of the component. Although many research studies have already
been carried out on RC's structural restoration (Khalif& Nanni, 2002;Ashour,
El-Refaie & Garrity, 2004;Adhikary & Mutsuyoshi, 2006). The work on the
restoration of heat-damaged structures is scarce. For example, examined the
performance of RC columns that are repaired after exposure to high
temperatures. The authors exposed eleven columns to high temperatures and
used fresh cast-in-place concrete to repair the damaged columns. The
performance of the reference and strengthened columns in terms of ultimate
strength and stiffness were tested using eccentric axial loads. The researchers
reported that most strengthened columns have either recovered their original
preference or even achieve improved performance in terms of stiffness than
reference columns. (De Lange, 1980), onthe other hand, studied the efficiency
of special repair techniques that were employed in St. Elizabeth Hospital in
Holland after an intense fire incident. The authors reported that the consultant
team found that if suitable repair approaches were followed there is no need for
taking down the hospital. Three approaches were applied, which included
epoxy injection, shotcrete repairs, and stiffening, to restore the performance of
the structural members of the hospital structure.

The repairs of damaged concrete members normally take place either by

building exterior RC support or shotcrete jackets or by attaching steel plates
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using epoxy to the damaged component etc. (Ng &Tan,2006). A new method
includes replacing the steel plates with fiber-reinforced polymers (FRP) or
composite materials as a laminate like carbon and glass fiber reinforced
polymer. The use of high-performance fiber-reinforced cement composites in
structural repairs and restoration of RC components has recently become
increasingly important (Krstulovic-Opara & Al-Shannag, 1999; Shannag &
Al-Rousan, 2004). The high strength-to-weight, enhanced toughness, superior
durability, and cost-effectiveness of composite materials offer exceptional
properties to replace conventional repair materials.

Using composites in structure restoration projects may significantly
reduce maintenance needs, improve safety and extend the service life of the

structure.

1.2 Slurry Infiltrated Fiber Concrete (SIFCON)

SIFCON matrix is a flowing cement mortar or slurry of high cementitious
content with no coarse aggregates. It may have fine/coarse sand, which is very
different from the concrete in fiber-reinforced concrete (FRC). So, the
preparing technique of SIFCON is different from FRC. The FRC is made by
mixing the fiber with the fresh concrete. While the SIFCON is produced by
replacing the fibers in the molds until it's filled and the cement slurry is then
added to the fiber in the mold. If required, vibration is applied throughout to
make sure the slurry infiltrates the fiber network (Deepesh & Jayant, 2016;
Ali, 2018).

SIFCON is also known as a high-performance fiber-reinforced
cementitious composite (HPFRCC). The HPFRCC normally contains a fraction
of fibers. From Figure (1-1), it can be seen that higher fibers content (Figure
1-1, b) leads to multiple cracks in all directions in structural members under
tension. On the other hand, low fibers content in a structural member under

tension (Figurel-1, a) leads to the generation of a single crack only. Therefore,
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A strengthening in the concr

ete is achieved by a greater fiber volume and this

is done in a similar way to strain hardening in parallel with the cracking process.

Lastly, failure is located in one crack process and the concrete is weakened

(Elnono etal., 2009).
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Figure 1-1:Behavior of HPFRCC against FRC (Naaman, 2003).

To improve the performance of the SIFCON, the slurry can be produced

using mineral and chemical admixtures like superplasticizer (SP), fly ash, and

silica fume (Sonebietal., 20

04). Toensure proper slurry infiltration of the fiber

bed, vibration is often necessary (Wang & Maji, 1994).

Based onscientific res

earch, it can be deduced that the SIFCON has very

good mechanical properties, where its enhanced tension, compression and shear

strengths, and optimized ductility and energy absorption capabilities (Sonebi

et al., 2005). These properties are affected by several factors including

(Vijayakumar & Kumar, 2

017):
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I. The strength characteristics of the cement slurry.
ii. The volume of fiber in the SIFCON.
li. The installation of the fiber and its alignment.

Iv. The type and properties of the fiber.

1.3 Historical Background

In order to assure a ductile flexing failure mode under severe load, a
reinforced concrete beam must be constructed to acquire its full flexural
strength. Accordingly, a structural member has to have a safety factor for
potential failures due to other reasons which are more severe and less
anticipated than flexing failures. Shear failure is one kind of failure mechanism
that should be avoided as it has a catastrophic consequence. Unlike flexural
failure, shear failure could suddenly happen without any signs of deterioration.
While the flexural failure happens progressively which has several signs like
clear deflection and cracking. Thus, in order to ensure ductile flexural failure,
concrete members must be adequately protected and strengthened against shear
failure in the shear zone (Sharif etal.1994).

The strengthening of the structural components against shear is nowadays
one of the key issues faced by the construction sector. First, models have been
built to determine RC beams' shear capacity taking into consideration the shear
force transferred inside the beams and failure mechanisms. Second, The shear
strength of reinforced concrete components was enhanced by using new
methods and techniques (Oluokun &Haghayeghi, 1998). Recently, the repair
and enhancement of existing buildings are considered major civil engineering

problems. The main causes for structural repairing and strengthening are:
e Toendure underestimated loads,
e Improve the load-carrying capacity,

e Reduce early failure,
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e Recoverreduced mechanical properties owing to various damages
such as an earthquake.

The improvement strategy of damaged structures can result in
considerably enhanced properties (durability, ductility, and strength) and
cheaper than conventional building procedures. The most common types of
HPFRCC in the market as SIFCON (Abdollahi et al., 2012), steel Fiber
Reinforced Concrete (SFRC) and Slurry Infiltrated Mat Concrete (SIMCON)
(Naaman, 1992). Since the early eighties, the SIFCON has been employed in
the construction sector effectively even though it is still a rather new material
(Gilani, 2007). Common SIFCON applications include:

1- Earthquake resistant: scholars examined the implementation of precast
SIFCON hinges to increase the seismic resistance of concrete. The SIFCON
hinges are used to show the deformation in a beam section where plastic
bending happens. Engineers also used plastic hinges in earthquake engineering
as a kind of energy restraining apparatus permitting plastic deformation. For
instance, these hinges are used as development in seismically resistant
constructions of the ductile concept design. Energy will disperse without
collapsing the remainder of the structure through plastic deformations of certain
areas near the end of the member.

The reinforced SIFCON hinges are undoubtedly verified to be
performing better than reinforced concrete hinges. Studies have also
demonstrated that SIFCON is substantially stronger than standard fiber
concrete when used in cast-in-place systems in framing systems (Naaman et
al., 1987; Long & Bergad, 2004). Figure (1-2) shows how SIFCON joints are

applied to seismic-resistant frames.
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Figure 1-2: SIFCON joints in the structural system (Naamanet al., 1987).
2- Restoration and retrofit: SIFCON serves as the ideal repair material as it
Is compatible with reinforced concrete in terms of stiffness and dimensional
changes due to temperature. Accordingly, SIFCONIs largely implemented to
mending prestressed concrete members such as beams (Gilani, 2007).

3- Bridge deck and pavement overlay: The New Mexico Engineering
Research Institute has recently employed the SIFCON to rebuild decking on
three interstate road bridges in Albuquerque, New Mexico Plate (1-1). The
gravity flow alone achieved the slurry infiltration step (no vibration) (Lankard,
1984). Rehabilitation of the pavement is comparable to the rehabilitation of the
bridge deck, although repair areas are usually vast of primarily compressive
loading pattern. The installation procedure is identical to repairs to bridge decks
Plate (1-2) (Gilani, 2007).

P —
. e

(b) SIFCON application pavement overlay (Gilani, 2007).
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Plate (1- 2) SIFCONwas used ft;rthe constructlon ofa deck overlay
of a bridge over the River Sava at Globoko, Slovenia (Sustersi¢ & Zajc,
2012).
4- Precast products: Many precast concrete products have been produced
using SIFCON like slabs, vaults, and pipe sections (Ali, 2018).
5- Explosive-resistant: SIFCON is also applied to buildings designed to resist
explosive impact. The SIFCON has considerably high ductility, flexural and
compressive strengths. SIFCON also has demonstrated great resistance to
missile impact on structures (Ali, 2018).
6- Refractory resistance: SIFCON has high refractory resistance. Therefore.
It was successfully applied in construction exposed to high temperatures seal
plates and furnace lintels (Lankard, 1984).

1.4 Lightweight Concrete Members (LWC)

In modern construction, LWC has been introduced as a significant and
useful material. Many technological and economic motivations have led to the
current progress in terms of LWC usage in construction. There are several
advantages to the usage of lightweight concrete. It has a low density compared
to other concrete types which means that the size of the foundation can be
reduced due to the reduction in the dead weight of the building. Besides,
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without the need to adjust production techniques, the dimensions of
any components may be enlarged. In addition, an element's geometric shape
might be simplified considerably without increasing its weight (Lytag UK,
2011).

Conversely, lightweight aggregates have weaker mechanical properties
compared to traditional aggregates. The cracks developed in LWC can easily
pass through lightweight aggregate with minor resistance. The tensile failure is
normally initiated within the aggregate particles as well as the concrete paste
surrounding the aggregates. The LWC is considered weaker when compared to
normal weight concrete (NWC) as the intensity and the width of the crack are
higher in LWC. Besides, LWC's cracking load or tensile strength is much lower
than that of the NWC of the same concrete grade. Thus, cracking propagation
in LWC also affects the LWC characteristics such as shear capacity, bonding
between steel and concrete, and anchoring strength (Clarke, 2002). Over recent
decades, LWC has been widely employed (Aljaafreh,2016). The main
structures built using LWC in the past 30 years are summarized in Table (1.1).
This type of concrete usage is expected to expand significantly over the coming
few decades as the decline the characteristics of the structures developed using
LWC can be retrofitted.

Table 1-1: Major projects implemented LWC over the last three decades
(Zareef, 2010).

Major Project Year| Density| Concrete Grade
Kg/m? (MPa)
Auditorium Maximum, Germany 1994 1600 25
Amts- and Landgericht, Frankfurt/Oder, Germany 2006 1200 15
Gartmann Family House, Switzerland 2004 1100 8
German Technical Museum, Berlin, Germany 2001 1400 25
House of Youth Center, Berlin, Germany 2001 1200 15
MPU Heavy Offshore Lifter, Rotterdam, Netherland | 2009 1250 35

1.5 Standard Fire Curve (ISO 834)
Standard, heating conditions, test steps, and criteria for the measurement

of the fire endurance of building construction elements in different categories
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are specified by International Standard ISO 834. This testing technique allows
the fire resistance of construction elements (walls, columns, beams, floors, and
roofs) to be determined based on the time length for which the test samples
satisfy the specified criteria. The ISO 834 standard indicates that the rise in

furnace temperature of the test sample is subject to the equation shown below:

T =345 logyo (8+t + 1) + To (1-1)
Where:

t =time, in (minutes),

T = temperature of furnace at time (t), in (°C), and

T, =Initial furnace temperature, in (°C).

Values obtained from the above relationship are presented in Table (1-
2). The curve representing this relationship between the time and temperature
which is called the standard time-temperature curve is presented in Figure (1-
3).

Table 1-2:Time-temperature data for the ISO 834 standard fire curve.

Time (t) | Temp. (T)| Time (t) | Temp. (T)| Time (t) | Temp. (T)
(min.) (°C) (min.) (°C) (min.) (°C)
576 902 997
678 918 1006
739 932 1014
781 945 1022
815 957 1029
842 968 1036
865 978 1043
884 988 1049

10
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Figure 1-3: Standard fire curve for the 1SO 834.
The specimen'’s fire resistance represents the time (in minutes) of heating
until failure occurs, and is defined by one of the following specifications:

« Load-bearing capacity: failure occurs when the test sample collapses in
such a manner that it no longer performs the load-bearing function which it
was intended.
» Insulation: the failure happens in construction elements that separate two
building parts (e.g., floors and walls) in three cases. One, the temperature on
the unexposed face rises by more than (140°C) over the initial temperature.
Two, the maximum temperature rises more than the initial value by over
180°C at any point on the unexposed surface. Three, the unexposed surface
temperature exceeds 220°C.
« Integrity: construction elements like floors and walls collapse occurs when
the element shows holes, cracks, or other openings that hot gasses or flames
may pass. This can be tested by using standard cotton pads or observation.
The element loses its integrity if cotton pads with 100 mm2 in area of 20 mm
thickness are ignited when held at a distance up to 30 mm from any opening
on the unexposed side. Similarly, the element loses its integrity when
sustained flaming of at least 10-sec duration appears on the unexposed side.

11
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1.6 Fire Damaged Assessment of Lightweight Concrete

Concrete is an excellent structural material that can be utilized to display
strong strength and reaction when a fire occurs for construction. It does not add
to the fire load as a building material. It offers important properties (fire
prevention as thermal insulation) which are essential to minimize fire spreading
across compartments without the need for extra protective materials. Therefore,
concrete is suitable to maintain escape routes and fire structural integrity when
compared with other construction materials. Thus, the use of concrete in fire
protection construction is dependable and cost-effective.

Concrete buildings have excellent fire resistance and can have a very high
residual strength. In most circumstances, concrete could be re-used based on
the condition of a building after a fire, the remaining load capacity, acceptable
remaining displacements, and the load usage level. The function of a structural
element is a major step in assessing the damage. The damage and implications
on the load-bearing capability of a structure must be properly assessed. A small
percentage of the overall repair expense of a building was estimated to be
related to the costof the structural repair.

Visual examination is the main mode for on-site investigations that are
implemented to categorize the degree of damage for each member. Visual
damage related to heat includes breakdown, bending, cracking of surfaces,
color alteration, and smoke. The (Concrete Society,1990; Smart,1999)
developed a surveying scheme to be used to inspect concrete structures as
shown in Table (1-3). Each structural component is assigned to a damage class
from 0 to 4 using visual inspection and each class has a suitable repair category
from decorating to severe repair.

12
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Table 1-3: Classification of fire damage classification(Concrete
Society,1990; Smart,1999).

Observed
Member
‘ Class of ‘ Finishes ‘ Color Crazing Spalling Reinforcement Cracks ‘Deﬂection
damage bars
0
pEE S Unaffected | Normal None None None exposed None None
required
1
Superficial Some Normal |  Slight Minor Noneexposed | None None
repair peeling
required
2 .
LR Substantial | Pink | Moderate | Localized | Upto 25% None | None
repair loss exposed
required
3
Principal Totalloss | "M | Eviensive Consider Up to 50% Minor | None
repair grey -able exposed
required
4
Major repair Surface Almost . .
required Destroyed |  Buff lost ofal Up to 50% Major | Distorted
exposed

1.7 Significance of The Research
Reparation of concrete structures is crucial as it is not only extending their
life but also rehabilitates their function after they have been damaged in

exceptional cases like earthquakes and fires.

SIFCON has been used all over the world in the construction and
reparation of structures exposed to explosives and other effects despite its high
cost. The SIFCON has improved durability and mechanical properties
compared to conventional FRC. SIFCON steel fibers are the same as
conventional fiber concrete having several lengths and diameters. The SIFCON
fibers can also deform to a certain level to enhance the mechanical bonding
between structural members. Researchers and developers from around the
world have increasing interest in using LWC for a long time. They showed that
LWC can be manufactured in a wide variety of strengths and densities which

offers a wider area of application in civil development and infrastructure.
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The influence of fire on ordinary and reinforced concrete elements was
investigated by many scholars through subjecting those elements to elevated
temperatures in specialized burners or through direct contact with fire. The
scholars examined the change in concrete properties like strength and
deformation due to the effect of increased temperatures. But little research
investigated the impact of direct fire on the behavior of lightweight normal
strength (LWNSC) and high strength (LWHSC) reinforced concrete beams
which are strengthened or repaired using U-shaped SIFCON thin jackets as
external shear reinforcement. Accordingly, this research was conducted to
examine the effects of using externally applied U-shaped thin jackets of
SIFCON on the shear behavior of (LWRC) beams with and without burning.
The LWRC manufactured using NSC and HSC grades. Research validity is
assessed experimentally by assessing the efficacy of the repaired beams using

two-point loading.

The importance of the research is summarized by preparing and studying
the behavior of several models of beams with different characteristics and
scenarios, which leads to covering the impact of most variables on beams
behavior before and after exposure to burning. The models were as closest to
practical conditions as possible to cover the limited researches on using
SIFCON to repair the fire-damaged LWRC. To simulate real fire, a set of
methane burners were used to subject normal and high LWRC beams to a real

fire flame.

1.8 Objectives of This Study

Depending on reviewing of the previous researches and studies, no
research investigated the effects of applying a U-shaped thin jacket made from
SIFCON on the behavior of fire-damaged LWRC beams. As a result, the
necessity for extensive research on the development and usage of SIFCON thin
jackets to repair and strengthening of damaged regions after burning prompted

14
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this study. This includes investigating (experimentally and theoretically) the
contribution of several parameters like the grade of concrete, concrete cover,
the thickness of the SIFCON jacket, and fire duration on the performance of the
repaired LWRC beams. This study also focuses on evaluating the behavior of
NSC and high-strength LWC concrete beams with and without burning. The

following objectives are defined to fulfill the aims of this research:

1- Investigating the impact of fire on the mechanical properties of lightweight
concrete specimens like compressive, tensile, and flexural strength as well as

elasticity modulus.

2- Offering a comprehensive review of literature about the impact of fire on the
load-carrying capacity of lightweight reinforced NSC and HSC beams (P,) as
well as comparing the results with the bearing capacity of strengthened beams
using U-shaped SIFCON jackets.

3- Examining the effect of the concrete cover and compressive strength of the
LWRC beams as well as the fire duration on cracking properties like width,
length, and location. This also includes investigating the deformation properties
as well as the impact of loading on the deflection of the beams.

4- Investigating the stiffness, ductility, and energy absorption performance of
the LWRC beams which as strengthened and repaired using U-shaped SIFCON
thin jackets after fire exposure.

5- Exploring the impact of concrete cover on the enhancement of fire resistance

performance of the LWRC beams.

6- Using non-destructive tests (Schmidt rebound hammer and ultrasonic pulse
velocity) to examine the degree of damage that occurs in the beams as a

consequence of fire exposure.

7-Evaluating the maximum temperature distribution along the concrete cross-

section.

15



Chapter one Introduction

8- Simulating the interface behavior and shear capacity of NSC, HSC, and
LWRC beams using finite element (ABAQUS software) to estimate the failure
modes and shear strength of LWRC beams after burning. The experimental and
theoretical results of this research were compared with the prediction model

findings.

1.9 Thesis Layout

Six chapters are included in this dissertation to achieve the goal of this
research:

e Chapter One (Introduction)

This chapter offers background about the subject of this research. it also
presents the goal and objectives of this research study.

e Chapter Two (Literature Review)

This chapter investigates the findings of previous scientific research into
the properties of LWC and SIFCON, as well as the performance of

structural parts after burning.

e Chapter Three (Experimental Program)
In this chapter, the materials and the methods adopted in this research are
presented and discussed. This includes mixes proportions, casting
methods, testing setup, and the instrumentation used to develop and test
LWRC and SIFCON. The variables that influence the behavior of the
LWRC beams are presented.

e Chapter Four (Results and Discussion)

The outcomes of this research about the performance of LWRC beams
that were strengthened and repaired using U-shaped thin jackets of
SIFCON after burning are presented and discussed in this chapter.

e Chapter Five (Numerical Simulation)

The present chapter addresses the construction, via ABAQUS/Standard

2016, of a non-linear finite element model that simulates the behavior of
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normal and high strength LWC beams both with and without fire
exposure. In addition, a comparison of experimental and theoretical

outcomes is presented in this chapter.

e Chapter Six (Conclusions and Recommendations)

This chapter offers a comprehensive conclusion about the results of the

research as well as recommendations.
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Chapter two Review of literature

Chapter 2. LiteratureReview

2.1 Introduction

This chapter discusses the literature relating to this study. The background
and definition of lightweight concrete (LWC), mechanical properties of
lightweight concrete, the influence of fire flame on concrete members, the
characteristics of lightweight concrete and steel reinforcement at high
temperatures, the performance of concrete beams before and after fire exposure,
past experimental and theoretical research into concrete beam fire performance,
SIFCON concrete definition, SIFCON concrete preparation, ingredients and
mix proportion, and the effect of using SIFCON as a strengthening material on
the structural behavior of lightweight concrete beam are all covered in this

literature review.

2.2 Developmentof Modern Lightweight Structural Concrete
Lightweight concretes are not a new development in construction
materials. They have already been known since ancient times and are the
forerunners of today's concrete. As during early Roman Empire, the oldest
lightweight concrete references in Europe were erected two thousand years ago.
The use of lightweight concrete was limited following the fall of the Empire
due to the paucity and irregularity of natural, volcanic materials. The
developing and producing of artificially created lightweight aggregate was a
major turning point in material technology in the nineteenth and twentieth

centuries (Lamprecht, 1996).

(Chandra&Berntsson,2002) stated that in 1920, the first commercial
facility for the production of expanded aggregates was created in Kansas, USA.
The uniform quality and composition of industrially produced aggregates has
been shown to be superior than natural aggregates. At that time, Larger slate
was used as aggregate in lightweight concrete in the construction of numerous
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bridges. More than 200 lightweight concrete bridges have already been built in
the United States of America during the last fifty years (Holm& Ries,2007).
The usage of lightweight concrete in construction applications increased in the
mid-twentieth century. As a result, multi-story large structures like Chicago's
Prudential Plaza and the Marina City Towers were constructed. Lightweight
concrete, onthe other hand, was increasingly used for structural purposes, while
purposeful adaption of lightweight concrete by architecture remained mostly
isolated according to (Raithby& Lydon, 1981).

In Germany, technical standards for concrete construction have been
updated since the 1990s. Because of these new regulations, as well as
continuous technological and scientific advancements, the usage of lightweight
concretes has increased. However, the number of cases performed remained
rather modest. Recent advancements attempt to further reduce concrete density
while retaining adequate and as high as possible strength. In recent years,
monolithic structures made with fair faced lightweight concretes in the lowest
strength and density classes have gained popularity in Europe. These designs
enable the construction of a finished wall in a single process, eliminating the
need for multi-layer wall systems (EC2, 1995). The decision to use a large
lightweight concrete wall is typically prompted by a desire to make a one-of-a-
kind building that can be easily shaped while utilizing the creative potential of
exposed concrete. Moreover, the physical properties of lightweight concrete,
such as low density, superior building physics, and high fire resistance, are
significant qualities of a potential material, as is its outstanding longevity.
(Faresetal., 2015).

Light weight concrete has gained popularity in recent years owing to the
several benefits it provides versus normal concrete. A greater knowledge and
development of new technology has also contributed to the marketing and

usage of light weight concrete.
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2.3 Properties of Light Weight Concrete

Lightweight concrete has an oven dry density of 300 to 2000 kg/m3, a
cube compressive strength of 1 to 60 MPa, and thermal conductivities of 0.2 to
1.0 W/mK. These values are comparable to those for normal weight concrete,
which range between 2100 and 2500 kg/m3, have a compressive strength of 15
to 100 MPa, and have a specific gravity of (1.6-1.9). There are three varieties
of light weight concrete: no-fines concrete, aerated concrete, and light weight
aggregate (Newman & Choo, 2003).

2.4 Classification of Lightweight Concrete
Light weight concrete can be classified into the following types based on
its manufacturing method:

1. Light Weight Aggregate Concrete: It is produced of porous light weight
aggregate with a specific gravity below 2.6.

2. Cellular, Aerated, Gas or Foamed concrete: This type of concrete is created
by adding larger spaces into the mortar or concrete. Fine voids created by air
entrainment must be segregated from these gaps.

3. Concrete of No fines: This concrete type is made by removing the fine
aggregate in the mix, resulting in a significant number of interstitial spaces.
Coarse aggregate of normal weight is utilized in this concrete. In essence, the
existence of voids in the mortar, aggregate, or the interstices between coarse
aggregate particles causes the density of the concrete to drop in each process.
When compared to standard weight concrete, the existence of voids diminishes
the strength of light weight concrete. Figure (2-1) depicts a schematic of the

main procedures used to produce lightweight concrete.
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No fine Aggregate Cellular or aerated Lightweight aggregate
Figure 2-1: Basic types of Lightweight concrete (Newman & Choo, 2003).

Lightweight concrete can even be classified according to its usage and

strength, as described in the following:

1. structural concrete: The 28-day cylinder compressive strength of this
concrete should not be less than 17 MPa. Its density should not exceed 1840
kg/m3. It should be in the range of 1400 to 1800 kg/m3.

2. masonry concrete or non-load carrying concrete: The 28-day cylinder
compressive strength of this concrete must be between 7 and 14 MPa. Its
density ought to be between 500 and 800 kg/m3.

3. Thermal insulation concrete must have a thermal conductivity
coefficient with less than 0.3 J/m2S°C/m. It must have a strength of 0.7 to 7
MPa and a density with less than 800 kg/m3.

Lightweight structural concrete is less dense than standard concrete yet
strong enough to be used for structural purposes. Itcombines the advantages of
standard weight concrete and avoiding the disadvantages of normal weight
concrete. This low weight concrete has a bright future ahead of it. Among the
primary classifications of light weight concrete, light weight aggregate concrete
and aerated concrete are more widely used than no fines concrete. Aerated
concrete was formerly primarily utilized for insulation. It is being used in

construction purposes with reinforcing steel.
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In Scandinavian regions, aerated concrete is more extensively made and
utilized. Light weight aggregate concrete is commonly created and utilized in
United Kingdom, France, Germany, and the United States as a result of large-
scale artificial manufacturing light weight aggregate. Nowadays, a wide range
of industrial light weight aggregates with differing qualities are accessible
under several market names. Examples ofthem are: (a) LECA (Expanded clay),
(b) Hadite and Aglite (Expanded shale), (c) Lytag (Sintered pulverized fuel
ash), and so on.

2.5 Lightweight Aggregates

International standards such as (EN 13055,2016, ASTM C330,2006;
ASTM C331,2010; ASTM C332,2017) specify lightweight aggregates. LWA
for structural concrete, LWA for masonry concrete, and LWA for thermal
insulating concrete respectively, are all defined by ASTM standards. The
European standard (EN 13055,2016) requires, among other things, that LWA
be used for any form of lightweight concrete. However, the given requirements
only take into account LWA of mineral origin. EN 13055 does not list LWA by
common name, but rather describes their origins. LWA can be of natural origin,
made from natural resources, or artificial manufactured from industrial
byproducts or recycled source materials. This specification covers two general
types of lightweight aggregates: aggregates prepared by expanding, pelletizing,
or sintering products such as blast-furnace slag, clay, diatomite, fly ash, shale,
or slate; and aggregates prepared by processing natural materials such as

pumice, scoria, or tuff.

Aside from their origin, the specification of aggregate qualities,
particularly density, is essential in distinguishing between normal weight and
lightweight aggregate. (ASTM C330,2006; ASTM C331,2010) set upper
limits for the loose bulk density of fine LWA at 1120 kg/m3, coarse LWA at
880 kg/m3, and the combination of fine and coarse LWA at 1040 kg/m3.
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Furthermore, structural lightweight concrete adhering to (ASTM C330,2006)
should be attainable, where compressive strength is evaluated on cylindrical
specimens (ASTM C39,2016).

2.6 Properties of Lightweight Concrete

There are different definitions of lightweight concrete, which sometimes
leads to ambiguity when discussing lightweight concrete. There are variations
in terms of strength, density, and the type of lightweight concrete. (ACI
213R,2014) specifies a minimum cylinder strength of 17 MPa and an
equilibrium density between 1120 and 1920 kg/m3 for structural lightweight
concrete (SLC) and an equilibrium density between 800 and 2240 kg/m3 for
specified density concrete without any strength requirement (SDC). High
strength lightweight concrete is defined as SLC with a compressive strength of
40 MPa after 28 days.

2.6.1 Compressive Strength of Lightweight Concrete

The researchers investigated the characteristics of LWC composed of
cinder and light expanded clay aggregates (LECA) in 2015 (Kumar&
Prakash, 2015). There was a reduction in weight and, respectively, a reduction
iIn compressive strength by trying to replace coarse aggregate with mixed
lightweight aggregates such as cinder and LECA, but they were able to use
cinder and LECA as a replacement for normal coarse aggregate to reduce cost,
while the compressive strengths were close to the strengths of NWC. The
average compressive strength for samples containing the previously indicated
LWA was 39.2 N/mm2, whereas the average compressive strength for NWC
was 43.4 N/mm2. The LWC density ranged from 1800 to 1950 kg/mm3,
whereas the NWC density was 2637 kg/mé.

In the case of standard weight concrete, a wide variety of particles results
in a large range of cube strengths. When compare lightweight aggregate
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concrete to normal weight concrete, the sorts of component materials in both
situations must be considered Figure (2- 2) (Cook,1983).
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Figure 2-2: Cube strength versus oven-dry density of lightweight aggregate
concretes (Cook,1983)

2.6.1.1 Factors Affecting Strength Include:
e Strength and Stiffness of Aggregate Particles
Weaker particles necessitate stronger mortars and consequently larger
cement content. The strength of concrete is determined by the type of aggregate.
The excellent particle-matrix bonding and similarity of particle and matrix
moduli guarantee that the matrix is employed efficiently (Newman, 1993)
Figure (2-3).
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Figure 2-3: Concrete strength versus aggregate strength (Newman, 1993).
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e Water/Cement Ratio

It has the same effect on strength like normal weight concrete, and the
same water/cement ratio range is used (Newman& Owens, 2003). However,
the free water/cement ratio reduction owing to water absorption of lightweight
aggregate is difficult to estimate, making the specification of effective
water/cement ratio for mixtures impractical because it is difficult to test and
verify. The free water content is the same as for normal weight concrete (around
180-200 1/m?3), but aggregate absorption demands a greater total water content
(around 250-300 1/m3). In the case of lightweight aggregate concrete, it is more
important for mix design purposes to connect strength to cement content.

* Cement Content

(Lydon,1982) stated that the strength increases with cement content for a
certain workability, with the increase depending on the type of aggregates
employed. In general, higher cement content are required than for regular
weight concrete (about 10% more below 35-40 MPa and 20-25% higher
beyond). Although the increase in strength for a given increase in cement
content varies depending on the kind of aggregate used and the cement content
itself, for lightweight aggregate, a 10% increase in cement content results in a
5% increase in strength.
* Age

The strength—age relation is similar in many aspects in normal weight
concrete. When concrete dries, hydration stops, however the situation is better
for lightweight aggregate concrete than for normal concrete due to the store of
water in aggregate pores. As a result, lightweight aggregate concrete is more

resistant to poor curing than normal concrete.

* Density
The aggregate particle density, which is related to particle porosity and

hence particle strength, has the greatest influence on the density of compacted
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concrete. As a result, particles of varying densities will produce concrete with
varying strengths and densities.

2.6.2 Modulus of Elasticity and Poisson’s Ratio

The stiffness of any concrete is influenced by the stiffness’s of its
components and their relative proportions in the mix. Simplifying concrete as
a two-phase material which consists of coarse aggregate particles embedded in
a mortar matrix, the E-value of the matrix will decrease with (a) a decrease in
the stiffness of the mortar, which is determined by the volume proportions of
cement, water, and sand, as well as the type sand, and (b) a decrease in the
stiffness of the coarse aggregate. Because the moduli of lightweight aggregate
particles are often smaller than those of natural dense aggregates, and because
most lightweight aggregate concretes contain more cement, the total moduli of
lightweight aggregate concretes will be lower than those of normal weight
concretes. As a result, concretes created with lightweight coarse and fine
aggregate will have a lower density than those formed with lightweight coarse

aggregate and natural dense fines.

Lower E-values for lightweight concretes cause larger deformations for
structural elements under a given load, while this impact is mitigated by the
lower dead loads of lightweight concrete members themselves. Reduced
stiffness, on the other hand, might be advantageous under dynamic scenarios

such as impact or load variation.

2.6.3 Tensile Strength of Lightweight Concrete

When it comes to cracking in concrete members, tensile strength is
significant. Compressive strength is influenced by the same factors that
influence tensile strength. The main differences between lightweight and

normal weight concrete are as follows:

e Fracture path

26



Chapter two Review of literature

This generally goes through lightweight aggregate particles rather than
around them. In that the flexural/compressive strength ratio is larger, the
behavior is similarly to that of normal weight concrete produced with crushed

aggregate (2-4).
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Figure 2-4: Fracture patterns in lightweight and normal weight concretes
(Newman& Owens, 2003)

e Total water content

Because of the absorption of the lightweight aggregate, this is higher in
lightweight aggregate concrete. Thus, under drying settings, larger moisture

gradients can cause a considerable drop in tensile strength, however the benefits

of increasing hydration mitigate this impact slightly Figure (2-5).
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Figure 2-5: Drying effect on tensile strength (Newman& Owens, 2003).
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When testing, these influences should be taken into account. Flexural
strength suffers more than cylinder splitting strength. The observed tensile
strength as a proportion of the compressive strength is identical for both
lightweight concreteand normal weight concrete in continually moist-cured
concretes. Therefore, the tensile strength of lightweight aggregate concrete is
lower than that of normal weight concrete with the same compressive strength
when dry. This decrease has an effect on other parameters like as
shear, anchoring, bond and so on. (Lydon,1982) showed that deformations are
bigger when the stiffness of lightweight aggregate particles is low and the
cement content is high. However, because lower concrete density mitigates
these effects, small-scale laboratory testing can yield pessimistic findings when
contrasted to on-site behavior. The stress—strain relationship in lightweight
aggregate concrete seem to be more linear and brittle than those in normal

weight concrete as shown in Figure (2-6)
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Figure 2-6: Stress—strain relationships of lightweight and normal weight
concretes (Lydon, 1982).

2.7 BeamBehavior under Fire Exposure

High temperatures are well known to cause severe damage to both the
macroscopic and microscopic structures of concrete, resulted in massive
mechanical degradation and even bad effects at the structural level as a result
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of concrete spalling. Damage to the binder or aggregates is the primary cause
of concrete degradation at high temperatures; their effects on the mechanical
properties of the concrete at high temperatures have already been (Choi etal.,
2017;Gaoetal., 2017). Lightweight aggregates are often produced by volcanic
eruptions or cremation. As a result, they have low heat conductivity and a high
heat resistance. As a consequence, concrete made with such aggregates should
have better mechanical properties at high temperatures than concrete made with
ordinary aggregates (Jiang et al., 2013; Sancak et al., 2008; Tanyildizi &
Coskun, 2008; Turkmen & Findik, 2013; Yoon et al., 2015).

(Kodur,2014) stated that the behavior of a fire-exposed concrete
structural member is based, in part, on the mechanical, thermal, and
deformation properties of the concrete of which the member is constructed.
Concrete's mechanical, thermo-physical, and deformation properties, like those
of other materials, alter significantly within the temperature range associated
with building fires. The properties change with temperature and are determined
by the composition and features of the concrete. Concrete's strength has a
considerable effect on its characteristics at both room and high temperatures.

2.8 Effectof Fireon Concrete

Concrete, according to (Kodur& Raut,2010), has the best fire-resistant
capabilities of any construction material. This high fire resistance is due to the
basic ingredients of concrete (cement and aggregates), which when chemically
mixed make a material that is virtually inert, has poor thermal conductivity, a
large heat capacity, and a slow strength deterioration with temperature. Because
of the slow rate of heat movement and strength loss, concrete may behave as
an efficient fire shield not just between adjacent areas, but also to protect itself

from fire damage.

Concrete is a composite material composed mostly of mineral aggregates
bound together by a matrix of hydrated cement paste. Unless artificially dried,
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the matrix is very porous and includes a high volume of free water. Concrete's
chemical composition, physical properties, and content of water all change
when exposed to high temperatures. In unsealed settings, these changes occur
mostly in the hardened cement paste. Changes in the physical and mechanical
properties of the concrete related with temperature increase reflect such

changes.

(Tai et al.,2011; Bashandy,2013; Al-Jabiri ,2015; Kadhum ,2015)
investigated the influence of fire flame burning on the mechanical
characteristics of reactive powder concrete. These tests concluded that at fire
temperatures less than 300°C, a little increase in compressive strength was
observed when compared to data at ambient temperature. At this temperature,
the splitting tensile, flexural strength, and modulus of elasticity all increase.
While exceeding 300°C fire temperature, the mechanical properties of the RPC

have rapidly deteriorated.

As illustrated in Figure (2-7), (Ozawaetal., 2012) described the behavior
of reinforced concrete during the fire and the degree of influence. After one
hour of exposure, for each degree of heating, where the elevation in temperature
degree rises the degradation of concrete member damages produced by a
combination of the impacts of gases generated by burning materials, as well as
the effects of flames and high air temperatures.

The characteristics of high strength concrete (HSC) differ from those of
normal strength concrete (NSC) with temperature. (Jiang et al., 2013), have
reported that high temperature-induced spalling does not occur when the
moisture content (calculated by dividing the evaporative water content in a
concrete specimen at a certain moment by the moisture content in the specimen
just taken out of the standard curing room) in normal concrete is less than 75%,
whereas this value for lightweight concrete is 25%. This suggests that spalling
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of lightweight concrete at high temperatures is substantially more sensitive to
moisture content than normal concrete.

Temperature (°C) ‘What happens
1000
Air temperatures in fires rarely exceed this level,
boo but flame temperature can rise to 1200°C.
800
700
Above this temperature, concrete is not
600 functioning at its full structural capacity.
Cement-based materials experience considerable
550-600 . . :
creep and lose their load bearing capacity.
400
Strength loss starts, but in reality only the first few
centimeters of concrete exposed to a fire will get
300 any hotter than this, and internally the temperature
is well below this.
Some spalling may take place, with pieces of
250-420 .
concrete breaking away from the surface.

Figure 2-7: The microstructure process of concrete in the fire for a one-hour
time (Ozawaetal.,2012).

The porosity of lightweight aggregates, and hence their water absorption,
is well known to be substantially greater than that of normal aggregates. In
practice, lightweight aggregates are frequently pre-saturated before mixing to
reduce water absorption and its influence on the workability and subsequent
setting and hardening of the concrete produced. However, such treatment will
add additional water into the concrete, increasing its moisture content and, as a

result, increasing the potential of spalling at high temperatures.

2.9 Spalling of Concrete under Fire Exposure

(Dwaikat& Kodur,2009) pointed out that Spalling is a property that, in
addition to thermal, mechanical, and deformation qualities, has a major effect
on the fire performance of a concrete structural part. This characteristic is
specific to concrete and may be used to determine the fire resistance of a
reinforced concrete structural part (Kodur& Phan,2007). Spalling is described

as the separation of layers (pieces) of concrete from the surface of a concrete
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part when subjected to high and quickly rising temperatures, such as those
found in fires. Spalling can occur shortly after rapid heating and be followed
by strong explosions, or it can occur later in the fire when the concrete has
become so weak after heating that when cracks form, chunks of concrete fall
off the surface of the concrete structure. As long as the damage is mild, the risks
are limited, but excessive spalling may result in early loss of strength and
integrity. Furthermore, spalling exposes deeper layers of concrete to fire
temperatures, increasing the rate of heat transfer to the member's interior layers,
including the reinforcement. When the reinforcement is expose directly to fire,
the temperatures in the reinforcement rise at a rapid rate, resulting in a rapid
reduction in structural member strength (capacity). The loss of reinforcing
strength, along with concrete loss due to spalling, severely reduces a structural
member's fire resistance (Kodur& Dwaikat,2008; Yu et al.,2011). While
spalling can occur in any concrete type, HSC is more prone to fire-induced
spalling than NSC because to its lower permeability and water-cement ratio.
The permeability of concrete, the type of fire exposure, and the tensile strength
of concrete are all factors that influence fire-induced spalling (Kodur&
Phan,2007). As a result, information on concrete permeability and tensile
strength, which change with temperature, is critical for forecasting fire-induced
spalling in concrete members. Whereas the moisture in lightweight aggregates
may evaporate into the atmosphere during concrete service, due to their highly
porous nature, lightweight aggregates would also highly absorb moisture again
to cause spalling of the concrete in a fire caused by gas or other fuel
(Lindgard& Hammer, 1998).

This severely limits the heat resistance of lightweight aggregate. Many
researches (Sancak et al., 2008; Tanyildizi &Coskun, 2008; Turkmen
&Findik, 2013; Yoon et al., 2015) did not adhere to the actual technique of
pre-saturating lightweight aggregates prior to concrete mixing. (Jiang et
al.,2013) dried lightweight concrete sample at 100°C before exposing them to
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high temperatures, which greatly reduced spalling. In practice, however, such
pre-drying operation is impossible.

2.10 Introduction to Slurry Infiltrated Fiber Concrete (SIFCON)
Slurry-infiltrated fibrous concrete (SIFCON) (Ibrahim & Jannoulakis
,1994) is a form of fiber concrete with a high fiber concentration. The matrix is
often made of cement slurry or flowing mortar. SIFCON is consider as
pioneering building material that combines great strength and ductility.
(Thirugnanam et al. 2001) studied the flexural behavior of SIFCON beams
and found that SIFCON specimens had better ductility and energy absorption
capacity than FRC specimens. According to (Elnono et al. 2009), using
SIFCON in the joints enhanced the efficiency and ductility of the joints. The
use of SIFCON jackets as external shear reinforcements has been shown to
avoid brittle shear failure and enhance the ultimate shear strength of repaired
beams from 25% to 50%, according to researchers (Shannag et al. 2001).
(Sashidhar et al. 2011) have studied the flexural behavior of SIFCON and
found that the deflection of SIFCON specimens was lower than that of control
specimens, and that the load bearing capacity and energy absorption capacity
of SIFCON specimens had risen substantially. Infer that perforated SIFCON
block is an innovative structural material with compressibility. (Abdollahi et
al. 2012) indicated that SIFCON can be used as a container for reinforcing
concrete pillars. SIFCON has a high potential for use in applications requiring
high ductility and impact resistance. SIFCON is not the same as normal FRC.
The fiber content of FRC ranges from 1 to 3 percent by volume, whereas the
fiber content of SIFCON ranges from 5 to 20%. (lbrahim & Jannoulakis
,1994), have reported that SIFCON producing differs greatly from FRC
production (Fiber Reinforced Concrete). Unlike FRC, which is made by adding
fibers to a wet or dry concrete mix, SIFCON is made by infiltrating cement
slurry into a bed of fibers that has been preplaced and packed firmly in the
molds. SIFCON has been utilized effectively in refractory applications,
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pavement overlays, and blast and dynamic stress constructions. Because of its
extremely ductile reactivity and significantly larger impact resistance, the
composite has great potential for structural applications involving accidental or

abnormal loads such as explosions (Ibrahim & Jannoulakis,1994).

2.10.1Preparationof SIFCON

SIFCON is a one-of-a-kind construction material with great strength,
ductility, and considerably superior potential for structural applications when
accidental (or) abnormal loads are encountered during services. SIFCON also
exhibits a unique behavioral phenomenon known as "Fiber lock," which is
thought to be responsible for its exceptional stress-strain performance.
SIFCON's matrix has no coarse aggregates but a high cementitious percentage.
It may, however, consist fine (or coarse) sand as well as additives such as micro
silica, fly ash, and latex emulsions. A high strength SIFCON mix can be easily
designed and procured with nearly any type of steel fibers available at the time,
if the slurry is also of high strength, as slurry strength is a function of water-
cement ratio, because the slurry mixes used in SIFCON generally contain
significant percentages of fly ash (or) silica fume (or) both. When producing a
slurry mix, the phrase "water-cement with admixtures” is employed.
Furthermore, the "admixtures to cement” ratio is an important factor in
SIFCON design. Higher percentages of fibers required a lower viscosity slurry
to fully penetrate the fibers. In general, the greater the slurry strength, the higher
the SIFCON strength. SIFCON preparations involve the following procedures
(Vijayakumar& Kumar, 2017):

- Place the fibers into the mold.

- Mixing of SIFCONdry ingredients.
- Slurry Preparation

- Infiltration of slurry

- The surface finishing.
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SIFCON cannot be produced using normal mixing processes due to the
interlocking effect of the large quantity of steel fibers. SIFCON is made by
preplacing short different fibers within the moulds to its full capacity or to the
necessary volume percentage, so forming the network. A fine liquid cement-
based slurry or mortar is subsequently used to permeate the fiber network. For
large sections, the fibers can be distributed by hand or by fiber-dispensing
apparatus. Infiltration is often performed by gravity flow combined with mild
vibration or through pressure grouting (Farnam et al., 2010; Thomas &
Mathews, 2014). (Parameswaran et al., 1993) prepared slurry-infiltrated
fibrous concrete (SIFCON) by adding steel fibers into the matrix through three
ways. The steel fiber is preplaced in the mold in the first
(single layer approach), and the slurry is allowed to flow through the fiber with
the assistance of appropriate compaction by a vibration table, see Plate (2-1).
The second procedure involved initially inserting and packed the fibers into the
mold just approximately to one-third depth, following by slurry penetration up
to the present level. The mold's contents were then vibrated. The operation was
repeated until the entire mold was filled and compressed, and it was known as
(three-layer technique).

The third approach, known as the (immersion technique), involved filling
the mold approximately to one-third depth with slurry, instantly embedding the
fibers into it, shaking the contents, and repeating the process until the mold was
filled. During the deposition of the SIFCON samples, the researchers
discovered that these three approaches were efficient. Nevertheless, in practice,
the three-layer and immersion procedures were proven to be easier than the

single-layer technique (Yazc et al., 2006; Ail, 2018).
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[

Plate (2-1): SIFCON casting technique (Yazc etal., 2006).

2.10.2 Materials and Mix Proportions

In general, proportions of cement and sand generally used for making
SIFCON are 1:1, Fly ash or silica fume equal to 50%by weight of cement is
used in mix. w/c is 0.45 and super plasticizers varies from 2% to 5% of weight
of cement used. The percentage of fibers by volume can be where from 6%
t012% used. Sand is taken in to passing through 600 p and retains 300 p. The
proportions of SIFCON slurry from various researches are shown in Table (2-
1). The proportion of fibers by volume can vary from (4 — 20%), despite the
fact that the present practical limit is just (4 — 12%) (Dagar, 2012; Ail, 2018).

It was discovered that using a high cement content in the SIFCON
influences cost of production, as well as having adverse effects on the heat of
hydration and might causing shrinkage problem. To address these issues, it
appears that substituting the cement with alternative cementitious materials is
a viable option. These materials alter the microstructure of concrete and
decrease its permeability, limiting water and salt-borne salt entry into concrete
(Kani, 2016).
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Table 2-1: Mix proportions of SIFCON slurry (by weight of cement) from
different references.

Cement | Sand | Silica Fume % | Fly ash | W/B | HRWR% References
5,10,15, (Elavarasi
1 1 0.40 2
20, and25** &Mohan, 2016)
(Parthiban etal.,
1 1 0.5
2013)
(Rao & Ramana,
1 1 0.45 1.5
2005)
1 1 15* --- 0.28 15 (Yan etal., 1999)
ang & Maji,
1 0.3 0.3 1.9 (Wang )
1994)
0.38 2
. . 0.38 1 (Parameswaran
0.35 2 etal., 1993)
0.32 1

*Silica fume was used as additives not replacement by weight of cement

** Silica fume was used as replacement by weight of cement

To improve slurry flow ability and ensure effective infiltration, high-range
water-reducing admixtures (superplasticizer) are added. The amount of
superplasticizer used has the largest effect on the cohesion, fluidity, and
penetrability of cement slurry (Gilani, 2007). (Wang & Mayji, 1994) reported
that an inadequate dose of superplasticizer limits appropriate flow and
infiltration, while an overdose causes 'bleeding' and 'segregation’ of the cement
and fly ash to the bottom.

2.10.3 Physicaland Mechanical Propertiesof SIFCON

Many researches are investigating the mechanical properties of SIFCON
produced with fly ash or crushed coarse furnace slag as a replacement.
Furthermore, there is relatively little data on SIFCON properties produced

silica fume with steel fiber as an additive to cement paste or slurry.
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(Balaguru, & Kendzulak,1987) investigated the behavior of SIFCON
under monotonic and high amplitude cyclic loads in compression, tension,
flexure, and shear. SIFCON's direct tensile strength was determined using dog
bone specimens, while its shear strength was determined using double L
specimens. The author found that fiber length has little or no influence on
strength, that the inclusion of silica fume enhanced compressive and flexural
strength, and that a cement-sand ratio of up to 1:1.5 may be utilized for cement

slurry not impacting the strength of SIFCON.

The modulus of elasticity of the SIFCON under compressive and tensile
loads was investigated experimentally by (Naaman etal.,1992). Two types of
steel fibers (deformed and hooked steel fibers), two aspect ratios (60 and 100),
seven volume fraction ratios, and four matrix formulations were tested. The
cement slurry was supplemented with fly ash, fine aggregate, and super
plasticizer. Compression cylinders and dog-bone tension specimens were
utilized to measure the stress-strain curve and modulus of elasticity,
respectively. The findings show that the modulus of elasticity of the SIFCON
Is affected by multiple parameters, including fiber orientation, volume fraction-
fiber ratio, alignment, and fiber aspect ratio.

The ultimate strength and elastic modulus of SIFCON in tension do not
appear to be highly responsive to the water-cement ratio over the value range
investigated. The modulus of elasticity of SIFCON in tension is related to the
volume percentage of fiber at unchanged fiber length. Everything else being

equal, the longer the fiber, the greater the elastic modulus of SIFCON.

(Elavarasi,2016) studied the behavior of SIFCON in the presence of silica
fume. The work program was carried out to investigate the compressive and
splitting tensile strength of SIFCON, which had 10% fiber content and a
variable ratio of silica fume of around (5, 10, 15, 20, and 25%) partially
replaced by cement. The test results revealed that (15%) of the silica fume
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produced the best compression and tension values when comparing to the other
replacement rate and FRC mixes.

According to (Vijayakumar & Kumar,2017), the compressive strength
of SIFCON mixes grows as the percentage volume of fiber increased. The test
findings are compared to those of conventional concrete under similar loading
conditions. According to the findings of this study, increasing the volume of
steel fibers fraction leads to an increase in compression, tension, and flexural
strength. When compared to standard concrete, a 12% addition of steel fibers
boosts strength by around 36.2 percent. The cement slurry (without fibres) used
to produce SIFCON normally has a one-day strength of 25 to 35 MPa and a 28-
day strength of 50 to 70 MPa, whereas the values obtained for SIFCON
composites are 40 to 80 MPa and 90 to 160 MPa, depends on the proportion of
steel fibres incorporated in the matrix. The greatest compressive strength
recorded for SIFCON is 210 MPa. Under compression, SIFCON is highly
ductile (Gilani, 2007; Dagar, 2012).

(Kim & Choi, 2006) investigated SIFCON's compressive and tensile
properties. Researchers used hooked end steel fibers in the mix, with a fiber
volume percentage ranging from 4% to 10%. The water/cement ratio is fixed at
0.4. They used 10% silica fume by weight of cement, as well as 0.5 percent
water reducing agent, to increase the slurry's flow ability. The results of the
tests revealed that the compressive strength of SIFCON is approximately (1.59
to 2.68) times that of cement paste. Tensile strength increased by around 2.51
to 8.77 times. With increasing fiber volume fraction, there is also a considerable

rise in SIFCON toughness and ductility.

2.10.4 Ductility, Toughness and Stiffness of SIFCON
The key specifications that are demanded from concrete are strength and

toughness. These requirements can be met with high-strength concrete.
Furthermore, ductility has emerged as one of the most significant hardened
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properties in recent times. Brittleness is a problem of concrete use, and attempts
have been made to solve it by increasing ductility. Figure (2-8) presents the
difference between brittle and ductile materials. The incorporation of fiber in
concrete is one of the better solutions to the brittleness challenge. However,
incorporating fibers into the concrete decreases its workability, limiting the

fiber ratio that may be added to the concrete (Ipek etal., 2014).

SIFCON is applied in the construction of a variety of structures that
require high strength specifications as well as high performance and durability.
SIFCON has a number of excellent properties, including high strength and
ductility. It also has a high level of ductility, which gives it greater stability
under dynamic, fatigue, and cyclic loads (Elavarasi, 2016).

According to studies, the use of SIFCON in normal RC beams improved
cracking behavior by significantly increasing the initial crack load and forming
a greater number of finer cracks. When compared to normal RC beams,
composite beams have better ultimate load bearing capacity, stiffness, ductility,

and energy absorption capacity.

Brittl
rittle B _
| Ductile

Stress

b
“d

Strain

Figure 2-8: Stress-strain curves for ductile and brittle materials (Amin,
2014).

2.11 Shear Strength of RC Beams
Concrete is considering as a brittle material that has a limited ability to

withstand tensile stresses/strains without cracking. As a result, it requires
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reinforcing before it can be utilized as a material for construction. Previously,
this reinforcement comes in the form of longitudinal reinforcing bars that could
be installed in the structure at appropriate places to resist the applied tensile and
shear forces. As research improves, fibers that are short, discontinuous, and
randomly dispersed throughout the concrete are employed to produce fiber
reinforced concrete, an advanced composite material (FRC). Steel fiber (SF)
seems to be the most commonly used fiber in reinforced concrete. Fibers are
used in concrete to prevent/control plastic and drying shrinkage, as well as to
considerably increase its flexural toughness, energy absorption capacity,
ductile behavior prior to ultimate failure, decrease cracking, and improve
durability (Behbahani et al.,2012).

Designers often refer to conventional strengthening solutions based on
externally bonded steel plates or reinforced concrete jacket, but a new
method that has recently gained popularity involves the use of externally
bonded Fiber Reinforced Polymer (FRP) (Du Béton, 2001). All of these
solutions can be used successfully, but they have significant limitations. Due to
the presence of reinforcement bars, which need a minimum concrete cover, the
use of reinforced concrete jacket is particularly possible by adding layers of

concrete with thicknesses more than 60—70 mm (Fib bulletin, 2010).

The usage of externally bonded steel plates as well as Fiber Reinforced
Polymer may present fire resistance problems. Furthermore, the application of
these solutions may fail to meet the minimal requirements for serviceability
limit states. Because of its improved qualities following cracking of the
cementitious matrix, the application of fiber-reinforced concrete has grown
during the last ten years (Rossi&Chanvillard,2000).Fiber Reinforced
Concrete (FRC) is currently widely employed in sectors whose fiber reinforcing
Is not required for structural safety (for example, industrial pavements or
shotcrete for initial stage tunnel linings). Aside from this, there are two
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applications in which fiber reinforcement is employed as a whole or partial
replacement for conventional (rebars or welded mesh) reinforcement (Falkner
etal., 1997).

Several investigations, in particular, indicated that fibers may be
employed to replace a part of the shear reinforcement in beams, or transverse
reinforcement in thin-web sections (Minelli et al., 2006). Due to the obvious
ability of stress redistribution, an FRC with a post-peak softening behavior in
tension can be used in all of these applications. Recently, FRC materials with a
hardening characteristic under tension, often referred to as High Performance
Fiber Reinforced Concrete (HPFRC), have been widely available, allowing for
additional applications (Li, 1993; Van Mier, 2004).

Indeed, by utilizing these materials, it is possible to form structures with
new geometry and shape that are no longer restricted by reinforcing details
limitations. Both FRC and HPFRC will be included in the upcoming New fib
Model Code and treated as construction materials for existing and future
structures (Fib Bulletin, 2010). Figure (2-9) shows a comparison of the
findings of the three tested beams. When focusing on the two RC beams (with
and without strengthening jacket), it can be seen that the HPFRC jacket
increases the structural capacity of the beam (2.15 times), even if the post-peak
behavior shows significant softening. Because of the jacket, the load stabilized
with a horizontal branch greater than that achieved in the RC beam without
jacket at the end of the softening branch. It should be noted that the maximum
load of the beam with the HPFRC jacket and also no conventional

reinforcement is greater than that of the RC beam without the HPFRC jacket.
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Figure 2-9: Comparison of the load—displacement curves obtained from
strengthened beams: (a) complete curves; (b) and initial part of the curves (for
serviceability limit state SLS) (Giovanni etal., 2010).

In terms of ductility, it is important to note a reduction in ultimate
displacement in the reinforced beams, even if the seeming extremely high
ductility of the unstrengthen element is owing, at partially, to bond loss. If the
reinforced beam also has to be more ductile, an appropriate steel reinforcing in
meshes or tiny diameter rebars might be placed in the jacket (Marini& Meda,
2009).

Another important aspect of the proposed method is the service conditions.
Design codes, in fact, demand that the reinforced structure be verified at both
the ultimate limit state (i.e. increased bearing capacity) and (SLS) the
serviceability limit state (i.e. deflection and crack initiation control). In this
regard, the proposed approach results in a significant increase in beam stiffness,
with behavior similar to the un-cracked stage in an unreinforced beam (Figure
2-9b). Indeed, the HPFRC jacket minimizes the formation of macro-cracks,
which has evident benefits in terms both durability and stiffness, especially
when considering the high-performance matrix's very low wic ratio.

2.12 Failure Modes of Concrete Beams in Shear

Reinforced concrete beams must have a sufficient safety margin against
bending and shear stresses in order to function efficiently during their service
life. The combinations of bending and shear may surpass the resistance capacity
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of the beam in the maximum stress, resulting in tensile cracking. Despite
extensive experimental investigation, shear failure is hard to predict effectively.
It is not considered a possibility to retrofit reinforced concrete beams with many
shear cracks (Al-Nasra& Wang,1994). Diagonal cracks are the most common
kind of shear failure in RC beams that are located close the supports and are

produced by excessively applied shear stresses.

Beams collapse rapidly when significant cracks form in the high-shear
zone near the beam supports. Shear reinforcement must be added if the value
of actual shear forces exceeds the allowable shear stress of the concrete used.
The goal of shear reinforcement is to avoid shear failure and enhance beam
ductility, which reduces the chance of unexpected failure. The causes of
shear failure are likely to be associated with the stress conditions in the region
of the path along which the compressive force is transmitted to the supports
after the occurrence of diagonal cracking; an analytical description of these

conditions could lead to the formulation of a lower bound criterion for failure.

On the basis of this argument, the shear modes of failure exhibited by the
beams under two-point loading may be broadly classified into two types:

o Typel
This includes types of failure that occurin beams with (av/d) less than or
equal to a value between 2 and 2.5. Such beams have a compressive force path
consisting of linear parts inside both the shear and middle spans crossing each

other in the zone of the load point Figure (2-10a).

It has been claimed that, despite the high compressive stresses at the load
point zone, diagonal cracking is unlikely to result in a crushing mode of failure
because the multi - axial compressive state of stress that occurs there will
produce an enhancement in local strength. Alternatively, the diagonal crack
should spread near-horizontally towards the compressive region of the beam's

flexure span to avoid this high strength zone. The tensile stress consequent at
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the crack branch's tip, along with the compressive stress resultant from the
bending action, will decrease the strength capacity of the compressive zone of
the beam's flexure span. As a result, the failure of this part would eventually

lead to the beam collapsing.

o Type2
This comprises shear modes of failure that occur in beams with
(av/d) values greater than around (2 to 2.5). Such beams have a compressive
force path included of two linear parts throughout the shear span joined in the
region of the diagonal crack tips Figure (2-10b).

This difference in compressive force direction creates a tensile stressas a
result of intersecting the obtuse angle of the linear parts, which is overlaid on
the tensile force present near the tip of the diagonal crack for balancing reasons.
When the region's ability to withstand the combined compression-tension stress

field is surpassed, failure happens (Kotsovos, 1983).
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Figure 2-10:Path of compressive force (C), and combinations of compressive
and tensile forces (T), resulting in: (a) type 1, av/d<2-2.5; (b) type 2, av/d> 2-
2.5 (Kotsovos,1982)
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It should be observed, however, that the presence of shear forces
invariably results in an inclined tensile force inside the near-horizontal region
of the compressive force path proximal to the load point for equilibrium
purposes. There is no experimental evidence that the abovementioned tensile
force may produce failure, and this appears to be due to the tri - axial stress
conditions that have always been observed to occur within the compressive
zone (Kotsovos,1982).

The compressive region in the zone of cross-sections with deep web cracks
IS subject to a tri - axial compressive stress state, as explained for the case of
RC beams in flexure. Because a part of the vertical component of this
compressive stress state counteracts the tensile stresses that form in the
presence of shear forces, the combined stress conditions remaining
compressive. Transverse reinforcement put inside the shear span of the beams
has the result of delaying or even preventing a shear mode of failure within this
span. Furthermore, when av/d > 2, an additional influence may be that the angle
between the longitudinal axis of the beam and the part of the compressive path
within the shear span at the load point decreases from a near-zero value Figure
(2-10b) to a much higher value Figure (2-11).

Such behavior may create a wedge-like action in the load point zone,
resulting in failure of the compressive region of the flexure span, where state
of stress is basically uniaxial, instead of the load point zone, where a triaxial
compressive state of stress occurs (Kotsovos, 1983). It should be noticed that
such failures are similarly to those classed as type 1 shear failures above and
may be brittle since they occur before the beam's maximum flexural capacity is
reached. As aresult, it appears that, while existing shear design approaches may
protect against diagonal failure of the shear span, they may not always result in
ductile behavior that provides advance warning of potential structural collapse
(Bobrowski, 1982).
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Figure 2-11:The transverse reinforcement effect on the path of compressive
force, C, in a beam shear span with an av/d> 2.

2.13 Previous Studies on Beams Exposedto Fire Flame

Despite the fact that there are several articles on the behaviour of
normal weight concrete, exposed to flame, thermal characteristics, stiffness and
strength, and the capacity of the structure to redistribute internal stresses during
the fire's evolution. Only a few articles studied the structural behaviour of
lightweight concrete beams following a fire.

(Bernhart,2004) demonstrated that if a simply supported beams is
exposed to burning at the sides and bottom, it gradually deflects downwards.
The displacement is caused by non-linear heat transfer that develop over the
beam's cross-sectionand cause the beam to thermally deflect downwards. The
increased temperatures at the sides and bottom of the structural member reduce
the strength and elastic modulus of the steel reinforcement and concrete.
Furthermore, create a decrease in the flexural strength of the beam, resulting in
increased deflection. Whenever the bending moment exceeded the residual
flexural strength of beam, the failure occurs preceded by a plastic hinge
forming. The use of steel fibres results in multiple tiny cracks instead of one

large crack onthe tension face.

(Prasad et al.,2010) tested twelve reinforced concrete beams using two-
point load test. The studied variables were concrete grades, period of
fire exposure, and spacing of stirrups. In a full-scale fire oven, the concrete
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beams were initially exposed to standard fire. Following that, after cooling, it
was tested with two-point loading. According to the findings, the concrete
grade, spacing of stirrups, and period of fire exposure all have a significant
impact on the moment bearing capacity and curvature of the section. With
increasing fire exposure, the yield and ultimate moment capacity of all fire-
damaged samples dropped. Whereas the yield and ultimate curvatures grew as
the fire time increased, the total curvature ductility decreased. The ductility of
reinforced concrete members is mostly determined by the moment-curvature
curve shape, since ductility is defined as the ability to absorb deformation
without significantly reducing the member's flexural capacity.

The effects of compressive strength and concrete cover thickness on
exposed simply supported beams were studied by (Choi& Shin, 2011). Four
high- and normal-strength concrete beams were tested for this purpose in
accordance with 1ISO 834. The test findings revealed that, except for the upper
section of the beam, the relations of time and temperature distributions in the
beam sections are quite comparable and independent to the concrete strength.
They also demonstrated that before spalling, the rates of deflection increase for
both high-strength and normal-strength concrete are relatively similar, but

become surprisingly high in case of high-strength concrete beams.

(Kadhum,2011) investigated the impact of fire on the behaviour of
reinforced concrete rigid beams as well as its load bearing capacity. 5 end-
restrained specimen beams were tested in fire flame temperatures ranging from
25 C° to 750 C°. The beams measured 375 mm wide, 375 mm in depth, and
2250 mm in length. The mid-span displacement of reinforced concrete
specimen beams exposed to fire flame at the bottom side of the beam by
using burner is caused by loading to 25% of the ultimate load before applying
fire, loading 25% and burning for 90 minutes, then cooling by air or water, and
the rest of the loading was applied until defeat. The researcher indicated that
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ultrasonic pulse velocity was reduced by 28 per cent and 33 per cent for beams
cooled in air at 400 C°and 750 C°, respectively, and by 52 per cent and 54 per
cent for beams cooled using water at about the same temperatures. Fire degree
has a considerable influence on the flexural behaviour of reinforced concrete
rigid specimen beams; as fire temperature rises, the ultimate and serviceable
structural capability of reinforced concrete beams decreases. The load-
displacement relationship of beams subjected to fire at temperatures about 750
degree Centigrade indicates softer behaviour than that of the control beam,

which can be attributed to earlier cracks and a decreased modulus of elasticity.

(Ryu et al.,2015) used analytical and experimental approaches to study
the rehabilitating benefits for high strength fire-damaged concrete beams.
Beams subjected to high temperatures depending of the ISO 834 standard time.
The findings of the two-point loading test demonstrate that the ultimate loads
of the rehabilitated beams are comparable to or greater than those of the non-

exposed RC beam.

(Arafa&Ali,2017) evaluated the influence of fire on structural behaviour
of normal and high strength concrete beams and determined that the
displacement of a beam exposed to fire is directly proportional to fire exposure
duration and inversely to thickness of concrete cover. Furthermore, for beams
with a prolonged fire exposure duration, concrete compressive strength has no

influence on the percentage decrease of ultimate loading capacity.

According to (Abeles&Bardhan-Roy,2014), the residual strength of
LWAC (light weight aggregate concrete) linearly decreasing from 100 per cent
to 40 per cent from about 500°C to 800°C, and the residual strength of normal
concrete is about 20 per cent at 800°C, while the strength reduction for normal
reinforcement is about 50 per cent at 500°C. However, this does not indicate if
the steel reinforcement is in contact directly with fire or is protected by a

concrete cover.
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2.14 Concluding Remarks
Based on the previous studies' results, the following conclusions can be

drawn;

- Installing a 40 mm thick HPFRC jacket on an RC beam improves the
ultimate load by 2.15 times, as in case of a pre-damaged beam, the
increase is roughly 1.90 times. The experimental and numerical results
show that the suggested approach is effective in developing load carrying
capacity in both strengthening and repair scenarios.

- The proposed method provides a significant structural improvement at
the serviceability limit state; due to the significantly increased beam
stiffness under service load, the mid-span displacement can be
significantly reduced. In practice, the jacked works as a type of external
pre-stressing by maintaining the material's initial uncracked stiffness.

- The use of SIFCON (cement-based composite including steel fibers) to
strengthen reinforced concrete beams in shear seems to be a highly
successful technology. Brittle shear failure was eliminated in beams
repaired with SIFCON jacket, and ultimate shear strength improved
from 48 to 60% in those beams examined. This might be related to the
crack stopping mechanism, the energy absorbed in debonding, and the
stretching of the fibers.

- The HPFRC application technology is relatively simple: curing at
ambient temperature and humidity is sufficient to allow the development
of the HPFRC's strength characteristics; due to the self-leveling property,
the material can be cast in a thin layer; and normal sand blaster of the
beam surface ensures good jacket adhesion without the need for any
primer.

- Depending onprevious studies, the thickness of the concrete cover seems
to have effect in short fire exposing time (less or equal to 1 hr.), and not
very high temperature (not exceed 600°C), but it has no influence on the
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decrease in strength properties when exposed to a 2 hour fire, meaning
that cover thickness has no major effect on the strength of the embedded
steel reinforcement. This is due to the fact that the thermal conductivity
of normal concrete is relatively low up to 400°C and increases
insignificantly as the temperature rises to around 1000°C. This supports
the findings of (Hu et al.,1993).

According to (Kigha et al.,2015), after a two-hour fire with a maximum
temperature of 700°C, the flexural capacity owing to tensile
reinforcement of the beam remains unchanged, contrary to the
(EC2,1995) prediction model.
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Chapter 3. Experimental Program

3.1 Introduction

he specifics of the experimental program are described in this chapter.
T It elaborates on the research methods utilized to achieve the objectives
stated in Chapter One, as well as the materials used. (cement, lightweight
aggregate, sand, steel fiber, mineral and chemical admixtures), mix
proportions, preparation, mixing, casting procedures, curing, and testing

program of high strength and normal strength lightweight concrete beams.

The experimental research is undertaken in order to studies the structural
behavior of post-fire LWRC beams that repaired and strengthened by using U-
shaped SIFCON jackets. The following experimental variables were studied for

LWC beam specimens:

1) Grade of lightweight concrete (normal and high strength concrete).
2) Concrete cover of reinforcement thickness [20 and 30mm];
3) Period of exposure to fire flame [30 and 60 minutes]; and
4) Thickness of SIFCON jacket [20 and 30 mm].
Details of the tests on Lightweight concrete and SIFCON specimens used

throughout this study are explained such as: -

1) Tests of fresh SIFCON (mini slump flow and V- funnel test);
2) Compressive strength;

3) Modulus of elasticity;

4) Load deflection relationship

5) Ultimate load carrying capacity of the beam specimens.

It is imperative to know the properties and characteristics of constituent
materials of concrete, as it is aware, SIFCON and lightweight (NSC and HSC).
SIFCON is a composite material consisting from several components such as
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cement, sand, fiber, water, and admixtures. These materials have different
properties and characteristics, like as (specific gravity, unit weight, gradation
and water content). Lightweight concrete (LWC) that contains lightweight
expanded clay aggregate (LECA).

To achieve appropriate concrete production, stringent measures in
material selection, control, and proportion of the overall material have been
used. The sources of materials, chemical compositions, and physical properties
of the materials used are explained in detail in this experimental study; the
required testing was carried out at Babylon University, Faculty of Engineering,
Civil Engineering Dept. laboratories.

3.2 Flow Chart of the Research

This thesis's experimental program is divided into two sections. The first
stage involves the selection, preparation, and testing of the physical and
chemical properties of raw materials applied in this research. As part of the
overall structural LWAC program, different grades of LWAC with two
compressive strengths of concrete have been produced. The target compressive
strength was (30 and 67 MPa) designated as a normal and high strength
lightweight concrete respectively.

The manufactured lightweight aggregate, ‘LECA’ was used for
lightweight concretes of normal and high strengths. To date, appropriate
guidelines for LWAC mix proportioning are limited, and those that are
available are not specified. As a result, in order to reach the necessary strength
and workability, using any lightweight aggregate, trial mixes are needed and so
were done in this study.

Superplasticizer was generally used to attain the required workability, as
well as mineral admixtures were used for all mixes. Subsequently, this stage
also performs trail mixes of SIFCON to select the optimum mix proportions
and to select the proper type and dosage of mineral and chemical additives.
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Then, the selected materials are mixed with the selected optimum mix
proportions and with a suitable mixing procedure. Finally, the casted samples
and beam specimens cured for the required ages (7, 28 and 90 days). The second
stage consists of the burning of the LWC beam specimens and samples with
different durations of fire exposure (30 and 60 min.) after reaching the required
age (56 days).

While the third stage, after the burning process is finished, this stage deals
with the repaired and strengthened post-fired beams by using U-shaped
SIFCON jacket, then preparing and testing of the exposed (with and without

repaired) and unexposed concrete samples and LWC beams.

The overall experimental investigation is shown in the flowchart given in
Figure (3-1). This chapter describes the testing procedure only, while the

obtained results from the mentioned tests will be discussed in Chapter Four.
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Experimental program

\ 4
Normal strength LWC  [«—— Mix design —>[ High strength LWC
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Figure 3-1: Flow chart of the research plan (where*mean silica fume and
**mean super plasticizer).
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3.3 Selectionof Materials and Basic Characteristics

It is imperative to know the properties and characteristics of constituent
materials of concrete, as it is aware, concrete is a composite material made up
of several different materials such as gravel, sand, water, cement and
admixtures. These materials have properties and different characteristics such
as (Unit weight, Specific gravity, gradation and water content). In order to
ensure adequate concrete production, rigorous process adopted inthe chosen of
the materials, controlling and proportioning of the entire mixture's ingredient.
The supplies of ingredients, physical characteristics and chemical compositions
of the materials which were utilized are represented in full details under this
experimental study. The principal characteristics of these materials are as

follows:

3.3.1 Portland Cement

In this investigation, Portland Limestone Cement (PLC) of the CEM II/A-
L 425R brand name (Karasta) was utilized. The Lafarge company
manufactures it in Irag. It was keptin a dry place to avoid exposure to different
atmospheric conditions. The chemical analysis and physical test results of the
used cement are given in Table (3-1) and (3-2) respectively. This cement
complied with the (BSEN 197-1,2011).

Table 3-1: Main components and chemical composition of Karasta Portland
limestone cement (PLC).

Chemical composition Percentage by | Limitof(EN 197-
weight 1:2011)

Lime (CaO) 61.9

Silica (SiOy) 20.1
Alumina (Al2053) 4.8

Iron oxide (Fe203) 2.7 --
Magnesia (MgO) 25

Sulfate (SO3) 2.6 <4.0%
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Chloride content 0.02 <0.1 %
Loss of ignition (L.O.1.) 1.94
Insoluble residue (I.R.) 1.00
Lime saturation factor (L.S.F.) 0.9

Main compounds (Bogue's equation)

Tricalcium silicate (CsS) 55.65
Dicalcium silicate (C2S) 15.73
Tricalcium aluminate (CsA) 8.16
Tetracalcium aluminoferrite (C4AF) 8.21

Table 3-2:Physical properties of Karasta cement.
Test Limitof (EN
result 197-1:2011)

Physical properties

Specific surface area (Blaine method) m?/kg 314 -

Setting time (Vicat's apparatus)

Initial setting, (min) 122 > 60 min
Final setting, (min) 188
Soundness using autoclave method 0.61 % <10 mm

Compressive strength (MPa) at:

2 Days 21.0 >20
7 Days 45.8 >42.5,<62.5

3.3.2 Fine Aggregate

Fine aggregate from local natural resource (AL-Akhaider) has been
utilized as sand. The sand was suitable to use in lightweight concrete mixes,
but for SIFCON the important requirement of sand used in slurry is its size, it
has to be small enough to ensure complete infiltration through the dense steel
fiber without clogging. AL-Akhaider natural sand was too coarse to be used
successfully in making SIFCON slurry. Therefore, only fine sand, which was
sieved through (1.18 mm sieve) to segregate the coarser particles, was used in
preparing SIFCON slurry. Using this size of sand proved to be successful for
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all SIFCON mixes during the experimental work. Table (3-3) shows the sieve
analysis of the sand used. It conforms to the limits of Iraq specification No.
45/1984 Zone (2). Figure (3-2) shows the grading curve of the natural sand in
accordance with (IQS No. 45,1984), and the chemical and physical properties
of natural sand are illustrated in Table (3-4).

Table 3-3:The original fine sand grading compared with the requirements of
(1QS No. 45,1984).

Size of sieve Cumulative Limits of IQS No. 45/1984 as in
(mm) passing (Zone 2)
10 100 100
4.75 92 90-100
2.36 81 75-100
1.18 73 55-90
0.60 55 35-59
0.30 24 8-30
0.15 7 0-10

Table 3-4:The physical and chemical properties of fine aggregate.

Physical Properties

_ Test Iraqgi specification
Properties
results No. 45/1984
Specific gravity 265
Absorption 0.92%
Fine material passing from sieve (75 pm) 2.5% Max < 5.0%
Fineness modulus 26

Chemical properties

Sulfate content 0.352% Max <0.5%
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Figure 3-2:Grading curves for fine aggregate compared with requirements of
(1QS NO.45,1984, Zone 2).

3.3.3 Lightweight Coarse Aggregate

Lightweight Expanded Clay Aggregate (LECA) was used with regular
sizes of between 0.475 cmand 1 cm, which was brought from north of Tehran,
Iran. This type of lightweight aggregate is characterized by porous ceramic
materials with uniform, small, closed-cell pores, as well as tightly sintered and
strong exterior surfaces. LECA made from raw materials of clay minerals
which are burned in rotary kilns at a temperature ranging between 1100 and
1200° C thus leading to increase the volume of particles significantly as a result
of swelling. Table (3-5) provides requirements for (ASTM C330,2017) for
gradation of lightweight aggregate along with the test results of LECA used
herein while Table (3-6) describes its chemical and physical characteristics.

Table 3-5: Grading of LECA coarse aggregate.

Sieve Size (mm) | Cumulative passing % Limits of ASTM C330, 2017
12.5 100 100
10 100 80-100
8 79 -
6 46 -
4.75 5 5-40
2.36 2 0-20
"1.18 0 0-10
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Table 3-6: Physical and chemical properties of LECA*.

Physical Properties

Properties Test Results
Specific Gravity 1.2
Absorption 12%
Bulk density Kg/m?3 700
Chemical Properties
Chemical Composition | Percentage by Weight%
Ca0 3.78
SiO, 61.58
AlLO3 16.99
RACK 7.62
MgO 2.56
SO3 0.19
TiO; 0.80
MnO, 0.10
Na,0 1.03
K> o0 2.34
Loss on Ignition (L.O.1.) 0.2

*Chemical tests were conducted from LECA factory, IRAN.
As shown in Plate (3-1a) LECA was immersed in water for at least 48

hours, in order to prevent absorbing water by LECA during mixing because of
its high-water absorption capacity. As in Plate (3-1b), the LECA spread in
laboratory condition until the surface became dry so that the aggregate had the
saturated and surface dry condition (SSD), as suggested by (ACI 211.2,1998).

Plate (3-1): (a) LECA was soaked in water, (b) LECA was drained in the
laboratory air.
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3.3.4 SilicaFume (SF)

Silica fume (SF) is a very fine non-crystalline silica produced in electric
arc furnaces as a by-product of the production of elemental silicon or alloys.
The silica fume, which condenses from the gases escaping from the furnaces,
has a very high content of amorphous silicon dioxide and consists of very fine
spherical particles typically ranging from 0.1 to 0.2 um diameter. Silica fume
was initially viewed as a cement replacement material, but currently the most
important reason for its use is the production of high-performance concrete,
where adding silica fume provides enhancements in concrete properties. In this
role, silica fume has been used to produce concrete with enhanced compressive
strength and with very high levels of durability (ACI 234R, 2006).

Plate (3-2) shows the silica fume used in this research; which is
commercially known as Mega Add MS (D) from chemical company
(CONMIX), and it was utilized in this investigation as a partial replacement
(10%) by weight of cement. Silica fume improves the micro structure of the
cement paste and makes it of more resistance to any type of external influence.
The chemical analysis of the silica fume used is tabulated in Table (3-7),
whereas the physical requirement is listed in Table (3-8). The results showed
that the (SF) used in this study conforms to the requirement of (ASTM
C1240,2015).

Plate (3-2): Micro silica employed in this investigation.
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Table 3-7: Silica Fume chemical analysis*.

Oxide composition | Oxide content % | ASTM C1240-15 limitations
SiO; 89.41 Min. 85%
ALO; 0.63 -
Fe,Os 0.45 -
CaOo 0.82 <1
SO; 0.87 <2
K20+Na20 1.35 -
L.O.1. 4.10 Max. 6%
Cl 0.18 -
CaO (free) 2.15 -

* Manufacturer properties.

The sustainability movement has encouraged renewed interest in

reducing the cement content of concrete mixtures by replacing an ever -

growing portion of Portland cement with additional cementitious materials such
as silica fume (Mehta, 1999).

In this study, Strength Activity Index (SAI) was used. In principle, SAI

is determined by molding two sets of test specimens according to a standard

recipe: one with 100 percent Portland cement (reference), and another in which

a standardized part of the Portland cement is replaced by a corresponding

pozzolana mass to be tested.

Table 3-8:Physical properties of silica fume used*.

Physical properties Result| ASTM C1240- 15
Strength activity index at 7 days 135% > 105
Percent retained on 45 pm (No.325) sieve, max, % | 1.4 <10
Specific surface, min, (m?/g) 23 >15

* Manufacturer properties.
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The strength activity index of the used micro silica fume utilized in this
research was tested according to (ASTM C1240, 2015), in which the specimens
were prepared for strength activity index (Pozzolanic activity) consisted of one
part of cement and 2.75 part of standard graded sand by weight. Six cubes
(50x50 mm) were used in this test, three for the mixture of reference and three
for the mixture of tests. The cubes were demolded after 24 hours of initial
healing in the wet room at a temperature of (23 £ 2 ° C) and relative humidity
of not less than 95 %. Samples tested in accordance with the test method
(ASTM C109,2009) to determine the compressive strength at 7 days after
molding. The results of the tested samples were used according to (ASTM
C1240, 2015) in an equation to calculate the pozzolanic activity index (P.A.l).

P.AL= %* 100 ... o) (3-1)

A: Average compressive strength of standard mortar of cement, sand and
pozzolanic material at given age, (MPa).

B: The average compressive strength of control mortar at the same age as that
ofage A, (MPa).

3.3.5 High Range Water Reducing Admixture (HRWRA)

The high - performance water reducing admixture used in this study is a
third-generation super plasticizer for concrete and mortar, known commercially
as (Hyperplast PC200), a high - performance super plasticizer for concrete
admixture imported from the company (DCP), aqueous solution of modified
polycarboxylic polymers with long chains, free of chlorides, and comply with
the requirements of (ASTM C494, 2017) type F, specifically designed to
enable a more efficient performance of the concrete water content by
significantly improving the dispersion of cement, the polymer chains increase
the negative charge on the cement particle surface at the start of the mixing

process and the electrostatic repulsion of the cement. In this study, the
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percentage of 3.7% was used to produce appropriate slurry for SIFCON. The
technical description (Hyperplast PC200) is presented in Table (3-9).

Table 3-9:Technical description of (Hyperplast PC200) *.

Chemical basis | Aqueous Solution of Modified Polycarboxylate

Freezing point ~-3°C

Color Light yellow liquid
Specificgravity | 1.05+ 0.02

_ _ Typically, less than 2% additional air is entrained
AIr entrainment ]
above control mix at regular dosages.

Chloride content | None

Toxicity Not classified as hazardous material.
Storage Stored at temperatures between 2 °Cand 50 °C.
Fire Nonflammable

*Manufacturer Properties.

3.3.6 Water
Drinking water from the university campus has been utilized in all
concrete mixes and in the samples curing which was free of salts, turbidity and,

organic matter content.

3.3.7 Steel Fibers

Previous studies have shown that bundles glued fibers dose not preferred
for using in SIFCON, where it preferred to be loose (single or discreet) to
infiltrate the fiber bed without clogging or honeycombing. Therefore, before
placing them in the molds, glued fibers had to be dissolved and separated.
(Gilani, 2007).

In the present work the type of steel fiber, hooked end was used. The
type of fiber was hooked end steel fibers with length of (30 mm) and diameter
of (0.5) mm, the hooked fiber was supplied from DURAFLEX company in
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India. The steel fiber was imported in 25 Kg bags. Plate (3-3) displays the
hooked end steel fiber used in this research. Table (3-10) indicates technical
properties of hooked end used according to the manufacturer company.

Table 3-10:Properties of hooked end steel fiber*.

Property Results of hooked end steel fiber
Description Deformed shape hooked end
Appearance Bright and clean wire

Length (I), mm 30
Diameter (d), mm 0.5
Aspect ratio(l/d) 60
Density (kg/m3) 7800
Tensile strength (MPa) >1100
Description Of shape hooked ends
Appearance Bright and clean wire

*Manufacturer Properties.

Plate (3-3): Geometrical configuration of hook end steel fiber steel fiber used
before and after magnification.

3.3.8 Steel Reinforcement

In lightweight reinforced concrete beams, two deformed steel bars with
(@10 mm) diameter in the top, three deformed steel bars with (@12 mm)
diameter in the bottom were used as longitudinal reinforcement and (@8 mm)
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bars were used for stirrups reinforcement as shown in plate (3-4). Thus, the

model used can be considered to represent the beam situation. The mechanical

properties of the reinforcement bars were obtained by a digital computer

complementary with the testing machine as presented in Table (3-11). Test
results referred that the adopted steel bars conformed to (ASTM A615-05).

Table 3-11:Specifications and test results of steel reinforcing bars*.

Nominal Bar Actual bar Yield Stress | Ultimate strength
Diameter (mm) | Diameter(mm) | Fy(MPa) Fu (MPa)
8 7.95 550 678
10 10 581 724
12 11.96 663 828

*Testing of steel bars was carried out in Strength of Materials laboratory at Al-Musayib Technical

Institute.

Plate (3-4): Steel reinforcement used in NSC and HSC beam specimens.
3.4 TestMethods for Fresh (LWC and SIFCON)
34.1 Testsfor Fresh LWC

The following tests were used to measure fresh properties of LWC:
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3.4.1.1 Slump Test
The slump test of LWC was performed in accordance with (ASTM
C143,2008) as shown in Plate (3-5).

Plate (3-5): Slump test for LWC.
3.4.1.2 FreshDensity Test
Fresh density which is also called unit mass or unit weight in air, is the

summation of the mass of all the fresh constituents of concrete divided by the
bulk size occupied by the concrete. Fresh unit weight was measured directly
after pouring.

3.4.2 Testsfor FreshSIFCON Mortars

For the production of SIFCON, testing SIFCON mortar in its fresh state is
of serious importance. Its matrix must be sufficiently liquid and fine enough to
flow through the dense fiber bed. EFNARC has only proposed two tests for
SIFCON mortar, which are mini slump flow and V-funnel tests. These tests
were used to determine SIFCON mortar flowability, filling capacity, resistance
to segregation and viscosity. The mini-flow test represents the slurry's
flowability, segregation resistance and uniformity, while the V- funnel test were
used to measure the slurry's viscosity (flow rate measurement). The two tests
conducted on SIFCON mortar are briefly described below.
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3.4.2.1 Mini Slump Flow Test

The mini slump flow test is the simplest and the fastest test procedure,
used to assess the horizontal flow and the filling ability of SIFCON mortar, also
can indicate segregation resistance and uniformity of the slurry through the
visual observation during the test (Ali, 2018). The apparatus used for the mini
slump flow test was a mold in the shape of a cone with internal dimensions of
100 mm base diameter, 70 mm top diameter, and a height of 60 mm, as shown
in Plate (3-6). Also, this test required base plate of a stiff nonabsorbent material,
trowel and scoop.

Approximately (0.5) liter of mortar is required for the test. It is necessary
to moisten the base plate and inside the slump cone, ensuring that there is no
free water, followed by placing the base plate on a stable ground level and the
slump cone was placed centrally on the base plate and firmly held down. The
cone was filled with scoop mortar; with the trowel, the mortar leveled off with
the top of the cone. Around the base of the cone, excess mortar was removed.

The cone rose vertically and gave free flow to the mortar. The table is then

immediately dropped 25 times in 15 seconds.

Immth@ Teaval of the brass co
and 25 drops

Plate (3-6): Process of the flow table test.
The final diameter of the mortar was then measured in two perpendicular
directions and the average of the two measured diameters, which is the slump
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flow in mm, was calculated. The higher the slump flow value, the greater its
ability to fill formwork under its own weight. A value between (240-260) mm
spread diameters is required for SIFCON Slurry.

3.4.2.2 V-funnel Test

The slurry's viscosity can be assessed by the flow time of the V-Funnel.
The time value obtained does not measure the slurry's viscosity, but is related
to the flow rate. The slurries showing the higher flow time from the V - funnel
test can therefore be considered to have a relatively high viscosity. The device
used for the test is: V-Funnel, bucket, scoop, trowel and stopwatch, as Plate (3-
7).

Plate (3-7): V-Funnel test apparatus.

The amount of mortar required for the test was approximately (10) liter.
On firm ground, the V-funnel was placed. Then wet the inner surfaces of the
funnel and the lower gate while the trap door opened to allow the excess water
to drain. The trap door was closed afterwards and the bucket was placed
underneath. The apparatus was completely filled with the mix without
compacting, and the trowel hit the mortar level with the funnel top.

The trap door was opened within 10 seconds of filling and allowed the
mortar to flow out. When the trap doorwas opened, the stopwatch was started
and the time to complete the discharge (the flow time) was recorded. This was
taken when light was seen through the funnel from above. A flow time between
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7 - 11 seconds is considered appropriate for SIFCON mortars (EFNARC,
2005).

3.5 SIFCON Trial Mixes

The high - range water reduction admixture (HRWR) can be regarded as
the most important component for the achievement of a homogeneous mixture
with the required properties of SIFCON mortars with a low wi/c ratio. It is
therefore important to check the optimal dosage, which complies with the other
component materials of the mortar used, the HRWR selected for this research
IS (Hyperplast PC200) from (DCP) company.

Many trial slurries mixes have been prepared to achieve optimum fresh
properties for SIFCON mortars with mini slump flow range between (240 -
260) mm and V - funnel time between (7 - 11) seconds, while at the same time
achieving easy and complete penetration of prepared mortars through the steel
fiber network.

Table 3-12: Fresh properties of SIFCON mixes

Mix | Mini slump flow (mm) | V-funnel (s) SP. % by wt. of cement

M1 245 95 2.4
M2 251 8.9 3.0
M3 259 7 3.7

The method used to determine the amount of HRWR required for
SIFCON mortars is to first check the slump flow with a different amount of
HRWR until the target value of (240 - 260) mm is reached, and then to check
the time of the V - funnel. This is because the mini slump flow test is the
simplest and fastest, and the steel fiber is then checked for infiltration. Details
of the test mixes are shown in the Table (3-13). In that table some words were
used to express the success of the slurry, where (Bad) indicate that the slurry
failed to penetrate into all shapes of fiber, (Good) means that the slurry is

successful in penetrating through the hooked end fiber only, (Very good)
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successfully penetration through hook end fiber only. (Excellent) denotes that
the slurry is ideal for the shape of fiber used in this study.
Table 3-13: Trial mixes of SIFCONslurry.

Dosage of HRWR w/b ratio that The infiltration of
(%) by weight of satisfied EFNARC mortar through the
cement requirement* dense steel fiber
2 0.3 Bad
2.3 0.32 Bad
24 0.3 Bad
2.8 0.35 Bad
3 0.33 Bad
3 0.38 Good
3.5 0.33 Very good
3.7 0.33 Excellent

* The EFNARC requirements are: a value between (240-260) mm spread diameters is required for
mini slump flow test and a flow time between (7-11) seconds for V-funnel test.

3.6 Mix proportion
3.6.1 SIFCON Mix design

In the experimental work, a trail slurry mixtures were carried out to find
a suitable mix that has the optimum properties in the fresh state with respectto
fluidity, viscosity and filling ability without bleeding and segregation or pore
pockets in the fiber network that cause dramatic reduction in the mechanical
properties of SIFCON, as listed in Table (3-14).

Table 3-14:Experimental Trial mixes of SIFCON slurry.

_ Cement | Sand SF (10% | W/Cm* | Water | SP % by wt.
Mix kg/m?3 kg/m?3 rep.) kg/m?3 ratio L/m?3 of cement
M1 872.4 969 96.9 0.30 290.7 2.4
M2 872.4 969 96.9 0.33 319.8 3.0
M3 8724 969 96.9 0.33 319.8 3.7

*W/Cm = water / (cement + silica fume)

71



Chapter three Experimental Program

Since there is not any standard specification for SIFCON mix design yet.
The literature review findings, as given in Table (2-1) in chapter two, helped in
the design of SIFCON mixes. It can be seen from this Table that the proportion
of (sand: cementitious materials) by weight in most cases is equal to (1:1), so

this value was adopted in this investigation.

Many investigators (Giridhar et al.,2015; Yan et al., 1999; Yazciet
al.,2006) used cement content range from (800-1000) kg/m3 and recommended
to use W/C ratio less than 0.4 (by weight) for the productionof SIFCON matrix.
Therefor after many trails, ordinary Portland cement of (872.4) kg/m3 content
was used in this work, while the water/binder ratio was kept constant as 0.33
(by weight).

The type of SIFCON prepared in this investigation is (hooked end fiber
SIFCON)which was produced by using mortar with the hooked end steel fiber
and micro steel fiber with volume fraction of 6%. These fiber contents were
selected from the experimental work and from different studies dealt with
SIFCON (Yazic1 et al.,2006;Gilani,2007), it was found that 6% volume
fraction was improved as a minimum practical limit that could fill the mold and
produce SIFCON with different types of mortar without using vibration.

Table (3-15) and Figure (3-3) reveal the optimum mixes used in this
study with weight proportions.

Table 3-15:SIFCON Materials mix proportion.

Mix Proportions

Cement | Sand | Silica Fume | Hooked-end | W/Cm | Super Plasticizer by
s | Kg/m? Steel Fiber :
Kg/m Kg/m? 10% Kgfm? wt. of Cementitous

rep. (%0)
872.4 | 969 96.9 468 0.33 3.7
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Figure 3-3:Materials proportionused in SIFCON mixture (% of total mix
weight).

3.6.2 Lightweight Concrete Mix Design

Lightweight concrete (LWC) is typically dependent on its mass, as
described earlier. In several codes, lightweight structural concrete (LWC) is
described as a concrete with a hardened density of lower than 2000 kg / m? and
a compressive strength at 28 days exceeding 17 MPa, whereas normal concrete
weight with a density range from 2200 to 2600 kg/m? (SikaViscocrete-5930L).
Lightweight aggregates used in this experiment is LECA made of expanded
clay made heating clay in a rotary kiln to around 1200 °C and is produced in
Iran. LWC mixtures of this work contained LECA as a coarse lightweight
aggregate in addition to cement, natural sand, and chemical admixture. (ACI
211.2,1998 and ACI 211.4R,2008) were used as a guideline to prepare
concrete mixes that satisfied the requirements for density and compressive
strength of normal and high strength concrete respectively. For the purpose of
comparison, two grades of LWC (NSC and HSC) mixtures were designed in
this research. The objective of the concrete mix design was to have a slump of
75 mm, and a 28-days cube compressive strength were 33 MPa and 67 MPa of
NSC and HSC respectively. Various trial mixes were used to achieve the

required strength; the mix details of high strength lightweight concrete are
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given in Table (3-16). Flexural reinforcement used in these concrete beams was

the same bars used in the normal concrete beams.
Table 3-16:Details of LWC trial mixes (kg/m3)

3 o ™ ™ g ™ “- m “6 % E = % E
§ | 8E|2E|JE|cE|EE|¢ | 5 |2c|8b2g| BEB
2 | 82|82 42|82(22 |28 2 |aF|gg82| S8
2 = = o [7p] 5 1)
n o O o
HSC1 | 450 | 661 | 355 50 200 [ 1.8 | 0.4 100 43.7 Less
HSC2 | 495 | 639 | 274 55 176 | 1.8 | 0.32 | 95 45.68 Less
HSC3 | 540 | 678 | 424 93 164 | 1.7 | 0.26 | 85 51.6 Less
HSC4 | 560 | 782 | 210 | 110 | 154 | 1.7 | 0.23 | 85 67.33 Satisfied

Table (3-17) also represents the ratio of the mixtures, compressive
strength, fresh density and slump while Figure (3-4) and (3-5) shows the
proportion of ingredients of LWC mix as a percentage by weight.

Table 3-17:Details of LWC mixes (kg/m3)

Sol| 8| et st |see pr| 28| & |ec| 528 5L, B0
g9 s8¥ Q| UP | B 29 ;}E S |3F|Lg® gg =
NSC | 478 | 667 | 420 - 153 | 15 | 0.32 | 90 | 1725 38.26
HSC | 560 | 782 | 210 110 154 | 1.7 | 0.23 | 85 1828 67.33

SILICA FUME; 6%

WATER; 8%
CEMENT, 31%

SAND; 43%

B CEMENT HMSAND #LECA H® WATER HSILICAFUME #SP

Figure 3-4:Materials proportionused in HSLWC mixture (% of total mix
weight).
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" WATER =1 m2 w3 m4 m5 " SUPERPLA
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Figure 3-5:Materials proportionused in NSLWC mixture (% of total mix
weight).

3.7 Descriptionof the Tested Lightweight Beam Specimens

The test program consisted of testing twenty-eight beam specimens of
NSC and HSC lightweight concrete. Each LWC beam was reinforced with
deformed steel bars with (@12 and 10 mm) diameter were used as longitudinal
reinforcement and (@8 mm) bars were used for stirrups reinforcement and kept
constant in all beams. The provided stirrups were such as to prevent shear
failure in any of the beams. The longitudinal and transverse steel reinforcement
in the LWC beams is shown in Figure (3-6). The selected dimensions were
constant for all beam specimens; therefore, beams were manufactured with a
rectangular cross-section of 150mm x 200mm, and a total length of 2000mm

also as shown in Figure (3-6).

Due to a large number of beam specimens investigated in this research
and in order to facilitate the comparison between these beams, each LWC beam
is identified by four symbols. The first symbol is letter that refer to the grade of
concrete (NSC or HSC). The second letter concrete cover of beam (25mm or
35mm). The first number is denoted the thickness of U-shaped SIFCON jacket
(0, 20 or 30 mm).
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30 = s © ¢ 8@200
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1 | 2000 mm
2000 mm | e

160 m

30 mm

—3{12

| 200 mm

Figure 3-6:Main section geometry and typical LWC beam cross-section
(dimensions are in mm).

Finally, the second number symbolized the fire duration exposure of
beams (with or without burning). In Figure (3-7), the procedure in which

samples were identified was explained.
HC1-2

a |
Fire duration
0= No fire exposure

1= 30 min fire exposure
2= 60 min fire exposure

SIFCON jacket thickness
0= None

2=20mm

3=30mm

Concrete cover

1= 20mm
2=30mm

Grade of LWC
Normal strength=N
High strength=H

Figure 3-7: An instance for the method used to identify the beam specimens.
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The entire experimental program comprises testing 28 of normal and
high strength reinforced lightweight concrete beam specimens cast in the
laboratory and tested under two-point loading. Twenty-eight LWC beams of
which were exposed to fire flame and compared with the reference four beam

specimens, which were not exposed to fire flame.

Table (3-18) lists the details of LWC beam specimens. The beams were
all cast in the same period to prevent or minimize the variation in the exposure
conditions. Thus, the model used can be considered to represent the beam
situation. Eight plywood molds were designed and fabricated for casting of
LWC beam specimens in each batch as shown in Plate (3-9). Molds were used
to cast 28 LWC beams with inner dimensions of (150x200x2000mm) (width x
depth x length) respectively. After greasing the molds of beam specimens,
reinforcement bars were held carefully in their position inside these molds. In
order to get a cover, small pieces of steel were placed at sides of the beam

reinforcement.

To prevent the LWC beam from developing significant axial forces,
which could create artificial strut action, the LWC beams were supported by a
roller on one end and a hinge at the other as shown in Fig. (3-8). At both of
these locations, the contact area between the concrete and the supports includes
loading plate with dimension of 75 mm x 150 mm (the width of the beam).

Applied Load

Loading Plate ‘ ‘ Steel Beam
ey ™
Roller Support Hinge Support
0.50 —=| 0.80 ~—0.50

- 2.00 »-

0_20J

Figure 3-8:The mechanical loading configurations.
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Table 3-18:Summary of NSC and HSC LWC beam test specimens.

Grade of i . :
Concrete SIFCON jacket Beams Fire duration
concrete ) o )
cover (mm) thickness (mm) designation (Min)
beam
NC1-00 0
None NC:-01 30
NC1-02 60
20 NCi1-21 30
20
NCi1-22 60
= NCi-31 30
> 30
o NCi1-32 60
=
> NC2-00 0
3 None NC,-01 30
pd
NC2-02 60
30 NC2-21 30
20
NC2-22 60
NC2-31 30
30
NC2-32 60
HC1-00 0
None HC1-01 30
HC1-02 60
20 HC:-21 30
20
HC1-22 60
= HC1-31 30
> 30
o HC1-32 60
&)
S HC2-00 0
o None
%) HC2-01 30
I
HC2-02 60
30 HC2-21 30
20
HC2-22 60
HC2-31 30
30
HC2-32 60
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3.8 Mixing Procedure

Sufficient mixing is necessary to achieve the required performance and
homogeneity of SIFCON slurry, also, the extending mixing time is important
bothto allow the HRWR to develop its full potential and to obtain fully dispose
of silica fume by breaking up any agglomerated particles. All trial mixes were
performed in a small rotary mixer of 0.01 m3 capacity, while the specimens'
mixes were performed in a horizontal rotary mixer with a capacity of 0.125 m3
as shown in Plate (3-8). Any residual particles of concrete from prior batch
must be cleaned off before using the concrete mixer. A moist cloth is used to
clean the blades and pan of the concrete mixer.

a) Mixer used for trial mixes. b) Mixer used for specimen’s mixes.
Plate (3-8): Mixers used in this study.
The adopted method in this research, is presented in Figure (3-9), based

on previous researches and trail mixes to produce satisfactory workability. The
steps of mixing can be summarized as follows:
1) The mixer was cleaned from any remaining fresh or hardened materials
(from the older mixtures) before the mixing operation.
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2) The entire amount of HRWR was mixed separately with mixing water

(1/3) for almost 0.5 minutes.

3) For SIFCON slurry, the binder material [ cement and silica fume (SF)]

was mixed in a mixer for (1) minute to disperse the particles of silica fume

through the cement particles, then the sand was added and mixed for (2)

minutes.

4) (2/3) of mixing water was then added to the rotating drum and mixed for

1 minute. HRWR was then fed to the mixer with (1/3) mixing water and

mixed for 3 minutes.

5) The mixer is then stopped and the mixing for the portion not reached by

the mixer blades is continued manually.

6) Finally, to obtain the required fluidity, mortar ingredients are mixed foran

additional (1) minute.

Mechanical mixer

Mixing binder material (cement and
silica fume)

&

MHg sand to binder material

Then HRWR with (1/3) of mixing
water was fed to the mixer and mixed

(2/3) of mixing water was added to the

rotary drum

The mixing is continued manually and
mortar ingredients are mixed

Total mixing time

Figure 3-9: SIFCON mixing time process.
LWC were mixed according to (Lotfy, 2012) with some modification. As

a result of high lightweight aggregates capacity for absorption water, the

aggregates were before-soaked for at least two days, then the extra water has

been drained and the materials mass have been measured see Plate (3-1).The
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process of producing LWAC was adopted based on information provided by
the aggregate manufacturers as summarized below, see Figure (3-10):

1. The LECA and sand were blended with 50 percent of the mixing water
for two minutes.

2. The mixer left standing for four minutes to allow aggregate water
absorption. During that period, the mixer was kept covered to minimize

evaporation.

w

The powder materials namely cement was supplied to the mixer and

blended for an extra 60 seconds.

D

. Finally, the remaining water and SP were added to the mixture and mixed

for another seven minutes.

ol

. Break time of two minutes was taken before pouring the fresh mixes. The

entire mixing cycle takes approximately 16 minutes.

* Mixing LECA and sand with 50 % mixing water ]

¢ Mixer left standing to allow aggregate water absorption

+ Adding cement ]

e Remaining water and SP were added to the mixture ]

* Break time

» End of Mixing and Ready of Pouring ]

i (G K2 4

Figure 3-10: LWC mixing time process.
Beyond mixing, the flow test was performed for LWC mix. Compaction

was achieved using a plunger mechanical vibrator (3000 vibration per minute)
having a metal rod with a diameter of 50mm vibrating for 5 seconds for each

insertion until no air bubbles, samples of (prisms, cylinders, and cubes) was
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utilized to stabilize the LWC. Since levelling was done utilizing hand trowel,
the upper concrete surface has been finished smoothly. The samples were kept
for one day in the moulds before placing in the water tank to start the curing

process which continued up to the age of testing.

3.9 Casting and Curing Procedures of LWC Beam Specimens

Before casting, the materials were selected and weighted according to the
volume of the mixture. All beam specimens tested in this study were cast in
plywood molds. Each batch from the mixer was sufficient to cast two beams.
Plate (3-9) presents the procedure of casting reinforced LWC beams, and Plate
(3-10) shows the method of casting LWC samples (cubes and cylinders).

The casting process is described in the following steps:

1) The plywood molds were prepared by proper cleaning and lightly
lubricating of the inner faces with oil in order to prevent the adhesion of
hard concrete before each casting and then, each mold was placed on a
horizontal ground, and adjust the horizontal and vertical of the wood
molds, Plate (3-9 A).

2) The reinforcement was positioned carefully inside the plywood molds
with the required bottom cover being accurately maintained as shown in
Plate (3-9B).

3) After the mixing was finished, the fresh LWC mixture poured into the
molds by placing the specific concrete directly from the mixer and
vibrated by using a plunger vibrating and full compaction was made sure
by observing the air bubbles on the surface as presented in Plate (3-9C).

4) Shortly after the casting and finishing of the top surface of all specimens,
the molded specimens were covered (to prevent the loss of moisture) and
left for 24 hours until they were removed.

5) Conventional curing method was used to simulate the practical site

conditions.
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Plate (3-9): Garmenting processes of casting LWC beam specimen.

Plate (3-10): The procedure of casting, Compaction and curing of LWC

samples.
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Thereafter, beam specimens were cured from its first casting day with
saturated wet coverings by using burlap for 56 days and spray daily with
portable water until the treatment period is complete as visible in Plate (3-
11A). While, control samples cubes and cylinders of each batch cured in
a water tank with a temperature of (23£2 °C), also are kept in the

laboratory under ambient conditions after ensuring a complete molds
disposal see Plate (3-11B).

A) Covering of beam specimens B). Samples curing.
with burlap and plastic sheet.

Plate (3-11): Curing procedures for beam specimens and samples.

3.10 Fire Test Furnace Description

The fire test furnace consists of a furnace ora burner combustion chamber
including a gas evacuation system, and a steel frame with a hydraulic linear
actuator to applied loads on the elements see Figure (3-11). It was designed to
follow either a customdesigned fire development profile or a time-temperature
curve specified in fire resistance standards such as ISO 834. To provide a
uniformly distributed temperature inside the furnace a Proportional-Integral-
Derivative (PID) controller was used. The PID controls the process of the
structural test under fire conditions satisfying the requirements of the European

directives on safety and electromagnetic compatibility.
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The furnace can test vertical and horizontal elements such as beam, wall,
slab and column elements, and subject them to specific heating. Summarizing,
the following tests can be carried out on the designed equipment:

® Fire resistance tests on horizontal separation elements, such as beams on one,

two or three faces.

® Fire resistance tests on vertical elements, such as columns on one, two and

three sides.

Key aspects of the design and operation of this equipment are burner
adjustment and refractory properties of all industrial furnace components. The
burners manage flame to control the temperature inside the furnace. This
furnace has twenty-seven burners placed on the bottom and side walls that heat
the interior of the furnace uniformly. The refractory materials reduce heat loss
and ensure that the standard time temperature curve is followed, maintaining
the heat in the furnace. Finally, heat flux and gases are extracted during the fire
resistance test by means of a gas evacuation system. PID controller is added to
control temperature and pressure in real-time and follow Standard time-
temperature curves. PID controller includes an emergency power off system to
ensure the furnace operates under fire conditions. The control of the system is

crucial to minimize existing hazards.

A furnace is used to follow the standard time-temperature curves. To
record temperature, thermocouples are placed inside the furnace and near the
specimen. The fuel, the burners and the refractory lining are the key aspects of
furnace designs. Furnace designs vary as to their function and type of fuel (del
Coz-Diazetal., 2020). The main purpose of the fire flame furnace is to raise
the temperature levels of LWC beam models to the target temperature and holds
the temperature constant for a required duration. In order to control the burning

procedure, consists of the following equipment:
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Brick furnace.

Network methane burners.
Thermocouple.

Electrical gas regulator control.
Digital gage.

Electrical network.

Methane gas bottle.

Oxygen gas bottle.

© 0o N o 0o R~ wDhRe

Gas connections and pipelines.
10.Furnace steel cover.

11. Ignition tool.

The full details of the furnace and equipment are shown in Figure (3-11).

Data Logger | b/ g \

Thermocouples Wire

-

e S

7L

Figure 3-11: Details of the furnace and equipment.

3.10.1 Brick Furnace: Dimensions and Description
This furnace is designed to generate typical conditions, such as

temperature and heat transfer, to which a structural member might be exposed
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during an actual fire incident. The internal dimensions of the furnace are 2200
mm length, 450 mm width, and 650 mm height. Furnace floor and wall
insulation are made up of three layers with different refractory materials are
illustrated in Figure (3-12). This ensures correct thermal insulation and uniform
conditions inside the furnace. The floor of the furnace has an opening used to
fix a vertical element or structure inside the furnace to test it under fire

conditions.

The wall thickness in all sides are fixed at 136 mm, the main structure is
made of thermal bricks and mortar with small opening to provide the necessary
fresh oxygen for the burners, the furnace cover is made of insulator plate with
thickness of 8 mm to keep the temperature constant as described in Table (3-
19) and Figure (3-12). The burners network consists of twenty-seven arranged
in three lines, one in the bottom and one in each lateral side, each line consist
of nine burners. All methane burners connected together to electrical regulator
which connected to two valves controlling the discharge of gas coming from
Oxygen and methane bottles. Two networks are equipped for the purpose of
burning three scenarios to simulate the heating condition in a realistic fire. The
aim of the fire-flame bars was to simulate the heating condition in a realistic

fire.

Concrete Beam (150*200 mm)
r —= Thermo couple

| Yirys
| Losem

20cm
8.cm

15¢m

Refractory 80mm '—”/’ eSS e em s s / J‘
Metal:sheetorm Flame = Glass Wool 50mm »—

_.,
gcm

Sem — f

Figure 3-12:Furnace floor and wall insulation.
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Table 3-19:Furnace floor and walls composition and main properties.

Layers Thickness | Density | Thermal conductivity
(mm) (kg/m3) (W/mK)
Steel plate 6 7800 54.37
Ceramic fibre blanket 50 128 0.324
Dense refractory bricks 80 2600 2.398

3.10.2 Thermocouple

Thermocouple is a temperature sensing element consists of two wire legs
made from different metals inside a metal tube (thermocouple cover). T he wires
legs are welded together at one end, creating a junction. This junction is where
the temperature is measured. When the junction experiences a change in
temperature, a voltage is created, and this voltage can be interpreted to measure
temperature. Thermocouple usually connected to a thermometer or any other
thermocouple-capable device (digital gage used in this investigation) by a
thermal-insulated electric wire to resist high temperatures during burning. Plate
(3-12) show the specifics of thermocouple and the digital gage.

THERMOCOUPLE 740

¥ i 14

Plate (3-12): The specifics of type- K thermocouple.
One of the instrumentations mounted used in the test beams included
thermocouples, data transducers and MATLAB data logger. The location and

numbering of the thermocouples in cross section are shown in Figure (3-13).
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1- 100mm Depth /—- Thermo couple
2- 150mm Depth |
3- 175mm Depth [

Figure 3-13: The location of the thermocouples in the cross section

A total of four Type-K chrome Lumel thermocouples, 0.91 mm thick,
were installed at three different cross sections (mid-depth, quarter-depth and
reinforcement concrete cover). The fourth one used to measure the temperature
of the furnace atmosphere in each NSC and HSC LWC beam for measuring

concrete and reinforcement temperatures at different depths.

3.10.3 Electrical Gas Regulator and Ignition-Burning System

Gas regulator device is an electronic valve designed to provide very fast
and accurate gas flow for the furnace burners. The electronic circuit compares
the gas injection pressure to its set point of temperature and regulates the gas
flow in order to maintain the temperature at its set point by closing or opening
the gate. The electrical gas regulator is connected to digital gage to provide gas
flow according to the set temperature require, these connections permit to
remain fire flame in burners as an ignition system during the firing process.
Ignition equipment usually remains ignited during gas locking intervals to be
ready for reigniting process again when temperature degree reduces below the
level required. Plate (3-13) shows the electrical gas regulator and ignition-

burning system.
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Plate (3-13): The electrical gas regulator

3.10.4 Burning Procedure of the Specimens

After curing was finished the burning procedure was applied. The
specimens were burnt with direct fire flame by a net of Oxy-methane burners
inside a brick furnace to the target temperature. The burning procedure was
done by the following steps:

1. After preparing the furnace with all connections, the lightweight concrete
samples and beam specimens were held carefully by chain hoist and
placed inside the furnace.

2. The LWC specimens were positioned fair-faced toward the Oxy-
methane burners with the same distance from each line of burners.

3. The gas valve was opened and the burners were ignited, and the
measured temperature was increased gradually every (2 min.) according
to the designer curve of 1ISO834 mentioned in chapter one. standard
values which were listed in chapter one to obtain an approaching fire
temperature to that of the standard fire test method.

4. As shown in Figure (3-12), only three sides (bottom and two sides) of
the LWC beams section were exposed to fire, while the fourth side (top
surface) of the beam was to be in adiabatic conditions. This is similar to

the conditions encountered in practice where a concrete slab is present
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on the top side of the beam.

5. Three networks of Oxy-methane burners were developed for the purpose
of burning LWC beam specimens. One at the bottom of the furnace, and
the other at the two sides and placed directly under and besides the beam
specimen with the distance of 15 cm between the exposed surface of the
beam specimen and the nozzles of the methane burners.

6. When the target temperature reached, the electrical gas regulator started
to work by regulating the gas flow so the target temperature stayed
constant. The target temperature was measured by two digital
thermometers continuously measured the temperature one of them was
positioned in fire flame contact area, while the other was at the face of
the specimen. Also, three thermocouples were used to measure the
temperature, two of them were positioned at 150mm and mid depth
100mm of the cross-section of reinforced LWC beams, another one was
positioned at the longitudinal steel reinforcement layer of the beam, the
holes made during the concrete cast of specimens. The Plate (3-14)
depicts thermocouples location inside LWC beam.

Plate (3-14): Fixing the thermocouples sheath with rebar inside LWC beam.

7. After the duration of burning was finished (0.5 and 1 hrs. of fire
exposure) the gas valve was closed and the reinforced lightweight
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concrete specimens were cooled immediately. Recording the specimen’s
weight before and after the burning. The full details of the burning
process and burning furnace with all connections are shown in Plate (3-
15).

% Gt y .,‘s{iﬂ%‘
Plate (3-15): Burning furnace with all connections.

3.10.5 Fire Loading

In experiments performed at high fire temperature, the fire history and the
testing time are very important. To provide fire temperature load a brick furnace
was used. After specified age of the LWC beam specimens they were exposed
to fire in the furnace. The LWC beam specimens were burning in the furnace
according to the standard fire curve recommended of I1SO-834 as shown in
Figure (3-14). The furnace was designed to attain a maximum temperature of
1200 °C. The temperature in the furnace was regulated so as to follow ISO
curve. However, it should be noted that the rate of heating used is considerably
lower than 1SO-834 regulation, which is presented in Figure (3-14). The
durations of the fire loading were 0.5 and 1 hours in every case because it was
enough to warm up the reinforced LWC beams to a uniform temperature.

Observations were made every 5 min through the view ports in the
furnace to record any major changes in the specimen including occurrence of

fire induced spalling. Following the completion of fire resistance test and after
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complete cool down of each beam to ambient temperature (around 35 °C),
detailed observations on cracking and extent of spalling were made.
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Figure 3-14: Experimental and I1SO-834 Standard recommended temperature-
time curves.

The real time-temperature curve was programmed by MATLAB program
so that the heat thermocouple inside the furnace was connected to the computer
in order to record the temperature values directly with the time. Then at the end
of the burning process the data of temperatures and times are stored with the
final shape of the time-temperature curve on the computer. Figure (3-15)
illustrates an example of the time-temperature curve drawing by MATLAB
program.

The flame length was 200 ~ 350 mm. The temperature was controlled by
a computer. The bottomsurface and two vertical side surfaces were exposed to
fire. The starting temperature of the test was 35 °C. Three sides of the LWC
beams were exposed to fire after 30 min of fire loading. The temperatures at
different locations ofthe LWC beams were recorded at an interval of 10s. After
the fire test, the beams were left in the furnace for cooling and then lifted from

the furnace the next day.
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Time Temperature Curve
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Figure 3-15: the time-temperature curve drawing by MATLAB program.
3.11 Cooling Procedure
After the duration of burning was finished, the gas valve was switched
off, the lightweight concrete specimens were immediately extinguished by
foam spray fire extinguisher and then lifted from stove by using thermal gloves.
This process of cooling adopted in this investigation in order to simulate this

problem to practical site conditions.

3.12 Preparing the SIFCON Thin Jackets

A new technique has been recently proposed for strengthening reinforced
concrete structures via thin jackets made of high-performance fibre-reinforced
cementitious composites (HPFRCC). These materials are characterized by a
high compressive strength, which is accompanied by a rather high tensile
strength, as well as by a hardening behavior in tension. As the traditional
reinforcement is no longer necessary, the usual limits specified for the
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minimum cover do not apply to the jacket (no rebars and stirrups), and the
thickness of the jacket can be as small as 30—40 mm. In this work, the SIFCON
thin jacket (20- and 30-mm thickness) was prepared by infiltrating randomly
discrete fibers with specially designed cement-based slurry. Six percent volume
fraction of hooked fibers was enough to fill the mold, so it was used in this
investigation. The proportion of the materials used and the mechanical behavior
of the matrix and SIFCON was described in this chapter. Hooked end fiber type
Is used with aspectratio (L/Dr) of 60. The slurry mix was specially designed to
have a high compressive strength and a very high workability. The slurry mix
proportionwas 1: 1.11: 0.11: 0.37: 0.041 by weight of cement, silica sand, silica
fume, water and superplasticizer respectively. The slurry mix designed yielded
a compressive strength of 60 MPa at 28 days. These jackets were prepared using
fibers; namely hooked end steel.
3.13 Repair and Strengthening Technique of Fire Damaged LWC Beam
Specimens

Specimens control LWC beams were without repair, the former is under
room temperature, while the latter beams were fire-damaged strengthened with
SIFCON thin jacket. As well as, the specimens which experienced fewer
burning times compared to other beam specimens, received no severe damage
and only small cracks were observed on their surface, there is no need to take
action to repair concrete surface before shape modification and performing
three-faces SIFCON jacket (U-shaped jackets). The jacket was prepared using
especially designed wooden mold. Wooden molds with the same shape cross
section as the LWC beam specimens. The mold was filled with fibers to achieve
the required volume fraction, in multi layers. Each layer was infiltrated with the
slurry mix. Careful attention was paid to ensure homogeneous distribution of
fibers, and to ensure that no leakage happens during the infiltration process.
This was made by using special rubber strip as a sealant material at the interface

between wooden pieces.
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The molds having larger dimensions were used to cast the three-faces
SIFCON jacket as shown in Figure (3-16). These molds allowed casting (20
and 30) mm cover jackets and applying at the bottom and two sides (U-shaped
jackets). After fire exposure, the fire damaged beams which got cracked and
crumbled, were repaired before further strengthening. The cracked section was

removed and restored using slurry infiltrated fiber reinforced concrete.

SIFCON JACKET SIFCON _JACKET

(-3 0wt 150 -

Figure 3-16:Strengthened section using three-faces SIFCON jacket.
The beams strengthening process using SIFCON thin jacket in this study

includes four important stages that we will discuss briefly in the following, as
shown in Figure (3-17):

e First Stage: Removing Damaged Parts Resulting of Fire Exposure.

At this stage, damaged, disassembled and burnt parts and places
containing cracks, usually fragile and weak, are removed through the use of
special machines with a precise and focused effect to avoid damage to the
healthy parts adjacent to them from the body of the concrete member, a small
grinding machine was used to obtain on a focused effect, taking into account
the accuracy in removing the damaged parts and not others, the grinding
process included the three sides that were burned from the concrete beams,
which are the lower area and both sides, taking into account the continuous
cleaning of the area that was grinded by water and then by compressed air to
ensure no dust as shown in Plate (3-16A).
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e Second Stage: Notching of the LWC Beams

After the final removal of the damaged parts was completed, the
grooving process was carried out to obtain a rough surface that ensures a
relatively perfect bond between the concrete beam body and the reinforcing
jacket, which is what we need to ensure the reinforcing jacket’s contribution to
bearing part of the stresses on the beam, so high accuracy was taken into
account in the implementation this stage, As the presence of a small defect in
the bonding area may lead to a leak in the bonding in the neighboring regions
and thus lead to the separation of the reinforcement layer and the loss of its role
in resisting stresses. Forthis purpose, special discs for cutting hard stones were
used to make grooves inclined in opposite directions at an angle of
approximately 45 degrees to ensure a good interlock between the concrete
surface and the reinforcing layer. After the roughing process was completed, a
final cleaning process was performed using a water extrusion and then by
compressed air to ensure no dust. Then the specimens were left to dry before
the binder was applied see Plate (3-16B).

e Third Stage: Application of the Binder

After making sure that the surfaces were dry and clean, the binder
according to the instructions of the manufacturer was applied to the surfaces to
be strengthened with a soft brush to ensure that the binder penetrated well into

the grooves and external surfaces see Plate (3-16C).

e Fourth Stage:Pouring SIFCON

Before each casting, the molds internal faces were properly cleaned, the
spacers fixed at the bottomand both sides of the mold to ensure that the required
reinforcement jacket thickness is obtained and lubricated with oil to avoid
adhesion with hardened concrete. They were then positioned on a horizontal

ground and as shown in Plate (3-16D).
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Stepl: steel fibers are divided into three parts before preplaced in the
mold. The amount of fibers allocated to the strengthening of each beam is
divided into three parts, depending on the volume ofthe slurry in each part (the
bottomand both sides) to ensure an equal density of the fibers in the reinforcing

layer. The first part belongs to bottom of the mold see Plate (3-16E).

Step2: Cement, sand, silica fume for each part is weighted and mixed

with water, superplasticizer for making slurry. Slurry is poured into the mold.

Step3: After completing the bottom layer of the jacket, the beam to be
strengthened was lowered into the mold so that it rests on top of the spacers that
were previously installed inside the mold see Plate (3-16F).

Finally, the fibers are distributed in multi-layers and each layer is
followed by the addition of the slurry to ensure that the slurry penetrates well
through the fibers and that there are no voids.

Casting of the multi-layer technique for incorporating fiber in the slurry
was utilized in this study, which proved efficient during the casting of SIFCON
thin jacket and was found to be easier in practice than the single layer technique,
especially in cases with high steel fiber content. The technique was repeated
until the mold was completely filled with the specified fiber content.

The specimens, which did not undergo any damage or some damage
some of these steps of repairing will deleted which conform with situation of
beam, were directly strengthened. Then the specimens were cured using wet
burlap for another 28 days. This was accomplished by keeping the LWC beams
in upside-down position; preventing water from reaching the original

(lightweight concrete).
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Plate (3-16): Garmenting processes of strengthening LWC beam specimen.

At the end, the preparation of the three-faces SIFCON thin jackets was

performed in the following sequence.

99



Chapter three Experimental Program

*The surfaces of fire-damaged LWC beams should not contain microcracks. The badly
1 affected portions of LWC beams removed, which are roughly thickness of 10 to 15 mm.

*The surface of specimen was cleaned thoroughly by water and then by compressed airto
2 ensure no dust

eTo increase the binding between the LWC beams and the SIFCON jacket, the faces of the
3 fire-damaged LWC beams were roughened with a special tool.

*To achieve perfect bond strength, the beam surfaces were coated with SBR bonding
4 agent layer.

*The mold was lubricated before laying of steel fiber of the underside layer of jacket.

ePostioning of the beam inside mold above the underside layer and pouring the lateral
6 side of jacket.

eAfter 24 hours of casting, the strengthened beam been taken out the mold, and then
cured for 28 days with wet burlap. This was achieved by putting the beams upside-down
in order to prevent curing of the original concrete.

8 *Prepare the strengthed beams for loading test

Figure 3-17: Repair and strengthening technique process of LWC beams by
using three-faces SIFCON jacket.

3.14 Test Condition and Procedure of Reinforced LWC Beams

One day before testing, all reinforced LWC beams surface was cleaned
then coated with white emulation before testing to clarify cracks propagation
and make cracks observation easier. The beam specimen was placed in its
position for testing, and making sure that it is in a horizontal position. For each
beam the horizontally was checked accurately at bothsides using a spirit level,
before applying the load.

The beams are tested under two-point loading system. The two-point
load system is believed to be creating a portion of pure bending along span of
the beams which allows smooth transfer of load, application of constant
moment and occurrence of their failure in the side zone. Hence, the two-point
loading pattern is preferred as compared to that of single-point load system in
the present investigation. Each beam of which was placed at 1.8 m from the end
supports. The load was applied and spread by a steel beam at two points, which
divided the tested LWC beam into three parts to simulate a nearly equal load
applied on the LWC beam. The distance between two-point loads was 800 mm.
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Special supports were made from hardened steel plates with a thickness of 20
mm to sustain the applied load without any deformation and avoiding crushing
in the contact point of specimen bodythat may affect the test results, The
supports was design to work as a hinge from one end and a roller from the other
end. The two-point loads were applied on all beams by using a hydraulic testing
machine of 600kN capacity under stroke control at a rate of 0.02 kN/s. All
beams were tested under monotonic increasing load up to their failure. The
following measurements were taken and stored in a data acquisition system, as
shown in Figure (3-18). Loads as obtained from the load cell of the machine,
displacement of the machine actuator, a linear variable differential transducer
(LVDT), placed at the middle point of the bottom of the beam and under the
location of the two point loading as obtained from three LVVDTs placed at these
locations, and mid-span curvature as obtained from two LVDTs placed along
the top and bottom fibers and measuring changes in displacements over a

distance of 20 cm, as shown in Figure (3-19).

Upper pressing jaw

-
-‘ —— Data Acquisition

Figure 3-18:The loading setup of two-point load system
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During testing, the main characteristics of the structural behavior of the
specimens were detected at every stage of loading. These LVDTs were
connected to a data acquisition system to measure mid-span and points loading

deflection as shown in Plate (3-17).

Plate (3-17): Arrangement of LVVDTs and Load Cell within the test device.

LOAD
l Strain gauge l
T ..-. 1 r.‘f-\--rol'm R . A 'f"'_’“".m_" 2 =
Hinge R DR e e s “rf""""_ g e e a7, Raller
_--- -_: , ﬂ I | NN .-."'.E

[ e

LYI¥Ts te messure
wvertical deflection

Figure 3-19:Loading setup and measurements.
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The test was performed in the laboratory of the College of Engineering at
University of Babylon. All of the LWC beam specimens were tested at the age
of 28 days under increasing load up to failure by using a calibrated electro-

hydraulic testing machine.

The first crackand crack development were observed through using crack
meter device Plates (3-18), the corresponding load values were recorded and
the crack pattern is marked on the beam specimens to determine the cause of

failure and identify the failure mode. The failure modes were reported based on

visual observation.

Plates (3-18) A: Crack meter device; B: crack development observation.

3.15 Testing of Control Samples (Destructive Tests)

After selecting the mixes for two types of concrete (LWC and SIFCON),
in addition for various grades of LWC (NSC and HSC) produced as part of the
overall program of LWC beam specimens and U-shaped SIFCON thin jacket,
cubes, cylinders and prisms were casted in order to test it at ages of (7,28 and
56 days) at room temperature and after exposure to fire flame of (600)°C and
with the same procedures and conditions of burning of LWC beam specimens,
while for SIFON at room temperature only. These testing consisted of cube
compressive strength (f.,), modulus of elasticity (E.), splitting tensile strength

(fsp) and modulus of rapture (fr). All the tests were carried out at Babylon
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University, College of Engineering, Civil Department, Construction Materials
laboratory.

3.15.1 Compressive Strength Test

The compressive strength was an established measure that represents one
of the important concrete engineering properties that could provide an overall
picture of the concrete quality. In order to determine the compressive strength,
three cubes (100x100x100 mm) were cast in the same manner as for each grade
of LWC (NSC and HSC) and three cubes for SIFCON, and the average value
of these cubes was obtained according to (BS. 1881: part 116). The Plate (3-
19) shows the testing machine for compressive strength.

The compressive strength test was determined by crushing three cubes at
the age of 7, 28 and 56 days using a digital testing machine with a capacity of
(1900 kN), the loading rate was applied at (0.3 MPa/sec).

Plate (3-19): Compressive strength testing machine.

3.15.2 Static Modulus of Elasticity (ES)

The static modulus of elasticity of concrete was performed on (100x200
mm) cylindrical specimens and according to (ASTM C469, 2014). The top
surface of cylinder was well finished and smoothed by using electric grinding
machine to prevent any loss of strength. The specimens were tested in a
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hydraulic machine with a capacity of (1900 kN). In order to carry out the elastic
module test, as shown in Plate (3-20), 40 percent of the ultimate compressive
strength of the concrete sample was applied to the concrete cylinders. Three
samples were tested at ages 7, 28 and 56 days and the average of each 3 samples
was considered for each grade of LWC (NSC and HSC) and three cubes for

SIFCON. Static modulus of elasticity was computed by the following equation:

ES = — 2L (3-2)
e2-0.0005

Es: static modulus of elasticity, (GPa).
Sy stress corresponding to 40% of ultimate load, (MPa).
S;: stress corresponding to a longitudinal strain (0.00005), (MPa).

e2: longitudinal strain produced by stress S..

Plate (3-20): Modulus of elasticity test device.

3.15.3 Splitting Tensile Strength

Splitting tensile strength test was carried out using cylindrical specimens
of 100x200 mm. The average result of three specimens was taken at 7, 28 and
56 days for each grade of LWC (NSC and HSC) and three cubes for SIFCON.
The bearing strips were made from (3.2 mm) thick luaun plywood cutinto (25.4
mm) broad strips. The cylinder's length and diameter were measured along the
predicted failure plane. The cylinders were loaded at the prescribed rate until
the ultimate load was reached. The test was done according to (ASTM C496,

105



Chapter three Experimental Program

2017) by using a digital testing machine with a capacity of (1900 kN) and
loading rate of (0.3 MPa/ sec), as shown in Plate (3-21).

The splitting tensile strength (f,) of specimen is calculated by the

following Equation:

f oy = (3-3)

fsp © Splitting tensile strength (MPa).

P : Maximum applied load in splitting test (N).
D : Diameter of cylinder (mm).

L : Length of cylinder (mm).

Plate (3-21): Splitting tensile strength test.

3.15.4 Flexural Strength (Modulus of Rupture)

The modulus of rupture (MOR) was tested using concrete prisms with
dimensions of (100x100x400) mm in accordance with (ASTM C78/2016).
Prisms were cast and cured in the same way that beam specimens were. For
each age (3, 7, 28, and 56) days, each value reflected the average of three
prisms. Third-point loading (MOR) tests were carried out with a hydraulic
machine CONTROLS digital with a capacity of 150 KN, as illustrated in Plate
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(3-22). Using the following Equation, the ultimate modulus of rupture (fr) was

computed.
PL
f DR Tt (3-4)
Where:

fr: Modulus of rupture, (MPa).

P: Failure load, (N).

L: distance between the supports, (mm).

b: Prisms width, (mm).

h: Depth of prisms, (mm).

This equation is only applicable if the failure line is inside the mid third of the
span length; otherwise, the MOR is computed using equation (3-5):

fr = s (3-5)
Where:
a: The average distance measured on the tension surface of the beam between

the point of fracture and the nearest support (mm).

Plate (3-22): Flexural strength test.

3.16 Testing Non-Destructive Tests
In order to determine the effect of fire on the lightweight concrete the

compressive strength of the beams was measured one day after exposure to fire
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using nondestructive tests. First, an ultrasonic pulse velocity test was used but
the readings were unreliable, which was attributed to the random cracks which
occurred during fire. So, the Schmidt hammer was used for estimation of
concrete compressive strength. Each LWC beam was divided into 36 squares
(10 X 10 cm) on the side and 18 rectangles (12 x 10 cm) on the bottom. An

average of ten readings was determined for each square or rectangle.

3.16.1 Ultrasonic Pulse Velocity Test (U.P.V)

Ultrasonic Pulse transit times were measured by direct transmission
method. This test was carried out according to (ASTM C597, 2002). The
velocity of ultrasonic pulses transmitted through the control lightweight
concrete specimens was determined before and after burning. Portable
ultrasonic concrete tester known as (PUNDIT) 54 KHz was used for this
purpose which is shown with its accessories in Plate (3-23). Calibration of the
PUNDIT was done before testing to check the accuracy of the transit time
measurements. This was achieved by the calibration with the reference bar.

A thin layer of grease was applied on the surface of the tested points to
act as a compliant and to prevent dissipation of transmitted energy. The pulse
transit path length was measured accurately and the time of its travelling was
recorded to the order of 0.1 psec. The test was accomplished in concrete
laboratory of College of Engineering in Babylon University. The pulse velocity

was calculated as follows:

Where: V: Ultrasonic pulse velocity (km/sec).
L: The path length (mm) and
T: The transit time (usec).
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Plate (3-23): Ultrasonic pulse velocity test for beams and cube samples.

3.16.2 Rebound Number Test

Schmidt hammer was used to estimate the surface hardness of
lightweight concrete specimens by recording the rebound number, which could
be considered as a measure of the LWC strength and percentage of voids.

The Schmidt hammer rebound number was recorded at 16 distributed
points on the face of the LWC specimens which is shown in Plate (3-24).

Plate (3-24): Schmidt hammer test for lightweight concrete specimens.
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The mean rebound number was calculated for each area of LWC
specimens (exposed to realties fire flame). Schmidt hammer type (MC) was
used. The test method is prescribed by (BS 1881: part 202, 1986)
specifications. The test was accomplished in concrete laboratory of College of

Engineering in Babylon University.

3.17 Summary

The development various grades of strength of lightweight concrete NSC
and HSC, in addition SIFCON are presented in this chapter. As mentioned, this
partly belongs to the overall research program on LWC being carried out at
Babylon University - college of engineering. Materials used for these types of
concretes and their properties are discussed. Mechanical properties of these
concretes related to the structural response of reinforced concrete members are
presented and discussed taking into account the available studies and code
provisions. The procedure of burning LWC beam specimens, then repairing and

strengthening technique using U-shaped SIFCON jacket are presented in this

chapter.
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Chapter 4. Results and Discussion

4.1 Introduction

The main objective of this study is to investigate experimentally the
structural behavior of lightweight concrete beams exposed to fire flame and
reinforced with slurry infiltration fiber reinforced concrete SIFCON U-shape
jacket, covering the bottom and both lateral sides of beam with different
parameters, like concrete cover, compressive strength of concrete (normal and
high), exposure duration, and thickness of reinforcing jacket. The goal of the
experiment was to investigate the shear performance and mechanism of failure
of simply supported beams that had been externally reinforced with SIFCON
jackets. A total of twenty-eight with high and normal strength reinforced
concrete beam specimens were casted. The research methodology based on the
studying and comparing the behavior, mode of cracking, and failure of
reinforced concrete beams before and after strengthening with SIFCON jacket,
with respect to the resistance to applied shear stresses. Inaddition to comparing
the results obtained from the experimental test with those obtained from the
simulation programto verify the conformity of the behavior in both cases.

4.2 Mechanical Properties of Hardened Concrete

Understanding the behavior of concrete beam specimens requires a
thorough understanding of the material's mechanical properties. Compressive
strength, splitting tensile strength, modulus of rupture, and modulus of
elasticity are among the mostimportant mechanical characteristics of hardened
concrete investigated in this study. The average of three control samples taken
at various ages, including the age of beam testing, was used to calculate each
of these properties value. These characteristics are studied in order to determine

lightweight concrete fire resistance and capabilities.
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4.2.1 Compressive Strength

The most common test on hardened concrete is the compressive strength
test. It is used to evaluate the concrete's potential strength. Concrete
compressive strength is a criterion used in national and international regulations
to categorize concrete. The compressive strength (fcu) test was conducted on
(100%100x100) mm NSC and HSC LWC cubes, which were casted using
expanded clay lightweight aggregate (LECA). The compressive strength of the
cubes was determined by testing it at ages of 7, 28, 56 and 90 days, the cubes
were examined at laboratory temperature (25°C). The compressive strength of
normal and high lightweight concreteand SIFCON jacket is shown in Table (4-
1). In order to minimize the probable error in each measured result, the result

in this table reflects the average value of (3) cubes.

Table 4-1: Results of experimental test of cube compressive strength of NSC,
HSC LWC and SIFCON samples at room temperature.

Symbol Age | Compressive % f., development with
(days) | strength f., (MPa) respectto 90 days age
LWHSC 7 46.60 66.37
LWHSC | 28 67.33 95.89
LWHSC | 56 68.12 97.02
LWHSC | 90 70.21 100
LWNSC 7 20.34 60.37
LWNSC | 28 28.26 83.88
LWNSC | 56 32.00 94.98
LWNSC | 90 33.69 100
SIFCON 7 97.46 76.87
SIFCON| 28 111.13 87.65
SIFCON| 56 123.41 97.33
SIFCON| 90 126.79 100

Concrete compressive strength development with time of various mixtures
types are illustrated in Figure (4-1). With reference to the 28 day's strength,

both of HSC and NSC showed the same value of development, which were
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about 70% at early age. While SIFCON mixture had reflected strength
development of about 87%. For 56 days, both NSC and SIFCON compressive
strength development were the same, were about 112%, while a slight strength
development (101%) was observed for HSC. At age of 90 days, the highest
strength development was observed for NSC mixture, which was about 119%,
followed by SIFCON mixture (114%), while the HSC reflected lowest
development value (104%). On the other hand, when compared, considering
that the resistance at the age of 90 days represents the semi-final outcome of
the concrete element, then SIFCON acquires strength quickly during the early
stages of development (at 25 °C, about 80 percent of compressive strength was
reached in 7 days and continued until roughly 91 percent of compressive
strength was achieved at 28 days). While for HSC and NSC LWC the strength
gain was (66 and 69.7 percent of compressive strength at 7 days age) and (96
and 87.5 percent of compressive strength at 28 days age) for HSC and NSC
LW(C respectively. However, strength gains proceeded until the completion of

the curing period, but at a lower rate.
150 +
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Figure 4-1:Development of compressive strength.
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Generally speaking, the reduction in compressive strength for NSC and
HSC at various ages ranged from 31%-38% and 38%-46%, respectively, as can
be seen in Table (4-2).

Table 4-2:Results of experimental test of cube compressive strength of NSC,
and HSC LWC samples after burning at 600°C temperature.

Compressive strength fe, % Residual of

Symbol Age (MPa) compressive
(days) At 25°C At 600°C strength

LWHSC 7 46.60 25.02 53.7
LWHSC | 28 67.33 37.13 55.2
LWHSC | 56 68.12 41.69 61.2
LWHSC 90 70.21 43.74 62.3
LWNSC 7 30.44 18.84 61.9
LWNSC | 28 38.26 25.29 66.1
LWNSC | 56 42.00 28.77 68.5
LWNSC | 90 43.69 30.23 69.2

% Residual of compressive strength
T =600°C 4-1)
= feu( ) X 100 (
fecu (T = 25°0)

Figure (4-2) illustrates the residual strength of concrete cube specimens
for both NSC and HSC mixtures. Overall, the NSC mixture have sustained
higher residual strength when compared with the HSC mixture. A slight
residual strength difference has noticed between these mixtures at various ages,
ranged between 7%-10%. Moreover, at early ages, the effect of fire on the

residual strength was higher than its effect at lately ages.
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Figure 4-2:Concrete residual strength at various ages.

This may be attributed to the presence of water trapped inside LECA
aggregate was utilized in building cement microstructure at hydration process,
while large amount of water that existed at early age was activated by the fire
and converted to expandable gas. The trapped gas tends to produce internal
pressure which leads to weaken the internal microstructure and hence reduces

the overall concrete strength.

4.2.2 Splitting Tensile Strength

The minimum 28-day splitting tensile strength necessary for structural
LWAC, accordingto (ASTM C330,2006), is 2.0 MPa. As shown in Table (4-
3), both mixes of LWC had considerably greater splitting tensile strength than
the (ASTM C330,2006) minimum requirement (49 percent for HSC and 45
percent for NSC). The results show that the LWC's splitting tensile strength
frequently improves with aging. However, under tensile strain, the crack
rapidly propagates, resulting in a substantially lower tensile strength than
compressive strength. Increasing the strength over time is the result of the

matrix's hydration mechanism progressing by completing its internal
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microstructure, which results in increased strength contributed to the composite
material. In general, the compressive strength of concrete is related to its
splitting tensile strength; the higher the compressive strength, the higher the
splitting tensile strength. The results show that SIFCON reflecting higher
splitting strength than both mixes of high and normal at age of 28 days by (4.3
and 5.44 times) for HSLWC and NSLWC respectively. This represents the
hypothesis adopted by this study to take advantage of the SIFCON strength
acquired in the early ages to employ it in the repairing process.

Table 4-3:Results of experimental test of cylinder splitting tensile strength of
NSC, HSC LWC and SIFCON samples.

e Age Splitting tensile strength fsp
Identification ( da%/s) (MPa)
LWHSC 28 4.617
LWHSC 56 5.416
LWNSC 28 3.657
LWNSC 56 3.997
SIFCON 28 13.93
SIFCON 56 18.37

4.2.3 Flexural Strength (Modulus of Rupture)

The flexural strength fr test was performed using (100x100x400) mm
prism specimens for LWC and SIFCON, where each prism was tested as simply
supported and subjected to two-point loading, and applying the same procedure.
It is evident from the results provided in the Table (4-4) that the flexural
strength values are close to both mixes of LWC, with little progress for the high
strength, while there is a great superiority for SIFCON in acquiring the strength
of all ages, where it were more than (4.5 and 7 times) at 28 days age for
(HSLWC and NSLWOC) respectively. Also Figure (4-3) shows that HSLWC
have a higher flexural strength development than NSLWC by a range of (33%
to 62%). While SIFCON shows much higher strength development, that its
strength in 7 days age higher than the maximum strength obtained in the final

116



Chapter four Experimental Results and Discussion

age of 90 days for both LWC mixes by (2.76 and 3.98 times) for HSC and NSC
respectively.

Table 4-4: Results of experimental test of prism flexural strength of NSC,
HSC LWC and SIFCON samples.

Identification | Age (days) | Flexural strength f. (MPa)
LWHSC 7 4.62
LWHSC 28 6.27
LWHSC 56 6.85
LWHSC 90 7.17
LWNSC 7 3.47
LWNSC 28 3.89
LWNSC 56 4.59
LWNSC 90 4.98
SIFCON 7 19.83
SIFCON 28 28.56
SIFCON 56 32.88
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Figure 4-3:Development of Flexural strength.

4.2.4 Static Modulus of Elasticity
The modulus of elasticity is simply a measurement of a material's stiffness.
The modulus of elasticity is an important component in calculating the
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deformation of members, as well as a significant factor in determining the
modular ratio, m, which is employed in the design of flexure-prone sections of
members. The modulus of elasticity is commonly used in sizing reinforced and
unreinforced structural elements, determining reinforcement amount, and
estimating stress given observed strain values. As a result, the modulus of
elasticity of concrete is an important parameter that reflects the capacity of
concrete to deform elastically. The static modulus of elasticity (E.) is a material
measure that indicates the stiffness of a material and are therefore one of the
most essential characteristics of solid materials. The concrete components and
their proportions have a significant effect on the modulus of elasticity. Because
the slope of the ascending branch of the stress-strain diagram becomes steeper
as compressive strength increases, a rise in modulus of elasticity is expected
(Ramezanianpour et al., 2009).

Table 4-5:Results of experimental test of cylinder modulus of elasticity of
NSC, HSC LWC and SIFCON samples.

Symbol Age (days) | Modulus of Elasticity E. (GPa)
LWHSC 28 37.03
LWHSC 56 37.47
LWNSC 28 21.04
LWNSC 56 23.1
SIFCON 28 61.12
SIFCON 56 67.89

The findings clearly demonstrated that the use of light aggregates in the
production of lightweight concrete resulted in a drop in the modulus of
elasticity of all samples, whether in normal or high strength lightweight
concrete. At 28 days, the modulus of elasticity of the lightweight concrete was
37.03 MPa and 21.04 MPa, for HSC and NSC respectively. Because coarse
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aggregate accounts for roughly 40%—45% of the overall volume of lightweight
concrete, every variation in the type of coarse aggregate used has a major
Impact on the mechanical properties of the concrete. Previous research has
found that normal-weight concrete is more resistant than lightweight concrete.
This is due to LECA aggregates having lower mechanical performance than

other type of aggregate.

4.2.5 Ultrasonic Pulse Velocity (U.P.V)

Each sample was tested as direct transmission in this study. Through the
results of the tests are shown in Tables (4-6), the pulse velocity decreased after
burning for all samples where the reduction rates were between (28-37%) and
(24-30%) for HSLWC and NSLWC respectively.

Table 4-6: Results of experimental test of cube Ultrasonic Pulse Velocity of
NSC, and HSC LWC samples before and after burning.

(U.P.V) (m/sec) % Residual of
Symbol | Age (days) [T At o500 | At 600°C (UPV)
LWHSC 7 3788 2375 62.7
LWHSC 28 4717 3250 68.9
LWHSC 56 4785 3311 69.2
LWHSC 90 4876 3501 71.8
LWNSC 7 3460 2401 69.4
LWNSC 28 3876 2837 73.2
LWNSC 56 4049 3025 74.7
LWNSC 90 4184 3176 75.9
SIFCON 28 4829 ---
SIFCON 56 5162 ---

The main explanation for the reduction of ultrasonic pulse velocity after
fire exposure was as the temperature rises, LECA aggregate contains large
amounts of water as a result of the high absorption rate compared to normal
types of aggregate, and therefore the evaporation of water leaves air spaces
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through which the pulse wave travels at a lower speed, which affects the
decrease in results. In addition to that, the chemical components disintegrate,
and the number of micro-cracks and holes increases. A component of the sound
wave was reflected as it came into contactwith the air, according to the sound
wave's propagation characteristic. Another component of the sound wave
straight traveled the air, while the remainder detoured concretes and continued

to spread.

4.2.6 Rebound Hammer Results

the Schmidt rebound hammer is still the surface hardness testing device of
the mostwidespread use for concrete. Rebound hammer can be used very easily
and the measure of hardness (i.e. the rebound index) can be read directly on the
display of the testing device. According to (Malhotra&Carino,2003), the
accuracy of assessing the strength of specimens cast, maintained in cure, and
tested in labs to compression using correctly calibrated hammers is between
15% and 20%. However, the accuracy of the hammer's estimation of the

compressive strength of the concrete structure is 25%.

It can be seen from the results shown in Table (4-7) that the rebound
number values reduction clearly when concrete exposed to fire, that the
reduction was (45 and 33%) for high and normal strength lightweight concrete

respectively.
Table 4-7: Results of Rebound Number of NSLWC, and HSLWC samples.
Age | Average Rebound :

Symbol (days) Number Quality of concrete
HC1-00 55 Very good hard layer
HC1-02 56 38 Good layer
HC2-00 55 Very good hard layer
HC2-02 39 Good layer
NC1-00 40 Good layer
NC1-02 56 30 Fair

NC2-00 41 Very good hard layer
NC2-02 31 Good layer
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4.3 Descriptionof Experimental Programof LWC Beam Specimens

The test program consisted of testing twenty-eight beam specimens of
NSC and HSC lightweight concrete, these beam specimens divided into two
main groups, first group included the beams that were made of normal strength
concrete mixture, while the second group including these with high strength
mixture. Each group dividing into two branches, first branch including the
beams with concrete cover of 20mm and the second branch including these
where made with 30mm concrete cover. Each one of these branches dividing
into four subcategories, the first included beams that were exposed to fire and
were not strengthened, the second included the beams that were exposed to fire
and were strengthened using SIFCON jacket with thickness of 20mm., the third
including the beams that were exposed to fire and were strengthened using
jacket with thickness of 30mm., the forth included the beams that were not
exposed to fire and were not strengthened with SIFCON, which considered as
a control for tested beams, each one of the four subcategories was divided

depending on its duration of exposure.

For each tested beam first crack load, ultimate load carrying capacity,
modes of failure, load-deflection behavior and longitudinal strain distribution
were recorded. The main objective is to choose the optimum cover and
SIFCON jacket thickness which reduce deterioration and spalling effects of the
original lightweight concrete beam subjected to fire flame and then to meet the
practical, load carrying capacity, energy absorption requirement and to
eliminate the brittle shear failure and increased the ultimate shear strength of
the repaired beams through using the SIFCON jackets as external shear
reinforcements. A two-point flexural loading system is adopted. At each stage
of loading, three LVVDTSs instrument were used to measure the displacement of
the beam at the mid-span of the specimen and under the location of the two-
point loading. The mid-span curvature of the beam is also measured using two
LVDTs placed along the top and bottom face of the beam, where the LVDTs
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measure the changes in displacements over a distance of 20 cm. The load was
applied in small increments until the failure. The beams test results including,
the first crack load, ultimate load, residual ultimate load and load-deflection are

shown in Table (4-8) as follows:

Table 4-8: Results of experimental test of first crack load, ultimate load and
maximum deflection for NSC and HSC LWA beam specimens exposed to

fire.
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NC1-00 | 154 |[117.00( 100 36.5 22.85 | 20.54 19.20
NC1-01 | 10.6 | 91.63 78.3 28.32 24.32 | 22.04 19.03
NC1-02 8.5 88.5 75.64 25.06 16.94 | 18.59 18.35
NC1-21 45 157.60 | 134.7 75.9 1494 | 13.89 13.02
NC1-22 | 734 [14790| 1264 73.4 13.46 | 12.08 10.68
e NC1-31 | 89.5 |188.10| 160.8 88.85 1355 | 14.11 12.16
2_ 8 NC1-32 | 709 |[166.10| 142 90.9 12.32 | 11.00 11.37
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6 NC2-01 10 86.28 84 33.28 22.47 | 19.20 17.75
NC2-02 | 7.69 | 81.60 79.5 23.6 18.32 | 15.77 14.67
NC2-21 | 63.7 |141.70 138 77 12.15 | 10.82 9.76
NC2-22 | 56.7 |129.60 | 126.2 68 13.24 | 13.40 11.02
NC2-31 60 172.20 | 167.7 94.6 13.25 | 15.74 11.87
NC2-32 | 779 [168.90| 1644 474 1591 | 12.49 0.18
HC1-00 | 25.4 139 100 47.3 24.87 | 22.41 21.05
HC1-01 | 112 | 95.44 68.7 31.4 19.09 | 16.89 16.25
HC1-02 8.8 81.23 | 58.44 30.3 20.31 | 18.65 15.39
HC1-21 | 63.7 | 159.70 | 114.89 77.6 13.69 | 13.00 11.91
HC1-22 | 83.1 |[146.40| 105.3 77.5 12.19 | 10.79 10.59
2 HC1-31 | 85.3 [190.60 | 137.1 96.5 1293 | 11.84 9.57
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HC2-31 98 197.20 | 159 92.4 14.67 | 12.44 12.04
HC2-32 | 89.6 |186.00 | 149.9 91.7 13.59 | 12.23 11.96
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4.4 Load Carrying Capacity of NSC and HSC LWA Beam Specimens

Load carrying capacity reflects the ultimate applied load that may be
subjected to the beam specimens under test, after which a drop in machine
reading occurs accompanied by rapid deformation on the beam, known as
failure. To study the effect of fire exposure on the load-carrying capacity of
beam specimens, the characteristics of NSC and HSC LWA beams before and
after burning should be investigated and summarized as follows:

4.4.1 Behavior of NSC LWA Beams Before and After Burning (Group
One)

The behavior of beam specimens was analyzed in this study through
studying some of an important indication strongly relating with the load
carrying capacity. The first indication is the cracks pattern, which is formed by
the crack's development in synchronism with applied load. For NSC LWA, the
reference beam and fire damage without repairing specimens, a very tiny with
short extent flexural cracks formed first within the pure bending region (near
mid span). With increasing load, the both the reference and damaged specimens
displayed a same crack pattern. As that the loading was raised, flexural cracks
occurred in boththe reference and damaged specimens, and the before existing
cracks (in the damaged specimen) expanded. The first crack formed near the
mid-span region, with a cracking loads value of (13.5-15) and (7.7-8.5) kN for
the reference and damaged specimens, respectively. The lower cracking load
of the heat-damaged specimens might be attributed to affected of reinforcing
steel. This happened because of residual tensions of steel after cooling burned
specimens were substantially higher than those of lightweight concrete, then in
line with increased loading cracks began to appear within the regions of shear
span. Owing to the presence of shear stresses, cracks in the shear span would
bend towards the loading point and diagonal cracks thus formed, the cracks that
ordinarily started in the vertical direction began to migrate in inclined

orientations (shear-flexure cracks).The development of the diagonal crack
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suddenly propagated through nearly the total depth of the beam. The
redistribution of stresses formed secondary cracks which also appeared within
the lower 100 mm of beam depth, see Plate (4-1). The beam would sustain

higher load and then failed when the concrete in the compression zone crushed.

For reference beams, when the steel yielded, cracks spread in the
compression region towards the location of the loading points, resulting
concrete crushing beneath the point of loads. The failure process of NC1-00
was almost similar to that of NC2-00, although it has different (C.C) concrete
cover, except the number of cracks and its extensions was slightly lower in
NC1-00. The control beams failed, as expected, in shear with yielding of

stirrups.

Plate (4-1): Cracks pattern of NSC LWA beams before burning.

Heat-damaged beams, on the other hand, revealed a quick shear failure,
most likely due to the lead to losing in shear strength of concrete caused by
heating, see Plate (4-2). After burning the angle of diagonal cracks inclination
was slightly larger, also the extension was little shorter and almost similar on
both sides, while hinge side seemed longer before burning. The secondary
cracks formed more after burning and appeared so close to each other. The
failure process of the NC1-02 is similar to that of the NC1-00, except that the

concrete falls into the shear zone due to fire damage.
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Plate (4-2): Cracks pattern of NSC LWA beams after burning.
The second criterion by which the structural behavior of the beam
specimen can be studied is the relation between the load carrying capacity and
concrete cover with different SIFCON jacket thicknesses, relationships of each

pair of the reference beams having the same reinforcement amount and

different concrete cover (C.C) presented in Figure (4-4).

200 150 100 50 0 50 100 150 200

SIFCON 0 NC2-00; 102.7

200 150 100 50 0 50 100 150 200
Load carryingcapcity, KN

mm

SIFCON thickness

B Cover 20 M Cover 30

Figure 4-4:Effect of concrete cover on load carrying capacity of NSC beams
with different SIFCON jacket thickness.

The results showed a decrease in the load carrying capacity values as a
result of the change in the thickness of the concrete cover for the reference
models by 14% for the models with a concrete cover 20 mm before burning.
Where the values were (117 and 102.7) for the concrete cover 20 mm and 30
mm, respectively. After exposure to burning, the results remained advanced for
the 20 mm concrete cover, but at a lower rate, where the exposure period (30
and 60 minutes) was about (6% and 8.5%) respectively. It is clear that the
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effective depth remains as a control factor for the resistance of the specimen.
On the other hand, as for the damaged beams that were strengthened, the results
showed that the 20 mm concrete cover remained advanced by about (11% and
14%) for a burning period (30 and 60 minutes) sequentially when strengthening
with a SIFCON jacket thickness of 20 mm, but it decreased by 1.6% for a
burning period of 60 minutes and strengthen with 30 mm jacket thickness. See
Figure (4-5). This can be attributed to the loss of the effective depth of its role
as a controller as a result of increasing the thickness of the SIFCON layer as a

compensation for the damaged concrete cover.
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No SIFCON No SIFCON SIFCON 20 SIFCON30
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Cover 20mm M Cover 30 mm

Figure 4-5:Effect of fire exposure duration on load carrying capacity of
NSC beams with different SIFCON jacket thickness.

Regarding the change in ultimate load of the cases studied in this research,
the results showed that increasing the concrete cover from 20mm to 30mm
Contribute to reducing the rate of decline in the ultimate load as a result of
burning by 19%, while after strengthening there was no role for the change in
the thickness of the concrete cover when using reinforcement with a thickness
of 20 mm, where the improvement values for the SIFCON were equal at this
level, then the improvement values of 30mm concrete cover increased when
using SIFCON with a thickness of 30 mm by 53% as shown in Figure (4-6).
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Which indicates that the concrete cover has a role in maintaining the concrete's
resistance to burning, especially in the short periods of exposure, even if it is
slight, and its effect recedes after strengthening.

NSC
70
60
50 ®
40 2
e 30 g
=— 20w
= 0 g
= -10 S
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-30
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£ 20mm CC -24.36 26.4 42
30mm CC -20.5 26.2 64.4

SIFCON Jacket Thickness (mm)

Figure 4-6:The percentage of change in load carrying capacity of the exposed
NSC beam specimens at 600°C fire temperature.

4.4.2 Behaviorof HSC LWA Beams Before and After Burning (Group
Two)

The behavior of HSC beams was approximately similar to that in NSC,
where the first crack appear in the bending zone about 10 cm. from the left of
load applying point, then gradually a number of cracks appeared in the left of
first crack heading vertically, later diagonal cracks formed and propagated
along the distance between the supporting and load applying points. Plate (4-3)
shows that the inclination angle of diagonal cracks becomes bigger after
burning, the cracks extension shorter, and number of cracks was less after
burning.

Prior to the formation of the diagonal cracks, several small cracks
appeared in the shear zone and at less rate in bending zone as well. HSC
behaved with a much higher sensitivity than NSC to burning, where after

(600°C) of burning spalling noticed to be occur.
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The vapor in the HSC particles found it difficult to exit through the
surface, resulting in concrete spalling. Spalling removed rapidly the surface
layers of concrete and exposes the core to direct fire flame, thereby increasing

the rate of heat transfer to the core and reinforcement.

Furthermore, no spalling was observed during the burning process of the
NSC beams, which occurred significantly in the HSC beams. If the concrete
cover remains in place during firing (the cover does not come off), the heat flow
to the concrete coreis slow. So that increasing the concrete cover will delay the
transferring of heat to the reinforcement and prevent spalling. Figure (4-7)
highlights that the contribution of increasing concrete cover (C.C) in improving
the fire resistance of HSC beams after burning at 600°C is small.

200 150 100 50 0 50 100 150 200

SIFCON 30 HC2-32; 186 HC1-32;178.4
E SIFCON 30 HC2-31; 197.2 HC1-31; 190.6

” Sikcono HC1-00; 139
200 150 100 50 0 50 100 150 200

Load carryingcapcity, KN
M Cover 20 ™ Cover 30
Figure 4-7:Effect of concrete cover on load carrying capacity of HSC beams

with different SIFCON jacket thickness.
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For the reference models, the results showed a progress for the model with
a concrete cover of 20 mm by 12% higher than that of the model with a cover
of 30 mm, which is normal because the effective depth in the first is greater, so
it is expected to give a higher resistance. After burning, the results showed a
great convergence of the resistance values for both models and the
disappearance of the effect of changing the thickness of the concrete cover,
which can be attributed to the influence of the steel reinforcement by a slight
amount that allowed to reduce the difference that was caused by increasing the
effective depth of one of them over the other, as shown in Figure (4-8). What
reinforces this hypothesis is that the difference in resistance has decreased from
about 6% after burning for half an hour to about 1.5% after burning, which
indicates that the longer the burning period, the effect of the concrete cover as
a protection factor for the rebar, and thus its effect is greater, which changes the

amount of its sustainability to the resistance loads.
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Figure 4-8: Effect of fire exposure duration on load carrying capacity of HSC
beams with different SIFCON jacket thickness.

On the contrary, it is observed from the results that the models presented
with a concrete cover of 30 mm after strengthening, which indicates the effect
of the thickness ofthe SIFCON as a controlling factor that replaces the effective
depth, and eliminates the decline in the sustainability of the resistance of the

rebar. The results in Figure (4-9) showed that increasing the concrete cover
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from 20mm to 30mm Contribute to reducing the rate of decline in the ultimate
load as a result of burning by 16%. More over after strengthening there was an
important role for the change in the thickness of the concrete cover when using
strengthening with a thickness of 20 mm, where the improvement value for the
SIFCON of the models with 30 mm concrete cover was 3.4 times these with 20
mm concrete cover at this level, then the improvement values of 30mm concrete
cover increased when using SIFCON with a thickness of 30 mm by 75%. Which
indicates that the concrete cover has an important role in maintaining the
concrete's resistance to burning, especially in the short periods of exposure,
although the increase in the concrete cover was affected by compensating the
resistance difference resulting from the effective depth.
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Figure 4-9:The percentage of change in load carrying capacity of the
exposed HSC beam specimens at 600°C fire temperature.

45 Load-Displacement Relationships of NSC LWC Beam Specimens

All the curves showed elastic behavior before cracking and inelastic
behavior after cracking. The results of the tests presented in Table (4-8) and
Figure (4-10) showed that the ultimate load-carrying capacity of NSC LWC
beams exposed to 60 min. is significantly reduced. The decay rate for the NSC
beams of (20 and 30mm.) concrete cover were (24.4 and 20.5%) respectively.
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The load displacement behavior after half and one hour burning reflected
a noticeable degradation when compared with the reference specimen. Overall,
NC1-01 has reflected a linear behavior till the failure load, with very slight
hardening, while NC1-02 reflected higher ductility, but approximately was
comparable to NC1-01 in term of load capacity. Also, NC1-01 was efficient to
sustain maximum load for a considerable displacement, in contrary to the NC1-
02. After strengthening of fire damaged specimens with half of an hour fire
exposure, damaged specimens strengthened with 20 and 30 mm reflected
higher load capacity, higher stiffnesses, approximately linear behavior till
failure load, less ductility, and less absorption energies when compared with
the un strengthened specimens. NC1-31 has reflected higher load capacity than
NC1-21. For strengthened specimens subjected to 1-hour fire exposure (NC1-
22 and NC1-32), strengthening with 30 mm SIFCON jacket reflected higher
stiffness, higher load capacity, but comparable ductility. Moreover, the
behavior was approximately linear till the failure load, and showed a sudden

failure without sustaining the peak load for an adequate value of displacement.
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Figure 4-10:Load versus deflection at mid-span of NSC beam specimen
with CC of 20mm before and after exposure to fire.
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In the case of a 30 mm concrete cover, the reference model reflects a linear
behavior at first, similar to the reference model for a 20 mm concrete cover,
until a load of 95 kN is reached, and then tends to bend at a lower angle,
resulting in a high deformation rate at a lower loading rate (meaning that the
rate of Deformity occurs at a higher rate than the rate of load increasing). It is
also noted that the models exposed to burning (damaged) models have a clear
convergence with the reference model, but with lower loads value, where it
shows greater displacement with a smaller increase in the load. As shown in
Figure (4-11).
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Figure 4-11:Load versus deflection at mid-span of NSC beam specimen with
CC of 30mm before and after exposure to fire.

4.6 Load-DisplacementRelationships of HSC LWC Beam Specimens
The application of a 20mm and 30mm SIFCON jacket on a high strength
lightweight reinforced beam increases the ultimate load capacity by (53 to 83%)
and (87 to 133%), respectively; referring to a fire damaged beam. These
findings demonstrate the efficiency of the suggested strategy in enhancing
bearing capacity in situations of strengthening. Figure (4-12) illustrates load

displacement curves behavior of various reference un damaged, damaged after
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half and one hour, and strengthened of damaged beams made of HSC mixture.
All specimens in the previously mentioned figure have 20 mm concrete cover.
Overall, from the same figure, it can be noticed that the strengthening of
damaged specimens after %2 and 1 hr. with 20mm and 30 mm SIFCON jacket
reflected highest initial and secant stiffness, highest load carrying capacity that
the strengthened (damaged and undamaged) specimens. but still these
specimens have an issue, where the ductility and absorption energy were lower
the reference undamaged beams. Moreover, the linearity behavior of
strengthened specimens with SIFCON jacket till the peak load can be
considered as a disadvantage, since no yield loading can be observed till
reaching failure loading. Additionally, the behavior of the degraded portion of
the curves for the strengthened specimens was sharp, unlike the damaged
specimens, which means that the specimens could not withstand the maximum
load for acceptable limit (ductility issue). It is worth mentioning that, the
strengthened specimens reflected no observable yield load, unlike the damaged
specimens. generally speaking, the mid span displacement corresponded to the
maximum load capacity of strengthened beams were lower than the values of

damaged and undamaged beams.

The same explanation can be adopted for the specimens with 30 mm
cover, as can be seen in Figure (4-13). The results of the tests presented in Table
(4-8) and Figure (4-13) showed that the ultimate load-carrying capacity of HSC
LWC beams exposed to 60 min. is significantly reduced. The decay rate for the
HSC beams of (20 and 30 mm) concrete cover were (42 and 35.6%)
respectively. The load displacement behavior after half and one hour burning
reflected a noticeable degradation when compared with the reference specimen.
Overall, HC1-02 has reflected higher ductility, while HC2-02, reflected a linear
behavior till the failure load, with very slight hardening, but approximately was
comparable to HC2-01 in term of load capacity. Also, HC1-01 was efficient to
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sustain maximum load for a considerable displacement, in contrary to the HC1-
02. After strengthening of fire damaged specimens with half of an hour fire
exposure, damaged specimens strengthened with 20 and 30 mm reflected
higher load capacity, higher stiffnesses, approximately linear behavior till
failure load, less ductility, and less absorption energies when compared with
the un strengthened specimens. HC1-31 has reflected higher load capacity than

HC1-21.
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Figure 4-12:Load versus deflection curve at mid-span of HSC

beam specimen with CC of 20mm before and after exposure to fire.
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Figure 4-13:Load versus deflection curve at mid-span of HSC beam

specimen with CC of 30mm before and after exposure to fire.
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For strengthened specimens subjected to 1-hour fire exposure (HC1-22
and HC1-32), strengthening with 30 mm SIFCON jacket reflected higher
stiffness, higher load capacity, but comparable ductility. Moreover, the
behavior was approximately linear till the failure load, and showed a sudden
failure without sustaining the peak load for an adequate value. In addition, the
same linear behavior and steep slope when failure occurred was observed in the
30 mm thick concrete cover models, especially the part that is within the elastic

range.

4.7 The Role of the Concrete Cover:

In general, from the test results of the reference beams, it can be seen that
the concrete beam with higher concrete cover (C.C) has higher amount of
displacement. For the both types of concrete cover (30 and 20 mm), it noted
from Table (4-8) that the amount of load required for the first crack to occuris
reduced after burning by (37 and 41%) of the load of the controlspecimen beam
respectively. At the same time the percentage residual ultimate load decreased
to amount between (75 and 79%) of the strength of control specimen with
concrete cover (30 and 20 mm) respectively. Itis also indicated from Figure (4-
14), that the value of load carrying capacity of NSC beams increases with
reducing the concrete cover, the reducing of the concrete cover (C.C) from (30
to 20 mm) for NSC LWC beams before and after burning gives an increasing
in load carrying capacity of (14 and 8.5%) respectively. The reason for this is
believed to be due to that reducing the concrete cover (C.C) for the same cross-
section of the beam specimen will result in a larger confined concrete area and
reflects the higher confinement efficiency. Figure (4-15) shows that the
contribution of increasing concrete cover (C.C) in enhancing the fire resistance
of HSC beams after burning at 600°C had important effect. On the contrary it
had a slight effect on the reduction in load carrying capacity, as mentioned
above according to experimental results listed in Table (4-8).
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Figure 4-14:Effect of concrete cover on the load carrying capacity of NSC
beams with different concrete cover before and after burning.

HSC
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HC2-00 | — 124.08
HC1-02 | — 5123
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Figure 4-15:Effect of concrete cover on the load carrying capacity of HSC
beams with different concrete cover before and after burning.

4.8 Moment-Curvature Relationship of NSC and HSC LWC Beam
Specimens

The moment-curvature relationship of the tested specimens has gone
through two stages. The curves initially remain straight until the first crack
occurs, following which the slope of the curve changes. After the tension
reinforcement vyields, the curve remains almost flat. Figures (4-16) and (4-17)
depicts the moment-curvature connection of the examined specimens. The first
stage follows the occurrence of the first crack simultaneously with the initial
loading rates, where the curve tends in a linear direction and at a nearly constant
rate. Then, in conjunction with the increase in the moment resulting from the
increase in the loading rate, the curvature angle () increases, causing stresses
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to develop onboth sides of the cracks, to accommodate the increased stress, the
cracks propagated and begin to extend and expand. Increasing the loading to
higher rates leads to the transfer of stresses on both sides of the crack to the
reinforcing steel, and thus the deformation moves to the (elastoplastic) stage.
For references specimen of NSC the elastic stage ended when the moment
reached value of 27.9 and 23.9 KN.m for 20mm and 30mm concrete cover
respectively. While the highest value of moment capacity for reference model

of 20mm and 30mm were 29.2 and 25.3 kN.m respectively.

In addition, the damaged model shows less capacity to sustain moment,
from the figure, it was observed that both the damaged models of the normal
concrete behave similarly, where the curve gradually increases slowly, but with
much less slope than the reference model and the reinforced model in the initial
phase, which reflects the low moment bearing capacity of the model. The
maximum value of moment for the damaged model with 20mm and 30mm were
20.4 and 20.3 kN.m respectively, with reduction value of 30 and 19%
respectively. In the other hand the strengthening models curve depicts before
cracking straight section. Then at cracking; the curve slope beginning to
descends downwards, reflecting a decrease in beam stiffness. The moment-
curvature curve slope steadily decreases between cracking point and steel
yielding, where at yielding stage a further decrease in the slope of the curve is
noticed. The post-yielding region in the curve was showed a flat top section
with so little strength development. Although there is an irregularity in the
NC2-32 model in the first phase, the moment-curvature curves for
strengthening concrete models are much steeper than those for non-
strengthening concrete models during the pre-peak phase. As it can be
observed, incorporating steel fibers boosts the moment bearing capacity of the

beams.
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Figure 4-16:Moment-curvature relationship of NSC, with 20mm CC beam
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Figure 4-17:Moment-curvature relationship of NSC, with 30mm CC beam
Specimens

The model with a higher concrete cover gives a higher moment capacity
and this may be due to the fact that spalling occurred during burning in both
models and thus the concrete cover lost its role in protecting the reinforcing
steel, which led to it being affected in both models by exposure to burning,
while the effective depth remained the dominant factor in bearing moments.
Therefore, it noted from the Figures (4-18) and (4-19) that the moment values
at the end of elastic phase for HSC damaged models with 20mm and 30mm
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were 19.6 and 18.1 kN.m respectively. Moreover, the damaged models tend to

show greater amount of curvature with lower moment values.
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Figure 4-18:Moment-curvature relationship of HSC, with 20mm CC beam
Specimens
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Figure 4-19:Moment-curvature relationship of HSC, with 30mm CC beam
Specimens

4.9 Effectiveness of SIFCON Jackets

SIFCON in strengthening beams enhance the shear strength via four ways.
They begin by supporting the longitudinal bars and stirrups and increasing their
capacity. Second, the important role of the fibers to bridge and transport

tensions stresses across both sides of diagonal crack to limits the propagation
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of the diagonal cracks. Third, they improve crack resistance by delaying the
beginning of first flexural and shear cracking, resulting in improved
performance of reinforced concrete beams under service load levels and
contributing to improvements in beam ultimate strength. Finally, shear failure
is avoided and flexural failure is used in its place. In the present investigation,
an attempt has been made to study the effect of SIFCON as a composite
material in lightweight Concrete beams. The behavior of RC beams with
SIFCON as external jacket along the bottom and both side of the beam was
investigated under two-point loading system. The parameters like load carrying
capacity, stiffness degradation, ductility and energy absorption capacity are
investigated. The test results presented in Figures (4-20) and (4-21) clarify that
using of SIFCON jacket increased the ultimate load carrying capacity of the
beam specimens with different concrete cover.

NSC LWA
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200 172.2

137.6 141.7
150
91.63 2.7
10 86.28
60
45
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Ungqy 'nag danm, ey SiFco 20 SiFco N3g Unqy ’T?ag Gam, ey SiFco 2o SiFco N3

o

o

Cover 20 mm Cover 30 mm

1Hrfire

M Cracking Load M Ultimate Load

Figure 4-20:Effectiveness of SIFCON jacket on the load carrying capacity

of NSC beams with different concrete cover before and after burning.

The effectiveness of using the SIFCON jacket in developing the load
carrying capacity of the models can be discussed through two axes, the first is
the general effect of the reinforcement: the results of the study showed that the

use of the SIFCON jacket gave a significant increase in the load carrying
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capacity of the models, ranging between (159% - 207%) and (180% - 220%)
for normal and high strength concrete, respectively. The second is the effect of
increasing the thickness of the SIFCON jacket: the results show a clear effect
of increasing the thickness of the reinforcing layer on increasing the load
capacity of the models, where the improvement rates ranged between (112% -
130%) and (102% - 122%) for NSC and HSC, respectively for all cases that
have been studied.
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Figure 4-21:Effectiveness of SIFCON jacket on the load carrying capacity
of HSC beams with different concrete cover before and after burning.

This is generally explained by steel fibers' efficacy in stopping the
propagation and limiting the expansion of flexure and diagonal cracks within
the beam when they cross them, and therefore steel fibers-maintained beam
integrity throughout the post-cracking stages of behavior. As a result, the beam
may sustain higher loads and deflections before failing. SIFCON is more cost-
effective and operates in less time than conventional alternative concrete
designs when used to repair a lightweight damaged concrete beam, where
through the results SIFCON achieved a compressive strength of 48 MPa in just
3 days. In other word, the beam was brought back into service in a much shorter

period of time than would be the case with conventional concrete repairs.
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reduced the crack widths by at least one order of magnitude as shown in Figure.
(4-22), decreased the need for stirrups, better controlling of cracks, and better
constructability.

These factors, combined with a relatively simple construction process and
the use of specialized and standard construction equipment, make SIFCON the

ideal material for increasing shear strength.
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40 A

20 -~

O T T T 1
0 0.2 0.4 0.6 0.8
Crack width mm.

Figure 4-22:relation between applying load and crack width before and
after using SIFCON jacket.

4.10 Ductility of NSC and HSC LWC Beam Specimens

The ability of a material or member to sustain deformation beyond the
elastic limit while maintaining a decent load carrying capacity until total failure
is defined as ductility. In this way, ductility reflects the total area ratio under
the load-deflection curve to a portion area extended up to the service loads.

Deflection, which is tabulated in Table (4-9), can readily be used to

calculate ductility.

Ductility may be computed using the formula:

142



Chapter four Experimental Results and Discussion

u=r @)
where,

w: Ductility Index.

Ay: represents the maximal deformation at failure.

Ay: deformation as a result of material yielding.

Ay founded from the load- deflection curves through the intersection point of
the curve tangent lines, where Ay represents the deflection opposite this point,
(Azizinamini et al.,1999) as shown in Figure (4-23) and (4-24).
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Applied Load

\

I
I
|
I
I
1
|
1
I
I
I
I
I
|
I
1
|
Al.l

y Displacement

Figure 4-23:Finding the value of Ay through the load-deflection curve
(Azizinamini et al.,1999).
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Table 4-9:Ductility Index for NSC and HSC LWC beam specimens before
and after exposed to fire flame.

Specimen Yield Ultimate Ductility Index
Identification | deflection Ay | deflection Au u= Au
in mm in mm Ay
NC1-00 11.9 22.85 1.920
NC1-01 13.4 24.31 1.814
NC1-02 14.8 25.41 1.717
NC1-21 7.0 14.94 2.134
NC1-22 7.0 13.46 1.922
NC1-31 6.2 13.55 2.185
NC1-32 6.0 12.32 2.053
NC2-00 12.0 24.41 2.034
NC2-01 12 22.47 1.872
NC2-02 14.5 25.64 1.773
NC2-21 6.3 12.15 1.928
NC2-22 7.0 13.24 1.891
NC2-31 5.8 13.25 2.284
NC2-32 8.7 15.91 1.828
HC1-00 13.8 24.87 1.802
HC1-01 10.4 19.09 1.835
HC1-02 11.1 20.31 1.830
HC1-21 7.1 13.69 1.928
HC1-22 6.4 12.19 1.905
HC1-31 6.5 12.93 1.989
HC1-32 7.6 13.84 1.941
HC2-00 13.1 24.73 1.888
HC2-01 14.8 28.04 1.895
HC2-02 11.4 21.04 1.847
HC2-21 1.7 14.63 1.900
HC2-22 6.2 12.83 2.069
HC2-31 7.3 14.07 1.927
HC2-32 6.4 13.59 2.123

According to the results of Table (4-9), the NSC shows ductility index less
high than HSC for the control beam specimens, the increase was (6.2% and
7.2%) for beams with concrete cover (20 and 30mm) respectively. The ductility
index for NSC beams was affected after fire exposure and got a small decrease,
where for the exposed NSC beams of (0.5 hr.) with concrete cover (20 and 30
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mm) the decrease was (5.5% and 7.97%) respectively. While the (1 hr.) exposed
for same cover decreased larger forabout (10.6% and 12.8%) respectively. This
may attribute to that the calculation of ductility index depends only on
displacement of the beams, NSC beams after exposed to fire exhibit a less steep
and linear behavior in the ascending part of the load-displacement curve and
then a quick descending portion prior to failure. Where the deflection value
under 60kN was 8mm before burning and become 14mm after. This decrease
in ductility can be due to deterioration of both concrete and steel mechanical
properties. Furthermore, when temperature increased, the bonding strength
between reinforcing bars and concrete decreased, indicating that reinforcing
bars were unable to acquire adequate strength, as shown in Figure (4-25).
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No SIFCON No SIFCON SIFCON 20 SIFCON30
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W Cover 20mm Cover 30 mm

Figure 4-25:Ductility values of NSC with different fire exposure
duration and concrete cover before and after burning
The results of HSC beams show that the ductility index not effected by

burning. On the contrary, aslight increase was observed. Where for beams that
exposed to (0.5 hr.) with concrete cover (20 and 30 mm) shows increase in
ductility index of (1.8% and 0.37%) and increase (1.6%) for cover 20mm and
decrease of (2.17%) after exposed to (1.0 hr.).
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Figure 4-26:Ductility values of HSC with different fire exposure duration and
concrete cover before and after burning.

The results of ductility index were between 1.717 and 2.284 for the tested
beam specimens before and after burning. In general, a high ductility index
indicates that a structural member can withstand considerable deformations
before failing. Forbeams with ductility indexes ranging from 3 to 5, appropriate
ductility is deemed essential, particularly in the fields of seismic design and
moment redistribution (Ashour, 2000; Kumar, 2008; Rashid & Mansur
,2005; Iffat et al., 2011). Beams having a ductility index of less than 1.99
lacked appropriate ductility and were unable to redistribute moment.

4.11 Stiffness of NSC and HSC LWC Beam Specimens.

The stiffness of a beam is defined as the load necessary to cause a unit
deflection of the beam. As shownin Table (4-10), the secant and initial stiffness
after burning at various exposure durations decreased dramatically with
increasing fire temperature level, and the drop in stiffness is accompanied by a
reduction in load carrying capacity. The secant stiffness of HSC beams dropped
from 100% at room temperature to approximately (71 and 75%) after burning
(1 hr.) at 600°C, with concrete cover (20 and 30 mm) respectively. While the
secant stiffness of NSC beams reduced from 100% at room temperature to
around (68 and 76%) after burning (1 hr.) at 600°C, for beams with concrete
cover (20 and 30 mm) respectively. For the control specimen NSC of 20mm
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concrete cover gives secant stiffness higher than NSC of 30mm cover as a
normal behavior when taking in consideration the effect of the effective depth
was larger in the first type and the same result noted in the case of HSC. After
repairing with SIFCON jacket, the specimens with 30mm jacket shows stiffness
value higher than cover 20mm in both cases (HSC and NSC). Also, the
repairing specimens got stiffness value higher than control specimens in all

cases as shown in the Table (4-10).

Table 4-10:Secant and initial stiffness test results of NSC and HSC

LWC beam specimens before and after exposed to fire flame.

® Secant Stiffness Initial Stiffness
g s
+ v O
ol 8| EE Pu | au | 25120 | Pu | ay | G5 | BE
ol £|85 S| g |8
Ol O |nZ
NC1-00 | 117.00 | 22.85 5.12 ---- 117.00 | 11.9 9.83 ----

NC1-01 | 91.63 | 2431 | 3.76 | 73.44 | 91.63 | 134 6.84 69.6
NC1-02 | 885 | 2541 | 348 | 6796 | 885 | 14.8 5.98 60.8
NC1-21 | 157.60 | 14.94 | 10.54 | 205.85 | 157.60 | 7.0 22.51 229.0
NC1-22 | 147.90 | 13.46 | 10.98 | 214.45 | 14790 | 7.0 21.13 214.9
NC1-31 | 188.10 | 13.55 | 13.88 | 271.1 | 188.10 | 6.2 30.34 308.6
NC1-32 | 166.10 | 12.32 | 13.48 | 263.28 | 166.10 | 6.0 27.68 281.6
NC2-00 | 102.70 | 24.41 | 4.20 ---- 1102.70 | 12.0 8.56 -==-

NC2-01 | 86.28 | 2247 | 383 | 91.19 | 86.28 | 12 7.19 84.0
NC2-02 | 81.60 | 2564 | 3.18 | 7571 | 81.60 | 14.5 5.63 65.7
NC2-21 | 141.70 | 12.15 | 11.66 | 277.61 | 141.70 | 6.3 22.49 262.8
NC2-22 | 129.60 | 13.24 | 9.78 | 232.85 | 129.60 | 7.0 18.51 216.3
NC2-31 | 172.20 | 13.25 | 12.99 [309.28 | 172.20 | 5.8 29.69 346.8
NC2-32 | 168.90 | 15.91 | 10.61 | 252.61 | 168.90 | 8.7 19.41 226.8
HC1-00 | 139 24.87 | 5.58 mmn 139 13.8 | 10.07 ~n-

HC1-01 | 9544 | 19.09 | 499 | 89.42 | 95.44 | 104 9.18 91.1

HC1-02 | 81.23 | 20.31 | 399 | 7150 | 8123 | 11.1 7.32 72.7

HC1-21 | 159.70 | 13.69 | 11.66 | 209.0 | 159.70 | 7.1 22.49 223.4
HC1-22 | 146.40 | 12.19 | 12.00 | 215.1 | 146.40 | 6.4 22.88 221.2
HC1-31 | 190.60 | 12.93 | 14.74 | 264.2 | 190.60 | 6.5 29.32 291.2
HC1-32 | 178.40 | 13.84 | 12.89 | 231.0 [ 17840 | 7.6 23.47 233.1
HC2-00 | 124.08 | 24.73 | 5.01 —--- [124.08 | 13.1 9.47 ----

HC2-01 | 89.70 | 28.04 | 3.19 | 63.67 | 89.70 | 14.8 6.06 64.0

HC2-02 | 79.88 | 21.04 | 3.79 | 7564 | 79.88 | 114 7.01 74.0

HC2-21 | 159.90 | 14.63 | 10.92 | 217.96 | 159.90 | 7.7 20.77 219.3
HC2-22 | 146.50 | 12.83 | 11.41 | 227.74 | 146.50 | 6.2 23.63 249.5
HC2-31 | 197.20 | 14.07 | 14.01 | 279.64 | 197.20 | 7.3 27.01 285.3
HC2-32 | 186.00 | 13.59 | 13.68 | 273.1 | 186.00 | 6.4 29.06 306.9

Group One
NSC

Group Two
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As mentioned in ductility the reduction in the load carrying capacity of the
beam specimens after exposed to fire resulting by the deterioration of concrete
and steel reinforcement in both chemical and mechanical properties, and led to
reduce the difference between yielding point and failure point values and
deteriorate the capacity of specimen to absorb applied loads with less
deformation, and Figures (4-27) to (4-30) show the Stiffness of NSC and HSC
LWC Beam Specimen.
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Figure 4-27:Secant Stiffness of NSC LWC Beam Specimen
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Figure 4-28:Initial Stiffness of NSC LWC Beam Specimen
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Secant Stiffness, KN/mm

14 14
10
8
5
6 , 4
4
0

HCX-00 HCX-01 HCX-02 HCX-21 HCX-22 HCX-31 HCX-32
0 Hr 1/2 Hr 1Hr 1/2 Hr 1Hr 1/2 Hr 1Hr
No SIFCON No SIFCON SIFCON 20 SIFCON30
Undamaged Damaged Damaged +strengthened
H Cover 20mm Cover 30 mm

Figure 4-29:Secant Stiffness of HSC LWC Beam Specimen
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Figure 4-30:Initial Stiffness of HSC LWC Beam Specimen
4.12 Energy Absorption of NSC and HSC LWC Beam Specimens

The concrete beam's energy absorption capacity defined as the area
contained by the load-displacement curve until the maximum load is attained,
which shows the energy absorption of the concrete beam that might be
sustained before exhibiting asignificant decline in load carrying capacity. Since
displacement ductility index depends only on the displacement values and does
not differentiate the ductility between the beams with a low residual load
resistance and those with a high load resistance, therefore the ductility index
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method is not adequate in determining the ductility of the exposed beams.
Accordingly, a better approach has been proposed to measure the ductility of
those beams may be by using the energy absorption capacity which is based on
estimating the area enclosed by the load-displacement curve for each beam, to
take into account the reduction of load carrying capacity for these beams after

fire exposure.

The energy absorption capacity is the most appropriate indicator of
concrete structures not only for its structural response against earthquake
motion, but also for concrete structures that must withstand fires and impact
loads produced by events or terrorist attack. Table (4-11) shows the results of
the energy absorption of HSC and NSC beams before and after fire exposure.
According to these results, HSC shows higher energy absorption capacity
compared to NSC for the control and exposed beam specimens, the energy
absorption capacity of HSC beams with concrete covers of (20 and 30 mm)
being higher than that of similar NSC beams at ambient temperature by (133.6
and 132.7) percent, respectively. Also, the values of energy absorption capacity
decrease as the concrete cover increases for the two types of concrete (HSC and
NSC).

It is also demonstrated that HSC severely affected after burning for (1 hr.)
at 600 °C, the residual energy absorption capacity of beams with concrete cover
(20 and 30mm) were about (46% and 43.5%) respectively and even after
strengthening with jacket the residual capacity were at range of (54 to 64%) and

(61 to 67%) respectively, as shown in Figure (4-31).

At burning temperature of 600°C, for NSC beams with concrete cover of
(20 and 30mm), the residual energy absorption capacity was (75.65 and 77.6%)
respectively. While after strengthening, the residual energy absorption capacity
was in the range of (68 to 72%) and (74 to 81%) respectively, as shown in
Figure (4-32).
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Table 4-11:The results of energy absorption capacity tests on HSC and NSC
lightweight concrete beams before and after fire exposure.

Group Temperature | Specimen Energy Residual Energy
No. (°C) Identification | Absorption | Absorption
Capacity Capacity%
(KN.mm)
NC1-00 1739.0 | = -
NC1-01 1378.3 79.26
NC1-02 1315.7 75.65
NC1-21 1476.6 84.91
© NC1-22 1188.1 68.32
c NC1-31 1509.8 86.82
CC)L NC1-32 1259.9 72.45
3 600 NC2-00 1697.0 | = -
5 NC2-01 1288.1 75.90
NC2-02 1317.4 77.63
NC2-21 1290.2 76.03
NC2-22 1255.4 73.98
NC2-31 1437.4 84.70
NC2-32 1380.6 81.36
HC1-00 23230 | = -
HC1-01 1921.91 82.73
HC1-02 1073.7 46.22
HC1-21 1308.0 56.31
HC1-22 1265.6 54.48
S HC1-31 1473.4 63.43
2 HC1-32 1486.5 63.99
3 600 HC2-00 22511 | -
0 HC2-01 1751.06 77.79
HC2-02 980.50 43.55
HC2-21 1417.60 62.97
HC2-22 1369.70 60.84
HC2-31 1628.60 72.34
HC2-32 1509.70 67.06
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Figure 4-31:Values of energy absorption capacity for HSC before and after
burning and strengthening with different concrete cover
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Figure 4-32:Values of energy absorption capacity for NSC before and after
burning and strengthening with different concrete cover

4.13 Effectof Fire Exposure on Steel Reinforcement

The effect of high temperature on steel reinforcing bars is predicted to be
minor if protected by the minimum cover prescribed by the code. Deformation
owing to heat expansion and loss of bond between concrete and steel, on the
other hand, may produce structural instability and compromise structural
integrity. Steel reinforcement bars are typically thought to require to be
protected against temperatures above 250-300°C, because steels with low

carbon contents are known to exhibit blue brittleness between (200 and 300°C)
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(Unluolu et al., 2007). Three groups of 12mm steel reinforcement bars were
utilized to investigate the fire effect on steel reinforcement bars. Steel
reinforcement samples were implanted in HSC and NSC beam specimens with
a concrete cover of 30 mm in the first group (C.C). The samples in the second
group were implanted in HSC and NSC beams with a 20mm concrete cover,
while the samples in the third group were subjected to fire directly without any
concrete cover. The steel reinforcement was retrieved from concreteand a yield
stress test was performed after the three sets of samples were burned at 600°C
for one hour. Tables (4-12) compare the yield stress test findings for
reinforcement bars after 600°C exposure to those of the control sample.

Table 4-12:The effect of fire exposure on the yield stress of steel

reinforcement.
Temperature | Concrete | Yield Stress | Reduction
Group No. R !
(°C) Cover (mm) fy (MPa) Ratio %
Non
Control exposed 25 | - 530.0
Group NSC 511.2 3.6
One HSC 600 30 494.3 6.8
Group NSC 508.6 4.1
Two HSC 600 20 491.0 7.4
%0“'0 Unprotected 600 0 356.0 33
ree

Table (4-12) show that increasing the concrete cover to the reinforcing
steel bars has a favorable influence on the yield stress that the yield stress
reduction for beams with a concrete cover of 30mm being (3.6 and 6.8%) for
NSC and HSC, respectively. While for beams with a 20 mm concrete cover, the
reductions were (4.1 and 7.4%) for NSC and HSC, respectively. The reduction
was 33 percent for samples that were directly exposed to fire. It was also
discovered that NSC provides better reinforcement bar protection when
compared to HSC with the same cover, with the reduction in yield stress for
NSC beams being (3.2 and 3.3%) lower than HSC beams with concrete cover
(C.C) of (30 and 15 mm) respectively. The thickness of the concrete cover had
almost a little effect on the decrease in strength properties when subjected to a
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one-hour fire, indicating that cover thickness has no considerable effect on the
strength of the embedded steel reinforcement. This is attributed to the reason
that the thermal conductivity of lightweight concrete is relatively low up to
400°C and increases insignificantly as the temperature rises to around 1000°C.
This supports the findings of (Hu etal.,1993).

4.14 Appearance and Color Change of the Beam Specimens

The beams specimens after they have been exposed to fire. The color of
the surfaces exposed to fire was light gray with some light reddish areas. On
the exposed surfaces, tiny reticular cracks occurred., as shown in Plate (4-4).
Random tiny cracks line of varying widths (0.04-0.18) mm were seen on
surfaces after exposure to high temperatures up to 600 C for 1 hr. The most
significant cracks were found near the primary and transverse reinforcing points
on the concrete surface. These cracks could be caused by the RC element
expanding, causing large tensile strains in the concrete, particularly at the
reinforcing contact, and the cement matrix and aggregate responding differently

to high temperatures.

Furthermore, concrete spalling occurred on the beam's corner without
exposing any steel, with a maximum spalling depth of nearly 15 mm. However,

no apparent beam curvature was detected.

w

(a) Specimen surface enlarged image. (b)Partial enlarge hairline cracks.
Plate (4-4): Speckle pattern of tested beam.
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4.15 Discussions of Failure Processof NSC and HSC LWC Beam

The specimen beams without strengthening appeared an initial flexural
crack at the midspan of the specimen and posterior flexural cracks away from
that section. As the applied load was increased, some of the flexural cracks
developed into a diagonal crack near of the hinge support, or a diagonal crack
formed suddenly at the mid height of the specimen beam within the region of
shear span.

The failure occurred as a result of splitting along the tension reinforcement
after the formation of the diagonal crack <as illustrated in Plate (4-5).
Characteristic of higher a/d ratios more than 2.5 in which case the failure is
caused by diagonal crack initiating near the tip of the flexural crack closest to
the support. The failure mode was shear tension failure in the case of (HC1-02)
specimen beam, where the crack resulting in loss of bonding, while it seems to
be shear compression failure in the case of (HC2-00) specimen beam as a result

of crushing of concrete at the loading point.

Plate (4-5): Failure of beam without strengthening of SIFCON jacket.
The specimen with SIFCON jacket shear reinforcement had a similar

crack pattern as those specimens without diagonal cracking, but showed a
higher load-carrying capacity after forming of diagonal cracking as illustrated
in Plate (4-6). The ultimate failure mode was flexural failure in bending region
near mid span point, formed as wide crack initiated on the bottom surface and
head up to end close to the upper surface.
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Plate (4-6): Failure of beam strengthening with SIFCON jacket.

4.16 Crack Width

The unpredictability of crack initiation and propagation in reinforced
concrete structures can have a significant impact on structural stability and
strength, and has consequently been the focus of numerous studies in recent
years. Cracks usually begin as too narrow and elongated apertures with a width
of less than 0.5 mm, and they are typically not visible to the human eye.
Although design regulations impose fracture width limits based on empirical
equations, cyclic/seismic stresses frequently cause uncertainty in crack width
propagation. The infiltration of moisture, mist, saltwater, and chemical vapors
into structural members can accelerate the corrosion of steel reinforcement,
reducing the structure's service life. By assuming the distribution of bond stress
while a member is subjected to tension with constant bending moment, the
crack width initiation and propagation in reinforced concrete members could
be approximated using classical theories.

The finite difference methodology was established by Base and Murray to
estimate the crack response of concrete structures using numerical analysis on
restrained elements. Gilbert also used basic equilibrium and compatibility
principles to develop a set of formulas from computing the stresses in concrete
and steel members, the number of cracks, and the average crack width. There
are two factors may mainly affect the crack width such as the steel stress and
concrete cover, and since steel reinforcement remained constant in all tested
specimens in this study, the effect of the other factor was studied. Although the
value of concrete cover is often regarded as the second most important
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componentinfluencing crackwidth, its effectiveness is evaluated differently in
different building codes.

In this study increasing the concrete cover resulted in a (40 and 27%)
before burning and a (30 and 28%) after burning for NSC and HSC LWC
respectively rise in crack width, according to the results shown in Figure (4-
33). It's also noticed that the crack width increased clearly after burning for the
same value of applied load in both types of concrete (NSC and HSC), and
significantly reduced after strengthening, which attributed to the effect of
SIFCON jacket in controlling the crack width.

NC1 HC1
200 200
150 _ 150
-~
100 / < 100 /
Z / S
550 50
© 4
S 0 P4 0
0 0.2 0.4 0.6 0.8 0 02 04 06 08
Crack width mm Crack width mm.
——— NC1-32 =— NC1-00 ——— HC1-32 = HC1-00
NC1-02 = NC1-22 HC1-02 =—— HC1-22
NC2 HC2
200 200

150 150
100 /

s P %//

Load kN
Load kN

0 0
0 0.2 0.4 0.6 0 0.2 0.4 0.6 0.8
Crack width mm Crack width mm
NC2-32 NC2-00 HC2-32
= HC2-00
NC2-02 = NC2-22

HC2-02

Figure 4-33: relation between applied load and crack width for NSC and HSC
LWC before and after burning.

4.17 Surface Condition and Fire Endurance of Beam Specimens

Random severe hairline cracks of varying widths (0.04-0.18 mm) were
seen on concrete surfaces after exposure to high temperatures up to 600 C for
1.0 h, as illustrated in Plate (4-4) (b). The most significant cracks were found
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near the primary and transverse reinforcing points on the concrete surface.
These cracks could be caused by (a) the RC element expanding, causing large
tensile strains in the concrete, particularly at the reinforcing contact; and (b) the

cement matrix and aggregate responding differently to high temperatures.

Furthermore, concrete spalling occurred on the beam's corner without
exposing any steel, with a maximum spalling depth of nearly 15 mm. However,
no apparent beam curvature was detected. Figure (4-34) depicts the relationship

between beam temperature and fire exposure time.
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800 ~
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600 - =[S0 834
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400 -
300
200
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Figure 4-34: The relationship between measured temperatures and fire
exposure time of beam.

The furnace temperature closely matched the ISO 834 heating curve with
less than 10% variance till reach the target temperature(600°C). After this point,
it is noticed that the values of curves diverge. Because the highest temperature
of the beam bottom was 605°C, the compressive strength of the beam bottom
concrete expected to reduce by amount more than deeper parts of beam
specimen. Due to the fact that the recorded temperature of beam bottom TC1
was substantially greater than that of TC4, which is located 100 mm from the
bottom, owing to concrete's limited thermal conduction Because of the
evaporation of water in the concrete and the subsequent loss of heat, the
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temperatures TC3and TC4at the middle depth of the beam were maintained at
around 100 °C for 25 minutes. The temperatures dropped as you moved up the
depth of the beam from bottom to top, suggesting a clear gradient. The highest
temperatures of TC1 and TC2, which were higher than TC3, were 605 °C and
382 °C, respectively, and the strength of the concrete near TC3 and TC4
reduced little compared to normal temperature concrete. Table (4-13) shows
the position and nomenclature of the thermocouples. In a nutshell, the
temperatures of the fire-exposed areas exceeded 600°C, and the temperature
dropped rapidly from the surface to the interior ofthe concrete. The temperature
of the core concrete was between 200 and 240 degrees Celsius. As a result, the
surface layer of concrete was significantly damaged and needed to be removed,
while the interior concrete could be utilized.

A temperature of up to 400°C has a minor effect on the compressive
strength of NSC concrete. NSC is typically porous, allowing water vapor to
easily diffuse pore pressure. The use of various binders in HSC, on the other
hand, creates a better and compact microstructure with less calcium hydroxide,
resulting in a favorable compressive strength at room temperature. Binders like
as slag and silica fume produce the best compressive strength at room

temperature, owing to a dense microstructure.

Table 4-13: The position and naming of the thermocouples.

Thermocouple | Type | Distance from exposed | Highest recorded
surface (mm) temperature °C
TC1 K 0 604
TC2 K 25 382
TC3 K 50 241
TC4 K 100 202

However, as previously stated, the compact microstructure is highly

impermeable and becomes detrimental at high temperatures because it prevents
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moisture from escaping, resulting in pore pressure build-up and rapid
development of micro cracks in HSC, resulting in a faster deterioration of
strength and occurrence of spalling. The presence of lightweight aggregates
containing pores contributed to the absorption of pore pressure and to slow
down the loss of strength at high temperatures.
4.18 Predicting the Shear Strength of RC LWC Beams Strengthened with
SIFCON
According to (Naaman, A. E.,2008), the nominal shear strength of

reinforced beams of critical section V,, was defined as follows:
Vn=Vc+Vs+Vsifcon (4-3)

Where V. is the shear strength of concrete (kN), Vsis the shear strength of
stirrups, and Vsiecon is the additional shear capacity supplied by SIFCON Jacket
(kN), (Lim TY, etal.,1987). Can be expressed as:

1

Ve =-\Fbud (4-4)
d

Vs = 3 Avfy (4-5)

d? z 1
Vsifcon = 1.35; cot ¢ t; - (O‘mu(l — vf) + 2vra,) (4-6)
1

Vu=0Vc+Vs+Vsifcon) (4-7)

Table (4-14) compares the predicted shear strength from the
abovementioned model to the achieved shear strength of the reinforced beams
tested in this study. From the results, its noticed that the shear strength reduced
after burning of NSLWC beams by (9.3 and 9.1%) for concrete cover 20mm
and 30mm respectively. The same effect of burning noticed on the HSLWC
beams, that the reduction was (13.9 and 13.6%) for concrete cover 20mm and

30mm respectively.
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It is noticed from the results that the important values of shear strength
come from the transverse reinforcement (stirrups), in which the effective depth
(d) is the dominant factor. The effect of the concrete cover becomes slight as a

result when comparing the total values of shear strength.

On the other hand, it is noted that the reinforcement with SIFCON jackets
reflects a clear improvement in the shear strength of the beams affected by
burning, with rates ranging between (48-50%) and (71-75%) for jacket with
thickness of 20mm and 30mm respectively in NSC and between (45-48%) and
(67.5-72%) in HSC. The data shown in Table (4-14) showthat within the range
of loads tested in this study, the variation between expected and obtained shear
strength varied from 1 to 43%.

Table 4-14: A comparison between the expected and the achieved shear
strength of strengthened beams with SIFCON Jacket.

Concrete specimens Expected Achieved
cover V concrete V steel VsiFcon Vu Vy
NC1-00 28.19 446 | ------ 54.59 58.5
NC1-02 23.33 427 | ------ 49.50 44.25
20 mm NC1-22 23.33 42.7 33.17 74.40 73.95
NC1-32 23.33 42.7 49.76 86.84 83.05
NC2-00 26.57 420 | ------ 51.56 51.35
NC2-02 21.99 405 | ------ 46.86 40.80
30mm NC2-22 21.99 40.5 29.47 68.97 64.80
NC2-32 21.99 40.5 44.21 80.02 84.45
HC1-00 35.9 446 | ------- 60.37 69.50
HC1-02 28.08 412 | ------ 51.96 40.62
20mm HC1-22 28.08 41.2 33.17 76.83 73.20
HC1-32 28.08 41.2 49.76 89.28 89.20
HC2-00 33.83 420 | ------ 56.87 50.00
30mm HC2-02 26.47 390 | ------- 49.10 32.20
HC2-22 26.47 39.0 29.47 71.20 59.05
HC2-32 26.47 39.0 44.21 82.26 74.95
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Chapter 5. Finite Element Modelling and Simulation
5.1 Overview

This chapter presents and illustrates the adopted approaches to model and
analyze the behavior of studied concrete beams under various conditions, as
previously illustrated in the previous chapters. It has well known that the recent
development of computer devices and its availability over the worldwide, had
opened the door to create and develop the numerical solver software. one the
most powerful software package that recently developed by Simulia company,
Is the Abaqus software. Abaqus can simulate various application numerically
utilizing from the finite element method. Abaqus software is reinforced with
different materials library for concrete, soil, metal, in addition to various failure
theories which reflect materials response under different loading conditions
(mechanical, thermal, coupled, ...etc.).Most of researchers recommended to
use such software for modelling and simulation, since it has been supported

with powerful techniques that made it flexible platform.

This chapter will cover that adopted procedure for modelling and
simulation the concrete beams that experimentally tested in the lab and ensure
the accuracy of the results. Suchapproach, whichis called numerical validation,
are presented in next subsection. The results of the finite element simulation
are also discussed along with the experimental one to illustrate the variations
and point out some critical conclusions. Additionally, some the materials, those
are unfortunately lacking to the full curve behaviors or under elevated
temperature, shall be adopted according to the previous studies or standards.
More comprehensive details regarding modelling and materials

characterization are provided in next subsections.
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5.2 Finite Element Modelling with Abaqus

In this section, the stage of samples’ modelling and simulation stages shall

be detailed and discussed. In general, the process includes three main phases,

are:

e Phase A: modelling and simulating the reference samples (unfired beam,

without enhancement)

e Phase B: modelling and simulating the concrete beam samples subjected to

high temperatures, and without SFCON jacket enhancement.

e Phase C: modelling and simulating the fired concrete beam after enhancing
with SFCON jacketing.

Generally, to simulate any process or behavior of concrete elements, some

main process should pass through while suing Abaqus, as follows:

1

7-

8-

Parts modelling: in this step, the geometrical modelling of the part’s
simulation can be created.

Material property: in this step, the properties of the used concrete and
steel parts are characterized and assigned.

Assembly: to assemble and collect all parts involved in the simulation
process.

Step: to define type of analysis, duration of the simulation process, and
solver configuration.

Constrain and interaction: to specify type and nature of the interacted
surfaced, in addition to specifying the properties of the interface.
Loading and boundary conditions: to assign the type loading
(mechanical, thermal, electrical ...etc.), and boundary condition states of
the samples.

Predefined field: to define the initial status of the assembly in terms of
stress, temperature distribution, ... etc.

Job: to perform and start simulation process.
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The previous steps shall be detailed in next subsections. The simulation
works shall be divided into three phases or stages, they are; Phase A for the
reference undamaged models, Phase B for the fire damaged models, and finally

Phase C for the strengthened models, as shall be presented in next subsections.

5.3 PHASE A: Modelling of Reference Concrete Beam Samples
5.3.1 Geometrical Modelling

Abaqus provide a flexible platform for modelling in addition to its ability
to import parts from other software, such like AutoCAD, with suitable and
various file extensions. Generally, the procedure followed for geometrical
modelling was to create parts individually according to their types, 3D, 2D, or
1D part. Moreover, some of parts are deformable, some others are rigid parts
according to the simulation status. Overall, there are four parts required for
geometrical modelling, they are; concrete beam, streel reinforcement, loading
and supporting plates, and finally steel fiber concrete jacket. It is worth
mentioning the simulation process shall be in 3D space for all created parts.

Both concrete beam and jacket, 3D deformable parts were used using the
extraction procedure, which in brief, the cross section of the beam or the jacket
area drawn in XY plane, then a suitable extraction length are assigned to each
part. This method is most common used for 3D part having straight longitudinal
profile. On the other side, the modeling of steel reinforcement, which included
longitudinal bars in addition to the ties, were modelled as one-dimensional
parts, using 1D wire procedure. Although accurate simulation methodology
requires identical modelling compared to the experimental program, some
modifications were suggested by the previous authors which included to model
steel bars as a wire element (1D part) for simplification and reduce required
time to complete the analysis, and this considers as the most well-known
procedure for steel bar modelling in concrete elements. Of course, some of

application require to model steel bars as 3D element, such like when the steel-
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concrete interaction is an issue to discuss. Figures (5-1) illustrates the adopted
procedure for geometrical modeling of various parts.
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Continue... Cancel
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Figure 5-1: parts geometrical modelling
5.3.2 Materials Models and Assigned Section

Abaqus provide various materials properties that reflects their behavior
under different simulation conditions. Moreover, different failure theories are
provided for metals, soils, concrete, ...etc. For simulate concrete elements, it is
commonly used to define two phases are; elastic and plastic phases. The elastic
phase for isotropic materials is commonly characterized by two parameters are;

modulus of elasticity and Poisson's ratio. There are two models used
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characterize concrete plastic phase are; concrete damaged plasticity model
CDP, concrete smeared cracks model. Most of researchers recommended to use
CDP model to characterize the plastic phase of quasi-brittle materials such like
concrete because of its efficiency to predict concrete response under various
conditions, such like monolithic and repeated loadings, plain and reinforced

concrete, and application those depend on materials loading rate.

The most import aspect of such model is the ability to predict the isotropic
elasticity and also the isotropic tensile and compressive damaged plasticity to
represent the inelastic part. Below are the properties of each plastic phase model
of concrete provided by Abaqus library:

A- The Concrete Damaged Plasticity Model Parameters in Abaqus

There are five main parameters required to be defined for The CDP model;
they are, angle of dilation, eccentricity, surface plasticity flow number,
viscosity, and ratio of biaxial compressive strength to the uniaxial compressive
strength. These parameters are necessary to define failure surface envelope in
three dimensions. Besides, the compressive (the inelastic compressive strength
with plastic strain curve) and tensile behavior (inelastic stress with cracking
strain curve, beyond the cracking strength) are required to be input, as can be
seen in Figure (5-2). Table (5-1) illustrates the parameters of the CDP failure

surface.

Table 5-1: selected CDP material parameter for unfired concrete

Parameter Selectedvalue
Material model CDP model
E, MPa Varied according to f'c
Possion’s ratio 0.18
Dilation angel 35
*Ecc 0.1
*Fb0/fcO 1.16
*K 0.667
*Viscosity parameter 0.0001

*As recommended by Abaqus manual
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Figure 5-2:Tensile and compressive stress strain relation (a,b), failure surface
criteria of CDP model in 3D spacearound the hydrostatic axis and in the
deviatoric plane (c,d). (Castellazzi,etal., 2018).

Another two important curves required to be input to the CDP model are;
the uniaxial unconfined stress-strain behavior under both compressive and
tensile loading at ambient temperature (20C). These curves are segmented to
elastic part, which is defined by the modulus of elasticity and possion’s ratio,
and the plastic part, which is defined the CDP model. The plastic phase is
defined for both tensile and compressive behavior of concrete. The adopted
curves are detailed in next subsections in the phase C.

B- Defining Steel Material Behavior

For steel material, generally, there are four stress strain models which are
used to characterize its behavior are; engineering stress-strain, true or
logarithmic stress-strain relation, elastic perfect plastic behavior, or the bilinear

elasto-plastic with hardening. For steel reinforcement rebars, the elastic perfect
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plastic behavior has been adopted herein this study. Such behavior requires to
define the elastic and plastic model with a minimum one point at yielding,
which corresponded to a zero-plastic strain. On the other side, the linear
hardening of the plastic phase requires two point as a minimum, the yield point
and the rapture point. Other mentioned relations require to define more than
two points in the plastic behavior. Due to the lack of data availability for the

plastic phase, the elastic perfect plastic behavior has been adopted herein this

study.

Table 5-2:The elastic perfect plastic behavior model

parameter Selected value
Model type Idealized stress strain behavior
E, MPa 200000 (ambient temperature)

Possonsratio 0.3

Yield stress, Fy Varies according to the bar type

and temperature

o / // — —— True stress-strain diagram
// — — — Engineering stress-strain diagram

Ideal plastic material model

fy | /

Failure

: N
. . . . /
Limit plasnc strain el

—>

Figure 5-3:General types of steel stress strain representation and
simplification. (Standard, B. 2006).

As a general procedure in Abaqus, each material requires a section to be
defined. For instance, concrete beam part should be defined as a solid
homogenous one. On the other hand, steel reinforcement sections can be
defined using both beam and truss section. Beam section commonly used for
one dimensional element with have regular or irregular section and requires

169



Chapter five Finite Element Modelling and Simulation

section orientation. While truss section has equal stiffness in all direction
(Circular cross section only), which is matches the steel reinforcement rebars.
In this study, since there are three different bars diameter, three truss sections
should be defined. Figure (5-4) illustrates the adopted procedure. Finally, after

defining sections, each section must be assigned to tis specified partto complete
materials characterization process.

Category | Type

2 Ao

S Section Manager X

Name Type

long bar 10 Truss

long bar 12 Truss

plate Solid, Homogeneaus

ties bar 8 Truss Y

4 ‘Jﬂ(

Create... Edit... Copy... Rename... Delete... Dismiss.

5 Create Section

Name: Rebar
Category =~ Type
O solid
O shell
@® Beam
O Other

Beam

Continue...

Cancel

L.

Figure 5-4:section assignment of concrete beams and steel bars
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5.3.3 Materials Characterizationand Response Modelling
5.3.3.1 Concrete Behavior Under Ambient and Elevated Temperatures
Various concrete compressive strength stress-strain behavior under
elevated temperature were predicted, and for different types of concrete
mixtures (NSC and HSC) and for normal and lightweight aggregate concrete.
However, these statistical models are built according to the many parameters,
such as, type of aggregate, type of additives, water- cement ratio, ... etc. the
most recent study which has been investigated by (Dabbaghi et al.,2021a) to
predict the post fire behavior of LECA concrete. The predicted statistical model
was for both normal and high strength concrete types, including lightweight
clay aggregate, which is go accurately with the current study. The normalized
compressive stress-strain relation under various temperature degrees are
illustrated in Figure (5-5).

()
()

Eecr

o = f(‘;T (5- 1)

Where:

f-r IS concrete compressive strength
o stress at specified strain increment
€ strain increment

€. strain correspond to the maximum concrete stress at temperature C

fT 14 24';2) 25°C< T <750°C (5-2)
€c 1+ (T)z.zz
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B factor can be determined from the following formula:

B = 0.62+ £46 + T55¢' (5-3)
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Figure 5-5:The adopted normalized stress- strain behavior of concrete under
unconfined, uniaxial compressive loading (Dabbaghi et al.,2021a).

5.3.4 Assembling Parts

Assembling means collecting the created parts into the simulation
environment using assembly module. The inserted parts then called instances.
In this module, instances are created, translated, rotated, or duplicated
according to the required simulation. For example, after inserting the concrete
beam, the long steel bars for top and bottom layers in addition to the stirrups
are positioned and duplicated as can be seen in Figure (5-6). The stirrups are
duplicated using the linear pattern tool. To clear some points, it is worth
mentioning that Abaqus provide an extruded view for wire element for

illustration only, and that what can be seen in the previously presented figures.
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Figure 5-6:Part assembling of the concrete beam

5.3.5 Analysis Procedure

Abaqus provide various types of analysis suits for different engineering
applications, they are called steps in Abaqus. The static step suits most of
engineering applications where the loading frequency less than 1/3 the structure
natural frequency, or when the kinetic energy is less than 5% of the internal
energy. Beyond such limit, the quasi-static analysis is required to perform. The
effect of Higher frequency rate of loading cannot be captured by such type of
analysis. The dynamic procedure can be utilized for such purposes (impact,
crashing, earthquake, ...etc.). moreover, Abaqus library include heat transfer
analysis procedure, and coupled thermal-displacement analysis to capture the
coupled effect of mechanical and thermal loading onthe structure. In this study,
the static analysis procedure has been adopted to solve the concrete beam those
are not subjected to fire. While to investigate the thermal distribution on the

beam cross section, the heat transfer analysis procedure was used. Other
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concrete beams those are tested after exposing them to fire and those are
improved with concrete jacketing, are analyzed with the static analysis step.

5.3.6 Loadand Boundary Condition

Abaqgus environment have many various methods and capabilities to apply
mechanical, thermal, or coupled of both of them. In general, the mechanical
loading can be applied using either the load, or the boundary condition with
specific downward displacement. The later called displacement control
method, which most recommended and consumes lesser time while solving the
problem. The former called load control method, which typically requires more
time than the displacement control method to solve the problem. Most of static

application procedure, both of the mentioned methods predict the same results.

5.3.7 Constrains and Interactions

Some useful tool was utilized within Abaqus working environment, they
are constraining and interactions. One of the most useful constrain type that
widely accepted by the structural researches, is the embedded region constrain.
This type of constrains can be used to show that the steel reinforcement (the
embedded regions) are fully interacted with the concrete beam (the host
element). Which means, no slip is allowed for the long rebars or the stirrups,
even with excessive applied loads. The second useful constrain type is the rigid
body one. Such type was used for the loading and supporting plates, to that such
parts are non-deformable parts, and the stress status, strains, or displacements
are nota concernwithin this simulation process. To apply rigid body, constrain,

a reference point is required to couple with the body required to be rigid.

For the mechanical interaction property was used to simulate the relation
between the loading and supporting plates with the concrete beam. In general,
any surfaces those are interacted physically must be defined, otherwise, the
simulation process will not work correctly. The standard surface to surface
contact was used in this study, with normal and tangential properties. The
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normal (hard contact) means the first surface cannot penetrate the second one.
The tangential behavior with penalty or friction coefficient of 0.4 as suggested
for the static was assigned to simulate the friction between the concrete beam
and the steel plates. The selected master surface type was the stiffer part, which
were the steel plate, while the slave surface was the concrete beam. It’s worth
mentioning that no predefined field was assigned in this step, since the

simulation was for mechanical loading only.

5.3.8 Meshing Properties

Meshing technique is the method of segmenting and converting the
simulated parts into smaller using different shapes and division algorithms. The
produced parts then called (elements). In general, different types of elements
are provided in Abaqus library, as can beseen in Figure (5-7). Continuum solid
element was used for 3D parts (plates, concrete beam, SFCON jacket), 3D
stress family, brick (hexagonal) shape (C3D8R). while one dimensional
element (truss) family was used for steel bar reinforcement (Type element
solver for all parts was slandered solver, reduced integration, and linear
geometric order). Structural mesh algorithm technique was used to generate
mesh distribution. The dimension of concrete elements (brick, 8 nodes, reduced
integration) was 20mmX20mmX20mm. The same length was used for steel
reinforcement. Figure (5-8) illustrates the generated mesh for the concrete

beam.
Continuum Shell Beam Higid
(solid) elements elements elements elements
Q— : ku
Membrane ' nfinite Springs and dashpots Truss
elements elements elements

Figure 5-7:Element types library in Abaqus
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Figure 5-8:Meshing of the concrete beam using structural mesh algorithm
techniques.

5.4 Phase B: Modelling the Thermal Distribution on Concrete Samples
54.1 Geometrical Modelling and Assembling:
Same techniques and dimensions used in phase A, used herein this stage.
5.4.2 Material Properties

Like other materials, when concrete subjected to fire of high temperatures,
the strength of the material starts to degrade proportionally due to its nature.
The chemical bonding of cement mortar in addition to the expansion of the
components. Therefore, it is necessary to characterize the thermal properties of
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such concrete type since they are required as input data Abaqus for heat transfer
analysis. Generally, it is necessary to define concrete thermal properties such
as thermal connectivity, density, and specific heat. LECA concrete

Overall thermal is transferred through three methods are, conduction,
convection, and radiation. Conduction means that heat is transferred by means
of direct contact of bodies. While convection mean the surface file condition
used to simulate the interaction between the model and the surrounding media.

While the emissivity used to define the ability to radiate heat to the surrounding.

5.4.3 Type of Analysis (Step)

Thermal analysis procedure has been utilized in this phase to simulate heat
distribution on the fired beam.
5.4.4 Constrains, Interactions Properties, and Predefined Field

To simulate heat convection between the ambient air temperature and
concrete beam, a surface film condition option was assigned to the concrete
sides and the bottom edges. The sink temperature was set to 20C to simulate
the initial air temperature. Heat amplitude of TC1was assigned to represent the

raising in the surrounding temperature due to firing.

While for thermal analysis, conductivity, concrete surface film condition,
the conductivity used to simulate how heat is transferred from an object to
another on (steel and concrete), while the surface file condition used to simulate
the interaction between the model and the surrounding media. As recommended
by Fib modal code, the recommended surface film condition value for surfaced

subjected to fire is 25, while for the unfired surface is 9.

Thermal analysis requires to define the initial temperature state of the
assembly as a whole. Accordingly, a referenced temperature value of 20 C has
been assigned as an initial condition to the whole model.

177



Chapter five Finite Element Modelling and Simulation

5.4.5 Meshing Techniques and Type Element Solver Library

Same mesh techniques, element shape and size used in phase A for
concrete and steel element, used herein this phase. Except element solver
library (element degree of freedom). The selected element solver family was
heat transfer for both concrete elements and steel bar reinforcement, which has
only the thermal degree of freedom. Concrete and steel reinforcement elements
codeis (DC3D8: An 8-node linear heat transfer brick).

5.4.6 Boundary Condition and Loading

No mechanical loading has been assigned in this phase, only temperature
boundary to the bottomand side surfaces with amplitude of TC1 obtained from
the experimental work.
5.5 Phase C: Modelling of Fired Samples Subjected to Mechanical

Loading
5.5.1 Part Modelling and Assembling
Same techniques and dimensions used in phase A, used herein this stage.
5.5.2 Materials’ Characterization

The postfire concrete stress strain behavior subjected to a uniaxial
unconfined compressive loading under various temperatures are presented in
Figure (5-10). It’s clear that the high exposed temperature to the concrete have
not only a significant reduction on the compressive strength, but also on the
overall behavior suchas strain corresponding to peak stress and secant modulus
of elasticity. Also, it can be observed that, the degradation phase of the material
behavior becomes steeper at higher temperatures, which means, in other words,
the material brittleness started to decrease gradually and becomes more ductile
at elevated temperatures.
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Figure 5-9:Concrete stress — strain behaviour under elevated tempertures.

Accordingly, the normalized residual compressive strength and elastic
modulus of light weight concrete are illustrated in Figure (5-11). Form the
presented figure, it is clear that, a slight reduction can be observed in the f’c
and Ec values for temperatures below 150 C. Moreover, the concrete start
losing 10% and 28% of the total compressive strength and the elastic modulus
values at 300 C, respectively reaching to 600 C, the residual /°c and Ec values

are 22% and 50%, respectively.

From the other side, the normalized concrete strain at peak stress are
presented in Figure (5-12). Till the 150 C, only 10% increase in the strain can
be observed, after such limit, the rate of strain increase is increase dramatically
reaching to 81% increase in strain at 300°C, while about 181% increase in the

same value at 600C.
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];i—T = 1T 25°C< T < 750°C (5-4)
3.07
¢ 1+ (59
Eer _ L 25°C< T < 750°C
E. T 3.14 =0T (5'5)
¢ 1+ (zp9)
E, = 0.043y5./f, (5-6)
Er_ 4 %82 e < 750°C
e 450, ,, SES (5-7)
c 1+ (=)
Where;
€. =3.496 x 1075 x £/ + 0.001 (5-8)

It is worth mentioning that (Dabbaghi et al.,2021b) has covered in his
research, concrete behavior till temperature 750C. Where, at such point, the
residual /°c and Ec values are approximately 12.8% and 34%, respectively.
while to strain corresponding to the peak stress is increased about 3 times the

value at ambient temperatures.
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Figure 5-10:Normalized values ofthe residual f’c and Ec for concrete
subjected to high temperatures. (Dabbaghiet al.,2021b).
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Figure 5-11:Normalized value of the concrete strain correspondedto the f’c.
(Dabbaghi et al.,2021b).

Heating and exposing duration have an adverse effect on the overall
concrete performance. Numerous researchers had been worked out that
significant concrete degradation was observed in the compressive strength at
elevated temperatures. Figure (5-13) illustrates the concrete residual
compressive strength at elevated temperatures. Form the pervious figure, it can
be noticed that, most of research works regards concrete residual strength are
varied slightly till temperature 300C. After such limit, a significant variation in
the concrete residual strength were observed ranged from 43% to 70%.
Moreover, (Hertz, 2005;Bastamietal.,2010;Huang etal.,2017;Dabbaghi et
al.,2021b) research works are approximately the same till temperature 600C.

The tensile strength behavior of concrete exposed to high temperatures
had been predicted extensively by many researchers, as illustrated in Figure (5-
14). It can be observed that, at 250 C, most of researchers predicted formula are
the same, in which the residual tensile strength is about 80%. After this point,
Chang et.al and Li and Guo formulas predicted the same value of the residual
tensile strength of about 40%. Onthe other hand, the suggested formula by (EN
2:partl-2,1992)is the most conservative among other mentioned models, and
the residual tensile strength is about 0% at 600C.
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Figure 5-12:Normalized concrete compressive strength at high temperatures
(Hertz, 2005;Bastami et al.,2010; Huang et al.,2017; Dabbaghi et al.,2021b)
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Figure 5-13:Normalized concrete tensile strength at high temperatures
(Bazant&Chern, 1987;Guo& Shi,2003;Chang etal.,2006;Li et al.,2007)

It is worth mentioning that the suggested model by (Guo& Shi,2003; Li
et al.,2007) was adopted herein this study to assign maximum tensile strength

corresponded to the cracking strain. Also, to simplify the simulation process,
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the bi linear behavior of concrete tensile stress strain has been assigned to
Abaqus.
5.5.2.1 Steel Reinforcement Behavior at Ambient and Elevated
Temperatures

After validating the experimental results numerically, it can be said that,
the most critical case, when concrete cover was about 20mm, the temperature
of steel reinforcement was about 394 C. Most of codes and previous researches
had pointed out that when steel is heated to 400 C, no observable reduction was
noticed in the yield stress point. In the contrary to the elastic modulus, where
noticeable change can be observed at such temperatures.

In general, the stress-strain relation of steel bars can be attributed using

the following formula:

As clarified in Figure (5-15), The residual elastic and yield strength of
steel bar reinforcement is adopted as suggested by Lie, which is adopted herein
this study. as illustrated, the residual normalized yield strength and initial
elastic modulus of steel bar are about 76% and 91%, respectively at temperature
300C. while at 600C, the same values are about 33% and 72%, respectively.
The rate of strength reduction is higher than what has been observed for the
elastic modulus. Moreover, it can be noticed that exposing steel reinforcement
to temperatures near 500 C would reduce the elastic modulus of about 19%,

while about 50% reduction in the yield strength.

(Lie, 1992)
=[1+ r X 0<T<600C
hr =1 900 x ln(T/1750)] Iy - (5:9)
_ A0 034x T, 600 < T < 1000 C
=1 T — 240 1%y =

183



Chapter five Finite Element Modelling and Simulation

(Lie& Stanzak,1974)

fr = f,(1— 0.78- T* — 1.89- T**) (5-10)

E;/E = 1.02 — 0.035e7/28°20°C < T < 800°C (5-11)
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Figure 5-14:Normalized values of the residual Fy and E values for steel bars
subjected to high temperatures(Lie, 1972)

5.5.2.2 Concrete Possion’s ratio at elevated temperatures

Most of previous research works revealed that when concrete specimens
exposed to high temperatures, a noticeable reduction in the possion’sratio value
was observed. (Bahretal., 2012) experimented the effect of high temperatures
on concrete behavior. He stated that possion’sratio was reducing at elevated
temperatures as can be seen in Figure (5-16) and suggest a statistical model to
predict it. The suggested formula was adopted herein this study to assign

Possion’s ratio at elevated temperatures, as expressed in Equation (12).

pg =a-e 29 =0.204-e79°29 with20°C< 6 < 500°C (5-12)
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Figure 5-15:Concrete possions ratio changes at high temperatures (Bahr et
al., 2012).

5.5.3 Step (Type of Analysis)

In this stage of simulation, the transient coupled temperature-displacement
analysis was used to simulate to coupled effect of thermal and mechanical
loading. It is worth mentioning that, the maximum allowable temperature per
increment was set to 20C, to avoids excessive change and disseverance issues

during performing the simulation.

5.5.4 Interactions and Constrains
Only the mechanical interactions listed in phase A, was adopted herein
this phase.

5.5.5 Meshing Techniques and Element Type

Same element shape and meshing distribution algorithm technique used in
stage A, was used herein this stage of modelling, except element type (solver).
To solve and account both mechanical and thermal loading, For both concrete
and steel reinforcement, the types of element ware C3D8T and T3D2T,

respectively.

5.5.6 Predefined Fields
Toinclude the effect of firing on the concrete beam, the predefined option

used herein this model. The initial state option to assign the initial temperature
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distribution on the fired samples. This will facilitate to redistribute concrete
strength characteristics according to the temperature profile. The fired model
output results files (ODB) obtained from phase B, have been recalled in this
step for phase D.
5.6 Phase D: Modelling of The Improvement of Concrete Beams Using
SFCON Jacketing
5.6.1 Geometrical Modelling and Assembling
For geometrical modelling, the same dimension for the beam and steel
reinforcement was used, except the jacketing. A 3D deformable solid part, with
two different thickness of 20 and 30 mm were modeled using the extraction
method, with the same length of concrete beam, as illustrated in Figure (5-17).
Moreover, it is worth mentioning that the lengths of the supporting and loading
plates were increased to match the new concrete beam’s width. The final

assembly of the improved models is presented in Figure (5-18).

Figure 5-16:SIFCON jacket layer part along the three faces of the concrete
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Figure 5-17:Part assembling of the strengthened models with SICON jacket

5.6.2 Material’s Characterization: Stress Strain Relations of SFCON
Material

It is well known that the behavior of high strength concrete has some
differences when compared with the normal concrete behavior, especially when
the mixture includes micro steel fibers. Figure (5-19) illustrates the stress strain
behavior of SFCON mixture when subjected to monolithic, uniaxial
compressive and tensile stress. It can be noted that, the high percentage of steel
fiber resulted a mixture with high ductility and higher sustain to resist loading,

and the strain corresponded to the maximum stress approaches 0.02. It is worth
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mentioning that maximum compressive and tensile strength were about 94.5
MPa and 13.75 MPa, respectively.

In Abaqus, the stress strain data was refined and the elastic phase was
separated from each other. The elastic modulus defined as elastic isotropic
model, while for the plastic phase behavior, the same model previously used in
concrete characterization (concrete damaged plasticity) had adopted. The
material property then assigned to the 3D solid jacket. Other parts like the
concrete beam and the streel reinforcement are fixed as they mentioned
previously in phase C.
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Figure 5-18:SICON stress- strain behavior under unconfined, uniaxial
loading

5.6.3 Constrains and Interactions

For the strengthened models, the same interaction used between the
loading and supporting plates was used herein this model. Where, in brief, the
general surface to surface contact was assigned with two mechanical
interactional properties are; normal behavior (hard contact), and tangential
behavior (penalty) with 0.3 fraction factor. In addition, to model the full

interaction behavior between the interface between the concrete beam faces and
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the interior jacket faces, tie constrain was assigned for such purpose to prevent
bonding slippage.

5.6.4 Step (Type of Analysis)
In this stage of simulation, same as type of analysis for phase C, the
transient coupled temperature-displacement analysis was used to capture to

coupled effect of thermal and mechanical loading.

5.6.5 Meshing

The same meshing techniques, element shape, size, and type used in
modelling phase C, used herein this phase for the enhanced models. Except the
element size in the direction of the jacket thickness. The assigned elements
dimension was 4 mm in such direction to get higher results accuracy, as
illustrated in Figure (5-20).

Figure 5-19:Meshing of the strengthened models with SIFCON jacket
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5.6.6 Predefined Fields
Same as phase C, the thermal distribution ofthe fired model output results
files (ODB) that obtained from phase B, have beenrecalled in this step for phase

D as temperature initial condition.

5.7 FEM Results

5.7.1 Phase A: Validation Results of NSC and HSC at Ambient
Temperatures (20C)

Simulation results of the normal and high strength concrete specimens
before firing are presented herein this subsection. As can be seen in Figure (5-
21, 23, 25, and 27), the load-displacement curves of the experimental and
numerical approaches are close to each other for normal concrete specimen.
The FEM result curve possessed higher initial stiffness than the experimental
results. Also, the FEM result reflected higher load carrying capacity than the
experimental results by about 7%, and corresponded displacement difference
of about 1.7%. Such difference canbe accepted and the adopted parameters can
be said to be accurate herein this study. The von mises stress distribution for
the concrete beam body and steel reinforcement, in addition to the true strain
are illustrated in Figures (5-22,5-24,5-26 and 5-28).
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Figure 5-20: Load-displacement curves’ comparison between the FEM and
the experimental work results for NC1-00
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Figure 5-21: Von Mises stress distribution for concrete beam and steel
reinforcement, in addition to the max. principal true strain of the beam (from
top to bottom), NC1-00.
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Figure 5-22:Load-displacement curves’ comparison between the FEM and
the experimental work results for NC2-00
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Figure 5-23:Von mises stress for the beam and steel reinforcement, plastic
strain and deflection of NC2-00
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Figure 5-24:Load-displacement curves’ comparison between the FEM and
the experimental work results for HC1-00
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Figure 5-25:Von mises stress for the beam and steel reinforcement, and
deflection of HC1-00
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Figure 5-26:Load-displacement curves’ comparison between the FEM and
the experimental work results for HC2-00
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Figure 5-27:Von mises stress for the beam and steel reinforcement, plastic
strain and deflection of HC2-00 at the maximum load capacity.

5.7.2 Stage B: Validation Results of Time- Temperature Distribution
Along the Beam Cross Sectionand Simulation Results

The heat transfer analysis of a LECA beam sample have shown very close
results to those data extracted from the experimental work. As can be seen in
Figure (5-29), and after applying TC1 amplitude curve as heating boundary to
the beam surfaces, the nodal temperature parameter at the bottom steel position
have shown very close result after 1 hour of heating compared to the
experimental data (at TC2 location), which was approximately about 2%. While
a small vibration was observed after half of an hour heating for the same
location, which was about less than 10%. Moreover, there was an observable
gap between the experimental and the numerical curves ranged from 10 min to
30 min, after 30 min of heating, the curves are gradually become very close to
each other. In the contrary to the temperature curve at the mid of the concrete
beam location (TC3), where, approximately the numerical behavior matches
the experimental one most of heating time.
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Figure 5-28:Time- temperature distribution along the beam cross section
5.7.3 FEA Results of NSC Beams at Elevated Temperatures

Figure (5-30) illustrates the measured Load carrying capacity verses the
midspan deflection of NC1-02 specimen based on the numerical and the
experimental results. Form the Figure, it can be observed a good agreement
have noticed when compared the both mentioned curves results. The elastic
stage of the FEA result was perfectly fitted the experimental curve. While slight
variations the inelastic phase have been observed after 30 KN of loading. In
addition, it is clear the midspan displacement corresponded the maximum load
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capacity was approximately the same. Furthermore, a noticeable variation in
the degradation phase was observed. Overall, the percentage of error between
the experimental and numerical results for the load capacity and midspan
displacement were about 7.05% and 1.65%, respectively. Figure (5-31)
illustrate von mises distribution contour map stress, plastic strain, von mises of

steel bars, and downward displacement distribution contour maps.
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Figure 5-29:Comparison between load-mid span deflection curves of the
FEM and the experimental work for NC1-02
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Figure 5-30: Von mises stress for the beam and steel reinforcement, plastic
strain and deflection of NC1-02 at the maximum load capacity.
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Figure (5-32) illustrates the measured Load carrying capacity verses the
midspan deflection of NC1-02 specimen based on the numerical and the
experimental results. Form the previous Figure, it can be observed a good
agreement have noticed when compared the both mentioned curves results. The
elastic stage of the FEA result was perfectly fitted the experimental curve.
While slight variations the inelastic phase have been observed after 35 KN of
loading. In addition, it is clear the midspan displacement corresponded the
maximum load capacity was approximately the same.
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Figure 5-31:Comparison between load-mid span deflection curves of the
FEM and the experimental work for NC2-02

Furthermore, a noticeable variation in the degradation phase was
observed. Overall, the percentage of error between the experimental and
numerical results for the load capacity and midspan displacement were about
4.1% and 4.3%, respectively. Figures (5-33) illustrate von mises distribution

contour map stress, plastic strain, von mises of steel bars, and downward

displacement distribution contour maps.
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Figure 5-32: Von mises stress for the beam and steel reinforcement, plastic
strain and deflection of NC2-02 at the maximum load capacity.

5.74 FEA Results of HSC Beams at Elevated Temperatures
5.7.4.1 High Strength Concrete Cover 30 mm- 1 Hour Fire

Load- displacement curves results for both experimental and numerical
processes for HC1-02 specimens are shown in Figure (5-34). The percentage
of error between the FEM and the experimental results for the peak load and
corresponded downward displacement were about 6.78% and 10.97%,
respectively. In addition, it can be observed that both curves were matched to
each other till 15 mm displacement. Moreover, the degradation phase of the
FEM process was higher than of the experimental result’s curve. Figures (5-35)
illustrate von mises distribution contour map stress, plastic strain, von mises of

steel bars, and downward displacement distribution contour maps.
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Figure 5-33:Comparison between load-mid span deflection curves of the
FEM and the experimental work for HC1-02

S, Mises
(Avg: 75%)
414.29 X
10.00
9.25
8.50

375.00
333.33

291.67
250.00 D D .
208.33 = e
166.67
= \J \
- O] — , , — ]

41.67
0.00

S, Mises

(Avg: 75%)
500.00 i
458.33
416.67

0.00833
0.00750
0.00667
0.00583
0.00500
0.00417
0.00333
0.00250
0.00167
0.00083
0.00000

PE, Max. Principal

(Avg: 75%)
0.06790 |
0.01000
0.00917

202



Chapter five Finite Element Modelling and Simulation

95

Figure 5-34:Von mises stress for the beam and steel reinforcement, plastic
strain and deflection of HC1-02 at the maximum load capacity.

Figure (5-36) illustrates the measured Load carrying capacity verses the
midspan deflection of HC2-02 specimen based on the numerical and the
experimental results. Form the mentioned Figure, it can be observed a good
agreement have noticed when compared the both mentioned curves results. The
elastic stage of the FEA result was approximately matching the experimental
curve in the first phase. While a smooth transition in FEM curve was observed
in the contrary to the experimental one. This is because of tension stiffening
parameter. In addition, it is clear the midspan displacement corresponded the
maximum load capacity was somewhat varied. Overall, the percentage of error
between the experimental and numerical results for the load capacity and
midspan displacement were about 1.85% and 9.41%, respectively. Figure (5-
37) illustrates von mises distribution contour map stress, plastic strain, von

mises of steel bars, and downward displacement distribution contour maps.
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Figure 5-35:Comparison between load-mid span deflection curves of the
FEM and the experimental work for HC2-02
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Figure 5-36:Von mises stress for the beam and steel reinforcement, plastic
strain and deflection of HC2-02 at the maximum load capacity.

5.75 Stage C: Validation Results of Postfire Treated NSC And HSC
Beams with SIFCON Jacket
5.75.1 Normal Strength Concrete Specimens

Figure (5-38) illustrates the measured Load carrying capacity verses the
midspan deflection of NC1-22 specimen based on the numerical and the
experimental results. The first phase matches the experimental results up to 3.7
mm displacement. After such limit, the FEM curve load was noticeably higher
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the load values of the experimental result. Up to the maximum load carrying
capacity, a slight difference between the experimental and FEM result of the
load and corresponded displacement of about 3.88% and 0.96%, respectively.
followed that point, the FEM degradation behavior curve style matches the
experimental curve behavior. Figures (5-39) illustrate von mises distribution
contour map stress, plastic strain, von mises of steel bars, and downward

displacement distribution contour maps.
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Figure 5-37:Comparison between load-mid span deflection curves relation of
the FEM and the experimental work for NC1-22
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Figure 5-38:Von mises stress for the beam with and without SIFCON, Von
mises stress of steel reinforcement, plastic strain for the beam for SIFCON
and the beam NC1-22 at the maximum load capacity.

Figure (5-40) illustrates the measured Load carrying capacity verses the
midspan deflection of NC1-32 specimen based on the numerical and the
experimental results. The first phase matches the experimental results up to 4.1
mm displacement. After such limit, the FEM curve load was noticeably higher
the load values of the experimental result. Up to the maximum load carrying
capacity, a slight difference between the experimental and FEM result of the
load and corresponded displacement of about 9.29% and 0.73%, respectively.
Followed that point, the FEM degradation behavior curve style matches the
experimental curve behavior. Figure (5-41) illustrates von mises distribution
contour map stress, plastic strain, von mises of steel bars, and downward

displacement distribution contour maps.
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Figure 5-39:Comparison between load-mid span deflection curves of the
FEM and the experimental work for NC1-32
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Figure 5-40:Von mises stress for the beam with and without SIFCON, Von
mises stress of steel reinforcement, plastic strain for the beam for SIFCON
and the beam NC1-32 at the maximum load capacity.

Figure (5-42) illustrates the measured Load carrying capacity verses the
midspan deflection of NC2-22 specimen based on the numerical and the
experimental results. Form the Figure, it can be noticed a big difference when
comparing the both mentioned curves results. The elastic stage of the FEA
result was perfectly fitted the experimental curve. While a noticeable variation
the inelastic phase has been observed after 73 KN of loading. Furthermore, a
slight variation in the degradation phase was observed. Overall, the percentage
of error between the experimental and numerical results for the maximum load
capacity and the corresponded midspan displacement were about 15.61% and
8.82%, respectively. Figure (5-43) illustrates von mises distribution contour
map stress, plastic strain, von mises of steel bars, and downward displacement

distribution contour maps.

208



Chapter five Finite Element Modelling and Simulation

160
140
120
100

80
——NC2-22 (EXP.)

60 ——NC2-22 (FEA)
40

20

Load, KN

0 5 10 15 20 25
DEFLECTION mm

Figure 5-41:Comparison between load-mid span deflection curves of the
FEM and the experimental work for NC2-22
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Figure 5-42:Von mises stress for the beam with and without SIFCON, Von
mises stress of steel reinforcement, plastic strain for the beam for SIFCON
and the beam NC2-22 at the maximum load capacity.

The measured Load carrying capacity verses the midspan deflection of
NC2-32 specimen based on the numerical and the experimental results are
presented in Figure (5-44). The first phase matches the experimental results up
to0 10.83 mm displacement. After such limit, the FEM curve load was noticeably
higher than the experimental result value. Up to the maximum load carrying
capacity, a slight difference between the experimental and FEM result of the
load and corresponded displacement of about 5.06% and 6.67%, respectively.
followed that point, the FEM degradation behavior curve style was sharp and
unmatched the experimental curve behavior. Figure (5-45) illustrates von mises
distribution contour map stress, plastic strain, von mises of steel bars, and

downward displacement distribution contour maps.
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Figure 5-43:Comparison between load-mid span deflection curves of the
FEM and the experimental work for NC2-32
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Figure 5-44:VVon mises stress for the beam and SIFCON, VVon mises stress of
steel reinforcement, plastic strain for the beam for SIFCONand the beam
NC2-32 at the maximum load capacity.
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5.7.5.2 Validation Results of Postfire Treated HSC Beams with SFCON
Jacket

Figure (5-46) illustrates the measured Load carrying capacity verses the
midspan deflection of HC1-22 specimen based on the numerical and the
experimental results. The first phase matches the experimental results up to 4.1
mm displacement. after such limit, the FEM curve load was noticeably higher
the load values of the experimental result. Up to the maximum load carrying
capacity, a slight difference between the experimental and FEM result of the
load and corresponded displacement of about 5.06% and 6.76%, respectively.
Followed that point, the FEM degradation behavior curve style matches the
experimental curve behavior. Figure (5-47) illustrates von mises distribution
contour map stress, plastic strain, von mises of steel bars, and downward
displacement distribution contour maps.
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Figure 5-45:Comparison between load-mid span deflection curves of the
FEM and the experimental work for HC1-22
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Figure 5-46:Von mises stress for the beam and SIFCON, VVon mises stress of
steel reinforcement, plastic strain for the beam for SIFCON and the beam
HC1-22 at the maximum load capacity.

Figure (5-48) clarifies an overall comparison between the experimental
and numerical results of HC1-32 beam. Both of them were matched from the
start up to 3 mm displacement. after such limit the FEA curve showed higher
load resistance when compared with the experimental curve. While the
displacement corresponded to the maximum load capacity of the FEM was
lower than the value of the experimental results. Overall, percentage of
difference between the maximum load capacity and corresponded midspan
downward displacement were about 13.87% and 11.37%, respectively.
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Figure 5-47:Comparison between load-mid span deflection curves of the

strain, von mises of steel bars, and downward displacement distribution contour

maps.

FEM and the experimental work for HC1-32
Figure (5-49) illustrates von mises distribution contour map stress, plastic
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Figure 5-48:Von mises stress for the beam and SIFCON, Von mises stress of

steel reinforcement of HC1-32 at the maximum load capacity.
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Figure (5-50) illustrates the measured Load carrying capacity verses the
midspan deflection of HC2-22 specimen based on the numerical and the
experimental results. The first phase matches the experimental results up to 12
mm displacement, or at the maximum load capacity. after such limit, the FEM
curve load was noticeably higher than the load value of the experimental result.
A slight difference between the experimental and FEM result of the load and
corresponded displacement of about 4.83% and 6.07%, respectively. Followed
that point, the FEM degradation behavior curve mode dropped suddenly,
unmatching the experimental curve behavior, which have noticed a smooth
transition between the two phases. Figure (5-51) illustrates von mises
distribution contour map stress, plastic strain, von mises of steel bars, and

downward displacement distribution contour maps.
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Figure 5-49:Comparison between load-mid span deflection curves of the
FEM and the experimental work for NC2-22
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Figure 5-50:Von mises stress for the beam and SIFCON, Von mises stress of
steel reinforcement of HC2-22 at the maximum load capacity.

Figure (5-52) illustrates the measured Load carrying capacity verses the
midspan deflection of HC2-32 specimen based on the numerical and the
experimental results. The first phase matches the experimental results up to the
maximum load capacity. A negligible difference between the experimental and
FEM result of the load and corresponded downward midspan displacement was
observed estimated of about 0.52% and 0.42%, respectively.
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Figure 5-51:Comparison between load-mid span deflection curves of the
FEM and the experimental work for NC2-32.
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Followed that point, the FEM degradation behavior curve mode dropped
suddenly, unmatching the experimental curve behavior. Also, Figure (5-53)
illustrates von mises distribution contour map stress, plastic strain, von mises

of steel bars, and downward displacement distribution contour maps.
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Figure 5-52:Von mises stress for the beam and SIFCON, VVon mises stress of
steel reinforcement of HC2-32 at the maximum load capacity.

5.8 Chapter Summery

This chapter presented the possibility of simulating the performed experimental
work through investigating the behavior of various specimens’ types in
different conditions using the finite element modelling with Abaqus software.
Specimens with normal and high strength types, before and after firing, in
addition to the improvement with SIFCON jacketing technique, were simulated
and compared with the experimental results. The absolute error was determined
between the experimental and numerical results, for both of the displacement
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at mid span and the maximum load carrying capacity of the specimens. The
summery of the results is clarified in Table (5-3).

Table 5-3:Summery of the results

= = ) R ) N by -
. c < < g =R g E -‘E 2
S| 82 B.| B, 8E . 8E_ = |Z
(@] (&] o — —
o | Eg 9% SF|85% 853 | sl 8y
o O = o W @ LL L O] L O L c c
bt o C = T [ a9 o <5}
O w3 = = X O X O & &
=l | | €5 €5 |& |E
) D a a
NC1-00 | 117.00 | 125.30 22.85 22.471 7.09 | -1.65
NC1-01 | 91.63 24.32
NC1-02 | 885 | 84.87 16.94 16.21 | -4.101| -4.30
NC1-21 | 157.60 14.94
NC1-22 | 147.90 | 153.64 13.46 13.33 3.88 | -0.96
2 | NC1-31 | 188.10 13.55
g NC1-32 | 166.10 | 181.54 12.32 12.41 9.29 | 0.73
3 | NC2-00 | 102.70 | 98.31 24.41 21.871 | -4.27 | -10.40
5 | NC2-01 | 86.28 22.47
NC2-02 | 81.60 | 84.047 18.32 19.841 2.99 8.3
NC2-21 | 141.70 12.15
NC2-22 | 129.60 | 149.84 13.24 14.409 | 15.61 | 8.829
NC2-31 | 172.20 13.25
NC2-32 | 168.90 | 177.45 12.59 13.43 506 | 6.67
HC1-00 139 | 145.17 24.87 23.56 443 | -5.26
HC1-01 | 95.44 19.09
HC1-02 | 95.52 102 19.95 22.14 6.78 | 10.97
HC1-21 | 159.70 13.69
HC1-22 | 146.40 | 153.81 12.19 13.015 506 | 6.76
S | HC1-31 | 190.60 12.93
'; HC1-32 | 178.40 | 185.31 13.84 12.266 | 13.87 | -11.37
3 | HC2-00 | 124.08 | 125.22 24.73 22.93 0.918 | -7.27
(5 | HC2-01 | 89.70 28.04
HC2-02 | 79.88 | 81.36 21.04 23.02 1.85 | 9.41
HC2-21 | 159.90 14.63
HC2-22 | 146.50 | 153.59 12.83 13.61 4.83 | 6.079
HC2-31 | 197.20 14.67
HC2-32 | 186.00 | 186.97 13.59 13.648 | 0.521 | 0.42

From the presented table, it can be seen that the minimum and maximum

determined absolute error for specimens’ load carrying capacity was about

0.521% and 15.61%, respectively.
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Figure 5-53:Comparison between the experimental and numerical results of
NSC and HSC beams ultimate load.
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Figure 5-54:Comparison between the experimental and numerical results of
NSC and HSC beams mid-span displacement.
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On the other side, minimum and maximum determined absolute error for
specimens’ displacement corresponded to the max load were 0.42% and
11.42%, respectively. Accordingly, and since the estimated errors less than
15%, it can be said that the performed simulation process was accurate and

successful when compared with other researchers’ studies.
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Chapter 6. Conclusions and Recommendations

6.1 Conclusions

This study investigates the level of enhancement of fire damaged LECA

light weight high strength concrete beams using three sided SIFCON jacketing

layer. Fire duration exposure concrete cover, in addition to the SIFCON layer

thickness were the main parameters of this study. Accordingly, the following

conclusions were drawn:

1-

Very Limited past laboratory researches or on the other words (no
previous studies) has been conducted to study the effects of externally
applied SIFCON (slurry infiltrated fiber concrete) jackets on the
structural behavior of normal and high strength lightweight reinforced

concrete (LWRC) beams after exposed to realistic fire flame.

It has observed that the temperature was varied slightly between the mid
and the quarter distances of beam cross section, which was about 16%.
While the temperature reduction between the concrete mid core and the
steel bar location was about 89%. Overall, temperature gradient reduction

between the outer beam surface and the mid core was about 66%.

Concrete spalling occurred on the beam's corner without exposing any
steel, with a maximum spalling depth of nearly 15 mm. However, no

apparent beam curvature was detected.

Results have shown that subjecting the concrete beams to a 1-hour firing,
resulted in reducing cracking load (service loading) by a range of 57%-
65%, when compared with the reference beam.

Strengthening of fire damaged beams with SIFCON jacket resulted in a
superior improvement ranged between 3.16-3.27 times reference beam

and 2.86-5.12 times for 20mm and 30 mm jacket thickness respectively.
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o-

Crack opening of strengthened fire damaged beams, was improved by
about 2.25 and 1.54 times the undamaged concrete beam value,

respectively at earlier and final loading stages.

In terms of shear load capacity, the one-hour fire damaged beams
compared with the undamaged beam, have reflected a noticeable
reduction of about 41.5% and 35%, respectively for beams with 20 mm
and 30 mm concrete cover. While the strengthening with 20mm and
30mm thickness SIFCON jackets reflects a good improvement in the
shear strength of the beams affected by burning, with rates ranging
between (45-48%) and (67.5-72%) respectively.

It was not observed during the test of the strengthened models that there
was any crack or separation in the contact area between the model body
and the strengthening layer, which concludes with the success of the
methodology used in the study, so that both components acted as one part
to bear the applied stresses, that positively reflects on the accuracy of the

results obtained.

Beams’ strengthening with SIFCON jacket layer of thickness 20 mm and
30 mm resulted in an improvement in shear load capacity of about 80%
and 119% for 20 mm concrete cover, and 83% and 133% for 30 mm

concrete cover, respectively compared with the fire damaged beams.

10- It is worth mentioning that the strengthened beams reflected comparable

shear load capacity values to the undamaged beam (reference) value,
which were found to be 5.3% and 28.3% for jacket layer thicknesses of
20 mm and 30 mm respectively for 20 mm concrete cover. while for the
same degree of comparison, the level of enhancement was about 18% and
50% for jacket layer thicknesses of 20 mm and 30 mm, respectively for

30 mm concrete cover.
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11- The thickness of the concrete cover seems to have effect in short fire
exposing time (less or equal to 1 hr.), and not very high temperature (not
exceed 600°C), but it has no influence on the decrease in strength
properties when exposed to a 2 hour fire, meaning that cover thickness
has no major effect on the strength of the embedded steel reinforcement.

12- The presence of absorbed water within the lightweight aggregate
concrete resulting temperature rises in a non-constant rate. The
temperature of the concrete rises to 100 °C and continues to rise with a
very slow rate until all of the water is evaporated. The moisture content
and permeability of concrete affect the heat transfer phenomena. During
the heating process, an endothermic reaction occurs due to the
evaporation of free water. This dehydration process requires a certain
amount of energy, which slows down the heating process.

13-The evaporation process in LWC is significantly slower than that in NC.
This is due to the LWC's greater permeability and the porosity of the
expanded clay, both of which enhance the moisture content. As a result,
during fire situations, LWC exposed surface temperature and heat
transfer are lesser than that for NC.

14- With regard to the damaged beams that were strengthened with SIFCON,
the results showed a clear effect of increasing the thickness of the
concrete cover, as increasing the thickness of the cover from 20 mm to 30
mm led to an improvement in the carrying capacity by (53% and 76%)

for the normal and high strength beams respectively.

15- The Experimental results have cleared that a 1 hour fire damage has a
negligible effect on the ductility index, for both concrete covers. While
strengthening of damaged beam resulted in improving the ductility index
by about 5% and 14% for beam with 20 mm and 30 mm concrete cover,
respectively compared with the unstrengthen members.
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16- On the other hand, the ductility index was enhanced by about 14% and
11% for 20- and 30-mm concrete cover, respectively when comparing the
strengthened beams with the undamaged (reference) beam.

17- The absorption energy of damaged concrete beams, after 1-hour duration
exposure to fire, was reduced by about 54% and 56%, respectively for
beams with cover 20mm and 30 mm, when compared with the

undamaged beam.

18- Strengthening of damaged beams with 20 mm and 30 mm SFICON
jacket thickness resulted in an improvement of the energy absorption by
about 17.9% and 38.4% for concrete cover of 20 mm, and by about 40%
and 54% for 30 mm concrete cover, respectively compared with the

damaged beams.

19- Tests results have cleared that when firing samples to 1 hour, the initial
stiffness values have reduced by about 26% for both 20 mm and 30 mm
cover thickness. On the other hand, the strengthened members have
reflected a superior stiffness estimated approximately by about 3 times
and 3.5 times the initial stiffness of the damaged members, and about 2.25
and times the undamaged (reference beam) value, respectively for 20 mm

and 30 mm concrete cover.

20- The numerical validation of the obtained experimental data of load
carrying capacity of the reference, fire damaged beam, and detailed
temperature distribution using the ABAQUS program demonstrated a

high degree of simulation process accuracy.

21- Through using of the finite element modelling with Abaqus software, the
absolute error was determined between the experimental and numerical
results, the results showed that the minimum and maximum determined
absolute error for specimens’ load carrying capacity was about 0.521%
and 15.61%, respectively. on the other side, minimum and maximum
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22-

determined absolute error for specimens’ displacement corresponded to
the max load were 0.42% and 11.42%, respectively. accordingly, and
since the estimated errors less than 15%, it can be said that the performed
simulation process was accurate and successful when compared with

other researchers’ studies.

The suggested strengthening method provides a good structural
Improvement at the serviceability limit phase; the mid-span deflection
significantly decreased due to the significantly increased beam stiffness
under service load. Where the reduction for 20mm and 30mm jacket
thickness were about 39% and 36% respectively; comparing with fire

damaged model.

6.2 Recommendations:

1-

It is highly recommended to utilize from SIFCON technology as a jacket
layer to rehabilitate the fire damaged concrete members, since it
approved its efficacy to recover fill strength.

The SIFCON layer thickness affects the overall performance of the
strengthened beams, hence, it is highly recommended to select an
appropriate thickness that overcome the economic aspects in addition to
the strength and serviceability aspects.

For above purposes 25 mm is considered an ideal thickness as it meets
the requirements of strengthening, economy and methodology of
practical application (in terms of fibre alignment, direction and
distribution).

The adopted strengthening approach is effective when the exposure
duration equal or less than one hour to ensure that concrete strength
capacity not deteriorate to sever rate.

The experimental program and the adopted methodology of

strengthening can be adopted and recommended as a general guide for
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strengthen fire damaged beam, since it approved its efficiency and
applicability.

6- Studying the effect of the concrete cover onthe strength resistance of the
beam exposed to burning with the stability of the effective depth to give
a better possibility of comparison on the basis of one starting line for
both models and eliminating the role of effective depth as a controlling

factor on the resistance values of the beam before and after burning.
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