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Abstract

An experimental analysis of the behavior of simply supported T-beams is
included in the present study. In order to create a stable lightweight concrete,
lightweight expanded clay aggregate (LECA) was employed as a coarse
aggregate.

The planned experiments include a series of tests, Fourteen T-beams
constructed from lightweight reinforced concrete and subjected to (Symmetric
Two-Point Concentrated Loads) STPCL, where the sample dimensions of
T- beam are always the same: (Web 25 X 7.5 cm, Flange 10 X 17.5 cm, and
length 150 cm).

The primary factors that were taken into account to find out how fire
affects the mechanical characteristics of concrete, burned and unburned
samples of light weight reinforced concrete (LWRC) T-beams manufactured
from two different type strength of lightweight concrete; normal strength light
weight concrete and high strength light weight concrete (NSLWC and
HSLWC).

Burned LWRC T-beams are repaired and strengthened with U-shaped
Slurry Infiltrated Fiber Concrete (SIFCON) thin jackets, and the effect of
several factors on the T-beams such as ductility, stiffness, and energy
absorption. The mechanical characteristics of concrete were determined by
testing cylindrical and cubical specimens of each mix.

The results showed that by using LECA a lightweight concrete can be
achieved with dry density in the range of 1610-1965 Kg/m?®and compressive
strength in the range of 34-67 MPa based on (150*150) mm cube specimens.

The experiments in this study were conducted in three distinct Segments:
In the first Segment, investigated characteristic and properties of reference
normal and high strength T- beams sample, In the second segment, studying
changed in NSLWC and HSLWC T- beams if they were burned according to
IS0-834 curves, In the third Segment, studying characteristic of post-
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production method for protecting T-beams from further damage caused by fire
by applying a layer of SIFCON material. In addition to the control samples,
other factors of concrete T-beams and conditions were investigated. These
included fire exposure period and SIFCON jacket thickness. The conditions
were 15 and 30 min. of fire exposure and 15 and 30 mm of SIFCON jacket
thickness.

Several thermocouple sensors were strategically placed inside the T-beam
to monitor the temperature distribution across its cross section.

In all, fourteen samples from each of the three Segments (references, fired
samples, and repairing by SIFCON) were tested for concrete T-beams. The test
specimens were compared using several metrics, including the ultimate load
capacity and deflection, ductility index, cracking load, initial stiffness, secant
stiffness, and energy absorption.

The results of the experimental tests showed a considerable improvement
for the reinforced T-beams compared to samples destroyed by fire, also repair
T-beams were restored to perform good or better than unharmed (reference
T- beam) variants with the given parameters.

All of the SIFCON-jacketed reinforced T-beams performed well in load
tests, as expected. Burning lowered the load bearing capacities of the burned
T-beams. NSLWC and HSLWC T-beams experienced a degradation rate of
24.4 and 20.5 %, and 41.5 and 35.6 %, respectively. For 15 and 30 min of fire
exposure respectively. The reinforcing T-beams greatly enhanced the carrying
capacity, by (159 and 207%) for the NSLWC and (180 and 220%) for the
HSLWC for 15 and 30 mm of SIFCON thickness jacket.

Finally, a finite element method (FEM) was built to model and simulate
the concrete T-beams that were verified experimentally in the lab, and a
simulated theoretical expression was carried out to verify the results.

Numerical validation utilizing by the ABAQUS programmed was used

for this purpose, The results shows that the lowest and highest absolute errors
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“variation” in load bearing capacity determined for the specimens were around
1.97% and 14.28% respectively, for NSLWC and around 0.39% and 9.67%
respectively, for HSLWC.

The minimum and highest absolute errors “variation” for the specimen’s
deflection that matched the maximum load were, respectively, 1.59% and
13.43% for NSLWC and 3.93% and 13.89% for HSLWC and an absolute error

of 15% or less was considered acceptable.
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CHAPTER ONE Introduction

1.1Introduction

Reinforced concrete is one of the most essential construction materials on
earth,[1]. Reinforced concrete is made out of cement, gravel, sand, water,
additive and steel which has been effectively employed in construction.

However, materials have benefits and problems. The high self-weight of
reinforced concrete, which ranges from 2200 Kg/m?® to 2600 Kg/m3,[2] is one
of its problems. Heavy loads, especially on the building foundations, are an
inevitable result. Therefore, this problem may be solved by using lightweight
concrete, [3].

Concrete is the main user of land resources including water, sand, gravel,
and crushed rock as well as admixtures,[4]. By its very nature, construction is
not always an ecologically favorable endeavor,[5]. Moreover, that industry has
a major effect on the natural world,[6]. Using waste and by-product materials
in place of raw materials in the concrete mixture is the greatest option for
achieving sustainable development in the concrete industry,[7]. As a result,
concrete may be regarded an ecologically benign and sustainable building
material for a wide range of applications in the civil and structural engineering
industry, contributing to a higher quality of life for all humanity,[8].

The artificial aggregate found in lightweight aggregate concrete (LWAC)
includes expanded clay, slate, shale and blast furnace slag, making it a green
building material. Lightweight concrete reduces the building dead weight,
which is a major factor. However, it is important to note that a lot of energy is
needed to create a lightweight aggregate. The burning of coal and, more
recently, combustible liquid waste products, and gas are the source of this
energy,[9].

The alternatives lightweight aggregate resources, such as natural
lightweight aggregates, that do not require as much energy in their production
as artificial lightweight aggregates. Natural lightweight rocks can offer some

of these aggregates. In the building business, using waste materials from
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manufacturing, in lightweight concretes will be more efficient,[10],[11],.
Several buildings made excellent use of lightweight concrete.
Lightweight concrete primary advantage over normal concrete is its ability to
reduce building weight, which might result in a 20% reduction in construction
costs. For decades, lightweight concrete (LWC) has been a popular building
material. Reduced self-weight is the primary motivation for employing LWC
in structural applications also dead load reduction is especially crucial in
earthquake-prone areas, for high-rise structures and for specialized concrete

constructions.[8],[12]

When concrete is subjected to a high temperature during a fire, its
qualities such as compressive strength and ductility are drastically reduced.
Furthermore, the vapors pressure in the pores causes a large rise in internal
tension, resulting in cracks of varied widths and lengths, especially at
temperatures above 550 °C. Dehydration of calcium hydroxide occurs at high
temperatures, such as 550 °C, and aggregates begin to weaken. The binding
components, such as hydrated cement, begin to breakdown at higher
temperatures (700 °C or above), causing a drastic reduction in RC's mechanical
properties (such as its stiffness and compressive strength). Cracking and the
concrete's lay both deteriorate drastically as a result of link loss between the
aggregate and the cement paste. Accordingly, the following academics points
of view are generally in agreement that the structural components' capacities
cannot handle dead and living loads unless they are enhanced, (Alarcon-Ruiz
et al., 2005; Haddad and Shannis, 2004), [13],[14].

High strength-to-weight ratios, higher toughness, greater durability, and
lower costs are just a few of the reasons why composite materials are quickly
becoming the standard repair material of choice.

Composites may help structural restoration projects save money on

maintenance, increase safety, and prolong the life of the structure.
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1.2Lightweight Concrete (LWC)

It’s a form of concrete that has a lower density than normal concrete,
which have three approaches for producing lightweight concrete,[15]:

Lightweight concrete that doesn't compromise on the coarse aggregate is
known as "no-fines concrete".

Second variety, called "aerated air concrete™, which air is trapped in the
concrete at a concentration of 30-50 percent.

Third, lightweight aggregate concrete can be made by substituting normal
coarse aggregate with lightweight aggregate, either in part or in whole mixture.

Lightweight concrete is also defined by, ACI 318-14,[16] in two
categories:

1- Concrete made entirely of only lightweight (fine and coarse) aggregates.

2- In sand-lightweight concrete, the fine lightweight aggregate is replaced
entirely by sand, making it a type of structural lightweight concrete have
density ranges between 105 and 120 Ib./ft® (1680 and 1920 Kg/md),
which is often constructed using a combination of expanded clay, shale,
slag, slate, or sintered fly ash and natural sand.

Concrete meeting the requirements of ASTM C567,[17] for equilibrium
density, which is employed by ACI 318-19,[18] and including lightweight
material, has a density of 1440 to 2160 Kg/m®.

Lightweight structural concrete is distinguished by its high compressive
strength and low density. Structural lightweight concrete meets a variety of
criteria for oven-dry densities < 2000 Kg/m?,[7].

Its defined by ACI 213R-14, [19] as concrete with a cylinder compressive
strength of no less than 17 MPa and an equilibrium density in the range of
1120-1920 Kg/m? after 28 days, also defined by Norway code, (NS 3473),[20]
as a concrete with 1200-2200 Kg/m® as an oven dry density and contains
lightweight aggregate.

RILEM [21] and European standard (CEN ENV) [22] considered concrete



CHAPTER ONE Introduction

having an oven-dry density of less than 2000 Kg/m? as lightweight concrete.
British code (BS EN, 2004),[23] defines term “structural lightweight

concrete" as concrete has a dried density of less than 2200 Kg/m3.

1.3 Benefit of Structural Lightweight Concrete

It’s can be itemized as follows, [24]:

1- By decreasing the composite structure cross-section and the number of
required supports, dead load is reduced and longer spans are achievable
which lead to reduce the construction cost.

2- Provide superior thermal and acoustic insulation as compared to plain
concrete.

3-Because lightweight concrete has a lower heat conductivity than normal
concrete, it reduces the amount of damage caused by fires,[25].

4- Sometimes conservation of the natural resources is made by producing

structural lightweight concrete from production waste.

1.4 Problems with Lightweight Concrete Structures

It’s can be listed below, [26]:

1- Structural lightweight concrete has a lower abrasion resistance than
normal weight concrete.

2- The structural lightweight concrete demands more care throughout the
mixing process in order to produce the required workability and
strength.

3-The structural lightweight concrete requires certain techniques during
the pumping operation,[27].

4-The structural lightweight concrete requires special methods when it
comes to placement and finishing.

5-Because of the high strength cement paste, structural lightweight

concrete has a lesser ductility than normal weight concrete.
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1.5Applications and Uses of SLWC

Due to its many benefits, lightweight concrete is rapidly rising in
popularity and importance. It finds widespread application in buildings of
varying heights, bridges, oil platforms, and precast and prestressed structural
sections,[19],[24],[28],[29],[30],[31], as shown in (Plate 1-1):

| N

Antioch Bridge William Preston Lane Bridge

Hibernia offshore Platform - Tunnel built, NorWay

Plate 1-1: Constructions with lightweight concrete
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1.6 Scope and Objectives of Study

It’s can list as:

1- Investigating how heat from a fire affects the mechanical properties of
lightweight concrete samples. Some of the properties to evaluate include
the modulus of elasticity, flexural strength, and compressive strength.

2- To conduct a comprehensive literature research on the effect of fire flames
on the load-carrying capacity of reinforced NSLWC and HSLWC T-beam
specimens (Pu) and to evaluate the efficacy of U-shaped SIFCON jackets
as external shear strengthening in repairing T-beams.

3- Cracking behavior (crack width, crack length, and position of these
cracks), deformation properties, and load versus deflection of LWRC
T- beams are investigated as a function of (concrete compressive strength,
concrete cover, and fire duration).

4- Investigating how reinforcing and repairing fire-damaged LWRC
T- beams with U-shaped SIFCON thin jackets affects their ductility,
stiffness, and energy absorption.

5- To By modelling the interface behavior in a finite element programmed
package, such as ABAQUS, and the load capacity of NSLWC and
HSLWC LWRC T-beams, it is possible to predict the durability and
failure modes of LWRC T-beams following exposure to fire.

6- The response and prediction of the behavior of the LWRC repaired with
U-shaped SIFCON thin jacket reinforcement is discussed, along with
comparisons between experimental and theoretical results.

Lightweight aggregate concrete (LWAC) has significant interest to
scientists across the world. However, due to the low volume of LWAC used in
construction in Irag, there is a lack of data on its technical qualities. Therefore,
the main causes for structural reinforcement and maintenance are,[32]:

- Restoring lost load carrying capacity due to overloading, earthquake, and

other types of degradation caused by aging, such as corrosion, erosion, etc.
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- Improving resistance to withstand underestimated loads.
- Increasing load-carrying capacity for higher permissible loads.
- Preventing failure due to inadequate detailing.

Lightweight concretes of varying strengths are needed for urgently needed
research on the effects of actual fire flame and rehabilitation utilizing SIFCON
jackets. T-beams made of Reinforced Lightweight Concrete (RLWC) are the
focus of the current experiment, which will seek to examine the impact of
SIFCON jackets as a composite material. The burning and post-burning
behavior of RLWC T-beams containing SIFCON will be investigated.
Investigating the characteristics of load bearing, stiffness deterioration,

ductility, and energy absorption capacity.
1.7Standard fire curve (1SO 834)

Standard, heating conditions, test steps, and criteria for the measurement
of the fire endurance of building construction elements in different categories
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. According to 1SO-834, the following equation
applies to the increase in the furnace temperature of the test sample:

T = 345*log10(8*t+1)+To 1-1

Where:

t = Time (min.)

T = Temp. of furnace at Time (t), by ('C),

T, = Initial furnace Temperature, in ('C).

Values obtained from the above relationship are presented in (Table 1-1).
The curve representing this relationship between the time - temperature which

is called the standard time-temperature curve as presented in (Figure 1-1).
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Table 1-1:Time-temperature data for the 1SO 834 standard fire curve.

Time (t) | Temp.(T) | Time(t) | Temp.(T) | Time(t) | Temp. (T)

(min.) (°C) (min.) (°C) (min.) (°C)
5 576 45 902 85 997
10 678 50 918 90 1006
15 739 55 932 95 1014
20 781 60 945 100 1022
25 815 65 957 105 1029
30 842 70 968 110 1036
35 865 75 978 115 1043
40 884 80 988 120 1049

Data for the ISO - 834

1200
1000
800

600

Temp. (°C)

400

200

0 20 40 60 80 100 120 140

Time (min.)

Figure 1-1: 1SO 834 Standard fire curve.

The specimen fire resistance represents the time (in min.) 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 is
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
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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 mm? 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.
1.8Thesis Outline

This research consists of six chapters, as follows:

First Chapter, introduces structural lightweight concrete, its
characteristics, advantages, and disadvantages, and the overall purpose of this
work. Second Chapter, covers the relevant theoretical and experimental
studies. While experimental programmed specifics, including material
characteristics, T-beam specimen information, and testing procedures, are
reported in Third Chapter. The results of the experiments are presented along
with some thoughts about them in Forth Chapter. In Fifth Chapter, the finite
element approach of simulation using the ABAQUS programmer is presented
and contrasted with experimental results. Sixth Chapter presents the results

of the current study as well as suggestions for further study.

10
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2.10verview

The origins of lightweight concrete may be traced back to ancient times,
when the natural lightweight aggregates utilized to make lightweight aggregate
concrete where the same elements were employed in ancient architecture, such
as scoria, pumice, and other similar materials.

The Sumerians utilized this in Babylonian construction in the third
century B.C., as demonstrated in (Plate 2-1), [24].

Plate 2-1: Babylonian Buildings, Iraqg, Built by Sumerian

Plate 2-2: The Great Roman Amphitheatre

12
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Ferdinand Nebel utilized pumice to make masonry blocks in 1845, and
pumice was employed in Iceland's local building industry in 1928,[8]. The top
highway of the San Francisco Oakland Bay Bridge was built using lightweight

concrete,[24] as demonstrated in (Plate 2-3).

2
\55—5

Plate 2-3: San Francisco Oakland Bay Bridge

Large constructions including multistory buildings, such as the Bank of
America Corporate Center in Charlotte and the Watergate Apartments in
Washington, were constructed with lightweight aggregate concrete in 1950. In
addition, highway bridges were built with lightweight aggregate concrete,[33].

The first reinforced lightweight aggregate concrete construction, a three-
story building, was constructed in Brantford, near London, in 1958. A pair of
bridges in Rotterdam, Holland, were also constructed using structural
reinforced lightweight aggregate concrete in 1968, [34].

In 1974, two towers with heights of 122 and 145 meters were built in the
United Kingdom utilizing lightweight aggregate concrete with a cubic
compressive strength of 30 MPa, In 1975, in Sweden. At 28 days, the
lightweight aggregate concrete had a 35 MPa cube compressive strength and a
bulk density of 1800 Kg/m3,[27].

13
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2.2Application of Lightweight Aggregate Concrete in Iraq

In Iraqg, structural lightweight aggregate concrete is rarely utilized in
structural building, and the lightweight aggregate used is almost always
imported.

In Baghdad, expanded clay aggregate was utilized in the building of the
Martyr Monument's dome and the flooring of telephone exchanges as
presented in (Plate 2-4) ,[8].

Plate 2-4: Martyr's Memorial “Al Shaheed Monument”

Polystyrene aggregate was utilized to make lightweight concrete for the
University of Baghdad's penthouse walls in 1980,[35].

In the 1970s, the building research center was particularly interested in
producing lightweight aggregates from Irag central and southern clay
deposits,[36].

2.3Main types of Lightweight Aggregate Concrete

The components of LWAC are comparable to those of normal weight
concrete, with the exception that (LWA) is used instead of normal weight
aggregate.

LWA are required by several international standards, including (EN
13055,2016, ASTM C330,2006; ASTM C331,2010; ASTM C332,2017).
Long-term weathering-ability (LWA) of structural concrete, masonry concrete,

and thermal insulating concrete are all described by ASTM standards. For any

14
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type of lightweight concrete, LWA is mandated by the European standard (EN
13055,2016). However, the provided criteria only account for mineral-derived
LWA. Instead, then providing a list of LWA by common name, EN 13055
focuses on their histories. Natural LWA is derived from renewable natural
resources, whereas artificial LWA is generated from either industrial waste or
recycled materials. This specification applies to both man-made and naturally
occurring lightweight aggregates. Man-made lightweight aggregates include
those made by expanding, pelletizing, or sintering products like blast-furnace

slag, clay, diatomite, fly ash, shale, or slate.

2.3.1 Natural Lightweight Aggregate:

They are not readily available in many countries and have varying degrees
of quality. For this reason, they are not always employed to create lightweight
concrete, it is further classified as:

1- Pumice:

Pumice is the only natural light weight aggregate that sees significant
application, and it was employed in Roman buildings. It is extracted from the
ground, processed, and put to practical use. It can be made stronger by heating
to the point of fusion. Pumice has a bulk density that is anywhere from 600 to
900 Kg/m3. Density ranges from 700 to 1400 Kg/m? for concrete made using
high-quality pumice varieties.

It's a rock that formed in volcanoes and may be found all around the globe.
Coloration is subtle or nonexistent, and they are a pale shade. They can be
utilized as LWA due to their low mass and high strength. Due to gas being
released from the molten lava, these rocks are incredibly light. There is a
somewhat uniform microstructure of interconnected cells. It contains around
75% silica and is chemically inert.

LWA made of pumice date back to antiquity; they were even utilized in
Roman construction. It is mined, processed, and utilized. This concrete has

excellent insulating properties, but excessive absorption and shrinkage,[24].

15
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2- Diatomite:

It is hydrated amorphous silica made from the fossilized remains of
microscopic aquatic plants. These aquatic plant deposits are typically found
well below the surface of the ocean. In later epochs, when the sea floor was
reclaimed to form continents, diatomaceous earth was also made accessible on
land. Diatomite is a type of sedimentary rock that forms in cold water
environments and is only partially cemented. Impure diatomite often weighs
more than the average density of pure diatomite, which is around 450 Kg/m?.

3- Scoria:

This glassy, volcanic rock is full with tiny cavities (called vesicles). In
most cases, it has a black hue, and its cells are bigger and more disorganized
than usual.

4- Volcanic Cinders:

Loose products of volcanic origin that resemble synthetic cinder.

5- Saw Dust:

In very limited contexts, saw dust has been employed as a lightweight
aggregate in flooring and the production of precast pro-ducts. The use of saw
dust has been plagued by many challenges. Where it has a very high rate of
shrinkage and moisture movement.

6- Rice Husk:

It has been used as light weight aggregate on a very limited scale.

2.3.2 Artificial Lightweight Aggregates:

The artificial aggregates are classified on the basis of raw materials used
and the method of manufacture.

I.  The aggregates that are created by heating the raw materials are one type
of raw material classification, such as expand clay, shale, slate,
diatomaceous shale, perlite, obsidian, and vermiculite.

Ii.  The aggregates results from a unique cooling procedure that enlarges blast

furnace slag.

16
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ii.  Partially fused particles from coal combustion are called cinder, clinker,
or Breeze. Pulverized coal has replaced lump coal in many applications,
therefore less of these materials are needed. Dry shrinkage and moisture
migration are both significant in cinder aggregates. Too many un-brunt
coal particles can cause cinder or clinker to expand or be otherwise
unsound. There may be as much as 15-25% of unburned particles in there.
Cinder, clinker, and other similar materials produce unsound concrete
because the particles expand while wet and compact when dry.
Construction blocks, including those used for dividing walls, screeding
over flat roofs, and plastering, etc., have all been made from cinder
aggregate.

Expanded Clay Aggregate made by the rotary kiln technique is used to
create the expanded slate aggregates. After being stored in silos, raw slate is
put into preheaters where it is heated gradually before being fed into the rotary
kiln's top end, where it gently rotates and descends into the "firing zone™ below.
The temperature in the firing zone rises to around 2 milligrade (about 1200 °C).
In this area, the slate softens enough to let expanding gases to form clumps of
tiny, disconnected cells. These cells are preserved while the expanding slate
cools, giving the aggregate its light weight and low absorption. At this stage,
the enlarged material, known as clinker, exits the kiln's bottom end and is
cooled by a stream of pressurized air.

After being cooled, the clinker is transported to a crushing and screening
section for classification. After the ingredients have been mixed together, the
moisture content is adjusted to the desired amount. Gradation, moisture,
specific gravity, and unit weight tests are subsequently performed on the
enlarged slate aggregate. Aggregates are stored when testing is complete.

Variation in aggregate size, and thus bulk density, can lead to segregation
in storage. Two methods are used to reduce this: Low-elevation stockpiles with

a moisture control system are used to hold coarse aggregates. Storage for fine
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aggregates is done in silos with a perimeter port feeding arrangement and a low
height, [24].

The multi-separated air gaps within and between the aggregates in LECA
may contribute to the material lightness. The density of loose LECA varies
from around 250 to about 710 Kg/m3, mostly as a function of particle size.
Si0y, AlLO3, Fe,03, Cal, and a few alkalis like Na,O and K,O make up the
bulk of LECA's chemical content.

The outstanding adaptability of LECA is evidenced by the wide range of
its uses. It has several applications in the building industry, including structural

backfill against foundations, lightweight blocks, and concrete and precast,[37].

2.4Previous Studies on Mechanical Properties of LWC

The previous experimental works on lightweight aggregate concrete
(LWC) were displayed as follow:

1- Previous studies on the mechanical properties of LWC with natural
aggregate.

2- Previous studies on the mechanical properties of LWC with aggregate
manufactured from natural materials.

3- Previous studies on the mechanical properties of LWC with aggregate
manufactured from industrial by-products.

4- Previous studies on the mechanical properties of LWC with recycled

aggregate.
2.4.1 Natural Lightweight Aggregate

In 2006, Mesut,[27] investigated the effect of replacing cement with
perlite grain aggregate and perlite powder mix on the mechanical
characteristics of lightweight concrete. Natural perlite aggregates with a
compressive strength of 20-40 MPa can be utilized to make SLWC, according
to the results. Perlite powder can also help to minimize dead weight and
enhance the performance of concrete.

In 2012, Saleh,[35] Porcelains lightweight aggregate was investigated as
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a coarse aggregate in lightweight concrete. Porcelains lightweight aggregate
was used in place of normal weight coarse aggregate in percentage of 0 %, 25
%, 50 %, 75 %, and 100 % by weight. The results showed that adding
porcelains to concrete reduces its compressive strength, splitting strength, and
density. Porcelain aggregate did, in fact, induce a drop in the dry density of
standard weight concrete ranging from 8% to 23%. While standard weight
concrete's cylindrical compressive strength was reduced by 53% (to 77.6%).

In 2012, Hachim,[38] investigated the mechanical characteristics of
lightweight aggregate concrete when lightweight aggregate (porcelain or
Thermo-stone) with a water-cement ratio of 0.32 was used. The results showed
that employing porcelain or Thermo-stone as coarse lightweight aggregate may
generate structural lightweight aggregate concrete. Porcelain aggregate
concrete had a higher compressive strength and air-dry density than thermo-
stone aggregate concrete by around 14.8 % and 7.9 %, respectively.

In 2014, Al-Attar,[39] examined high-performance concrete, and the
following two methods of internal curing were examined: the first method
involved using crushed porcelain to partially replace normal weight coarse
aggregate (gravel), whereas the second method involved using crushed
porcelain to partially replace normal weight fine aggregate (sand). The coarse
material (crushed porcelains) was replaced with two ages: 7.5 % and 15% by
volume, while the fine material (crushed porcelains) was replaced with two
ages: 5 % and 10% by volume. The results showed that fine porcelain
aggregate was more successful as an interior curing medium than coarse
porcelain aggregate. Compressive strength increased by 4.4 % to 5% when
finely crushed porcelain was partially replaced; splitting tensile strength
increased by 5.48% to -6.85%; and flexural strength increased by 11.76 % to
12.74%. When the compressive strength of the material is greater than 28 days,
it's be more durable. The use of finely crushed porcelain as a substitute for

lightweight aggregate concrete has increased insignificantly.
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In 2018, Naser et al.,[40] investigated the characteristics of structural
lightweight concrete utilizing three different types of lightweight coarse
aggregate (porcelain, pumice, and composite aggregates (75 % clay bricks and
25 % theme stone)). According to the results, the composite aggregate concrete
(25 % theme stone and 75 % bricks) had the lowest solidified density (1869
Kg/m?®) and the smallest cylinder compressive strength (25.3 MPa). Pumice
aggregate concrete, on the other hand, had the greatest cylinder compressive
strength (38.5 MPa) and hardened density (1888 Kg/m?3). Furthermore, the
porcelain aggregate concrete had the highest maximum density (1905 Kg/m?)
and the highest cylinder compressive strength (28.5 MPa). Pumice aggregate
concrete had a higher modulus of elasticity than porcelain and composition
aggregate concrete by around 20.4 % and 22.2 %, respectively. Pumice
aggregate concrete also had greater splitting and flexural strengths than
porcelain aggregate concrete by approximately 37 % and 37.2 %, respectively,

and by approximately 49.5 % and 65.3 % than composition aggregate concrete.

2.4.2 Manufactured aggregate from natural materials

In 1999, Alduaij et al.,[41] used crushed brick lightweight aggregate,
expanded clay lightweight aggregate (LECA), and standard weight aggregate
to study lightweight concrete in coastal locations, with natural fine aggregate
being excluded (no-fines concrete). The results showed that employing LECA
with a cube compressive strength of 29 MPa and a dry unit weight of 1520
Kg/m? at 28 days, structural lightweight concrete could be produced.

In 2011, Al-Baghdadi,[42] investigated the influence of cement content
and crushed clay bricks as a lightweight coarse aggregate on the mechanical
characteristics of high-strength lightweight aggregate concrete with cement
concentrations ranging from 300 to 600 Kg/m®. The results showed that
crushed clay bricks as a lightweight coarse aggregate can produce high-
strength lightweight concrete with cube compressive strengths of 27.2-49.6

MPa, splitting tensile strengths of 3.1-4.0 MPa, oven dry densities of 1900-
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1960 Kg/m3, and flexural tensile strengths of 4.5-7.1 MPa after 28 days.

In 2012, Al-Bayati,[43] investigated lightweight aggregate as a coarse
aggregate in lightweight concrete. The results showed that porcelain aggregate
with a concrete dry density of 1841 Kg/m® and a cylindrical compressive
strength of 17.5 MPa may be used to make structural lightweight aggregate
concrete.

In 2014, Shafigh et al.,[11] studied the effect of using two waste
materials from the palm oil industry as coarse and fine aggregates. The normal
weight fine aggregate is replaced with oil palm furnace clinker (OPBC) in
volume percentages of 0%, 12.5%, 25%, 37.5%, and 50% in oil palm shell
(OPS) lightweight coarse aggregate concrete. The results indicated that it is
possible to produce structural lightweight concrete by using oil palm shell as
coarse aggregate with 1900 Kg/m® oven dry density, 37.8 MPa cube
compressive strength, 2.64 MPa splitting tensile strength, and 4.18 MPa
flexural strength. The partial replacement of normal fine aggregate with oil
palm furnace clinker (12.5%, 25%, 37.5%, and 50%) resulted in a decrease in
density of approximately 21.7%, 22.2%, 26.2%, and 27.4%, a decrease in
splitting tensile strength of approximately 2.7%, 57%, 8.7%, and 16.7%, and a
decrease in flexural strength of approximately 0.7%, 8.1%, 10.8%, and 23%.
The compressive strength of OPS concrete containing oil palm furnace clinker
fine aggregate up to 25% was approximately equal to the compressive strength
of control OPS concrete (without oil palm furnace clinker). It is not advised to
use oil palm furnace clinker fine aggregate with a percentage greater than
37.5%.

In 2015, Balasubramanya,[44] made lightweight concrete. Researchers
used two types of lightweight aggregates: light expanded clay aggregate
(LECA) and scoria aggregate. The proportions of the two types of lightweight
aggregate are blended differently. The lightweight aggregate mix completely

replaces the normal weight of coarse aggregate. The results showed that using
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40% LECA and 60% scoria aggregates instead of normal weight coarse
aggregates produced superior results, with a cube compressive strength of 29.9
MPa and a density of 1837 Kg/m?.

In 2017, Farahani et al,[45] used oil palm shell as a coarse aggregate and
cement was substituted with fly ash and rice husk in weight percentages of
35% RHA, 35% FA. The results showed that employing oil palm shell as
coarse aggregate with an oven dry density of 1840 Kg/m® and a cube
compressive strength of 40 MPa could be used to make structural lightweight
concrete. The use of a 70% RHA-FA mix (35 % RHA plus 35 % FA) reduced
the oven-dry density and compressive strength of concrete by 13.6% and 52%,
respectively.

In 2018, Zukri, A,[46] investegated that low density aggregate, is a
catchall term for a variety of building materials that are less dense than normal
aggregates including sand, gravel, and crushed stone. Lightweight aggregates
vary greatly in particle form, texture, and characteristics, depending on their
origin and mode of manufacturing. Common lightweight materials that have
been successfully employed in civil engineering works include lightweight
expanded clay aggregate (LECA). The effectiveness of LECA in structural and
geotechnical applications has been the subject of several investigations. Dead
loads and lateral stresses can be reduced by more than half in installations over
structures and those with soft soils, making these materials attractive for use in
projects where weight is a concern. The advantages of brick tiles are also
shared by LECA, an eco-friendly waste product derived from nature. It was
discovered that LECA had a variety of properties while being made from the
identical ingredients. The features of LECA demonstrate its potential and
appropriateness for substituting natural aggregates in a variety of civil

engineering projects.
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2.5 Previous Studies on Structural Behavior of LWC

In 2006, Teo et al,[47] investigated the flexural behavior of reinforced
concrete beams made from lightweight coarse aggregates made from oil palm
shell (OPS) at different reinforcing ratios (0.52 % to 3.90%). The oven dry
density for singly reinforced beams was 1965 Kg/m?3, and the cube compressive
strength was 26.3 MPa, whereas the oven dry density for double-reinforced
beams was 1940 Kg/m?, and the cube compressive strength was 25.3 MPa.
Under two-point symmetrical stress, all beams were simply supported and
tested. The results showed that OPS concrete beams had high ductility and a
reasonable degree of deflection.

In 2008, Alengaram ,[48] studied the structural behavior of palm kernel
shell concrete with a compressive strength of 37 MPa and a density of 1888
Kg/m3 after 28 days. The lightweight coarse aggregate made from palm kernel
shells was a waste product from the palm oil industry. Palm kernel shell
lightweight concrete had a cement content of 480 Kg/m3, whereas normal
weight concrete had a cement content of 320 Kg/m3. All beams were simply
supported and loaded symmetrically at two points. The lightweight palm kernel
shell concrete beams were more ductile than the normal weight concrete
beams, according to the study. Palm-kernel lightweight concrete beams had a
moment capacity that was roughly 3% greater than normal weight concrete
beams.

In 2013, Altun and Aktas,[49] investigated the impact of steel fiber on
the structural behavior of lightweight reinforced concrete beams. In this study,
pumice-origin coarse and fine aggregate with 450 Kg/m?® cement content was
used to make concrete with a cylinder compressive strength of 20 MPa and a
concrete density of 1532 Kg/m3. In the lightweight concrete mixes, two
different steel fiber proportions (30 and 60 Kg/m?®) were utilized. The beams
were evaluated under two intense symmetrical loads, and the results showed

that lightweight aggregate-reinforced concrete beams weighed about 42% less
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than conventionally reinforced concrete beams. Using 30 and 60 Kg/m? steel
fiber resulted in a 100 % and 79.2 % increase in mid-span vertical deflection,
respectively, and a 51 % and 63.5 % increase in the ultimate load, respectively.

In 2013, Vazquez-Herrero et al,[50] investigated the impact of
employing Arleta lightweight coarse aggregate on structural lightweight
concrete prestressed girders with a dry density of 1800-2000 Kg/m? and a cube
compressive strength of 70-75 MPa at 28 days. Two symmetrical loads were
used to test the beams. The flexural strengths of lightweight and normal weight
concrete beams exceeded the intended flexural strengths, and the ductility of
lightweight concrete beams was lower than that of normal weight concrete
beams, according to the results. In addition, because of the significant elastic
shortening of lightweight concrete, the initial prestressed losses in lightweight
concrete beams were larger than those in conventional-weight concrete beams,
as predicted. Finally, lightweight concrete was not suggested for use in
prestressed concrete bridge girders owing to splitting cracks detected on the
lower face of the beams after the prestress was released, resulting in a loss in
strand confinement, durability, and bearing capacity.

In 2013, Carmo et al,[51] tested reinforced lightweight aggregate
concrete beams for bending strength and ductility. Three different types of
lightweight aggregate (LECA) concrete were produced, with densities ranging
from 1870 to 1900 Kg/m?, compressive strengths of 35, 55, and 70 MPa, five
different longitudinal reinforcement ratios ranging from 0.55 to 2.96 %, and
three different transversal confinement stirrup ratios (0 %, 0.6 %, and 1.68 %).
The results showed that as the tensile reinforcement ratio was increased, the
deformation capacity of reinforced lightweight aggregate concrete beams
dropped for the same concrete strength. while the vertical displacement
increased as concrete strength increased, notably in beams with a lower tensile
reinforcement ratio. A brittle failure was seen in the middle zone of beams

without transverse reinforcing.
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In 2016, Abtan and Jaber,[52] used a reactive powder concrete (RPC)
(RPC was employed in the compression layer) and lightweight concrete
(LWC) to investigate the flexure behavior of hybrid reinforced concrete beams
(LWC was used in the tension layer). The following were the most important
variables: concrete type (LWC and RPC), RPC layer thickness (HR), and RPC
layer thickness (HR) (0 %, 25 % and 50 % of beam height). Porcelain aggregate
concrete, polystyrene aggregate concrete, and sawdust aggregate concrete
were employed in the study as lightweight aggregate concrete. There was no
evidence of slippage between the two concrete layers, according to the results.
The ultimate loads of beams increased by 32 % and 105 % for porcelains
aggregate concrete, 42 % and 83 % for polystyrene aggregate concrete, and 40
% and 133 % for sawdust aggregate concrete as the RPC layer thickness
increased (25 % and 50 % of beam height). While increasing the RPC layer
thickness (to 25% and 50% of the beam height), they reduced maximum
deflection by about 2% and 5% for porcelain aggregate concrete, 3% and 13%
for polystyrene aggregate concrete, and 11% and 17% for sawdust aggregate
concrete, respectively. Porcelain aggregate concrete beams had a higher
ultimate load than polystyrene aggregate concrete and sawdust aggregate
concrete beams for the same RPC thickness.

In2022, Chandramouli, P,[53] attempted to produce lightweight clay
aggregate (LECA), lime-free clay is fired in a kiln until the water evaporates,
leaving behind angular clay balls with porous structures. Because of its porous
nature and increased ability to absorb water, LECA have the same internal
curing qualities as any other lightweight aggregate. It’s looked at the
performance of LWC beams made with 100% LECA as a replacement for
coarse aggregate in both laboratory and real-world settings. The load-
deflection, energy-absorbing capacity, and ductility index of the LWC beams
were compared to those of the normal concrete beams. The load-carrying

capacity of the LWC beam was improved by providing internal mesh
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reinforcement with welded wire mesh (WWM) in four different
configurations: 15 mm square spacing, 10 mm square spacing, 15 mm and 10
mm mesh placed alternately, and 40 mm square spacing. The WWM-
reinforced beam was able to bear more weight and withstand more deflection
without snapping in half. WWM internal reinforcement was used to strengthen
steel rebars, and the material acts as a single unit under load, reducing tension
bar stress and maximizing load capacity. When compared to experimental data,
the resulting analytical results showed that the model was able to accurately

represent how LWC beams behave when equipped with WWM.
2.6 T-Beam Behavior under Fire Exposure

It is generally known that concrete's macroscopic and microscopic
structures are severely damaged by high temperatures, resulting in enormous
mechanical deterioration and potentially adverse impacts at the structural level
due to spalling. High temperatures degrade concrete mostly due to damage to
the binder or aggregates; their impacts on the mechanical characteristics of the
concrete at high temperatures have previously been documented (Choi et al.,
2017[54]; Gao et al.,, 2017[55]). Volcanic eruptions and cremation are
common sources of lightweight particles. This means they are resistant to heat
and have a low heat conductivity. Therefore, concrete with such aggregates
should have higher mechanical qualities at high temperatures than concrete
with normal aggregates (Sancak et al., 2008[56]; Tanyildizi & Coskun,
2008[57]; Turkmen & Findik, 2013[58]; Yoon et al., 2015[59])

Direct fire exposure causes a quick rise in reinforcement temperature,
which in turn causes a rapid loss of structural member strength (capacity).
Spalling of concrete and resulting loss of reinforcing strength greatly impair a
structural member ability to withstand fire. Spalling can happen in any
concrete, but fire can accelerate spalling in HSC due to its limited permeability

and high water-cement ratio.
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In2022, Ahmed Youssef,[60] extrapolated the response of lightweight
(LECA) high strength concrete beams to extreme fire burning. In the standard
recipe, the LECA aggregate served as the coarse component. It was also looked
into whether or not there was a post-development procedure involving the
jacketing of fire-damaged beams with a coating of SIFCON materials. Beams
of concrete were also subjected to testing for a number of conditioning
characteristics in addition to the standard samples, including fire exposure
time, concrete coverage, and SIFCON layer thickness. All of the materials
utilized in this investigation were put through rigorous tests of their chemical
and physical characteristics. For each of the three stages (normal or reference,
fire damaged samples, and repaired with SIFCON jacket). As a consequence
of the study experimental testing, it was shown that the reinforced beams
performed noticeably better than the damaged ones. The results also showed
that the reinforced beams are, with the exception of the absorption energy, as

good as or better than the reference beam.
2.7 High Range Water Reducing Admixture (HRWRA)

Ahigh-performance concrete superplasticizer based on modified poly-
carboxylic ether, designed for use in precast and ready-mix concrete
applications that demand the greatest durability and performance Master
Glenium54 superior cement dispersion is due to its unique carboxylic ether
polymer with long lateral chains, which sets it apart from other
superplasticizers like sulphurated melamine and naphthalene formaldehyde
condensate. The same electrostatic dispersion happens at the start of the mixing
process, but the existence of the lateral chains, which are attached to the
polymer backbone, creates a steric barrier that stabilizes the cement particles’
ability to split and disperse. This technique results in flowable concrete with a
lower water requirement and improved early strength. MasterGlenium 54's
exceptional dispersion qualities make it an appropriate additive for precast or

ready-mix applications requiring low water-cement ratios. This feature enables
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the construction of concrete with very high early and final strengths, as well as
few voids and hence optimal density. The removal or decrease of steam curing
in precast works may be viewed as a cost-effective solution because of the
strength development features.

It can be applied and compacted in crowded reinforcement with great
workability without segregation or bleeding and with minimal vibration. For a
better surface finish, fewer workers are required, MasterGlenium 54 is an able
concrete additive that is used during the batching operation.

MasterGlenium 54 is most effective when used after 70 % of water has
been added, dry materials should not be treated with MasterGlenium 54,
Following the addition of the MasterGlenium 54, thorough mixing is
necessary, with at least a mixing period of 60 seconds for forced action mixers.
The proportion of 3.7 % is employed in this investigation to create acceptable

slurry for SIFCON. (Table 3-8) shows the technical description, [61].
Table 2-1: Technical description of (MasterGlenium 54) *.

Chemical basis Aqueous Solution pf modified poly-
carboxylic ether
Color Whitish to straw
Specific gravity 1.07
PH 5-7
Chloride content None
Toxicity Danger hazardous material.
Storage Stored above 5°C in closed containers
Fire Not fire-propagating

*Manufacturer and Safety data-sheet Properties

2.8 Summary

Factors influencing fire-induced spalling include concrete permeability,
fire exposure type, and concrete tensile strength, as the following are some
conclusions drawn from prior research on lightweight aggregate concrete and
the structural behavior of lightweight and normal weight concrete[62],[63]:

- An RC beam's ultimate load is increased by 2.15 times when an HPFRC
jacket 40 mm thick is added to it, compared to an increase of just 1.90 times

for a beam that was already damaged. The proposed method is successful in

28



CHAPTER TWO Literature Review

increasing load bearing capacity in both strengthening and repair situations, as
evidenced by experimental and computational results.

- The suggested technique greatly improves the structure at the
serviceability limit state, with benefits including reduced mid-span
displacement as a result of higher beam stiffness under service load. By
preventing the material from cracking, the jacket acts as a form of external pre-
stressing.

- It appears that SIFCON (cement-based composite comprising steel
fibers) is an effective method for strengthening reinforced concrete beams
against shear forces. Beams that were mended with a SIFCON jacket showed
an increase in ultimate shear strength from 48% to 60%, and brittle shear
failure was completely removed. This might be associated with the energy
absorbed during debonding, the stretching of the fibers, or the process that
prevents cracks.

- Fresh concrete testing is important for SIFCON mix manufacture. The
matrix should be sufficiently liquid and fine to penetrate the network fiber bed.
Because of its great fluidity, the SIFCON mix considers Self-Compacting
Concrete (SCC) to guarantee full penetration through the optical fiber

Cement slurry is infiltrated into a bed of preplaced fiber to create SIFCON
when analyzing a SIFCON specimen, there are four primary factors to think
about. Slurry strength, fiber volume, fiber alignment, and fiber type are the
factors that must be considered.

A SIFCON specimen's behavior is greatest influenced by fiber orientation
and size. Fibers may be positioned parallel or perpendicular to the loading
direction. The fiber strength has an impact on the ultimate strength, residual
strength, ductility, and energy absorption. Fiber orientation is deeply
influenced by fabrication process and craftsmanship (technique) quality, and
size factors make in-situ SIFCON qualities difficult to predict

- Due to its self-leveling property, HPFRC can be cast in a thin layer;
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normal sand blaster of the beam surface ensures good jacket adhesion without
the need for any primer-c curing at ambient temperature and humidity is

sufficient to allow the development of the HPFRC's strength characteristics.
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3.1Introduction

The experimental procedure is discussed by details in this chapter. It
describes the research methodology used to achieve the goals of study, as well
as the raw material used (cement, sand, steel fiber, mineral and chemical
admixtures), mix proportions, preparation, mixing, casting procedures, curing,
and testing of (NSLWC and HSLWC) T-beams are also explained.

Application of SIFCON as a means of studying the effect of such a
treatment on existing structures. Researchers are looking at the effects of
SIFCON jackets on the structural behavior of NSLWC and HSLWC T-beams
after being subjected to an actual burning flame. As a result, the goal of this
experiment is to investigate the structural behavior of post-fire LWRC
T- beams that have been rebuilt and reinforced utilizing U-shaped SIFCON
jackets. For the LWRC T-beam specimens, the experimental variables
evaluated are: -

1. Grade of concrete (normal and high strength of lightweight concrete).
2. Period of exposure to fire flame [15 and 30 min.].
3. Thickness of SIFCON jacket [15 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)
. Compressive strength

. Modulus of elasticity

2
3
4. Load deflection relationship
5. Splitting tensile strength
6. Flexural strength
7. T-beam Specimens Ultimate load capacity

Understanding the attributes and characteristics of the basic materials of
concrete, such as SIFCON and lightweight concrete, and crucial (NSLWC and

HSLWC). SIFCON is a composite material made up of a variety of materials
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such as sand, water, cement, fiber, and admixtures.

Unit weight, specific gravity, gradation, and water content are only some
of the properties and features of these materials. LECA aggregates are used in
the production of LWAC.

Strict methods in material selection, control, and proportion of the whole
component were applied for ensuring accurate results.

All essential experiments were conducted in the Civil Engineering
Department laboratories at the University of Babylon, and information on the

materials origins, chemical compositions, and physical properties is provided.

3.2 Research Methodology Flowchart

The experimental program of this thesis consists of two stages as
presented in (Figure 3-1).

The Raw materials were initially selected, prepared, and evaluated based
on their physical and chemical characteristics. In accordance with the
overarching plan for structural LWC, many types of LWAC with two distinct
concrete compressive strengths have been manufactured.

Lightweight concrete with a desired compressive strength of 30 and 60
MPa is classified as normal and high strength, respectively.

Lightweight concretes with normal and high strengths were made using
the produced lightweight aggregate LECA. Guidelines for the correct
proportioning of LWAC mixes are few and lack specificity, consequently to

achieving the desired strength and workability.
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Experimental program
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Figure 3-1: Experimental program Flow chart

(Where: *mean silica fume and **mean super plasticizer).
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In this research, it was performed the necessary trial mixes for the use of
LECA. All required workability was accomplished by adding superplasticizer
and mineral admixtures to the mixes.

The next step involves the application of SIFCON to trail mixes in order
to establish optimal mix proportions and the most appropriate mineral and
chemical additives. Next, the components are mixed using the right mixing
procedure and the right mix proportions. Finally, 7 and 28 days of curing time
were given to the cast samples and T-beam specimens, respectively.

After achieving the requisite age (28 days), the T-beams specimens and
samples are burned for varied duration of fire exposure (15 and 30 min.).

Following the burning process, the third phase involves the repaired and
strengthened post-fired T-beams using a U-shaped SIFCON jacket, followed
by the preparation and testing of exposed (with and without repairs) and
unexposed concrete samples, and finally the testing of the LWC T-beams.

The flowchart in (Figure 3-1) shows the whole experimental inquiry. This
chapter merely covers the testing technique; the outcomes of the tests will be

detailed in Chapter Four.

3.3 Materials
3.3.1 Cement

In all of the mixes, MASS (MASS Iraq Company) Ordinary Portland
cement was employed. The cement is tested to ensure conformity with lraqi
Standard No. 5/2019,[64]. (Table 3-1) and (Table 3-2) show the physical and

chemical parameters of the cement that are employed.
Table 3-1: Cement Physical properties

Physical properties| Unit | Result 1QS-5/1984
Initial setting time | Min. 144 >45
Final setting time | hour 3:25 <10

Fineness m?/Kg | 326 > 250

Compressive | 3days| MPa 25.3 >15

strength |7days| MPa | 32.49 >23
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Table 3-2: Portland cement chemistry test composition

Oxide % By weight Limits of 1QS No0.5/1984
SiO, 20.88 -
CaO 62.41 -
AlxOs3 4.06 -
Fe203 5.40 -
Lime Saturation Factor 0.91 0.66-1.02
MgO 1.60 <5%
SO3 1.19 <2.5%
Loss on Ignition 2.68 <4%
Insoluble Residue 0.56 <15
Main component
C3S 53.57 -
C2S 19.45 -
C3A 1.62 <3.5
CAAF 16.43 -
Al,O3 / Fex03 0.75 -
Free lime (free CaO) 0.84 -

The test results indicates that the used cement conforms to the Iraqi
Specification No. 5/1984[65],[66].

3.3.2 Fine Aggregate

As a fine aggregate, AL-Ekhaider quarries natural sand is employed,
(Table 3-3), (Table 3-4) and (Figure 3-2) demonstrated the sieve analysis of
natural fine aggregate Before usage, the fine aggregate was speared out and let
too dry in the open air, also Chemical and Physical properties.

According to the results fine aggregate grading met the standards of Iraqi
Specification No. 45/1984,[67], ASTM C29,[68] and ASTM C128,[69].

Table 3-3: Fine aggregate sieve analysis

Sieve Size (mm) | Passing% 1QS 45/1984 Zone (2)

10 100 100

4.75 96 90-100

2.36 78 75-100

1.18 61 55-90

0.60 45 35-55

0.30 20 8-30

0.15 3 0-10
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Figure 3-2: Fine aggregate sieve analysis

Table 3-4: Fine aggregate Chemical and Physical properties

Test e . Limits of

Tests results Specification Specification
Relative density (OD) 2.3 ASTM C128 -
Dry loose unit weight (Kg/m®) |1671.0| ASTM C29 -

Dry rodding unit weight (Kg/m®) | 1822.0 | ASTM C29 -

Absorption % 2 ASTM C128 -
Materials finer than75 um % 4.5 1QS 45/1984 <5
Fineness modules 2.96 1QS 45/1984 -
SOs content% 0.27 1QS 45/1984 <0.5
3.3.3 Water

Water from the tap was used to make all concrete mixtures and cure all
concrete samples, this water was free of salts, turbidity, and organic debris. for
mixing, tap water is often regarded as enough. When tested in accordance with
IS 3025[70], the (Table 3-5) presented maximum allowable limits of solids in
water, Soil water analysis and tests are required to determine the water's

physical and chemical properties if IS 456-2000 standards are to be met,[70].

Table 3-5: Limits of water using in concrete mixing

Solids type Limits
Organic solids 200 mg/I
Inorganic solids 3000 mg/I
Sulphates 400 mg/I
Chlorides 2000 mg/l for concrete not containing embedded
steel, and 500 mg/I for reinforced concrete work
Suspended matter 2000 mg/liter
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Good-quality mixing water can also be used for the curing process
Nevertheless:
1. Water for curing must not leave behind any undesirable stains or
unattractive deposits on the surface.
2. Itis forbidden to combine or cure substances with wastewater.

3. Testing the water must be done prior to the start of the work.

3.3.4 Lightweight Coarse Aggregate

The 0.475-1 cm uniformly sized LECA that was supplied from the Islamic
Republic of Iran was used. It’s made from porous ceramic materials that have
uniformly small closed-cell pores, as well as firmly sintered and durable
exterior surfaces, a considerable increase in particle volume results from
swelling during the production of LECA from clay mineral raw materials, as
shown in (Plate 3-1) after being burned in rotary kilns at temperatures between
1100 and 1200 °C, Sieve analysis of LECA must be meet with Limits of
ASTM C330-17a, 2017,[71] as list in (Table 3-7), where (Table 3-6) shown
LECA physical and chemical properties which tests were conducted from

factory.

Plate 3-1: LECA raw material

Because of its high-water absorption capability, LECA is soaked in water

for at least 48 hours, as indicated in (Plate 3-2), to prevent it from absorbing
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water during mixing, the LECA was next distributed in laboratory air until the
surface dried, resulting in a saturated surface dry (SSD) state in the aggregate,
as recommended by ACI 211.2-98[72].

Plate 3-2: LECA after dry in air

Table 3-6: Physical and chemical properties of LECA*

Physical Properties
Properties Test Results
Specific Gravity 1.2
Absorption 12%
Bulk density Kg/m?® 700
Chemical Properties
Chemical Composition %Age by Weight%
CaO 3.78
SiO2 61.58
Al203 16.99
Fe O3 7.62
MgO 2.56
SO3 0.19
TiO> 0.80
MnO, 0.10
Na.O 1.03
K20 2.34
Loss on Ignition (L.O.1.) 0.2

*Chemical tests were conducted from factory.
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Table 3-7: Sieve analysis of LECA lightweight aggregate

Sieve Size | Cumulative | Limits of ASTM
(mm) Passing % | C330-17a, 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

3.3.5 Micro Silica Fume (SF)

The by-product of the manufacture of elemental silicon or alloys in
electric arc furnaces is silica fume (SF), which is an extremely fine non-
crystalline silica. The amorphous silicon dioxide in the silica fume, which
condenses from the gases leaving the furnaces, is made up of extremely tiny
spherical particles with a diameter of 0.1 to 0.2 mm. Silica fume is formerly
assumed to be apart cement alternative (react with calcium hydroxide produced
Jel), but it is now most widely employed in the production of high-performance
concrete, which benefits from the inclusion of silica fume. Silica fume has been
utilized in this function to manufacture concrete with an increased compressive
strength and very long durability.

Silica fume used in this research; which is commercially known as
(MasterRoc®MS 610 OR BASF silica fume) from chemical company (Master
Builders Solutions), and it was utilized in this investigation as a partial
replacement (15%) 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 and have TECHNICAL DATA; (Form Powder, Color Grey,
Density 0.55 - 0.7 Kg/L, Chloride content <0.1%)[73].

3.3.6 High Range Water Reducing Admixture (HRWRA)

This technique results in flowable concrete with a lower water
requirement and improved early strength, this feature enables the construction

of concrete with very high early and final strengths, as well as few voids and
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hence optimal density, MasterGlenium 54 is most effective when used after
70% of water has been added, dry materials should not be treated with
MasterGlenium 54. Following the addition of the MasterGlenium 54, thorough
mixing is necessary, with at least a mixing period of 60 seconds for forced
action mixers. The proportion of 3.7 % is employed in this investigation to
create acceptable slurry for SIFCON.

(Table 3-8) shows the technical description (MasterGlenium 54)[61].
Table 3-8: Technical description of (MasterGlenium 54) *.

Chemical basis Aqueous Solution (_)f modified poly-
carboxylic ether
Color Whitish to straw
Specific gravity 1.07
PH 5-7
Chloride content None
Toxicity Danger hazardous material.
Storage Stored above 5°C in closed containers
Fire Not fire-propagating

*Manufacturer and Safety data-sheet Properties

3.3.7 Reinforcement Steel-bar

In research, deformed steel bars with nominal diameters of 12mm, 8mm,
and 6mm are employed for tensile reinforcement, upper reinforcement, and
shear reinforcement, respectively.

Laboratory of the Mechanical Engineering Department, University of
Babylon, has implemented steel bar reinforcement tests utilizing a
computerized testing equipment, as illustrated in (Plate 3-3).

The tested specimens were conformed with ASTM A615M,[74]. And
according to ASTM A370,[75] the steel reinforcing rods are 12 mm in diameter
and meet all of the grade 60 steel's technical requirements. The steel
reinforcement, with nominal 8 and 6 mm, met all of the grade 40 steel technical
requirements. The results from the tests conducted on steel reinforcement are
compiled in (Table 3-9).
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Plate 3-3: Testing machine of steel reinforcement

Table 3-9: Properties of steel reinforcement

Tensile requirement

Property Results ASTM- 615 Minimum
@12 | J10 | D98 @6 | Grade 40 | Grade 60
Nominal diameter 12 10 3 6 i i
(mm)
Actual diameter 1175 | 983 | 7.85 | 596 i i
(mm)
Actual Weight |, aeg | 508 | 0.368 | 0.213 i i
(Kg/m)
Yield strength, fy | o0 | 510 | 507 | 533 | 280 420
(MPa)
Ultimate strength
fu (MPa) 710 | 631 | 540 | 583 >500 >620
Elongation % 17 - - - >12% >9%

3.3.8 Steel Fibers

Previous research has revealed that bundles of bonded fibers are not
recommended use in SIFCON, where it is preferable to permeate the fiber bed
without blocking or honeycombing. As a result, bonded fibers have to be fell
apart and separated before being placed in the moulds, (Gilani, 2007)[76].

Type of steel fiber employed in this study was hooked end with a length

of 30 mm and a diameter of 0.5 mm.
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(Plate 3-4) shows the hooked end steel fiber that was employed in this
study. According to the manufacturer, (Table 3-10) shows the technical
parameters of the hooked end.

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 (1), mm 30
Diameter (d), mm 0.5
Aspect ratio(l/d) 60
Density (Kg/m®) 7800
Tensile strength (MPa) 1100
Description Of shape hooked ends
Appearance Bright and clean wire

*Manufacturer Properties.

Plate 3-4: Hook-end steel fiber geometry

3.4 Mix Design
3.4.1 Lightweight concrete Mix Design

To construct concrete mixes that meet the standards for density and
compressive strength of normal and high strength concrete, ACI Committee
211.2-98,[72] and ACI 211.4R-08,[77] are utilized as a reference.

In this study, two classes of LWC mixes (NSLWC and HSLWC) are
created for comparative purposes. The concrete mix design goal is to achieve
a slump of 65 mm and 75 mm also a 28-day cube compressive strength of 30
MPa for NSLWC and 60 MPa for HSLWC, respectively.
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To attain the requisite strength, a variety of trial mixes are tested; the mix

specifics for normal and high strength lightweight aggregate concrete are
shown in (Table 3-11) which displays the mixture ratio, compressive strength,

fresh density, and slump, while (Figure 3-3) and (Figure 3-4) shown the

fraction of LWC mix elements as a percent by weight.

Table 3-11: Details of LWC mixes (Kg/m3)
N 28-day
Grade of | Cement | Sand | LECA IS::JI:EZI Water a/Ft’tc?; w/cm Slump DFerr?ssirt] Compressive
LWC | Kg/m® | Kg/m? | Kg/m?® 5 | Kg/m3 | "™ mm Y| strength fcu
Kg/m cm (%) Kg/m MPa
NSLWC | 480 670.6 | 420 0 153 | 0.15 | 0.32 | 65 | 1810 39.38
HSLWC| 520 650 425 765 | 1173 | 0.15 | 0.20| 75 | 1965 62.5
SILICA
WATER  rymEs%s  SUPERPLASFEIVERNT
8.6% 28%
\ SAND
‘ 36%
LECA
22%

Figure 3-3: Percent Materials proportion used in HSLWC mixture

" WATER

8.9%

“ LECA

24.4% o

" SUPERPLASTIC
IZER 0.42%

" CEMENT
27.7%

" SAND

38.7%

Figure 3-4: Percent Materials proportion used in NSLWC mixture
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3.4.2 Mix Design of SIFCON

Many trail slurry combinations are tested in order to discover the one that
has the best qualities in the fresh condition in terms of fluidity, viscosity, and
filling ability without bleeding, segregation, or pore pockets in the fiber
network, which may reduce the mechanical properties of SIFCON
dramatically.

The kind of SIFCON used in this study is (hooked end steel fiber
SIFCON), which is made using mortar and hooked end steel fiber with a
volume friction of 6%. And (Table 3-12) and (Figure 3-5) show the weight

proportions of the optimal mixtures employed in this investigation.
Table 3-12: SIFCON Materials mix proportion.

Mix Proportions
S | Ga Silica Fume | Hooked end Super Plasticizer
Kam® | Ka/m? Kg/m?® Steel Fiber | W/Cm by wt. of
g g 10% rep. Kg/m?® Cementous (%)
872.4 969 96.9 468 0.33 3.7

OWATER ©  SUPER

" "'SCT“E)ELEEIBE:‘RD 11.60% , PLASTICIZER
— 1.30%
% >
7 SILICA FUME & O CEMENT
3.50% | 31.60%

Figure 3-5: Percent Materials proportion used in SIFCON mixture

3.5 Trial mixes

The different experimental mixing material in the study are presented in
(Table 3-13):
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Table 3-13: Trial mixes proportions

. N2 H1 S2
Mix N1 Selected NS | H Selected St Selected
Cement Kg/m®| 480 480 480 (540| 510 |900| 8724
F('Sgilgggggggge 670 | 670 |670|680| 650 |890| 969

Coarse
aggregate 420 420 420 (425 | 425
(LECA) Kg/m?®
WI/C % 31.8| 343 | 40 | 26 29 450 | 468
S“perp(!/‘f‘ft'c'zer 15 | 147 | 3 | 17| 51 |37| 37
Slump, mm 400 650 [1100]/1100| 750
Cube
Compressive | 36 39.38 [41.15/47.1| 625 95 | 117.6
strength, MPa
Oven dry
density, 2100 | 1797 (1810 1975 2141
Kg/m?

N: Normal light-weight concrete, H: High strength light-weight concrete,
S: SIFCON (Slurry Infiltrated Fiber Concrete)

3.6Mixing procedure

As stated in (Plate 3-5), mixing is done using a 0.31 m?® rotary mixer.
Before putting the components, the internal surface of the pan was cleaned and
wetting. ASTM C192/C192M-05,[78] is used to combine the components, the
LECA aggregate is mixed with some mixing water and chemical additives in
the mixer.

Before adding the chemical additive to the mixer, it is best to combine it
with some mixing water. The fine aggregate is added to the mixer with some
mixing water after a few seconds of mixing.

Finally, in the mixer, the cement and the remaining mixing water are
added. After all of the concrete components have been added, the mixture
mixed for another five min., then allowed to rest for three min. before being

mixed for two min.
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Plate 3-5: Concrete mixer

Lightweight aggregates should be soaked in water at least for 48 hours to
avoid absorption of concrete mixing water by the lightweight particles. The
aggregate particles are exposed to air for 2 hours to reach the Saturated Surface
Dry (SSD)[79], as indicated by ACI 211.2-04,[72] As shown in (Plate 3-6).

Plate 3-6: LECA saturated surface dry (SSD) condition
3.7 Preparation, Casting and Curing of Test Specimens

To prevent adhesion with concrete after hardening, the inside surfaces of
cubes, cylinders, and the built moulds of T-beam specimen are thoroughly
cleaned and lubricated. Cube and cylinder specimens are cast in steel moulds.

Fresh concrete was put into moulds, three equal layers for cubic and cylinder
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moulds, with 36 strokes for each layer, after the concrete had been mixed by a
rotary mixer [78],[80].

The T-beams are cast in two layers,[81] directly “to ensure there is no
segregation or honey-combing”, each layer is compressed using a vibrating
rode as indicated in the (Plate 3-7). Within 15 seconds, each layer vibration is
confined to the elimination of entrapped air, and the concrete surface got
reasonably smooth and glazed,[78]. With a steel trowel, the top layer was
smoothed and leveled with the top of the mould after it has been placed casted.

Specimens are soaked in tap water then dry about 24 hours before being tested,

which T-beam covered by canvas then plastic layers as indicated in (Plate 3-8).
T A TS S

Plate 3-8: Curing of concrete
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The moulds and test specimens’ material used in this research as indicated
in (Plate 3-9) are:

1. T-beam moulds (80x250) mm for flange and (100x170) mm for web
where the length 1500 mm to determine the flexural strength of concrete.

2. Cubic moulds (150%150x%150) mm to determine the compressive strength
of concrete.

3. Cylindrical moulds (150x300) and (100x200) mm to determine the
splitting tensile strength of concrete, oven dry density, water absorption
and the static modulus of elasticity.

4. Prism moulds (100*100*400) mm.

Plate 3-9: Moulds and test specimens used

3.8 Fresh Concrete Tests
3.8.1 Slump test

Slump test was used to determine the workability of all concrete mixtures
immediately after mixing, as stated in ASTM C143- 12,[82] as shown in the
(Plate 3-10). For comparison purposes, the superplasticizer content was
changed with the type of Concrete to achieve a constant workability for
NSLWC and HSLWC respectively.
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Plate 3-10: Slump test for: - (A) NSLWC, (B) HSLWC
3.8.2 Slump test SIFCON slurry

V-Funnel flow time is a good indicator of the slurry's viscosity. The
calculated time value is proportional to the slurry flow rate and not its viscosity.
The V-funnel test indicates that the slurries with the longest flow rate times
have a high viscosity. (Plate 3-11) show the testing equipment, which consists
of a V-Funnel, bucket, scoop, trowel, and stopwatch. Ten liters of mortar are

enough for the experiment.

Plate 3-11: V-Funnel test apparatus
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The V-funnel is set up on solid ground. Then, while the trap door is open
for water to drain, it was moistened the inner parts of the funnel and the bottom
gate. After that, it was lowered the bucket into the opening and shut the trap
door. Without compacting the mixture, the device is filled to capacity, and the
trowel struck mortar at the same height as the funnel rim. Within ten seconds
of being filled, the trap gate is unlocked, and releasing the mortar. Stopwatches
are started and flow times are recorded as soon as the gate to the trap is opened.
This shot is taken when sunlight is shining down on the funnel. SIFCON
mortars should have a flow time of 7-11 seconds (EFNARC, 2005)[83].

-~
— ‘/ 270 mm

* The mini V-"Funnel " 30 mm

Plate 3-12: Mini V-Funnel used for SIFCON mortar

3.9 Hardened Concrete test
3.9.1 Oven Dry Density
This test is conducted according to ASTM C567,[17] on 100x200 mm
cylinders. The test is conducted at 28, 56 and 90 days, where three specimens

are tested at each age. oven-dry density is determined from Eq. below:

(D*997)
(F-G)

0,.(Density, %) [ ] /V 3-1

Where: Om = measured oven-dry density, Kg/m®
D = mass of oven-dry cylinder, Kg.
F = mass of the saturated surface-dry cylinder, Kg.
G = apparent mass of suspended-immersed cylinder, Kg

V =volume of concrete cylinder, me.
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3.9.2 Water Absorption

The test is carried out according to ASTM C642,[84] on cylindrical
specimens with a diameter of 100 and length 200 mm. The increased amount
in weight due to immersion is computed for each specimen and given as a
percentage of the dry weight of the specimen. At the age of 28, the test is done.
Three specimens on average were chosen. ASTM C642 is used to determine
the absorption from Eq. below:

Absorption after immersion, % = [(B - A)/A] X 100 3-2
Where:
A = mass of oven-dried sample in air, ¢
B = mass of surface-dry sample in air after immersion, g

3.10  T-Beam Moulds Description
3.10.1 Moulds Preparation

The T-beam is casted in plywood moulds to achieve clear dimensions fair
face as shown in (Plate 3-13).

Plate 3-13: Plywood moulds for T-beam

3.10.2 Details of Reinforced Concrete T-Beam Models

The experimental program consisted of testing fourteen reinforced
lightweight concrete T-beams and tested under symmetric two-point
concentrated load (STPCL) as shown in (Figure 3-6), cross-section of T-beam
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and reinforced details are illustrated in (Figure 3-7), with a 10 mm bottom and
side coverings, all beams are the same size. The length of the reinforcing bars
Is determined. Following the oiling of the T-beam sample moulds, reinforcing
bars carefully placed within the moulds, for all T-beams, the distribution of
tensile and shear reinforcement is constant.

The T-beam specimens are simply supported and the ends of all T-beams
extended 100 mm beyond the support’s centerlines to prevent slipping

(crushing) failure and any local failure. Therefore, the effective T-beam span

was 1300 mm.
P
l _ Steel
Loading ~" beam
e N T T T T
o I | -
| m— T
o —— . | |
E ! Roller H;ngg » -O-I
1500
I - - 1
| | 0| |
o6 \‘\
¢8 ”f” 610
B 3 3

100 475 350 475 100

2¢14

Figure 3-6: The longitudinal section of the T-beam with Symmetric two-point
concentrated load
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Figure 3-7: The Cross Section of the T-beam
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3.11  Fire Test Furnace Description

The components of the fire test furnace include a burner combustion
chamber or furnace with a gas evacuation system, a steel frame with a
hydraulic linear actuator, and loads applied to the elements, see (Plate 3-14).

It was made to adhere to a time-temperature curve that was defined in fire
standards 1SO-834 by used Proportional-Integral-Derivative (PI1D) to maintain
temperature the furnace.

The European Directives on Safety Compatibility criteria are met, which
regulates the structural test procedure under fire circumstances.

Burner adjustment and the refractory qualities of all industrial furnace
components are important features of the design and operation of this
equipment. The burners control the flame to regulate the furnace's internal
temperature. The bottom and side walls of this furnace are represented to
twenty-four burners that evenly heat the room. Refractory materials help keep
heat within the furnace by preventing heat loss and ensuring that the standard
temperature-time curve is followed. Finally, a gas evacuation system is used
in the standard fire test to collect heat flux and gases.

To manage pressure and temperature in real-time and adhere to standard
time-temperature curves, a PID controller is incorporated. In order to guarantee
that the furnace runs in the event of a fire, PID controllers feature an emergency
power down mechanism. To reduce current risks, the system's control is
essential.

Thermocouples are positioned close to the specimen and within the
furnace to measure temperature. Three main components of furnace designs
are the fuel, the burners, and the refractory lining. The purpose and fuel type
of different furnace designs may be found [Juan Enrique Martinez,
2020],[85]. The primary function of the fire flame kiln is to increase the
temperatures of LWC T-beam modeling to the desired levels and maintain

those temperatures for the necessary amounts of time. the following equipment
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Is used to regulate the burning process:
1. Brick furnace.

Network methane burners.

Thermocouple.

Electrical gas regulator control.

Digital gage.

Electrical grid.

Methane gas bottle.

Oxygen gas bottle.

© 0o N o a b~ w DN

Gas connections and pipelines.
10.Furnace steel cover.

11. Ignition tool.

12.Air injection motor

The details of the furnace and equipment are shown in (Figure 3-8),[60].

Plate 3-14: Furnace used in research with all content
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;

ifi
l

Figure 3-8 :Details of the furnace and equipment.
3.11.1 Brick Furnace: Dimensions and Description

This furnace is meant to simulate the temperature and heat transfer that a
structural part might experience in a real fire. The furnace has an inside length
of 2200 mm, width of 450 mm, and height of 650 mm. (Plate 3-15) and (Figure
3-9) depicts the three layers of refractory materials that make up the insulation
of a furnace floor and walls. In this way, the furnace is properly insulated and
maintained at a constant temperature.

Constant heat is maintained by an insulator plate 8 mm thick covering the
top of the furnace, and the walls are a uniform 136 mm thick, because they are
made of thermal bricks and mortar with small hole openings that are connected
to an iron pipe from an air motor. There are a total of twenty-four burners in
the system, spread across three lines (one at the base, one on each side). Two
valves regulate the flow of gas from bottles of oxygen and methane to the
burners, and the entire system controlled by an electrical regulator. Two
networks are set up to imitate the heating state of a real fire by burning three
situations. The fire-flame bars are designed to mimic (similar) the heating
environment of an actual fire, as presented in (Figure 3-9) and specification
materials in (Table 3-14).
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~e Concrete T-Beam

r+ Thermo couple

S5cm

/ - *

25 cm

15 cm

—
-
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Refractory 80mm

Metal sheet 6mm ' Flame o/ Gilass Wool SOmm »

Figure 3-9: Furnace description details

Plate 3-15: Furnace floor and wall insulation.
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Table 3-14: Furnace materials specification

i . Thermal
Layers (mm) Th('r%l;;'; 55 FKe n/srlrf% conductivity
g (W/m K)
Steel plate 6 7800 54.37
Ceramic fiber blanket 50 128 0.324
Dense refractory bricks 80 2600 2.398

3.11.2 Thermocouple

A thermometer consists of a metal tube with two wire legs made of
different metals (thermocouple's "cover"). Welding is used to link the wires
together at their terminals. The temperature is detected. When the temperature
of the junction changes, the voltage produced their changes with it. An
insulated wire is normally used to transmit readings from a thermometer to
other thermocouple-capable device (a digital gauge is used in this experiment)
during the burning process. Thermocouple parts information is provided in the
(Plate 3-16).

Backing base

Thermocouple cover

Thermocouple

Plate 3-16: Type- K thermocouple used.

The test T-beams are outfitted with a number of different instruments,
such as thermocouples, and data transducers. At each of the three intersections,
0.91 mm thick Type-K chrome-lalumel thermocouples are set up (mid-span,
quarter-depth and reinforcement).

The fourth is installed in each T-beam to monitor the ambient burning
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temperature, which is used to calculate the temperature of fire flame subjected
to the lightweight concrete. Figure 3-10) displays the cross section, locations

and numbers of thermocouples.

depth ~= Thermo couple

— - |- ) ==

3 4 S

Longitudital steol rémforcoment
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o o 4 - o " « = = = . = = o . = -, o

- e ~ ~ - ~ ~ ~ - -

Figure 3-10: The location of the thermocouples in the cross section
3.11.3 Burning Procedure of the Specimens

The burning process is carried out once curing completes. The specimens
are fired to the desired temperature in a brick furnace using direct fire flame
from a network of Oxy-methane burners. The steps taken to accomplish the
burning are as follows:

1. The furnace is outfitted with all the necessary connections, and then the
lightweight concrete samples and beam specimens are carefully hoisted
Inside using a chain hoist.

2. The LWC specimens are placed towards the Oxy- methane burners and
are spaced uniformly apart from the burners in both rows.

3. The gas valve is turned on, the burners are lit, and the temperature is
gradually raised in accordance with the standard curve of 1ISO-834 which
presented in chapter one (page 8).

4. (Figure 3-9) and Figure 3-10) shows that only the bottom and the two

sides of the specimens T-beams section are exposed to fire, while the top
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surface of the T-beam has to remain under adiabatic conditions during the
whole process when a concrete slab is placed on top of the beam, as is
typically the case in real life.

5. The networks of oxygen-methane burners are designed to combust
samples of low-temperature cobalt chromium. All methane burners, at the
bottom of the furnace and on each side, are positioned directly under and
alongside the T-beam specimen, with a space of 15 cm between the T-
beam's exposed surface and the burner nozzles.

6. Once the desired study time fire exposed is reached, two digital
thermometers, one placed in the flame contact region and the other at the
face of the specimen, continuously monitored the temperature to ensure it
does not deviate from the set point. The placement of the thermocouples

within LWC T-beam is shown in (Plate 3-17).
o ’FW

Plate 3-17: Thermocouples Fixing inside LWC T-beam.

7. Following 15 and 30 min. of fire exposure, the gas is turned off and the
reinforced lightweight concrete samples are allowed to cool. Writing

down the specimen starting and finishing weights.
3.11.4 Fire Loading

The testing period and fire line history are crucial factors in high-
temperature studies. Brick furnaces carried loads of fuel (gas) to get them the

right temperature for burning. The T-beam samples are put in a furnace to
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required time study.

The greatest temperature that may be reached within the furnace is 1200
°C. The furnace's temperature was set to mimic (similar) the 1SO-834 fire
burning curve increased, as shown in (Figure 3-11). The fire loading lasted for
15 or 30 min. in all study cases.

The specimen is monitored every one min. for any significant changes,
such as spalling-induced fire also fire flame shape where air injection motor
used to exhaust the CO, gases produced from burning operation. When the fire
loading test is finished and each T-beam is cooled to ambient air temperature

(about 25-30 °C), final careful notes are taken on the cracking and spalling.

NSLWC 30-min Fired

—_—[50-834 =——TH.1-flame TH.2-steel TH.3-3/4 span TH.4-mid span
1000

900
800
700
600
500
400
300
200
100

0
0 5 10 15 20 25 30 35 40

Temp. °C

Time (min.)

Figure 3-11: Experimental and 1SO-834 Standard recommended temperature-
time curves for 30 min.

Around 300 mm of flame, the thermostat methane gas is also control by
hand. Three sides T-beam, including the bottom, are directly hit by flames.

3.12 Preparing the SIFCON Thin Jackets

It is determined in this research that randomly infiltrating discrete fibers
with a cement-based slurry would be the most effective method for producing

the SIFCON thin jacket (15- and 30-mm thickness) 6% (by volume) of hooked

fibers have an aspect ratio (Lf/Df) of 60 was adequate to completely fill the
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mould, therefore it was used in the experiment. The mechanical behavior of
the matrix and SIFCON are discussed, as well as the ratio of materials used.
The slurry mixture was designed to have optimal compressive strength

and workability.

3.13 Repaired Technique of Fired Damaged NSLWC
and HSLWC T-beam Specimens

Applied to test specimens are T-beams that have destroyed in a fire and
subsequently strengthened using a SIFCON thin jacket.

There is no need to repair concrete surface before practical three-faces
SIFCON jacket on the specimens that are exposed to shorter fire periods and
suffered less serious damage (U-shaped jackets), A customized wooden mould
was used to create the jacket.

Moulds made of wood with a cross section identical to the T-beam
samples. Several layers of fibers are used to fill the moulds to the desired
volume proportion. The slurry mixture is infused into each successive layer.

The infiltration process is carefully monitored to check for leaks and
ensure that fibers are evenly dispersed. As well as the joints between the
wooden components are sealed using a specialized rubber strip, As indicated
in (Figure 3-12).

250 ' . 6210 ; 6010
14 y
HE T 3 eo e
g : { |
_— 170 @8 stirrup @8
. . o o 4012 o= 4312
Y - 1 =1 * o
— 100 — 15mm | 30mm |
SIFCON SIFCON
Jacket Jacket

Figure 3-12: Strengthened section using three-faces SIFCON jacket.

Casting the three-sided SIFCON jacket required larger-than-usual moulds
prepared, as seen in (Plate 3-18). Cover jackets of 15- and 30-mm thickness

could be cast in these moulds and adhesives could be applied from below and
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on both sides (U-shaped jackets), Cracked and destroyed T-beams caused by
the fire, SIFCON was used to replace the broken piece (spalling parts).

Plate 3-18: Wooden moulds used for casting SIFCON jacket

The T-beams strengthening process used SIFCON thin jacket as indicated
in the (Plate 3-19) and (Figure 3-13) [60].
Then, the fibers are laid down in a series of layers, with the slurry added
after each layer so that it may thoroughly permeate the fibers and fill any gaps.
During the casting of SIFCON thin jacket, the multi-layer approach for
inserting fiber in the slurry was used, which was found to be more effective
and simpler in practice than the single layer technique, especially when dealing
with a high steel fiber content.
This process was done as many times as necessary to ensure that the

desired quantity of fibers would completely fill the mould.
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Plate 3-19: Processes of strengthening T-beam specimen.
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e The surfaces of fire-damaged LWC T-beams should not contain microcracks.
Remove the severely damaged layers of LWC T-beams, about 10-mm

1 thickness

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

e The surfaces of fire-damaged LWC T-beams were roughened using a special
3 hammer to enhance the bond with the SIFCON jacket

® The surface of the LWC was coated with a layer of epoxy primer on the

external surfaces of the concrete to fill air voids and to provide good bond

4 strength

e Fix the formwork used for SIFCON casting and the moulds were oiled and
5 assembled around the beams
6 e Casting the SIFCON mortar in the mould, after demoulding

e Remove the formwork after 24 h the repaired zones (jackets) of the

specimens were cured using wet burlap for another 28 days. This was

7 accomplished by keeping the beams in upside-down position; preventing
water from reaching the original concrete.

8 ° Prepare the T-beams for loading test

Figure 3-13: Repair and strengthening technique process of LWC T-beams by
using three-faces SIFCON jacket.

3.14 Instruments and Testing Procedure of T-Beam
3.14.1Description of the Tested Lightweight T-Beam

The complete experimental program involves fourteen both of normal
and high strength reinforced lightweight concrete T-beam specimens, that are
cast in the lab, burned and repaired then testing under two-point load stress, as
indicated in (Figure 3-14). Twelve T-beams are subjected to fire flame and
compared to two reference T-beam specimens that are not (used as reference).

The data for LWC T-beam samples are shown in (Table 3-15), All of the
T-beams are produced at the same time, which kept the exposure conditions
consistent. After lubricating the moulds of T-beam specimens, reinforcing bars
are kept securely fastened to ensure 10 mm covers in place within these moulds

for casting of LWC T-beam specimens, as illustrated in (Plate 3-9).
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Table 3-15: Summary of NSLWC and HSLWC T-beam test specimen

SIFCON )
Grade of jacket T-Beam’s Flr(_a
concrete : : ) duration
thickness | designation .
beam (Min)
(mm)
N-CO 0
None N-F15 15
O wn
= % N-F30 30
4@ 15 N-F15-S2 15
% - N-F30-S2 30
30 N-F15-S3 15
N-F30-S3 30
H-CO0 0
" None H-F15 15
“;) = H-F30 30
7 g 1 H-F15-S2 15
%’ - H-F30-S2 30
30 H-F15-S3 15
H-F30-S3 30
N-C,F-S0
4
A & t
SIFCON jacket thickness
0= None
2=15mm
3=30mm

Fire duration

0= No fire exposure

1= 15 min fire exposure
2= 30 min fire exposure

Concrete State
| C=Control
F="Fire

Grade of LWC
Normal strength=N
High strength=H

Figure 3-14: Case study of the T-beam specimen identification procedure
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3.14.2 Condition and Procedure of Test Reinforced T-Beams

The T-beams' flexural performance is tested using a two-point loading
methodology, which is believed to produce a zone of pure bending throughout
the T-beam whole span, resulting in uniform load application and moment
failure. The distance between each T-beam end supports is 1.3 meters, as
shown in (Figure 3-15). The tested LWC T-beam is divided into three sections
and subjected to a simulated load that is applied and distributed using a steel
T-beam at two places, they put 350 mm between the two load points, the 20
mm thick hardened steel plates used to construct the special supports are able
to withstand the imposed stress without deforming, and without interruption.

At age of 28 days All T-beams are subjected to two-point loads at constant
rate of 0.02 mm/s using stroke-controlled electro hydraulic testing equipment
with a capacity of 2500 kN. Each T-beam is stressed up to the point of failure
then being discarded. Acquired and stored data collection system are the
measurements shown in (Figure 3-16). The primary features of the structural
behavior of the specimens at each loading level are identified during testing,
midspan and point loading deflection are measured with these LVDTs by
connecting them to a computerize data gathering (collecting) system, as
illustrated in (Plate 3-20).
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o r

LYDTs to measure
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W
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Figure 3-15: Loading setup and measurements
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Upper pressing jaw
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Figure 3-16: The loading setup of two-point load system
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Plate 3-20: Arrangement of LVDTs and Load Cell within test Device
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The experiment is carried out in the engineering lab at University of
Babylon. The crack meter is used to detect the initial crack and track its
progression. T-Beam specimens crack patterns documented, and the load
values for each as shown in (Plate 3-21) have been recorded in order to assess
the failure mode. Also, visual inspections are reported the various failure

modes.

Plate 3-21: A- Crack meter device; B- crack development observation.

3.15 Testing of Control Samples (Destructive Tests)

Following the selection of the SIFCON mixes, cubes, cylinders, and
prisms are cast for testing at ages of 7 and 28 days at room temperature and
after exposing to a fire flame with the same procedures and conditions of
burning T-beam specimens, while SIFON is tested only at room temperature.
All of the following are tested: splitting tensile strength (fsp), cube compressive
strength (fcu), elastic modulus (Ec), and modulus of rapture (fr).

The Civil Department's Building Materials Laboratory at Babylon

University College of Engineering served as the site for all the tests.

3.15.1 Compressive Strength

This test is conducted on 100 mm and 150 mm cube according to B.S.
1881: part 116:1989[80] and 100x200 mm cylinder according to ASTM C 39/C
39M — 18[86] by using a digital compression testing machine of 2000 kN
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capacity as shown in (Plate 3-22) The test was conducted at ages 7 and 28 days,

and three specimens are tested at each age.

ONTROLS

Plate 3-22: Compressive machine test

3.15.2 Static Modulus of Elasticity

The elastic modulus was obtained by using the uniaxial compression tests,
the ACI 318-14,[16] formula is used to find the elastic modulus of concrete.

— w15 12
E.=W>*0.043*%(f: ) 3.3

Where:

Ec = Modulus of elasticity, MPa

Wec = Equilibrium density of lightweight concrete (1440 - 2560 Kg/m?®)

f “c = Cylinder compressive strength, MPa

At laboratory by using (100200 mm) cylindrical specimens, the static
modulus of elasticity of concrete is determined according to (ASTM C469,
2014)[87].

The top surface of the cylinder was properly polished and smoothed using

an electric grinding machine. The specimens are put through their paces in a
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hydraulic machine with a capacity of (2000 kN). For the elastic module test,
40 percent of the concrete sample ultimate compressive strength is delivered
to the concrete cylinders, as indicated in (Plate 3-23), For each grade of
(NSLWC and HSLWC).

The following equation is used to calculate the static modulus of
elasticity:

Es = (S, —S1)/(e; —0.0005) 3-4

Where:

Es: static modulus of elasticity, (GPa).

Sy: stress corresponding to 40% of ultimate load, (MPa).

S1: stress corresponding to a longitudinal strain (0.00005), (MPa).

e»: longitudinal strain produced by stress S,.

Plate 3-23: Modulus of elasticity test device

3.15.3 Splitting Tensile Strength
This test is performed according to ASTM C496-11 [88], which 100x200

mm cylindrical concrete specimens are used. The specimens are tested with a
machine capacity of 2000 kN at rate loading (0.3 MPa/sec) as shown in (Plate
3-24). This test is conducted at ages of 28 and 56 days. For splitting tensile
strength test of lightweight aggregate concrete, at least eight cylindrical
specimens are required at each age for each grade of LWC (NSLWC and
HSLWC) and three cubes for SIFCON,[71].
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The experimental splitting tensile strength of cylinders is calculated by
using the ASTM C496-11 [88] equation:

fsp=2P/m d L 3-5
Where:
fsp = Splitting tensile strength, (MPa)
P =Maximum applied load, (N).

d = Diameter of the specimen, (mm).

L= length of the specimen, (mm)
¥

Plate 3-24: Splitting tensile strength test of concrete

The ACI 318-14,[16] provide an equation to predict splitting tensile

strength of concrete based on concrete compression strength.

=1 % g7 172
fio =1 *0.56%f" .

Where:

A = A reduction factor (A = 1 for normal weight concrete,

A =0.85 for sand LWC, and A = 0.75 for all lightweight concrete)
fsp= Splitting tensile strength, MPa.

f'c = Cylinder compressive strength, MPa.
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3.15.4 Modulus of Rapture (Flexural Strength)

Concrete prisms of 100x100x400 mm are used to evaluate the modulus of
rupture (MOR) in line with ASTM C78/2002,[89].

Similar to how T-beam specimens are cast and cured, prisms are as well.
Each figure was the average of three prisms for each age (7, 28, and 56) days.

A hydraulic machine controls digital with a 150 kN capacity was used for

Plate 3-25: Flexural strength test

The ultimate modulus of rupture (fr) for all lightweight concrete was calculated
using the following equation:
fr=0.46fc 3-7
Where within the middle third of the span, following equation is used to
determine the MOR:
fr=2Pa/bh? 3-8
Where:
fr: Modulus of rupture, (MPa). P: Failure load, (N).
l: distance between the supports, (mm). b: Prism’s width, (mm).
h: Depth of prisms, (mm). a: average distance between line of fracture

and the nearest support measured on the tension surface of the beam (mm).
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3.16  Testing Non-Destructive Tests

The compressive strength of the beams is determined using
nondestructive testing in order to assess the impact of fire on the lightweight
concrete. The ultrasonic pulse velocity test; however, the results are
inconclusive, owing to random cracks that formed during the fire. In order to
estimate concrete compressive strength, the Schmidt hammer is utilized, an

average of 10 readings.
3.16.1 Ultrasonic Pulse Velocity Test (U.P.V)

Direct transmission is used to determine the transit durations of ultrasonic
pulses. This test is done in accordance with the following guidelines: (ASTM
C597,[90]). Before and after the controlled lightweight concrete examples are
burned, the velocity of ultrasonic pulses passed through them is measured.
(Plate 3-26) shows the portable ultrasonic concrete tester PUNDIT 54 K-Hz
that is utilized for this purpose.

Prior to testing, the PUNDIT is calibrated to ensure that transit time
readings are accurate. Calibration using the reference bar is used to accomplish
this, to function as a compliance and prevent dissipation of transmitted energy,
a tiny coating of grease is placed to the surface of the tested locations. The
length of the pulse transit route is precisely measured, and the time it took to
travel is recorded to the order of 0.1 psec. The test is carried out at the concrete
laboratory at College of Engineering University of Babylon.

Raouf and Ali (1983)[91] developed Equation from 650 tests results

collected from the previous studies, the developed equation is given as :

" A #a AB*D
C=A%e 3.9

Where:

C = concrete compressive strength in N/mm? (MPa)
D = direct Ultrasonic velocity (Km/s).

A =2.016 and B = 0.61
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Plate 3-26: Ultrasonic pulse velocity test for cube and T-beam samples.

3.16.2 Rebound Hammer Test

LWC specimens surface hardness is estimated using a Schmidt hammer,
with the rebound number recorded as a proxy for the LWC’s strength and void
content. For each LWC sample, the rebound number is measured at eight
different locations across the specimens’ faces. As a result, the average
rebound number for each LWC specimen region (exposed to realties fire
flame) are determined. In this study, a Schmidt hammer of the MC kind is
employed (Plate 3-27). Specifications from (BS-1881:part 202 ,1986)[92]

dictate the testing procedure must be followed.

Plate 3-27: Schmidt hammer test for lightweight concrete specimens.
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CHAPTER FOUR Results and Discussion

4.1 General

The experimental results of this research study outlined in Chapter 3 are
presented in this chapter, together with the discussion of the results.

The mechanical properties of concrete, such as its compressive strength,
oven-dry density, splitting tensile strength, water absorption, and predicted
modulus of elasticity, are first analyzed and discussed, based on data from tests

conducted on both normal and high strength lightweight aggregate concrete.

4.2 Introduction

The primary purpose of this study is to investigate experimentally the
structural behavior of light-weight concrete T-beams outed to fire flame and
strengthened with SIFCON U-shape jackets. The bottom and both lateral sides
of the T-beams are covered with various parameters, including compressive
strength of the concrete (normal and high), exposure duration, and thickness of
the reinforcing jacket. The experiment objective is to examine the flexure
behavior and failure process of simply supported T-beams that are received
external SIFCON jacket reinforcement.

The research technique is focused on analyzing and contrasting the
behaviors, mode of failure, and resistance to apply two-point loads of T-beams
damaged and repaired with SIFCON jacket, then comparing the outcomes of
the experimental test with those of the simulation program (ABAQUS) to

ensure that the behavior in both is consistent.
4.3 Mechanical Properties of Concrete
The properties of materials, effect of fire damage, repairing by SIFCON

jacket and behavior of T-beam section “research study” on the mechanical
properties of NSLWC and HSLWC are discussed here.

4.3.1 Oven Dry Density

As presented in (Figure 4-1), concrete produced from LECA aggregate,
conformed to the ACI 213R -14,[19] requirements, and oven dry density are
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conformed to the requirements of (CEN ENV 1992-1-4),[22] “unified
European standard” and “RILEM”,[21] which caps density at 2000 Kg/m?.

Oven dry density
2500

2141 2153 2182
1977 1987 1991

2000 1805 1845 1855
o
£ 1500
¥
=
£ 1000
[:1]
[a]

551 562 571
500

LECA Agg. LECANSC LECA HSC SIFCON sullry

0

H28days M56days M 90days
Figure 4-1: Oven dry density at age 28,56 and 90 days

4.3.2 Compressive Strength

The test used to determine the capacity strength of the concrete which
categorized according to its compressive strength. (Table 4-1) displays the
SIFCON compressive strength as well as that of normal and high strength

lightweight concrete. The outcome represents the average value of six cubes.

Table 4-1: Results of experimental cylinder and cube compressive strength of
NSLWC, HSLWC and SIFCON samples

Compressive | Compressive | % fcu development
Symbol | Age strength strength with respect to 90
fcy(MPa) | fcu(MPa) days age

NSLWC 7 17.81 21.36 59.25
NSLWC 28 26.87 32.22 89.38
NSLWC 56 28.02 33.6 93.2
NSLWC 90 30.07 36.05 100
HSLWC 7 44.29 50.79 71.13
HSLWC 28 56.95 65.31 91.47
HSLWC 56 60.05 68.87 96.46
HSLWC 90 62.26 714 100
SIFCON 7 82.71 93.56 72.62
SIFCON 28 101.18 114.46 88.85
SIFCON 56 111.18 125.77 97.62
SIFCON 90 113.89 128.83 100
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(Figure 4-2) shows development concrete compressive strength over time.
Regarding the strength after 28 days, both the HSLWC and NSLWC have the
same level of growth, which is about 70%. A strength growth of nearly 87%
was seen in the SIFCON combination. At 90 days, the NSLWC combination
had the strongest strength development, which is about 119%, followed by the
SIFCON mixture, which has the second-strongest growth 114%, while the
HSLWC has the weakest development 104%.

SIFCON, on the other hand, improvements strength quickly during the
initial stages of development (In 7 days, at 25 °C, the material has attained
about 80% of its compressive strength, and in 28 days, it has reached about
91% of its compressive strength), considering that the resistance at the age of
90 days represents the semi-final outcome of the concrete element. When
compared to HSLWC and NSLWC, the strength gains are 66 and 69.7% of
compressive strength at 7 days of age and 96 and 87.5% of compressive

strength at 28 days of age, respectively.

Development of cube compresive strength

——NSLWC ——HSLWC SIFCON

140
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2
= 100
S
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&
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o
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§
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0

0 10 20 30 40 50 60 70 80 90 100
Age (days)

Figure 4-2: Development of compressive strength.

(Table 4-2) shows development concrete compressive strength over time
for cubical burned sample up to 600 °C, due to crashing and spalling for both
NSLWC and HSLWC.
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Table 4-2: NSLWC and HSLWC burned cube compressive strength

Age Compressive strength fc, % Residual of
Symbol (days) MPa) compressive
At 25°C At 600°C strength
NSLWC 7 21.36 12.78 59.83
NSLWC 28 32.22 20.48 63.56
NSLWC 56 33.6 23.91 71.16
NSLWC 90 36.05 26.1 72.4
HSLWC 7 50.79 24.69 48.61
HSLWC 28 65.31 36.65 56.12
HSLWC 56 68.87 41.15 59.75
HSLWC 90 714 43.17 60.46

Compressive strengths of cylinders (f 'c) and cubes (fcu) are displayed for
both normal and high strength LWAC as in (Figure 4-2), and (Figure 4-3)

respectively.

Cylinder Compressive strength

120 111.18 113.89
= 101.18
= 100
qq 82.71
£ 80
c 62.26
g 56.95 60.05 ' B NSLWC
B 60
_g 44.79 B HSLWC
(%]
§40 26.8 28.0 30.0 SIFCON
o
£ 17.8
L | | I
0
7 28 56 90
Days

Figure 4-3: Cylinder compressive strength
The residual strength calculated from eq (4-1) of concrete cube specimens
for NSLWC and HSLWC mixtures is shown in (Figure 4-4). Comparing the
NSLWC combination to the HSLWC mixture as a whole, the NSLWC mixture
has maintained higher residual strength. Between 7% and 10% less residual

strength is found between these combinations at different ages.
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% Residual of compressive strength

_ feu (T =600°C) X 100
"~ feu (T = 25°C) (4-1)

% Residual of compressive strength
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Figure 4-4: Concrete residual strength at various ages

Results showed that after 28 days, NSLWC cube compressive strength is
approximately 42.8% lower than HSLWC. This is because, in comparison to
HSLWGC, the limited cement causes a weaker contraction (transition zone).

Compressive strength ratio of cubes and cylinders (f “c, fcu) at 28 days are
shown in (Figure 4-5) for typical lightweight concrete samples.

Cylinder / Cube compresive strength ratio

0.87 0.88

0.83

08
06 ENSLWC
& HSLWC

0.4
i SIFCON

0.2

28 Days

Figure 4-5: Ratio compressive strength
4.3.3 Splitting Tensile Strength
According to (ASTM C330,2017)[71], structural LWAC requires a

minimum splitting tensile strength of 2.0 MPa over a period of 28 days, results
displays that both the NSLWC and HSLWC mixtures is significantly higher

than the minimum criterion as shown in (Table 4-3), and often increases with
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age. Splitting tensile strength is significantly lower than its compressive
strength because the crack propagates fast under tensile pressure. Matrix
hydration progresses as its internal microstructure is completed, increasing the

strength given to the composite material over time.

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

Age Splitting tensile
Symbol (da%/s) streelgth 19 sp (MPa)
NSLWC 28 3.81
NSLWC 56 4.17
HSLWC 28 4.8
HSLWC 56 5.64
SIFCON 28 14.17
SIFCON 56 18.5

The splitting tensile strength results for NSLWC, HSLWC and SIFCON
were tabulated in (Table 4-3) and graphed in (Figure 4-6).
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Figure 4-6: Splitting Tensile Strength
Results showed that, SIFCON splitting tensile strength greater than
NSLWC and HSLWC by about 73.11% and 66.13% at 28 days as well as about
77.46% and 69.51% at 56 days respectively. This is due to the high density and
steel fiber of SIFCON, also, development of SIFCON splitting tensile strength
Is in excess of NSLWC and HSLWC as presented in (Figure 4-6), Compared
to NSLWC and HSLWC, SIFCON's hydration procedure is clearly better

there, because the water absorption of Cement (high quantity) more than that
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of HSLWC and NSLWC. The tests showed that crack path line through
NSLWC and HSLWC, are closely similar but different about SIFCON due to
steel fiber in the mixture as shown in (Plate 4-1)

Plate 4-1: Splitting crack path

In general, the average experimental results value exceeded the value

indicated by ACI 318-2014,[16] equation where (reduction factor) A=0.75 as
shown in (Figure 4-7).

B predicted Splitting tensile strength fsp (MPa)

B experimental Splitting tensile strength fsp (MPa)

Spliting tensile strength (MPa)
[e] = =] [¥%) o+ (%] [=a]

Age (days)

Figure 4-7: Calculated and Predicted splitting tensile strength
4.3.4 Flexural Strength (Modulus of Rupture)
For both LWAC and SIFCON, the flexural strength f; test was conducted

using (100x100x400) mm prism specimens, with each prism being tested as

simply supported and subjected to two-point loading using the same method.
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(Table 4-4) shows that the flexural strength values are similar for both
LWC mixes, with little improvement for the high strength, but that SIFCON is
far superior in acquiring the strength at all ages, with a value of more than 4.5
times that of HSLWC and more than 7.3 times that of NSLWC at 28 days of
age. Furthermore, as shown in (Figure 4-8), the flexural strength development
of HSLWC is anywhere from 33 % to 62 % higher than that of NSLWC. On
the other hand, SIFCON demonstrates substantially more rapid strength
growth, with its strength in 7 days age exceeding the highest strength reached
in the ultimate age of 90 days for both LWC mixes by 2.76 and 3.98 times, for

NSLWC and HSLWC, respectively.

Table 4-4: Results of experimental test of prism flexural strength of NSLWC,
HSLWC and SIFCON samples.

Age Flexural strength fr
Symbol | gays) (MPa)
NSLWC 7 3.64
NSLWC 28 4.08
NSLWC 56 4.81
NSLWC 90 5.22
HSLWC 7 491
HSLWC 28 6.67
HSLWC 56 7.28
HSLWC 90 7.62
SIFCON 7 20.9
SIFCON 28 30.1
SIFCON 56 34.66
SIFCON 90 42.31
e NS WC e HSWC SIFCON
a5 42.31
R 40 34.66
g 35 30.1
<30
% 25 20.9
g 20
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Figure 4-8 : Development of Flexural strength.
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4.3.5 Static Modulus of Elasticity

A material stiffness may be quantified by calculating its modulus of
elasticity. The modular ratio n is used in the design of flexure-prone sections
of members, and it is heavily influenced by the modulus of elasticity, which is
an essential component in estimating the deformation of members. The
modulus of elasticity is used to determine the amount of reinforcement needed,
estimate stress from measured strain, and determine the size of reinforced and
unreinforced structural parts. Therefore, the modulus of elasticity of concrete
Is a crucial metric that indicates concrete elasticity.

One of the most essential characteristics of any solid, is its static modulus
of elasticity (Ec), which is an indicator of its stiffness. The concrete modulus
of elasticity is greatly influenced by the constituent materials and their relative
proportions. Because the stress-strain curve steepens with increasing strain, the
modulus of elasticity should increase with increasing compressive strength
(Ramezanianpour et al., 2009),[93].

The results as presented in (Table 4-5) show the modulus of elasticity of

both normal and high strength lightweight concrete samples.

Table 4-5: Results of experimental test of cylinder modulus of elasticity of
NSLWC, HSLWC and SIFCON samples

Symbol | Age (days) Modulus of Elasticity Ec (GPa)
NSLWC 28 19.8
NSLWC 56 22.01
HSLWC 28 33.85
HSLWC 56 34.1
SIFCON 28 56.29
SIFCON 56 62.6

The modulus of elasticity for NSLWC at 28 days is 19.8 GPa, while that
for HSLWC is 33.85 GPa. The mechanical characteristics of LWC are quite
sensitive to changes in the coarse aggregate used (which makes up around
40%-45% of the total volume of the concrete),[60].

(Figure 4-9) displays the expected static modulus of elasticity for NSLWC
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and HSLWC concrete as calculated by ACI 318-14,[16], and compared with

the experimental result presented in (Table 4-6).

Table 4-6: comparison between predicted and experimental result of cylinder
modulus of elasticity of NSLWC and HSLWC samples

Symbol Age Predicted Experimental
(days) | Modulus of Elasticity Ec p (GPa) [ Modulus of Elasticity Ec (GPa)
NSLWC 28 17.74 19.8
56 19.06 22.01
HSLWC | 28 29.02 33.85
56 30.7 34.1

B Predicted Modulus of Elasticity Ec (GPa)
Experimental Modulus of Elasticity Ec (GPa)
40
35

33.85
29.02

30
25 22.01
20 17. 74 19.06
15
10
5
0

NSLWC HSLWC
Days

GPa

Figure 4-9: Predicted and Experimental result cylinder modulus of elasticity for
NSLWC and HSLWC sample

Compressive strength and mixture density are found to be the primary
reasons why NSLWC's estimated modulus of elasticity is lower than those of
HSLWC and SIFCON.

4.3.6 Ultrasonic Pulse Velocity (U.P.V)
In this investigation, each sample is evaluated wave being transmitted
directly. (Table 4-7) displays the results of the experiments, which reveal that

after burning, the pulse velocity dropped for all samples, with reduction rates
ranging from (28%-37%) for HSLWC to (24%-30%) for NSLWC.

86



CHAPTER FOUR Results and Discussion

Table 4-7: Results of experimental test for reference and burned cube samples
under Ultrasonic Pulse Velocity of NSLWC, and HSLWC

Mix. type Age (U.P.V) (m/sec) % Residual of
' (Day) At 25°C | At 600°C (U.P.V)
NSLWC 7 3838 2636 68.68
NSLWC 28 4380 3115 71.12
NSLWC 56 4531 3321 73.3
NSLWC 90 4642 3487 75.12
HSLWC 7 5227 2610 49.93
HSLWC 28 5566 3312 59.5
HSLWC 56 5678 3607 63.53
HSLWC 90 5795 3834 66.16

% Residual of compressive strength ULTRASONIC
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73.3 75.12

71.12
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% Residual of (U.P.V)

[y
(= -]

90

Figure 4-10: % Residual of compressive strength ULTRASONIC

Due to its high absorption rate, LECA contains more water than other
forms of aggregate, at higher temperatures the evaporation of this water
generates air gaps through which the pulse wave travels at a slower velocity
after being exposed to fire. There is an increase in the amount of microcracks
and holes, and the chemical components deteriorate as well. The sound wave
interaction with air caused a certain amount of energy to be reflected back into
space, as predicted by the wave propagation characteristics. A portion of the
wave rose vertically, while the remainder twisted around the buildings and
continued to grow. The direct method ultrasonic point position T-beam is
presented in (Figure 4-11) and (Plate 4-2).
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Figure 4-11: ULTRASONIC T-beam position

Raouf and Ali (1983), [91] results presented in (Table 4-8) display the

samples compressive strength calculated.

Table 4-8: Results of experimental for reference and burned cube samples
compressive strength by using “Raouf and Ali” eq. of NSLWC, and HSLWC

At 25°C | At 600°C
Mix. Age RAOUF Eq. (MPa)
type (Day) C=A*eN(B*D)
NSLWC 7 20.95 10.07
NSLWC 28 29.16 13.48
NSLWC 56 31.98 15.29
NSLWC 90 34.22 16.91
HSLWC 7 48.89 9.91
HSLWC 28 60.12 15.2
HSLWC 56 64.37 18.2
HSLWC 90 69.14 20.9

While for NSLWC T-beams as presented in (Table 4-9).

[

Plate 4-2: Ultrasonic test of T-beam sample
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Table 4-9: Results of experimental T-beam samples compressive strength by using
“Raouf and Ali” eq. of NSLWC, before and after burning

N-C-0 . Velocity Compressive
di Mi Time RV strength
irect (Micro second) = 1/t (mls) (MPa)
1-1 21.05 4751 36.57
2-2 21.2 4717 35.82
3-3 21.3 4695 35.34
4-4 21.4 4673 34.87
5-5 21.1 4739 36.3

Average 35.78

N-F15-0
1-1 23.2 4310 27.94
2-2 25.6 3906 21.84
3-3 23.8 4202 26.16
4-4 21.9 4566 32.67
5-5 22.5 4444 30.32
Average 27.79

N-F30-0
1-1 22.7 4405 29.61
2-2 25.8 3876 21.44
3-3 23.4 4274 27.34
4-4 24.2 4132 25.07
5-5 24.6 4065 24.07
Average 25.51

Also, for HSLWC T-beam results are presented in (Table 4-10) which

refer to the high temperature that causes large damage

Table 4-10: Results of experimental T-beam samples compressive strength by
using “Raouf and Ali” eq. of HSLWC, before and after burning

H-C-0 . . Compressive
. . time Velocity strength
direct (micro second) | V =1/t (m/s) (MPa)
1-1 19.86 5035 43.49
2-2 16.76 5967 76.78
3-3 16.86 5931 75.12
4-4 16.96 5896 73.53
5-5 16.66 6002 78.44
Average 69.47
H-F15-0
1-1 18.92 5285 50.65
2-2 21.33 4688 35.19
3-3 19.52 5123 45.89
4-4 17.63 5672 64.14
5-5 18.22 5488 57.33
Average 50.64
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H-F30-0
1-1 18.9 5291 50.84
2-2 22.15 4515 31.67
3-3 19.53 5120 45.8
4-4 20.32 4921 40.57
5-5 20.73 4824 38.24
Average 41.42

For all SIFCON T-beam, it is difficult to calculate compressive strength
by Ultrasonic due to high density of steel fiber uses in repairing jacket which

give errors value.

4.3.7 Rebound number result

The Schmidt rebound hammer is still the surface hardness testing device
of the most widespread 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 and
Carino,2003),[94] 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%.

The results shown in (Table 4-11) that rebound number values reduction
clearly when concrete exposed to fire, is (45 and 33%) for high and normal
strength lightweight concrete respectively where calculated according to
Relation as presented in (Figure 4-12) between compressive strength and

rebound number for concrete cylinders made with different aggregates,[3].
Table 4-11: Rebound Number of control and burned NSLWC, and HSLWC.

Symbol | Age Average | Compressive _
T_beam | days Rebound strength Quality of concrete
No. feu (MPa)

N-C-0 33 37.13 Good layer
N-F15 56 28 31.49 Fair
N-F30 20 22.48 destroyed layer
H-C-0 51 57.33 Very good hard layer
H-F15 56 36 40.5 Good layer
H-F30 30 33.76 Fair
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Figure 4-12: Rebound number - compressive strength relation
4.4 Experimental Results of T-Beam specimens

Fourteen T-beam specimens are tested, split evenly between two groups:
those constructed from a NSLWC mixture and those constructed from a
HSLWC mixture.

Four distinct subgroups may be extracted from each of these larger
groups:

First, T-beams that are not subjected to fire and aren't repaired with SIFCON

which used as a control in the study.

Second, T-beams that are burned for 15 and 30 min. we’re not repaired.

Third, T-beams that had been exposed to fire repaired with a 15-mm

SIFCON jacket.

Fourth, T-beams that are fire-exposed repaired by a 30-mm SIFCON jacket.

initial crack load, ultimate load, modes of failure, load-deflection

behavior, and longitudinal strain distribution of each tested T-beam are all
documented.

To accomplish this, a flexural loading mechanism with two points is used.
T-beam deflection is measured at the specimen midspan and under the two-
point loading position with three LVDT instruments at each loading step.

Gradual increase in load pressure is used by automatic hydraulic pressure

to accelerate the breakdown of sample study.
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The primary objective is to reduce the deterioration and spalling effects
of the main sample lightweight concrete T-beam exposed to a burning flame
by using SIFCON jackets as exterior reinforcements to strengthen the repaired
T-beams.

The results of the T-beam testing, including the first cracking load,

ultimate load, and residual ultimate load, are shown in (Table 4-12):

Table 4-12: First crack load, ultimate load, and maximum deflection for NSLWC
and HSLWC T-beam specimens

First Percentage
Grade T-Beams | crack | Ultimate | residual
designation | load | load KN | ultimate
kN load %
N-C-0 64 243.5 100
N-F15 45 232.12 95.3

N-F30 40 206.68 84.9
NSLWC | N-F15-S2 | 80 265.17 108.9
N-F30-S2 | 84 280.19 115.1
N-F15-S3 | 88 301.23 123.7

N-F30-S3 | 94 330.9 135.9
H-C-0 75 270 100
H-F15 49 247.9 91.8
H-F30 45 233.8 86.6
HSLWC | H-F15-S2 | 98 303.5 112.4
H-F30-S2 | 91 325.9 120.7
H-F15-S3 | 95 254.7 94.3
H-F30-S3 | 118 259.3 96

4.5NSLWC and HSLWC T-Beam Load Carrying
Capacity
When testing T-beams, the load-carrying capacity represents the
maximum allowable load before the machine reading drops and rapid
deformation of the T-beam occurs, indicating failure. Investigating and
summarizing the pre- and post-fire features of NSLWC and HSLWC T-beams
Is necessary for studying the influence of fire exposure on the load-carrying

ability of T-beam specimens as follows:
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45.1 Behavior of NSLWC T-Beams Before and After
Burning (Group One)

In this research, the behavior of NSLWC T-beam specimens is studied
by looking at a number of crucial indicators closely linked to their load-bearing
capability. The first sign is a distinctive pattern of cracks that appears when the
crack grows in tandem with the external strain, small flexural cracks of limited
magnitude developed initially in the pure bending area, reference T-beam, and
fire-damaged specimens that have not been repaired (near mid span).

The stress-cracking pattern seen in both the original and damaged samples
Is identical. When the stress is raised, cracks appeared in both the reference
and damaged specimens, and the cracks in the damaged specimen grew larger.
When comparing the cracking loads, it was found that the reference has a value
of (64) kN and the damaged specimens is (45 and 40) kN, the initial crack
started at the mid-span area. It is possible that steel reinforcement effects
contributed to the heat-damaged specimens by reducing cracking load. Cracks
started showing up within the shear span areas in response to the increased
stress because the residual tensions of steel after cooling burnt specimens are
significantly higher than those of unburnt LWC. Cracks normally start
vertically began migrating in oblique directions due to the presence of shear
forces, causing cracks in the shear span to bend towards the loading point and
produce diagonal cracks. Within a short amount of time, the developed
diagonal crack has spread virtually the whole length of the T- beam. Stress
redistribution leads the development of secondary cracks, some of which
developed in the T-beam's lowest 100 mm, as shown in (Plate 4-3). When the
concrete in the compression zone cracked, the T-beam would withstand a
greater weight for a shorter period of time. When the steel in support T-beams
gave way, cracks propagated in the compression area toward the loading sites,
shattering the concrete just below the load centers. Flexural with yielding of

stirrups is the mode of failure for the control T-beams.
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Plate 4-3: Reference Cracks shape “pattern” of NSLWC T-beams.

Fired-damaged T-beams, on the other hand, reveal a quick shear failure,
most likely due to the losing in shear strength of concrete caused by heating,
as in (Plate 4-4). After burning the angle of diagonal cracks inclination is
slightly larger, also the extension is little shorter and almost similar on both
sides, while hinge side seems longer before burning. The secondary cracks

form more after burning and appear so close to each other.

Plate 4-4: Crack’s pattern of NSLWC T-beams after burning.

The structural behavior of the T-beam specimen can be studied in relation
to the load carrying capacity with different SIFCON jacket thicknesses. There

Is increase in bending capacity, in thickness of the jacket increases (section
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depth) and the ultimate load specimen, which means a good repair to the
burned-damaged concrete as presented in (Figure 4-13).
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Figure 4-13: Effect of load carrying capacity of NSLWC T-beams with different
SIFCON jacket thickness.

4.5.2 Behavior of HSLWC T-Beams Before and After
Burning (Group Two)

The behavior of HSLWC T-beams is approximately similar to that in
NSLWC, as in (Plate 4-5) when a crack forms to the left of the load's
application in the bending zone, and then further cracks form to the left of the
initial cracks in a vertical direction; finally, diagonal cracks form and propagate
between the support and applied load locations. (Plate 4-6) evidence that
burning increases the inclination angle of diagonal cracks, shortens cracks'
extensions, and reduces cracks' numbers.

Prior to the formation of the diagonal cracks, several small cracks appear
in the shear zone and at less rate in bending zone as well. HSLWC behaves
with a much higher sensitivity than NSLWC to burning, where after (650°C)
of burning, spalling is noticed to be occurred.

The vapor in the HSLWC patrticles found it difficult to exit through the
surface, resulting in concrete spalling.

Rapid spalling of the concrete's surface increases the rate of heat
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transmission to the T-beam core and reinforcement by exposing them to direct

flame.
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Plate 4-5: Cracks pattern of HSLWC T-beam before burning

Plate 4-6: Cracks pattern of HSLWC T-beams after burning.

After burning, the results showed a great convergence of the load
capacity, which can be attributed to the influence of the steel reinforcement by
a slight amount that allowed to reduce difference that is caused by increasing
effective depth, what reinforces this hypothesis is that the difference in
resistance has decreased from about 8% after burning for 15 min. to about 1.4%
after burning for 30 min. 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 4-14: Exposure fire duration effect on HSLWC T-beams load carrying
capacity with different SIFCON jacket thickness.

4.6 Load-Deflection of NSLWC T-Beam Specimens

All of the curves exhibited elastic behavior before to cracks and inelastic
behavior after cracking. The ultimate load-carrying capability of NSLWC
LWC T-beams subjected to 30min. is drastically reduced, as shown by the test
results. The NSLWC T-beams decayed at a rate of (22,3%).

There is a clear decrease in the load Deflection behavior after burning as
shown in (Table 4-12) and (Figure 4-15) for 15 min. and 30 min. compared to
the control specimen. While NF15 shows a linear behavior up until the failure
load and very little hardening, NF30 shows more ductility but was about on
par with NF15 in terms of load capacity. Additionally, in contrast to the NF30,
the NF15 is effective at maintaining maximum load for a significant distance.

Increased load capacity, increased stiffness, nearly linear behavior till
failure load, decreased ductility, and reduced absorption energies are seen in
the fire damaged specimens strengthened with 15 and 30 mm after 15 min. of
fire exposure, as compared to un strengthened specimens.

Compared to NF15S2, NF15S3 is demonstrated greater load capacity.
Strengthening with a 30 mm SIFCON jacket resulted in increasing stiffness,

load capacity, and ductility for specimens exposed to fire for 30 min. (NF30S2
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and NF30S3).

In addition, the behavior is nearly linear up until the failure load, after
which it failed suddenly without being able to maintain the peak load for a
sufficiently large Deflection.

Load - M.S. Deflection 15min. fire
350

300
250

—

200

Z —NC-0
7
g —NF15
— 150
NF15S2
NF15S3
100
50
0
0 2 4 [ 8 10 12 14 16 18 20 22 24 26 28 30 32
Deflection mm
Load - M.S. Deflection 30min. fire
350
300
250
200
g —NC0
el
g —NF30
= 150
NF1552
NF30S3

100

50

Deflection mm

B

Figure 4-15: Load versus deflection at mid-span of NSLWC T-beam specimen
before and after exposure to fire.
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4.7 Load-Deflection of HSLWC T-Beam Specimens

When applied to a high-strength lightweight reinforced T-beam, a
SIFCON jacket raise the ultimate load capacity by 22.4% and 43% for 15 min.
also by about 39.4% and 53.7% for 30 min., respectively, after fire damage.
These results show that technique is effective in increasing bearing capacity
during strengthening.

The load Deflection curves of undamaged, burning for 15 min. and 30
min. cause a damage, where SIFCON strengthen of damaged HSLWC
T- beams is shown in (Figure 4-16). All of the examples shown in the
aforementioned diagram have a concrete covering of 10 mm. After
strengthening with a 15mm and 30mm SIFCON jacket, there is no yield
loading is seen until attaining failure loading, the linear behavior of reinforced
specimens with a SIFCON jacket until the peak load might be seen as a
drawback. When compared to the exposed specimens, the reinforced ones
showed sharper behavior in the deteriorated region of the curves, which
indicates that the specimens failed to endure the maximum load for tolerable
limit (ductility issue). Note that, in contrast to the exposed samples, the
strengthened ones showed no signs of yielding under stress. Moreover, the
maximum load capacity of strengthened T-beams is represented by a smaller
mid-span Deflection.

A 30-minute fire exposure drastically weakens LWC T-beams, HSLWC
T-beams decayed at a rate of 40.3% and 37.4%, respectively. After 15 and 30
min. of burning, the load Deflection behavior exhibited a clear decline in
comparison to the reference specimen HCO. Over all, HF30 has demonstrated
more ductility. Also, unlike the HF30, the HF15 is able to effectively maintain
maximum load for a significant distance.

Increased load capacity, increased stiffness, nearly linear behavior till
failure load, decreased ductility, and reduced absorption energies are seen in

fire exposed specimens strengthened with 15 and 30 mm after 15 min. of fire
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exposure, as compared to un strengthened specimens. Compared to HF15S2,
HF15S3 has demonstrated greater load capacity.
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Figure 4-16: Load - deflection curve at mid-span of HSLWC T-beam specimen
before and after exposure to fire.

For specimens subjected to fire for 30 min., strengthening with a 15 and
30 mm SIFCON jacket enhances stiffness and load capacity for samples (H-
F30-S2 and H-F30-S3). Behavior is virtually linear up to the failure load, but
then it suddenly fails without being able to hold the peak load for a long enough
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time. When failure occurs especially in the elastic zone samples exhibit linear

behavior and steep slope.
4.8 The effect of concrete cover
It can be shown, that the concrete T-beam cover has larger amount of loses

after burring, due to limitation cover and internal vapor pressure based on the

test results of huge spalling, its needs to increase for future research.
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Plate 4-7: Spalling after burning T-beam

Increased cover thickness can delay corrosion caused by carbonation and
chloride by lengthening the time it takes for those elements to enter concrete
reinforcement. Provide thermal insulation, which protects the reinforcement
bars from fire, and embedding reinforcement bars deeply enough, so that they
remain stationary under strain. Also, to prevent exposure of reinforcement to
harsh external conditions and the ensuing rusting and degradation of the cross-
sectional area in the structural elements, sufficient concrete cover must be

supplied in the reinforced concrete constructions.

4.9 Effect of Fire Exposure on Steel Reinforcement

Steel reinforcing bars are not likely to be significantly impacted by high
temperatures if they are provided the minimal amount of protection mandated

by building codes. However, structural instability and damage are possible
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outcomes of deformation brought on by thermal expansion and the loss of
connection between concrete and steel. Many people think that steel
reinforcing bars need to be shielded from temperatures over 250°C to 300°C
because low-carbon steels exhibit blue brittleness between (200 and 300°C)
(Unluolu et al., 2007),[95]. To examine what happens to steel reinforcing bars
when they are exposed to fire, we split them into three groups of 12mm in
diameter: 1%t group and 2" group samples of steel reinforcement is implanted
into HSLWC and NSLWC T-beam specimens, where 3™ samples are exposed
directly to fire flame without concrete cover for two times (15 and 30) min.
After three sets of samples are burnt at 700°C as a mean temperature, attained
by the 1SO-834 chart to which T-beams are subjected to fire, the bar
reinforcement steel is recovered from the concrete and done the test of yield
stress. Results from yield stress tests on reinforcing bars before and after

exposure to 700°C were compared to the control sample as in (Table 4-13).

Table 4-13: Fire exposure effect on the yield stress of steel reinforcement bar

Group No Temperature| Fire exposure | Yield Stress | Reduction

p o C) (min) f,(MPa) | Ratio %
Control | Non exposed 25 | - 420
Group NSLWC 404.8 3.62
One HSLWC 700 15 392.7 6.5
Group NSLWC 403 4.05
Two HSLWC 700 30 388 7.62
Group | Unprotected 15 386.3 8.02

700

Three | Unprotected 30 300.2 28.52

As showing in (Table 4-13), the yield stress is reduced by 3.62 and 6.5%
for NSLWC and HSLWC, respectively, when exposed to fire for longer than
15 min. for T-beams. The reductions for NSLWC and HSLWC for 30-minute-
burning T-beams are 4.05% and 7.52%, respectively. Objects that are put in
direct contact with the flames have an 8.02% and 28.5% decreased with fire
burning times of 15 and 30 min., respectively. The yield stress reduction for
NSLWC is found to be 3.2% and 3.3% lower than for HSLWC T-beams,

suggesting that NSLWC provides greater protection for reinforcing bars than
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HSLWC under the same fire exposure conditions. Lightweight concrete is
suited for use in high-temperature applications due to its low heat conductivity
up to 400 °C and very modest rise to over 700 °C while it’s not comfortable

over that.
4.10 Effectiveness of SIFCON Jackets

Using SIFCON to repaired T-beams increases shear strength in four
distinct ways. First, they lend strength to the longitudinal bars and stirrups by
giving them something to rest against applied force. Second, the fibers critical
function in bridging and transporting tension strains across both sides of a
diagonal crack to restrain its spread. Third, they enhance T-beam ultimate
strength and performance under service loads by delaying the onset of initial
flexural and shear cracking in reinforced concrete T-beams. Finally, flexural
failure is employed instead of shear failure where caracks failure at mid span.
Research is conducted on the performance of T- beams subjected to a two-
point loading system using SIFCON as an external jacket along the bottom and
both sides of the T-beam. The criteria such as strength, stiffness, ductility, and
energy absorption were checked. (Figure 4-17) and (Figure 4-18) display test
results that demonstrate how employing a SIFCON jacket improved the
ultimate load bearing capability of T-beam specimens.

NSLWC effective SIFCON jaket

400

350 330.9

301.2
280.2

300 265.2
243.5
232.1
250 206.7
15
88 84 94
10 - 80
45 40
5
NC-0

NF15 NF1552 NF1553 NF30 NF3052 NF3053

Load kN
]
o
o o [e] (=]

(=]

m Ultimate Load Crack Load

Figure 4-17: Effectiveness of SIFCON jacket on the load carrying capacity of
NSLWC T-beams before and after burning
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Two axes can be used to discuss the efficacy of the SIFCON jacket in
developing the models load carrying capacity. The first is the general effect of
the reinforcement, where it is found that the use of the SIFCON jacket
significantly increases the models load carrying capacity, by 159%-207% for
normal strength concrete and 180%-220% for high strength concrete. The
second impact is that of increasing the thickness of the SIFCON jacket, which
Is shown to clearly increase the load carrying capacity of the models across all
investigated situations by improvement rates of 109%-135% for NSLWC and
112.4%—-133% for HSLWC.
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Figure 4-18: Effectiveness of SIFCON jacket on the load carrying capacity of
HSLWC T-beams before and after burning

T-beam integrity is maintained all across the post-cracking Segment s of
behavior due to the effectiveness of steel fibers in preventing the propagation
and restricting the growth of flexure and diagonal cracks inside the T-beam
when they cross them. Thus, the T-beam could be able to withstand greater
loads and deflections before giving way. Repairing a lightweight broken
concrete T-beam with SIFCON saves money and time compared to more
traditional alternatives, and the results show that it can attain a compressive
strength of 93.56 MPa in 7 days. In other words, compared to the time required
for repairs using traditional concrete methods, the T-beam is returned to service

in a much shorter amount of time.
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4.11 Ductility Index

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.

Ductility may be computed using the formula:

_Au

Ay 42
Where p = Ductility Index.

u

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)[60] , as shown in (Figure 4-19), (Figure 4-20) and (Figure 4-21).
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Figure 4-19: Result the value of Ay using the load-deflection curve (Azizinamini et
al.,1999)
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Table 4-14: Ductility Index for NSLWC and HSLWC T-beam

Yield

Ultimate

Au
Sym. Deflection Ay | Deflection Au H= E
mm mm

N-C-0 10.25 22.65 2.21
N-F15 8.75 19.15 2.19
N-F15-S2 8.03 12.21 1.52
N-F15-S3 7.16 17.25 2.41
N-F30 9.16 18.75 2.05
N-F30-S2 6.44 10.82 1.68
N-F30-S3 6.6 14.45 2.19
H-C-0 7.85 15.45 1.97
H-F15 7.25 15.28 2.11
H-F15-S2 5.11 8.93 1.75
H-F15-S3 7.63 10.4 1.36
H-F30 9.91 12.86 1.3
H-F30-S2 7.15 16.88 2.36
H-F30-S3 10.51 16.66 1.59

Form (Table 4-14) ductility index ranged from 1.30 to 2.36 for the T-beam
samples that were examined both before and after exposing them to fire.

For NSLWC, the testing results show that fire damage for 15 min. has
slightly affected, where the strengthening damaged T-beam resulted decreases
by 30.6%. While the ductility index is improved by 1% for T-beam with 15mm
and 30mm SIFCON jacket respectively when compared with the fire
unstrengthen members N-F15 while for 30 min. burning T-beam decreased by
18% while improved by 6.8% when compared with fire unstrengthen N-F30.

On the other hand, the ductility index is decreased by 31.22% and
enhanced by about 9.05% when compared with un-strengthened undamaged
(reference) T-beam with 15 and 30 mm SIFCON jacket cover respectively, as
can be seen in (Figure 4-20) and (Figure 4-22).

A high ductility index is indicative of a structural member ability to resist
large deformations without failure. After 15 min. of fire exposure, the ductility
index for NSLWC T-beams declined by 0.09%, while the ductility index for
T-beams exposed for 30 min. decreases by 7.23% comparing to reference. Due

to the fact, that the ductility index is calculated based only on the displacement
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of the T-beams, NSLWC T-beams show a more gradual and linear load-
displacement response after being exposed to fire, this decrease in ductility can

be due to deterioration of both concrete and steel mechanical properties.

Ductility Index NSILWC

3

25

2

15

) I
0

N-F15 N-F15-52 N-F15-53 N-F30 N-F30-52 N-F30-53

[y

[%a]

Figure 4-22: Ductility values of NSLWC with different fire exposure time before
and after burning

The results of HSLWC comparing to control T-beam show that the
ductility index has a slight increase T-beams exposed to (15min.) showing
ductility index of (7.10 %) and a decrease (34%) after exposed to (30 min.) as
showed in (Figure 4-21) and (Figure 4-23).

In comparing with unstrengthen damage HSLWC T-beam for 15 min.
ductility index decrease by 17% and 35.5% while for 30 min. burning ductility
increased by 81.5% and 22.3% for 15 and 30 mm SIFCON jacket respectively.
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Figure 4-23: Ductility values of HSLWC with different fire exposure time before
and after burning
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Furthermore, when temperature increases, the bonding strength between
reinforcing bars and concrete decreases, indicating that reinforcing bars are

unable to acquire adequate strength.

4,12 Flexural toughness “Energy Absorption”

The area under a load-deflection curve is a measure of flexural toughness,
which is amount of energy needed to deflect beam by a certain amount, [96].

The area bounded by the load-deflection curve up to the point when the
maximum load is attained represents the energy absorption capacity of the
concrete T-beam, and hence the maximum load that the beam can support
before showing significant deformation.

Energy absorption capacity calculated from an estimate of the area
enclosed by the load-displacement curve for each T-beam, has been proposed
as a more relevant metric for gauging ductility in light of the decrease in load
carrying capacity for these T-beams after fire exposure.

The energy-absorbing capacity is the best measure of a concrete structure
ability to endure the effects of natural disasters like earthquakes, as well as
man-made ones like fires and terrorist bombings.

(Table 4-15) displays the result from testing the NSLWC and HSLWC
T- beams for their ability to absorb energy both before and after exposed to
fire, where NSLWC has better energy absorption capacity than HSLWC.

NSLWC T-beams have a residual energy absorption capability of 72.4%
of the reference T-beam at a burning temperature, (Figure 4-24) displays the
range of residual energy absorption capability after SIFCON jacket, which is
between 64% and 70% of the reference T-beam.

(Figure 4-25) shows that after being burned for 30 min. the HSLWC
T- beam suffered substantial damage, with a residual energy absorption
capability of just 45 %. This figure rises to between 126.2% and 111.1 % after
being reinforced with a SIFCON jacket for 15 and 30 mm respectively.
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Table 4-15: Energy absorption capacity of NSLWC and HSLWC lightweight
concrete T-beams

Concrete Sym flexural toughness
grade ' (KN.mm)
N-C-0 4179.1
N-F15 3429
N-F15-S2 2258.1
NSLWC | N-F15-S3 4057.1 *
N-F30 2898.1
N-F30-S2 2088.6
N-F30-S3 3582.3
H-C-0 2974
H-F15 2725.8
H-F15-S2 1835.5
HSLWC | H-F15-S3 2348.1
H-F30 1872.7
H-F30-S2 4236.6
H-F30-S3 3952.8

* Refer to the beast T-beam sample that’s repaired.
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Figure 4-24: Values of energy absorption capacity for NSLWC before and after
burning and strengthening
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Absorption Energy HSLWC
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Figure 4-25: Values of energy absorption capacity for HSLWC before and after
burning and strengthening

4.13 Initial and Secant stiffness

A beam stiffness is measured in terms of the force required to generate a
single unit of beam deflection.

There is a significant increase in secant and decrease initial stiffness after
burning at varying exposure times, and this is followed by a decrease in load
bearing capacity when the fire burning temperature was increased. At room
temperature HSLWC T-beams have a secant stiffness of 100% but after 30
min. of burning at 650°C, it has reduced to around 73%. Nevertheless, after
being burned for 30 min. at 650°C, the secant rigidity of NSLWC beams fell
from 100% at ambient temperature to roughly 72%. SIFCON jacket repairs
result in a greater stiffness value for the 30mm jacketed specimens than the
15mm covered ones (HSLWC and NSLWC). As can be seen in (Table 4-16),
the repaired specimens also have an increased rigidity compared to the control
specimens, and the damaged specimens exhibited the greatest initial and secant
stiffness, as well as the maximum load bearing capacity compared to the

(damaged and undamaged) specimens.
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Table 4-16: Secant and Initial stiffness of NSLWC and HSLWC T-beam

Secant Stiffness Initial Stiffness
Sym. Ks |Residual Kin [ Residual
Pu Au kN/mm| Ks % Pu Ay kN/mm| Kin%

N-C-0 243.5 | 22.65| 10.75 ---- 243.5 | 10.25| 23.76 ----
N-F15 232.1 | 19.15| 12.12 | 112.74 | 232.1 | 855 | 27.15 | 114.27
N-F15-S2 | 265.2 | 12.21 | 21.72 | 202.05 | 265.2 | 8.08 | 33.02 | 138.97
N-F15-S3 | 301.2 |17.25| 17.46 | 162.42 | 301.2 | 7.16 | 42.07 | 177.06
N-F30 206.7 | 18.75| 11.02 | 102.51 | 206.7 | 9.16 | 22.56 94.95
N-F30-S2 | 280.2 | 10.82 | 25.9 240.93 | 280.2 | 6.44 | 43.51 | 183.12
N-F30-S3 | 330.9 | 1445 | 229 213.02 | 3309 | 6.6 50.14 | 211.03
H-C-0 270 | 1545 | 17.48 ---- 270 7.85 | 34.39 ----
H-F15 2479 | 15.28 | 16.22 92.79 | 2479 | 7.25 | 34.19 99.42
H-F15-S2 | 303.5 | 893 | 33.99 | 194.45 | 303.5 | 5.11 | 59.39 172.7
H-F15-S3 | 354.7 | 10.4 | 34.11 | 195.14 | 354.7 | 7.63 | 46.49 | 135.18
H-F30 233.8 | 12.86 | 18.18 104 233.8 | 9.91 | 23.59 68.6
H-F30-S2 | 3259 |16.88 | 19.31 | 11047 | 3259 | 7.15 | 4558 | 132.54
H-F30-S3 | 359.3 | 16.66 | 21.57 123.4 | 359.3 | 10.51 | 34.19 99.42

(Figure 4-26) and (Figure 4-27) depict the stiffness of NSLWC and
HSLWC T-beam specimens, respectively, discussed in ductility, the reduction
in load carrying capacity of the T-beam specimens after exposure to fire
resulted from the deterioration of concrete and steel reinforcement in both
chemical and mechanical properties. This in turn leads to a reduction in the
difference between yielding point and failure point values and a deterioration

in the capacity of specimen to absorb applied loads with less deformation.
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Figure 4-26: Secant and Initial stiffness of NSLWC T-Beam Specimen
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Initial & Secant Stiffness HSLWC
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Figure 4-27: Secant and Initial stiffness of HSLWC T-Beam Specimen

4.14 Crack Width

Numerous researches have recently concentrated on the unpredictable
nature of crack initiation and propagation in reinforced concrete structures
since it can significantly affect structural stability and strength. With a width
of less than 0.5 mm, cracks frequently start off as too small, elongated openings
that are invisible to the naked eye. Despite the fact crack width restrictions are
imposed by design standards and are based on empirical equations,
cyclic/seismic stresses frequently lead to ambiguity in crack width
propagation. The service life of a structure can be decreased by the entry of
moisture, mist, saltwater, and chemical vapors into structural members. This
can hasten the corrosion of steel reinforcement. The crack width starts and
spread in reinforced concrete members could be calculated using classical
theories by assuming the distribution of bond stress while a member is
subjected to tension with constant bending moment.

Base and Murray developed the finite difference approach to calculate
the crack response of concrete structures using numerical analysis on restrained
elements. Gilbert created a series of formulas from computing the stresses in
concrete and steel components, the quantity of cracks, and the average crack

width, also applied fundamental equilibrium and compatibility principles,[60].
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Since the steel reinforcement remained constant throughout all tested
specimens in this study, the impact of the other element was investigated. Two
factors, such as the steel stress and the burning fire duration, may primarily
affect the crack width. Although concrete cover limitation is frequently ranked
as the second most crucial factor affecting crack width.

As presented in (Figure 4-28),and (Figure 4-29), It’s observed that the
crack width in both types of concrete (NSLWC and HSLWC) obviously rise
after burning for the same degree of applied load, and dramatically decreased
after strengthening, which was attributable to the impact of SIFCON jacket in
reducing the crack width. SIFCON is the best material for enhancing strength
because of its low cost, ease of fabrication, and compatibility with both

specialist and regular construction machinery.
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Figure 4-28: Relation between applied load and crack width for NSLWC
before and after burning
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Figure 4-29: Relation between applied load and crack width for HSLWC

before and after burning.

4,15  Surface Condition and Fire burning Endurance of
T- Beam Specimen

(Plate 4-8) shows that after a period of time when temperatures exceed

600°C for 30 min, random severe hairline cracks of widths 0.03-0.6 mm

appeared on concrete surfaces.

The major and transversal reinforcing points of the concrete surface are

in close proximity to the areas where the cracking is most severe. The

expansion of the concrete mix element might have caused (a) significant tensile

strains in the concrete, particularly at the reinforcing contact, and (b) the

cement binder and aggregate behave differently to the high temperatures,

resulting in the cracks.
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Plate 4-8: Hairline cracks after burning

Furthermore, the T-beam corner spalled concrete to a maximum depth of
roughly 15 mm without exposing any steel. The T-beam was checked for
curvature, but there none is found. The graph shows how T-beam temperature
changes as a function of fire exposure time for NSLWC and HSLWC samples
as presented in (Figure 4-30) and (Figure 4-31) respectively.
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Figure 4-30: The relationship between measured temperatures and fire exposure
time of NSLWC T-beam.
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Figure 4-31: The relationship between measured temperatures and fire exposure

time of HSLWC T-beam.

(Table 4-17) shows the location and identification of the thermocouples

type K which is used in the study, with a deviation of 7% from the 1SO-834

burning curve until the specified times are reached, this study successfully

replicated the 1SO-834 heating curve in the furnace. NSLWC and HSLWC

T- beam covers have been shown to suffer damage and severe spalling as

temperatures have risen. The concrete near the bottom of the T-beam is

subjected to the greatest temperatures, therefore its compressive strength is

predicted to decrease more than it does in the deeper sections of the specimen.

The restricted thermal conduction properties of concrete means that the

temperature measured at TH.1 at the bottom of the T-beam is significantly

higher than that at TH.4 at a distance of 125 mm. The temperatures at TH.3
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and TH.4 at the intermediate depth of the T- beam were maintained at roughly
200 °C due to the evaporation pressure of water in the concrete and the
consequent loss of heat. Temperatures decreased from the bottom to the top of
the T-beam, indicating a distinct gradient. The concrete's strength around TH.3
and TH.4 decreased slightly compared to normal temperature concrete, but the
peak temperatures of TH.1 and TH.2, which were higher than TH.3. As a quick
summary, the concrete surface temperature reached over 600 °C while the
temperature rapidly declined as it moved further inside the structure. Core
concrete temperature ranged from around 200 to 240 °C. This mean that the
outside layer of concrete was severely compromised and had to be removed
before the usable inner concrete could be used. Compressive strength of
NSLWC concrete is little impacted by temperatures up to 450 °C. It is common
for NSLWC to be porous, allowing water vapor to readily disperse pore
pressure. In contrast, the use of several binders in HSLWC produces a denser
microstructure with less calcium hydroxide, leading to improve compressive

strength at room temperature.
Table 4-17: Thermocouples Distribution

Space Highest recorded temperature °C
from at time T-beam Fired
Sym. Type | exposed
Thermocouple | ' YP€ | &XP NSLWC | NSLWC | HSLWC | HSLWC
surface 15min 30min 15min 30min
(mm)
TH.1 K 0 690 739.7 686.7 763.8
TH.2 K 25 474.2 518.3 430.9 463.2
TH.3 K 200 194.5 198.9 217.5 205.7
TH.4 K 125 283.7 282.7 114.9 115.8

In contrast, the compact microstructure is highly impermeable and
detrimental at high temperatures because it prevents moisture from escaping
leading to pore pressure build-up and the rapid development of micro cracks
in HSLWC, which leads to a faster deterioration of strength and occurrence of
spalling and damage T- beam. Porous LWAC helped to soak up pressure and

mitigate the rapid weakness that occurs when exposed to high temperatures.
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CHAPTER FIVE Finite Element Modelling and Simulation

5.1 General “Overview”

The development of numerical solver software has been made possible by
recent developments in computing technology and its wide acceptance.
ABAQUS, created by the SIMULIA corporation, is one of the most important
software suites of late. With the help of the finite element method, (ABAQUS
ver.2021) can perform numerical simulations of a wide range of applications.
This program is enhanced with a materials library that includes concrete, earth,
metal, and a variety of failure modes concepts that account for how materials
react to a variety of loads (mechanical, thermal, coupled, etc.).

Most academics recommend this kind of program for use in modeling and
simulation because of the solid foundations upon which it rests, making it a
flexible platform. This chapter provide an overview of the established Standard
Operating Procedure (SOP) for modeling and simulating laboratory-tested
concrete T-beams. By compare the finite element modeling results to the
experimental data, pointing out key disparities and discussing their
consequences. There are some materials that must be employed in accordance
with previous research or guidelines due to their unfortunate lack of complete

curve characteristics or under higher temperature.
5.2 Finite Element Modelling with ABAQUS Program

The modelling and simulation processes for samples must be described in
detail and discussed. Three segments make up the technique in general:

Segment A: Modelling and simulating the reference samples (a T-beam
that has not been fired and has not undergone any "enhancements").

Segment B: Modelling and simulating high-temperature burned concrete
T-beam samples without SIFCON jacket augmentation.

Segment C: Simulating and modelling the burned concrete T-beam
repaired by SIFCON jacketing.

In general, the following steps should be taken while using ABAQUS to

replicate any process or behavior of concrete elements:
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Parts Modelling: This is the First phase in the simulation of a part.

Second, the qualities of the concrete and steel that are previously utilized
and identified.

Third, collect and assemble all simulation-related components.

The fourth step is to specify the kind of analysis to be performed, how
long the simulation will take, and how the solver should be set up.

Fifthly, constraints and interactions, which defined the characteristics of
the interface kind and character of the interacting surfaces.

Sixth, samples must be loaded and given boundary conditions in order to
determine the kind of loading (mechanical, thermal, electrical, etc.).

Seventh, a predefined parameter is employed to specify the assembly
initial condition with regards to stress, temperature distribution, etc.

Eighth: carrying out and initiating the simulation process.

5.3SEGMENT A: Reference T-Beam Modelling
5.3.1 Geometric Modelling

Flexible modeling provided by ABAQUS environment, accepting files
exported from other applications (like AutoCAD) that employ mutually
compatible but otherwise distinct file extensions. It has always been the norm
in geometrical modeling to produce each piece separately, whether it be a 3D
model, a 2D model, or a 1D model. To add extra complexity, the simulation
status decides which parts are malleable and which are rigid. The four essential
components required for geometric modeling are a concrete T-beam, steel
reinforcement, loading and supporting plates, and a steel fiber concrete jacket.

Every step of production needs to be duplicated in three dimensions, Both
the concrete T-beam and the jacket are subjected to the extraction method, and
then determined an appropriate extraction length for each component, which
involves essentially drawing the T-beam “cross section” or the jacket area in
the X-Y plane. Most often, this method is used for 3D components that have a

flat, longitudinal profile. Ties and other steel reinforcement are represented

122



CHAPTER FIVE Finite Element Modelling and Simulation

using a 1D wire approach to portray flat, flattened surfaces instead of 3D
structures. For simplicity and to reduce the time needed to complete the
analysis, the most well-known procedure for steel bar modelling in concrete
elements is to model them as a wire element. However, while realistic
simulation approach necessitates exact modelling to the actual programmed,
which consisted various adjustments have been proposed by previously
writers. In fact, there are scenarios in which it is necessary to represent steel
bars as 3D objects, such as in the case of the steel concrete interaction is an issue
to discuss. (Figure 5-1) illustrates the adopted procedure for geometrical modeling

of various parts.

a
S Cre

Name:  Part-8
Modeling Space
@30 O 2D Planar O Axisymmetric

Type Options

(® Deformable

O Discrete rigid

= None available
O Analytical rigid

O Eulerian

Base Feature

Figure 5-1: Parts geometrical modelling

5.3.2 Material model and assign section

ABAQUS provides a number of material properties, each of which depicts
the material behavior in a particular simulation setup. In addition, numerous
theories of material failure, applicable to metals, soils, concrete, and so on, are
provided. When modeling concrete, it is common practice to divide the process

into two distinct Segments, the elastic and plastic Segments are the names

given to these states. It is common practice to characterize the elastic Segment
of isotropic resources materials through means of the modulus of elasticity and

Poisson's ratio.
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Two distinct patterns are in effects here:
The Concrete Damaged Plasticity (CDP) and Concrete Smeared Cracks

(CSC) models are two ways to describe the plastic Segment of concrete.

A- ABAQUS Parameter Model of Concrete Damaged Plasticity

Five fundamental criteria are required to establish the CDP model:
dilation angle, surface plasticity flow number, eccentricity, the ratio of biaxial
compressive strength to uniaxial compressive strength, and viscosity. Inelastic
stress versus cracking strain and inelastic compressive strength versus plastic
strain, both superimposed on the cracking strength, (Figure 5-2) illustrates that
extra inputs are required for both the compressive and tensile behaviors, mono-
axial inelastic curves,[97] respectively. A breakdown of the CDP failure

surface properties is shown in (Table 5-1).

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

Parameter | Value Descriptions
Dilation 36 the proportion of the volume change to shear strain
angle for reinforced concrete (30-40)
Ecc 0.1 the flow potential eccentricity, the default value 0.1

the ration between biaxial compressive strength to

*f bo/f cop | 1.16 initial uniaxial strength, its ranged between
1.10t0 1.16
Ke 0.677 the ratio of the second stress invariant on the tensile
meridian
Viscosity 0.01 required when a convergence problem is caused by
Parameter ' softening behavior
E Modula’s of elasticity “varied value depends on f ¢”
v 0.18 Poisson's ratio = Transverse (Lateral) Strain

/Axial (Longitudinal) Strain

* ABAQUS recommended manual
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Figure 5-2: Concrete damage plasticity model: Giovanni Castellazzi,2017

Both the compressive and tensile stress-strain curves for unconfined
materials at room temperature are required for inclusion in the CDP model
(20 °C). These curves may be divided into two parts: an elastic zone with a

low modulus of elasticity and a high Poisson’s ratio, and plastic region with a

low modulus of elasticity and a high critical dislocation pair (CDP). In
concrete, the plastic Segment describes both the tensile and compressive

characteristics.

B- Defining Steel Material Behavior

There are four main stress-strain models used to characterize steel's
behavior: the engineering stress-strain, the true or logarithmic stress-strain
relation, the elastic perfect plastic behavior, and the bi-linear elasto-plastic with
hardening. Reinforcing steel bars (rebars) have an elastic ideal, the study has
developed a flexible attitude and style of behavior. The yielding point, which
IS equivalent to zero plastic strain, must be included in the definition of the
elastic and plastic model if such behavior is to be taken into consideration. In
contrast, the plastic Segment requires at least two places, the yield point and
the rapture point, in order to achieve linear hardening. More than just two
instances of plasticity are needed to characterize the remaining stated relations.
For this research, used the elastic perfect plastic behavior is used instead of the

plastic Segment data that is currently unavailable as presented in (Table 5-2).
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Table 5-2: Behavior model of elastic perfect plastic for Steel

Parameter Selected value
Type Model Theoretical stress-strain behavior
Poisson’s Ratio 0.3
E. MPa Modula’s of elasticity = 200000

at (ambient temperature)

Fy, Yielding stress

Depending on the bar's temperature and
kind.

Where the general stress-strain behavior is illtreated in (Figure 5-3), [98]

°/

fy|... / ,,

/ o
7 — —— True stress-strain diagram

s — — — Engineering stress-strain diagram

Ideal plastic material model

Failure

Limit plastic strain

—>

Figure 5-3: General types of steel stressstrain representation and simplification

By default, ABAQUS necessitates defining a section for each material
shown in (Figure 5-4). Concrete T-beam sections, for example, should be

described as homogenous solids; similarly, the terms "T-beam section” and

"truss section" can be used to define steel reinforcing sections.

Figure 5-4: Section assignment of concrete T-beams and steel bars
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5.3.3 Materials Characteristics and Response Modelling

Different types of concrete mixes (NSLWC and HSLWC) have their
stress-strain behavior at ambient and higher “clevated” temperature predicted.
But these statistical models are constructed with various aspects like aggregate
type, additive type, water-cement ratio, etc.

When LWAC is heated to 250, 500, and 750°C, the compressive strength
decreases by 7%, 28%, and 70%, respectively. However, the absorbed water
content of LECA needs to escape as vapor during heating, but the rate at which
compressive strength decreases is lower in LWAC for a number of reasons
described, including free-water evaporation and thermal stress-induced
fractures. Crack coalescence at the paste-aggregate interface is responsible for
releasing the excess steam pressure generated in the LWAC matrix over
250°C. In this way, the porous network within LECA allowed for a quicker
release of internal pressure before damage could accumulate, reducing the
severity of the impact. Therefore, additional surface fractures and abrupt
spalling accompanied the failure mechanism of the LWAC specimens,[99].

Temperature variations in the compressive stress-strain relation are

depicted in (Figure 5-5).

Strain (in/in)
0.00 0.01 0.02 0.03 0.04 0.05
40 T r T r
—— LWAC (25 °C)
LWAC (250 °C)| 1°
@l . LWAC (500 °C)
| ——LWAC (750 °C)| J4
|
|

20 k- f \ -—43

Stress (MPa)

A A A A A O
0.00 0.01 0.02 0.03 0.04 0.05
Strain (mm/mm)

Figure 5-5: Stress - Strain relation LWAC at different temp.

127



CHAPTER FIVE Finite Element Modelling and Simulation

el Gy

f.

Ey

1 .

P

y |

| (1-dJEy
1

. : £ : >
i . d D A
' =1 & & g £

Figure 5-6: Compressive inelastic strain defined by ABAQUS

ABAQUS/CAE User's Guide,[100] defined Compressive inelastic strain
as presented in (Figure 5-6).
The current study results are consistent with the projected statistical

model for normal and high strength concrete with lightweight clay aggregate.

5.3.4 Assembling Parts

Gathering the manufactured components into the simulation setting is
what the assembly module is for. (Figure 5-7) shows how the long steel bars
for the top and bottom layers and the stirrups are placed and replicated after

the concrete T-beam has been set in place.

Figure 5-7: Part assembling of the concrete T-beam
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5.3.5 Analysis Procedure

ABAQUS offers a number of distinct “steps” of analysis, to accommodate
a wide range of engineering problems. Most engineering uses are suited to the
static stage when the loading frequency is less than one-third of the structure's
inherent frequency or when the kinetic energy is less than five percent of the
internal energy. Over that threshold, researchers must turn to quasi-static
analysis. This kind of study is inadequate for capturing the impact of loading
at a higher frequency. Applications including collision, crashes, earthquakes,
and so on are all possible with the dynamic method. Additionally, heat transfer
analysis process and coupled thermal-displacement analysis are available in
the ABAQUS library to accurately represent the combined influence of
mechanical and thermal loads on the structure. In this research, the non-fire-
exposed concrete T-beam problems have been solved using the static analysis
method. While the heat transfer analysis method is utilized to probe the thermal
distribution on the T-beam cross section.

Other concrete T-beams those are tested after exposing to fire and those

improved with SIFCON jacketing, are analyzed with the static analysis step.

5.3.6 Constrains and Interactions

ABAQUS working environment includes certain helpful tools, including
constraints and interactions. The embedded region constrain is frequently used
and recognized as a powerful constraint type in structural research. To prove
that the embedded portions of steel reinforcement are fully interacted with the
concrete T-beam, these kinds of constrains can be used (the host element). That
IS to say, even under extreme tension, the lengthy rebars and stirrups must not
move. Rigid body constraints are the second most common form of useful
constraints. The loading and supporting plates are of this kind because they are
in deformable and hence the stress state, strain, or displacement is irrelevant to
the simulation. A fixed point of reference must be coupled with the target body

in order to apply the rigid body constrain operation.
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The connection between the concrete T-beams loads and supporting
plates is simulated with the help of the mechanical interaction feature. In
general, the simulation process will not function properly if the surfaces that
are interacted physically are not specified. In this analysis, normal and
tangential features of the commonly used surface-to-surface contact are
utilized.

The normal (hard contact) full bond meaning the first surface cannot
penetrate the second one. The friction between the concrete T-beam and the
steel plates is modeled by assigning the tangential behavior with a penalty or
friction coefficient of 0.4, as recommended for the static. The steel plate, being
the stiffer component, is chosen as the master surface type, while concrete T-

beam is assigned the role of slave surface.

5.3.7 Meshing Properties

The meshing approach is a way for breaking down the simulated objects
into smaller pieces utilizing a variety of geometrical forms and subdivision
algorithms.

After the manufactured components have called elements. ABAQUS 's
library has many distinct sorts of elements, as seen in (Figure 5-8).

Parts in three dimensions (plates, a concrete T-beam, and an SIFCON
jacket), are all modeled using the continuum solid element (C3D8R), While
steel bars are reinforced with a one-dimensional element family (truss).

To create the mesh distribution, a structural mesh algorithmic approach is
applied, element sizes in concrete are 20mm x 20mm x 20mm (8 nodes), steel

reinforcements of the same length are also employed.

The concrete T-beam's produced mesh is shown in (Figure 5-9).
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Figure 5-8: Element types library in ABAQUS
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Figure 5-9: Meshing of the T-beam using structural mesh algorithm techniques

54 SEGMENT B: Modelling the Thermal Distribution on
Concrete Samples

5.4.1 Geometrical Modelling and Assembling
Same techniques and dimensions used in Segment A, are used here this stage.

5.4.2 Material Properties

Concrete strength declines in the same manner as other materials do when
subject to high temperatures, such as in a fire. Therefore, it is vital to
characterize the thermal characteristics of such concrete type since they are
required as input data ABAQUS for heat transfer analysis, in addition to the
chemical bonding and expansion of cement mortar components. Concrete
thermal qualities, including its thermal connectedness, density, and specific

heat, must often be defined. LECA cement, in general, heat is transferred by
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one of three mechanisms: conduction, convection, or radiation. Whenever
there is a direct contact between two or more bodies, heat is transferred
between them. However, convection describes the surface file condition used
to represent the medium effect on the model. A material "emissivity" refers to

its ability to emit heat into its surroundings.

5.4.3 Type of Analysis (Step)

Thermal analysis procedure has been utilized in this Segment to simulate

heat distribution on the fired T-beam.

5.4.4 Constrains, Interactions Properties, and Predefined
Field
The heat transmission from the concrete beam interior to the ambient air

Is modelled by assigning a surface film condition option to the beam sides and
bottom edges. One research started with the washbasin prepared to 20 °C to
simulate the initial environment. The heat amplitude of TH.1 is mapped to
reflect the rise in ambient temperature that occurs as a result of the firing.

The surface film state of concrete is used to illustrate how the model
interacts with its surroundings, whereas conductivity represents the transfer of
heat from one substance (such as steel or concrete) to another.

The Fib modal,[101] code suggests a surface film condition value of 25
for surfaces that have been exposed to fire, whereas for unfired surfaces is 9.

The full model given a reference point with a temperature of 20 °C.

5.4.5 Meshing Techniques and Type Element Solver
Library

In this stage, no mechanical stress has been applied; instead, a temperature
boundary is being applied to the base and sides with an amplitude of TH.1

derived from the experiments.

5.5SEGMENT C: Modelling of Fired Samples Subjected
to Mechanical Loading
5.5.1 Part Modelling and Assembling

Same techniques and dimensions used in Segment A, are used here this stage.
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5.5.2 Materials’ Characterization

(Figure 5-10) displays the stress-strain response of postfire concrete
exposed to uniaxial unconfined compressive stress loading at a range of
temperatures.

When concrete is heated to very high temperatures, it loses a lot of its
characteristics, not just its compressive strength, but also its strain at maximum
stress and secant modulus of elasticity. At higher temperatures, the material's
brittleness decreases and it becomes more ductile; also, the deterioration
Segment of its behavior gets more pronounced.

60
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0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
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Figure 5-10: Concrete stress — strain behavior under elevated temperatures

Accordingly, (Figure 5-11) displays the normalized residual compressive
strength and elastic modulus of lightweight concrete. The offered figure makes
it evident that, at temperatures below 150 °C, both f "c and Ec values decrease
slightly.

Further, at 300 °C, 10% of the concrete compressive strength and 28% of
its elastic modulus values are lost, with the residual values for f "¢ and Ec
reaching 22% and 54% at 650 °C.

In contrast, peak stress normalized strains in concrete are shown in (Figure

5-12), until 150 °C, strain increases at a relatively slow 10%; however, once
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over this point, the strain increases at an exponential pace, first to 81% at 300
°C and then to around 181% at 600 °C.

It is worth mentioning that (Dabbaghi et al.,2021b),[102] has covered in
his research, concrete behavior till temperature 750 °C. Where, at such point,
the residual f 'c and Ec values are approximately 12.8% and 34%, respectively.
while to strain corresponding to the peak stress is increased about three times the
value at ambient temperatures.
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400 600 200

Temperture, C

Figure 5-11: Normalized Values of the residual f ‘cand Ec for concrete subjected to
high temperatures (Dabbaghi et al.,2021b)
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Figure 5-12: Normalized Value of the concrete strain correspondedtothe f “c
(Dabbaghi et al.,2021b).

The performance of concrete suffers as a whole when subjected to
prolonged heating and exposing. Compressive strength loss in concrete due to

heat has been documented by several studies. At high temperatures, the
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residual compressive strength of concrete is shown in (Figure 5-13). It is clear
from the preceding diagram that most studies of concrete residual strength are
conducted with only small changes in experimental conditions up until a
temperature of 300 °C. When this threshold is exceeded, a wide range of
residual strength variations (between 43% and 70%) in the concrete are
discovered. In addition, studies are similar up to 600 °C (Dabbaghi et

al.,2021b),[103].

1.2
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Temperture,
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—8— Hertz

Figure 5-13: Normalized concrete compressive strength at high temperatures
(Dabbaghi et al.,2021b)

5.5.2.1. Steel Reinforcement Behavior at Ambient and
Elevated Temperatures

Using numerical validation of the experiments, we may infer that the steel
reinforcement temperature is around 394 °C in the most extreme instance.
Several studies and guidelines have found that heating steel to 400 °C does not
noticeably lower the yield stress point. As compared to the elastic modulus,
which does not undergo any change even at these temperatures.

Following the explanation provided in (Figure 5-14), These researchers
followed Lie's,[104] recommendation and used the residual elastic and yield
strength of steel bar reinforcement. As shown, at 300 °C, a steel bar's residual

normalized yield strength is around 76% and its initial elastic modulus is
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around 91%, but at 600 °C, these values drop to around 33% and 72%,
respectively. The rate of weakening is greater than that of the elastic modulus,
which has been measured. Steel reinforcement, when heated to temperatures
close to 500 °C, loses roughly 19% of its elastic modulus and nearly 50% of

its yield strength.

Normalized value

Temperture, C

Figure 5-14: (Lie, 1972) calculated residual Fy and E values for steel bars heated
to extreme temperatures.

5.5.2.2. Concrete Poisson’s Ratio at Elevated
Temperatures

It’s found in many literatures that the Poisson ratio value of concrete
specimens is significantly reduced after being subjected to high temperatures.
Experiments on the effects of high temperatures on the behavior of concrete
were conducted. It can be observed in (Figure 5-15) and the suggestion of a
statistical model that the ratio of Poisson’s decreases with increasing
temperature (Bahr et al., 2013),[105].
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Figure 5-15: Concrete Poisson’s ratio at high temperatures (Bahr et al., 2013).
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5.5.3 Type of Analysis

This simulation Segment involved modeling the combined impact of
thermal and mechanical loads by transient coupled temperature-displacement
analysis. In this context, it's important to note that the maximum safe
temperature per the increment was established at 20°C to prevent
uncontrollable temperature swings and rifts in the simulation. Analysis was
used to simulate the coupled effect of thermal and mechanical loading. It is
worth mentioning that, the maximum allowable temperature per increment was
set to 700°C, to avoid excessive change and disseverance issues during

performing the simulation.

5.5.4 Meshing Techniques and Element Type

At this Segment of the modeling process, all aspects of the model
including element form and meshing distribution algorithm were carried over
from Segment A with the exception of the element type (solver). Element types
of C3D8R and T3D2T were used for concrete and steel reinforcement,

respectively, to solve and account for both mechanical and thermal loads.
5.5.5 Predefined Fields

This model makes advantage of a preset option to incorporate the impact
of fire on a concrete T-beam. Setting the fired samples' initial temperature
distribution using the initial state option. This makes it easier to redistribute
the strength qualities of concrete in a way that's in line with the profile's
temperature. Researches recollect the firing model output results files (ODB)

received in Segment B in preparation for Segment D.

5.6 SEGMENT D: Modelling of The Improvement of
Concrete T-Beams Using SIFCON Jacketing
5.6.1 Geometrical Modelling and Assembling

For geometric modeling, the T-beam and steel reinforcement were both
measured in the same units as everything else save the jacketing. Concrete T-

beams of the same length were modeled in three dimensions using an
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extraction technique see (Figure 5-16). It is also important to note that the
lengths of the supporting and loading plates were extended to accommodate

the wider dimensions of the new concrete T-beam.

A

A

z X

Figure 5-16: SIFCON jacket layer part along the three faces of the concrete

5.6.2 Stress Strain Relations of SIFCON Material

In particular, the addition of tiny steel fibers to the mix causes high
strength concrete to behave differently from normal concrete. Under
monolithic, uniaxial compressive and tensile stress, the stress strain behavior
of a SIFCON combination is depicted as in (Figure 5-17),[60]. The high
ductility and stronger ability to resist loading provided by the abundant steel
fiber causes the strain at the point of maximum stress to approach (0.02).

ABAQUS stress strain data was refined, and its elastic Segment was
isolated. A previously utilized model in concrete characterization (concrete
damaged plasticity) was applied for the plastic Segment behavior, giving rise
to a definition of the elastic modulus as an elastic isotropic model. The 3D
jacket was then given the material property. All the other components, such as
the concrete T-beam and the streel reinforcement, were set in place as

described in Segment C.
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Figure 5-17: Unconfined, uniaxial loading and tensile stress in SIFCON
and the resulting stress-strain behavior

5.6.3 Meshing

For the improved models, this step employs the same meshing methods,
element shapes, sizes, and types as Modeling Segment C. the size of the part
in the direction opposite to the jacket thickness.

As shown in (Figure 5-18), in order to provide more precision in the final
product, the dimensions of the allocated elements were set at 4 mm in this

direction.

Figure 5-18: SIFCON jacket strengthening model meshing
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5.7Finite Element Method Result

In this chapter, looked at how finite element modeling with ABAQUS
software may be used to simulate experimental work by studying the behavior
of different types of specimens under varying situations.

Validation Results of NSLWC and HSLWC at Ambient Temperatures
(segment A) and Validation of distribution Temperature - Time Along T-beam
and Simulation Outcomes at damage burning stage (segment B), compared
with experimental data before and after fire, as well as before and after the
enhancement “repairing” with the SIFCON jacketing process.

According to the curve behavior of numerical and experimental results for
“ultimate load-midspan deflection”, it shows that they are similar in (N-C-O,
H-C-0, N-F15-0, N-F30-0 and lastly H-F30-0 “which shown failure in elastic
area”) T-beam samples, as presented in (Figure 5-19), (Figure 5-21), (Figure
5-25), (Figure 5-27), and (Figure 5-31).

Validation of time — temperature distribution along T-beam cross section
for both NSLWC and HSLWC gave the result of heat transfer were remarkably
similar to those obtain from experimental work as shown in (Figure 5-23) for
NSLWC and (Figure 5-24) for HSLWC respectively.

Then in segment C (validation for the post fire treated NSLWC and
HSLWC T-beam with repairing by SIFCON jacket) which show match load -
deflection curved up to (7, 6.7, 10.4, 8.5, and 9.4) mm for (N-F15-S2, N-F15-
S3, N-F30-S2, N-F30-S3, and H-F15-S3) respectively. While lastly H-F30-S3
shows that there is a gap in the curve line path. However, it shown matches up
to 10.2 mm deflation, while in H-F15-0 there is a noticeable variation between
experimental and numerical behavior in curve “small variation” as well as a
huge noticeable variation between experimental and F.M.E curve in H-F15-S2
starts as a slide and contract at 148 kN, another different behavior is shown
with H-F30-S2 which indicates matches curves only in elastic area up to 4 mm

deflection distance.
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These results are shown in (Figure 5-33), (Figure 5-35), (Figure 5-37),
(Figure 5-39), (Figure 5-41), (Figure 5-43), (Figure 5-45), and (Figure 5-47)
respectively.

The absolute error “variation” between the experimental and numerical
results was calculated Concisely summarizing in (Table 5-3), and (Table 5-4).

Table 5-3: NSLWC summary results

Max Max
Ultimate | Ultimate | Deflection | Deflection Difference Difference
Specimen Load Load at Mid- at Mid- in load in
Identification (kN) (kN) span span % " | deflection,
EXP. FEA (mm), (mm), %
EXP. FEA
N-C-0 243.5 255.08 22.64 22.28 4.75 -1.59
N-F15-0 232.1 243.57 19.25 21.6 4.93 12.21
N-F15-S2 265.2 292.83 12.19 12.85 10.43 5.41
N-F15-S3 301.2 344.24 17.21 18.18 14.28 5.64
N-F30-0 206.7 201.82 18.76 21.28 -2.35 13.43
N-F30-S2 280.2 285.72 10.76 11.31 1.97 5.11
N-F30-S3 330.9 372.96 14.48 15.56 12.71 7.46
Table 5-4: HSLWC summary results
Max Max
Ultimate | Ultimate | Deflection | Deflection Difference Difference
Specimen Load Load at Mid- at Mid- in load in
Identification (kN) (kN) span span % " | deflection,
EXP. FEA (mm), (mm), %
EXP. FEA
H-C-0 270 276.34 15.37 16.54 2.35 7.61
H-F15-0 247.9 248.86 15.27 15.87 0.39 3.93
H-F15-S2 303.5 309.43 8.93 9.7 1.95 8.62
H-F15-S3 354.7 381.75 10.37 11.81 7.63 13.89
H-F30-0 233.8 229.81 12.86 14.42 -1.71 12.13
H-F30-S2 325.9 294.4 16.93 18.1 -9.67 6.91
H-F30-S3 359.3 364.87 16.62 17.81 1.55 7.16

The tables shows that the lowest and highest absolute errors “variation”
in load bearing capacity determined for the specimens were around 1.97% and

14.28% respectively, for NSLWC and around 0.39% and 9.67% respectively,
for HSLWC.
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Figure 5-19: N-C-0 Experimental and Finite Element Method Load-Deflection
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Figure 5-20: T-beam N-C-0 deflection and principal stress distribution for

concrete and steel reinforcement
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Figure 5-21: H-C-0 Experimental and Finite Element Method Load-Deflection
Curve Comparison
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Figure 5-22: T-beam H-C-0 deflection and principal stress distribution for
concrete and steel reinforcement

143



CHAPTER FIVE Finite Element Modelling and Simulation

900 Comparison of FEM & Exp. Temp. distribution
of NSLWC for 30 min. fired
800 ——150-834
—4— Bottom point TH.1
700 - (FEM)
Pt TH.1-flame (Exp.)
600 - Z
g —— At reinforcement
g 500 - /," — TH.2 (FEM)
g 4 __ —+—TH.2-steel (Exp.)
& a00 | —
2 r 4 ——Top of the T-beam
! TH.3 (FEM)
300 !
// —8—TH.3-3/4 span
(Exp.)
200 1 / At the center of the
, _ r T-beam TH.4 (FEM)
100 / < P —#—TH.4-mid span
P o (Exp.)
0 4 T T T T T T T T T 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (sec.)
Figure 5-23: Comparison of FEM & Exp. Temp. distribution
of NSLWC for 30 min. fired
000 - Temp. distribution of HSLWC for 30 min. fire
(FEM VS Expreimental)
800 | ——150-834

—4—Bottom point Th.1
700 - (FEM)
TH.1-flame (Exp.)

(=]
(=]
(=]

|\

—— At reinforcement
Th.2 (FEM)
—#—TH.2-steel (Exp.)

—i—3/4 Depth Th.3
(FEM)
—8—TH.3-3/4 span (Exp.)

Temperature (°C)

Center depth Th.4

w (FEM)
> ~+—TH.4-mid span (Exp.)

T
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time (Sec.)

Figure 5-24: Comparison of FEM & Exp. Temp. distribution
of HSLWC for 30 min. fired
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Figure 5-25: N-F15-0 Experimental and Finite Element Method Load-Deflection
Curve Comparison
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Figure 5-26: T-beam N-F15-0 deflection and principal stress distribution for
concrete and steel reinforcement
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Figure 5-27: N-F30-0 Experimental and Finite Element Method Load-Deflection
Curve Comparison
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Figure 5-28: T-beam N-F30-0 deflection and principal stress distribution for
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Figure 5-29: H-F15-0 Experimental and Finite Element Method Load-Deflection
Curve Comparison
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Figure 5-30: T-beam H-F15-0 deflection and principal stress distribution for
concrete and steel reinforcement
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Figure 5-31: H-F30-0 Experimental and Finite Element Method Load-Deflection
Curve Comparison
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Figure 5-32: T-beam H-F30-0 deflection and principal stress distribution for
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Figure 5-34: T-beam N-F15-S2 deflection and principal stress distribution for
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Figure 5-35:N-F15-S3 Experimental and Finite Element Method Load-Deflection
Curve Comparison
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Figure 5-36: T-beam N-F15-S3 deflection and principal stress distribution for
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Figure 5-38: T-beam N-F30-S2 deflection and principal stress distribution for
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Figure 5-42: T-beam H-F15-S2 deflection and principal stress distribution for
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Figure 5-43: H-F15-S3 Experimental and Finite Element Method Load-Deflection
Curve Comparison
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Figure 5-44: T-beam H-F15-S3 deflection and principal stress distribution for
concrete and steel reinforcement
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Figure 5-46: T-beam H-F30-S2 deflection and principal stress distribution for
concrete and steel reinforcement
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Figure 5-48: T-beam H-F30-S3 deflection and principal stress distribution for
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Figure 5-50: T-beams of HSLWC ultimate load, compared
(experimentally and numerically)

The minimum and highest absolute errors “variation” for the specimen’s
deflection that matched the maximum load were, respectively, 1.59% and
13.43% for NSLWC and 3.93% and 13.89% for HSLWC.
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Figure 5-52: Midspan deflection comparison (experimental and numerical) data
for HSLWC T-beams

Contour maps which include (T-beam deflection and principal stress
distribution for concrete and steel reinforcement) for research study specimen
(N-C-0, H-C-0, N-F15-0, N-F30-0, H-F15-0, H-F30-0, N-F15-S2, N-F15-S3,
N-F30-S2, N-F30-S3, H-F15-S2, H-F15-S3, H-F30-S2, and H-F30-S3)
respectively, are shown in (Figure 5-20), (Figure 5-22), (Figure 5-26), (Figure
5-28), (Figure 5-30), (Figure 5-32), (Figure 5-34), (Figure 5-36), (Figure 5-38),
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(Figure 5-40), (Figure 5-42), (Figure 5-44), (Figure 5-46), and (Figure 5-48)
respectively, while (Principal strain for T-beam and steel reinforcement) is
illustrated in Appendix as shown in (Figure A-1), (Figure A-2), (Figure A-9),
(Figure A-10), (Figure A-11), (Figure A-12), (Figure A-13), (Figure A-14),
(Figure A-15), (Figure A-16), (Figure A-17), (Figure A-18), (Figure A-19), and
(Figure A-20) respectively.

In the light of this and given that the projected errors were fewer than
15%,it can be concluded that, in comparison to other researchers'

investigations, the simulation procedure was successful and accurate,[60].

There appears to be a good agreement between the experimental data and the
model predictions. As a result, the created model may be conveniently used to

the parametric examination of the contested T-beam analysis.

159



Chapter SIX

Conclusions

and
Recommendation



CHAPTER SIX Conclusion and recommendations

6.1 Conclusions the Results
6.1.1 Material Properties Conclusions

The following conclusions were concluded based on the overall results of
the experimental work:

1- Structural lightweight concrete made using LECA aggregate satisfies
the criteria of the standards codes of ACI 213R-14 and having an
average oven dry density of 1977 Kg/m® and an average cylinder
compressive strength of 31.5 MPa.

2- Expanded clay as a lightweight aggregate has been tested for its physical
qualities using the standards set out by ASTM C 330.The results of the
laboratory testing indicate that it is effective and can be utilized to make
lightweight concrete.

3- When comparing the density of lightweight aggregate concrete to the
formulas of ACI318, 2014, it is important to take into account the
developed equations between mechanical properties.

4- After using ABAQUS for finite element modelling to determine the
absolute deviation between experimental and numerical data, we find
that the simulation procedure was successful within an error of 15%.

5- High accuracy in the modelling method was confirmed by numerical
validation using the ABAQUS programmed of experimental data on
load bearing capability of the reference T-beam, fire damage, repairing

damaged T-beam and detailed temperature distribution.

6.1.2 T-beam Actions Conclusions

Based on the overall results obtained from the experimental work, the
following conclusions can be drawn:
1- A flexural failure was seen for all T-beams, which was expected.
2- About a 33.87% temperature difference was observed between the
midpoint and the periphery of the T-beam cross section. Although there

was a temperature disparity of 74.24% between the spots on the steel
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bars and the concrete center.

The concrete T-beams with a 30-minute firing time had a lower cracking
load (service loading) compared to the reference T-beam by 54%-67%.
However, when fire-damaged T-beams were strengthened with a
SIFCON jacket layer, the result was an improvement that was superior
to the reference T-beam by a factor of 2.98-3.27 for a jacket thickness
of 15 mm and by a factor of 2.96-5.73 for a jacket thickness of 30 mm.
For T-beams HSLWC, the 30 min. fire damaged T-beams showed a
significant drop in load capacity of roughly 34.1%, in comparison to the
undamaged T-beam.

The experimental results demonstrated that, 30 min. fire damage has a
major impact on the ductility. In contrast to the un-strengthened
(damage) T-beam, strengthening T-beam increased its ductility index by
roughly 9.9% and 21.5% for T-beams repairing with 15 mm and 30 mm
SIFCON jacket, respectively.

Damaged T-beams absorbed about 54% less energy than their
undamaged counterparts after 30 min. in the fire, and damaged T-beams
reinforced with 15 mm and 30 mm SFICON absorbed about 38% more
energy than their undamaged counterparts.

The experiments revealed that firing samples for 30 min. reduced the
initial stiffness values by around 26%. The rigidity of the reinforced
members is expected to be between 3 and 3.5 times that of the damaged
members before reinforcement, and 2.25 times that of the undamaged

(reference T-beam)
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6.2 Recommendations for Future works

The following are some ideas that might be taken into account as future

research:

1

O-

Using lightweight aggregate in place of all or some of the natural fine
sand in the production of structural lightweight concrete.

Using the plastic waste material as coarse aggregate in mater expected
to be subjected to fire due to properties of melting and fill crack at high
temperature.

Examine how high-performance lightweight aggregate concrete behaves
structurally.

Look at the performance of lightweight aggregate concrete that has been
strengthened with carbon fiber reinforced polymer (CFRP) bars.
Consider the structural behavior of a T-beam cast from continuous
lightweight aggregate concrete.

Look at the structural performance of a prestressed T-beam made of
lightweight aggregate concrete.

Shear failure in structural lightweight aggregate concrete T-beams is a
topic that should be looked into.

Determine how the addition of steel fibers to RLAC T-beams impacts
their performance in terms of shear strength.

Examine the response of both a normal weight and a lightweight

aggregate concrete T-beam under a dynamic load.

10- Spalling can be prevented or at least mitigated by including

polypropylene fiber into the concrete mix, which expands to fill cracks

due to its melting properties under fire.

11- Use Scoria lightweight aggregate instead of LECA.
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Appendix

Al Appendix
(According to ACI 318M-19,[18]) Analyzed of Lightweight Reinforced

Concrete T-beam was done.

A.2 T-beam dimensions:

Total span = 1500 mm, center-to-center span length = 1300 mm, height =
250 mm, effective depth = 227.5 mm, beam width = 250 mm, beam depth =
100 mm, and cover thickness = 10 mm.

A.3 Min. reinforcement ratio

a<hf
> Fx=0
As*Fy=085*f c*b*a

4x 2*(12)2*576* 1076
a= * 1000 = 45.63 mm
0.85%26.87%0.25

4% 2x(12)2
p=As 2 BT 60905
bxd 250200

0 max = 0.85 * By * (£ ¢/Fy) * (Ecu/(Ecu+0.004))

26.87 0.003

pmax = 0.85x 0.85 x — + o oos - 0-01444
bw \/_c bw
Pmm-max[— ] [rFy*T
pmin=max ==+ ~22 or [X222 « 233 = 0,00097 or 0.00089
576 250 4%576 250
P min = 000097

P min<p = 000905<pmax O.K

A.4 Flexure calculation

Mu=®*p*b*d?*(L—0.59* p* Fylf c)

Mu = 0.9 * 0.00905 * 0.25 * 0.22 * (1 - 0.59 * 0.00905 * ) * 10°

Mu = 41.55 kN.m
Mn = Mu/1 (Due to analysis purpose) = 41.55/0.9
=46.16 KN.m
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A.5 Shear calculation

41.55 * 103 = 237.5 Pu
Pu = 174.5 kN
Vu . d=p/2=87.47 kN

Ve =YL %y * g * 107
6

Ve = 43.19 kN

4%\ = 172.787

2*\Vc =86.3938
Vs =73.43 kN

A.6 ABAQUS Appendix

The FEM result of strain behavior for sample are:

PE, Max Frincipal (Abs)

(g T55) Principal strain N-C-0 T-Beam

+3.937e.02
+3.375e-02
+2.812e-02
+2.250e-02
+1.687e-02
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+5.fizde-03
+0.000e+00

T

2ol

PE, Maz. Principal (4bs)

(4 73%) Principal strain Steel N-C-0

+3.385e-02
+2.880e-02
+2.3T4e-0Z
+1 EA%-02
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Figure A-1: Principal strain of the T-beam and steel reinforcement, N-C-0
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PE, Max Principal (44bs) o .
(Awg 73%) Principal strain I1-C-0 T-Beam

+3 87502
+35.03e-02
+4.185e-02
+3.356e-02
+2.517e-02
+1.678e-02
+5.300e-03
+0.000e+00

PE, Max. Frincipal (Abs)
(g 75%) Principal strain Steel H-C-0

+5 217e-02
+4.446e-02
+3.675e-02
+2.903e-02
+2.132e-02
+1 561e-02
+5.804e-03
-1.819e-0%

_-jl

Figure A-2: Principal strain for H-C-0 T-beam and steel reinforcement
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Figure A-3: Time- temperature distribution of NSLWC for 15 min. fire burning
along the T-beam cross section
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Temperature
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Temp. distribution of NSLWC for 30 min. Fire
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Figure A-4: Time- temperature distribution of NSLWC for 30 min. fire burning

along the T-beam cross section
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Figure A-5: Comparison of FEM & Exp. Temp. distribution

of NSLWC for 15 min. fired
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800 - Temp. distribution of HSLWC for 15 min. fire
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Figure A-6: Time- temperature distribution of HSLWC for 15 min. fire burning along
the T-beam cross section
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Figure A-7: Time- temperature distribution of HSLWC for 30 min. fire burning along
the T-beam cross section
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Figure A-8: Comparison of FEM & Exp. Temp. distribution
of HSLWC for 15 min. fired
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Figure A-9: Principal strain (concrete and steel) of N-F15-0
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PE, Max Principal (4bs)

(g 75%) Prmcipal strain N-F30-0 T-Beam
+3.83%-02
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+2742e-02
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+1.645e-02
+1.097e-02
+5 48505
+1.000+00

24—1

PE, Max. Principal {4bs)

(g T5%6) Principal strain N-F30-0 Steel
+3.405e-02
+2.905e-02
+2.405e-02
+1.905e-02
+1.406e-02
+3.0556-03
+4.02¢-03
-0.3606-04

j

Figure A-10: Principal strain of N-F30-0
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Figure A-11: Principal strain of H-F15-0
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(g 75%) Principal strain H-F30 steel T-beam

Figure A-12: Principal strain of H-F30-0
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+4 470e-02
+3.827e-02
+3.184e-02
+2.541e-02
+1.898e-02
+1.255e-02
+6.117e-03
-3157e-04

T

2ot

PE, Maz. Principal (&bs)
(g 75%4) Principal strain Steel N-F15-52
+3.534e-02
+2.998e-02
+2.461e-0Z
+1.925-02
+1.335e-02
+8.51%-03
+3 154e-03
-2.211e-03

Figure A-13:Principal strain for T-beam N-F15-S2
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PE, Mazx Principal (4hs)

(A"E'zf’gﬂz)ﬁe o Principal strain N-F15-S3 T-Beam
+3.275e-02
+2.724e-02
+2.172e-02
+1.621e-02
+1.070e-02
+5.188e-03
-3.235e-04

s od

PE, Max Principal (Abs)
(g T56) Principal strain Steel N-F15-S3
+2 7ide-02
+2.332e-02
+1.901e-02
+1.46%e-02
+1.037e-02
+i.056e-03
+1740e-03
-2577e-03

k4

e
Figure A-14:Principal strain for the N-F15-S3 T-beam

PE, Max. Principal (Ahs) . . .
(Avg 75%) Principal strain N-F30-S2 T-Beam
+5.310e-02
+4 545202
+3781e-02
+3.017e-02
+2.252e-02
+1 48802
+7.235e-0%
-4 087e-04

24—1

PE, Max Principal (4hs)
(g, 7573) Principal strain Steel N-F30-52
+4.295e-02
+3.650e-02
+3.005e-02
+2 3d0e-02
+1715e-02
+1.070e-0Z
+4,248-03
-2.200e-03

¥

e
Figure A-15:Principal strain for the N-F30-S2 T-beam
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PE, Max Principal (&bs)
(Avg 75%) Principal strain T-Beam N-F30-S3
+5 fifi3e-02
+4 §49e-02
+4 036e-02
+3.222e-02
+2.408e-02
+1.595e.02
+7.80%-0%

by

24—1

PE, Maz Principal (4b5)

(Avg: 75%) s . I _‘
4 2002 Principal strain Steel N-F30-S3
+3.630e-02
+2.9736-0
+231%-01
+1.380e-01
+1.003e-02
+3450-03
-3.1108-03

T

ZQ—I

Figure A-16:Principal strain for N-F30-S2 T-beam and steel reinforcement

PE, Max Principal (4bs) o .
Principal strain H-F15-S2 T-Beam

PE, Max Principal (Abs)
(Ave Z;gz)l " Principal strain Steel H-F15-S2
.
+4 527e-02
+3.733e-02
+2.939e-02
+2.145e-02
+1.351e-02
+5 573e-03
-2.367e-03

Figure A-17: Principal strainfor H-F15-S2 T-beam and steel reinforcement
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Appendix

PE, Max Principal (4bs)
(Avg T5%:) Principal strain H-F15-S3 T-Beam

PE, Max Principal (Ahs) o )
(Avg T5%) Principal strain Steel H-F15-S3

0.055
0.046
0.033
0.030
0.013 =
0.005 ’ .|
-0.003 -

Figure A-18: Principal strain for H-F15-S3 T-beam

PE, Max Principal (&bs) X
(Avg 75%) Principal strain H-F30-S2 T-Beam

PE, Max. Principal (Abs) o )
(Avg 75%) Principal strain Steel H-F30-S2

0.056
0.047
0.039
0.031
0.023
0.014
0.006
-0.002

Figure A-19: Principal strain for the H-F30-S2 (T-beam and SIFCON) and Steel
reinforcement
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PE, Max. Principal (&bs)
(g 75%4) Principal strain H-F30-5S3 T-Beam

PE, Maz Principal (Abs)
(Avg T5%6) Principal strain Steel H-F30-S3

0.057
0.048
0.040
0.031
0.023
0.014
0.006
-0.003

Figure A-20: Principal strain for H-F30-S3 (T-beam and SIFCON) and Steel
reinforcement
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