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ABSTRACT

The present study includes an experimental and numerical investigation of
high strength-lightweight reinforced concrete one-way ribbed slabs behavior.
The experimental program consists of testing twenty-one of one-way reinforced
concrete slab specimens. These specimens were split into two groups according to
the type of loading. Fifteen were tested under static load (two-point load), and
others were tested under dynamic load (harmonic load). The slabs in the first group
that were tested under static load were divided into six subgroups according to the
type of concrete; high strength-lightweight concrete (HSLWC), high strength-
normal weight concrete (HSNWC), normal strength-lightweight concrete
(NSLWC), or normal strength-normal weight concrete (NSNWC); steel fibers
volume fraction ratios, steel reinforcement ratios of ribs, the geometry of section
(number of ribs) at same HSLWC volume, ribs spacing, slab type; ribbed or solid
slab with approximately same HSLWC volume and different steel ratios.
Meanwhile, the second group that was tested under dynamic load was divided into
four subgroups according to the type of concrete; steel fibers ratios, the geometry
of section, and slab type. Also, cubes, cylinders, and prisms for each batch mix
were tested to determine the concrete's physical and mechanical characteristics.
Based on the findings of experimental testing, it is concluded that the HSLWC
with an average cylinder compressive strength of about 42.2 MPa, the average
oven-dry density of 1943 kg/m?, and the thermal conductivity of about 0.81W/
(m.K) can be produced by using pumice stone with additive materials (sugar
molasses, superplasticizer, and micro silica fume). The average cylinder
compressive strength, oven-dry density, and thermal conductivity in comparable
HSNWC are 58 MPa, 2408 kg/m?3, and 1.435 W/ (m.K), respectively.
It was found that the HSLWC ribbed slab specimen has a lower; total weight,
ultimate load capacity, and deflection by the amount of 19%, 17.70%, and 17.33%,
respectively, in comparison with the HSNWC slab specimen that was tested under
static load. Consequently, the structural efficiency of HSLWC slab specimens had
superiority over HSNWC, NSLWC, and NSNWC slabs by about 1.04%, 5.80%,
and 19.16%, respectively.
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Moreover, reducing the spacing between the ribs from 200mm to 180mm and
150mm increased the ultimate load by 8.33% and 17.97%, respectively.
Furthermore, using HSLWC ribbed slab instead of HSLWC solid slab increased
the ultimate load and structural efficiency by 130.37% and 125.72%, respectively,
while the deflection decreased by 3.99%.

On the other hand, changing the number of ribs at the same HSLWC volume did
not give a significant difference in strength capacity but gave economic benefit by
reducing the fabrication cost of shear reinforcement.

However, it was found that the addition of steel fibers with the ratio of 0.5% and
using a ribs reinforcement ratio of 0.44% in HSLWC ribbed slabs led to overcome
on the strength reduction due to using HSLWC instead of HSNWC.

The experimental results of slab specimens under the effect of dynamic load
showed that using HSLWC ribbed slab with 3-ribs decreased the average
displacement amplitude at frequencies ranging from 5 to 50 Hz by 13.44% and
35.10% compared with HSNWC and solid slabs, respectively. Contrarily, using 1-
rib and 0.25% steel fibers of HSLWC ribbed slabs decreased the average
displacement amplitude by 54.03% and 15.54%, respectively, compared to the 3-
ribs HSLWC slab.

Finally, the results of the comparison between the finite element analysis
conducted using ABAQUS/2019 and the results of the experimental work
presented reasonable validity where a maximum variation of the ultimate load and
deflection was about 21.01% and 14.52%, respectively, for specimens under the
effect of static load. Meanwhile, the maximum variation of the displacement
amplitude of about 30% for specimens under the effect of the dynamic load. The
parametric study of the present work involved numerical analysis to find the
natural frequency and vibration modes. The effects of increasing operation
frequency, support conditions, and spacing between the ribs on the behavior of
one-way slabs under dynamic load.
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Introduction



Chapter One: Introduction

1.1 Introduction

A concrete slab is one of the main structural members in buildings,

which is considered as the largest member consuming of concrete.

The main limitation of slab design in the construction of a
reinforced concrete structure is the span between columns; a greater span
between columns necessitates more supported beams and/or increased
slab thickness; these requirements lead to an increase in the structure
weight due to additional concrete and steel which make the structure

more costly.

On the other hand, any increase in the structure's self-weight limits
the horizontal slab's span, increases the structure's stress, and raises the

inertia forces that must be resisted according to seismic considerations
[1].

For a long time, lightweight aggregate concrete (LWAC) has been
effectively utilized for structural applications. The density of lightweight
concrete (LWC) is sometimes more essential than its strength in structural
applications. For structural design and foundations, the dead load is
reduced when the density is lower for the same strength level. There is a
trend toward using higher strength for light-weight concrete (LWC) than

for normal-weight concrete (NWC).

Several types of research and experimental studies were conducted to
investigate other types of lightweight slabs by considering the above-

mentioned conditions. One of these types was a ribbed slab.



The reinforced concrete ribbed slabs have become increasingly popular in
the construction of industry as an alternative to solid slabs in building

structures.

The ribbed slab was designed to reduce building costs, and in the last few
years, these ribbed slabs have grown in popularity due to their cost
savings [2]. The most important benefit of the ribbed slab is that it
contributes to more sustainable construction by reducing the amount of

concrete used.

1.2 High Strength Concrete

High-strength concrete (HSC) is known as concrete with a

compressive design strength of 55 MN/m?or more [3].

Despite the fact that HSC is frequently seen as a new material, it has
gradually developed over many years. The minimum strength range of
HSC changes with time and geographic area and is determined mainly by
the availability of raw materials, technical know-how, and industry
demand. Concrete strength had gradually increased since the 1950s when
it was 34 MPa; in the 1960s, (41-52) MPa, in the early 1970s, 62 MPa
concrete was the product. In recent years, the rapid development in
concrete technology that made HSC has higher compressive strength [3].
HSC has a number of advantages over conventional concrete (CC). The
HSC is suitable for compression members such as piles and columns.
Concrete having a greater compressive strength reduces the size of the
column and increases existing floor space. In the structures like folded
plates, domes, arches, and shells, where significant in-plane compressive
stresses exist, HSC can also be used effectively. The considerably higher
compressive strength of a structure with HSC will help lessen the total
dead load on the foundation. Furthermore, the fundamental procedures of
HSC provide a dense microstructure, making ingress of harmful
2



chemicals from the environment impossible to enter the core of the
concrete, hence improving the structure's performance as well as long-
term durability [4].

1.3 Lightweight Concrete (LWC)
LWC is a special concrete that has weights lighter than CC. It may be

made with an oven-dry (O.D.) density range of about 0.3 t/m® to 2 t/m?
[5]. There are three types of LWC; Figure (1-1) shows the principal
methods to produce types of LWC.

Replacing either wholly or partially, natural aggregates in a
e concrete mix with aggregates containing a large proportion of

voids (Lightweight Aggregate Concrete).

Including bubbles of gas in a cement paste or mortar matrix to
cluding form a cellular structure containing approximately 30-50 %

voids (Aerated or Foamed Concrete).

Omitting the finer fraction of normal weight aggregate to

Production Methods of LWC

create air-filled voids (No-Fines Concrete).

Figure (1-1) Lightweight concrete types

1.3.1 Lightweight Aggregate Concrete (LWAC)

The important characteristic of lightweight aggregate (LWA) is
distinguished by its high porosity, which leads in a low specific gravity,

big water absorption, and low strength.

LWA can be either natural or artificial materials. Natural LWA can be
found in several regions of the world. Only mechanical treatment is
required to make this aggregate ready for usage (crushing and sieving).
Diatomite, pumice, scoria, volcanic cinders, and tuff are the primary

aggregates categorized in this group [6], [7].



Thermal treatment of naturally occurring materials or waste materials

from industrial processes results in artificial LWA production [7].

The natural resources utilized to manufacture LWA in the second
category are as follows: vermiculite, perlite, slate, clay, shale, etc. On the
other side, the industrial by-products used to produce LWA are Lytag
(commercial name of sintered pulverized fuel ash), blast furnace slag
(BFS), industrial waste, sludge, etc. [7].

1.3.2 Aerated Concrete and Foamed Concrete

Aerated, cellular, gas, or foamed concrete contain voids
intentionally incorporated into the cement paste at the hardened state or
mortar matrix, resulting in a cellular structure that has less density. These

concretes will be split into two varieties, namely aerated and foamed [5].
1.3.2.1 Aerated Concrete

Aluminum powder (AP) is usually used to make gas (hydrogen)
bubbles in cement paste or mortar matrix that is crafted from Portland
cement of the right consistency. The amount of AP used is about 0.2
percent of the weight of the cement. AP reacts with alkalis and calcium
hydroxide (Ca (OH),), which are dissolved in the solvent to make
hydrogen bubbles [5]. This type of concrete is designed for factory

production.
1.3.2.2 Foamed Concrete

It is categorized as having a higher than 25% air content. There are

two main ways to add air in a mortar or concrete mixture [5]:

The first method, Foam, is a making machine that may be used in a

conventional mixer or ready-mix concrete truck.



The second method, in a high-shear mixer, a foam-producing synthetic

or protein-based admixture can be added to the other mix ingredients.
1.3.3 No Fines Concrete (NFC)

It is a form of LWC made without fine aggregate from CC. This
concrete has only cement, water, and CA. Each CA particle is coated with
a thin cement paste coating (up to 1.3 mm) which forces it into point-to-
point contact with surrounding particles, resulting in interstitial gaps. The
interconnections between the spaces result in porous open-textured

concrete with lower shrinkage, density, and strength [5].

1.4 Advantages and Disadvantages of LWC

LWC is going to be one of the important construction materials due
to its many advantages compared with its few disadvantages as described
below [8]:

1.4.1 Advantages of LWC

Rapid and simple construction.

Both efficient in terms of transportation and lowers the need for labor.

Lower thermal expansion coefficient.

Superior resistance to earthquakes.
1.4.2 Disadvantages of LWC
- Extremely sensitive to the amount of water in the mixture.

-Difficultly to lay and finish because of the aggregate's angularity and
porosity. The cement mortar may separate and float to the surface in

some mixtures.

- To ensure proper mixing, the mixing period is longer than for NWC.



1.5 Structural Lightweight Concrete (SLWCQC)

Compressive strength and density are two essential parameters of

SLWC. The following definitions of lightweight structural concrete are

used in international codes and standards:

BS EN1992-1-1, 2004 (British) [9] SLWC has a density of not more than
2.20 t/md,

ENV 1992-1-4 (Unified Standard of European) [10] Concrete has a
closed structure and an O.D. density of less than 2.0 t/m? if it is made up

of or contains a proportion of natural or manufactured LWA.

UNI 7548.1 (Italy) [11] LWAC is made with LWA, which is

characterized by its density being not more than 1.850 t/m?.

PN-91/B-06263 (Poland) [12] Concrete with a dry density of less than 2.0
t/m® composed of cement, LWA of mineral origin, water, possible

mineral additives, and chemical admixtures.

NS 3473, 1992 (Norway) [13] Concrete has an O.D. density of around
(1.20-2.20) t/m3 based on LWA.

DIN 1045-1 (German) [14] SLWC has an O.D. density of around (0.8-

2.0) t/m?3 and compressive strength of more than16 MPa.

ACI 213-14 (USA) [15] SLWAC which has at 28 days, the cylinder
compressive strength must be at least 17 MPa. And an equilibrium

density ranges between (1.12 and 1.92) t/m3.

SLWC comprises all LWA or a combination of LWA and normal-weight
aggregate. While high-strength lightweight concrete (HSLWC),
according to ACI 213-14 [15], can be defined as a SLWC with 28-day
compressive strength of 40 MN/m? or greater.



1.6 Sustainability of LWC

Sustainability, when used in the concrete industry, generally indicates

the following conditions [15]:
- Saving on materials being utilized in the project.

- Extended lifecycle through enhanced durability in the environment for

which it was designed.

- Overall environmental impact of manufacturing, transporting, and

placing the concrete product in the final structure.

1.7 Reinforced Concrete Ribbed Slab

Concrete in the tension zone can be collected in regularly spaced

ribs cast monolithically and capped with a slab since its resistance in

tension is very low compared to its resistance in compression.

Ribbed slabs, sometimes called one-way joist slabs, concrete ribs, or
joists spaced uniformly and only spanning in one direction. The ribs
integrated into the concrete slab may span perpendicular to the ribs

between the columns.

A ribbed slab leads to a lighter slab compared to an equivalent solid slab,
which helps reduce the weight. Reducing the amount of concrete beneath
the usual neutral axis of a solid slab allows for a reduction in concrete
consumption. This adds much more to environmental sustainability, as
less cement and carbon footprint manufacturing is achieved by reducing
concrete volume. Because of this, ribbed slabs contribute to a lower self-

weight, thus bringing a low self-weight of the structure itself.

Ribbed slabs are most economical in hotels, schools, hospitals, and

residential construction when long spans and loads are small.



Ribbed slabs are divided into two categories: hollow block slabs (HBSSs)

and moulded slabs, as shown in Figure (1-2) below.
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Figure (1-2) Types of ribbed slab [16]

Each slab form is made up of a series of reinforced concrete ribs that span
in short directions and support a thin topping slab above. The HBS is
ideally suited for small, irregularly shaped floors as the hollow blocks can
be simply fitted into forms that are not regular. In contrast, the moulded
slab is most economical and suitable for vast symmetrically supported
floors. Moulds made of steel or fiberglass can be utilized to create
temporary formwork. Ribbed slabs can be utilized in one-way and two-
way slabs (waffle slabs). Depending on the span, either hidden beams or
drops may be utilized to support these slabs. Slabs are considered one-
way; if the ribs are only in one direction, regardless of panel length ratio
[16].

1.7.1 Design Limitations of Reinforced Concrete Ribbed Slab

British Standard (BS 8110) [17] and ACI 318-19 Code [18] put some

limits for design ribbed slab as illustrated below:

According to BS 8110 [17]:



1- The width of a rib will be determined by the spacing of the bars,

cover, and fire resistance.

2- The thickness of the concrete flange or topping should not be less
than 5 cm or 1/10 of the clear distance between ribs for slabs

without permanent blocks, whichever is greater.

3- Clear spacing between ribs must not be more than 150 cm.

While the limitations of ACI 318-19 Code [18] are:

1

Ribs must be at least 10 cm wide in all places along with the deep.

2- The overall depth of the ribs must be less than (3.5 x minimum

widths).

w
1

Clear spacing between ribs must not be more than 75 cm.

N
1

Slab thickness shall be at least the greater of ((0.0833 the clear

spacing between ribs) and 5 cm).

Any one-way ribbed slab that does not meet the requirements of 1

through 4 must be designed as beams and slab.

1.7.2 Advantages and Disadvantages of Reinforced Concrete
Ribbed Slab

The advantages of ribbed slabs are [19]:

Weight and material savings.

Design to long spans.

Offering an attractive appearance that is appropriate for architectural
design.

Formwork pans that can be reused might save money on the ribbed
slab.

Easy to penetrate vertically between ribs.

9



Ribbed slabs have the following drawbacks:

- The fire rating may be influenced by the slab’s thickness of the slab
between the ribs.
- Requiring unique or proprietary formwork.

- Requiring greater floor-to-floor height.

1.8 Dynamic Load

A load is said to be dynamic if its magnitude, direction, and
position all change over the course of a certain period of time. During the
course of their existence, structures are often subjected to at least one

different kind of dynamic load.

Deterministic and non-deterministic dynamic loads can be categorized
according to their nature. A deterministic load is one in which the
magnitude, location, and time variation of the load are all known. This
type of analysis is known as deterministic analysis. The analysis is called
non-deterministic if the fluctuation in load over time is unknown, in

which case the loading is referred to as random or stochastic.

Periodic and non-periodic dynamic loads are other terms for dynamic
loads. The term "periodic loading" refers to a loading that occurs at
regular periods. Figure (1-3a) shows a sine or cosine function as a single
type of periodic loading. There is a periodic motion in a vibration caused
by spinning mass. Simple harmonic motion, as depicted in Figure (1-3a),
iIs a form of periodic loading. A non-harmonic periodic loading is
depicted in Figure (1-3b). The sum of a significant number of harmonic
terms in a Fourier series can reflect the majority of periodic loads. 'Non-
periodic' refers to any loading that does not fall into the periodic category.
Nonperiodic loads include those seen in Figures (1-3c) and (1-3d), which

depict blast loading and earthquake ground motion, respectively [20].

10
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Figure (1-3) Different types of dynamic loads

1.9 Objectives and Scope of the Current Work

1- Experimental investigation to develop a concrete mix that meets

strength, density, and workability requirements of high strength-
lightweight concrete (HSLWC) using pumice stone and by-product

materials such as sugar molasses.

2- Experimental investigation of the physical and mechanical

characteristics of HSC and normal-strength concrete (NSC) with and
without LWA.

3- Comparing the observed static behavior of HSC and NSC with and

without LWA of one—way reinforced ribbed slabs.

4- Investigating the effect of steel fiber inclusion, steel reinforcement

ratio, geometry of section, ribs spacing on the static behavior of
HSLWC one-way ribbed slab.

11



5- Investigating the effect of different types of concrete, inclusion of
steel fiber, geometry of section on the dynamic behavior of one—way

reinforced ribbed slabs.

6- Comparing the observed structural static and dynamic behavior of
HSLWC one-way ribbed slab and solid slab at the same concrete

volume.

7- Investigating the efficiency of using HSLWC in producing a one-way
ribbed slab.

8- Comparing experimental results and predicated values using ACI 318-
19 code.

9- Performing numerical analysis by non-linear finite element method

using the ABAQUS program, including the parametric studies.

1.10 Layout of Thesis

The study is divided into six chapters:

Chapter One provides a general introduction and general information

about HSC, LWC, one-way ribbed slab units, and dynamic load.

Chapter Two covers all previous researches relevant to the topic of this
study, which includes experimental, numerical, and theoretical studies.
Chapter Three covers the experimental program, including the materials
utilized, the slab models' features and manufacturing method, and testing.
Chapter Four presents the findings of the experiments and a discussion

of them.

Chapter Five contains the numerical analysis of slab specimens using the
finite element method carried by the ABAQUS computer program and

comparing results with those experimental results.

Chapter Six presents conclusions and recommendations for future work.
12
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Chapter Two: Literature Review

2.1 Introduction

A review of the previous investigations related to the subject of this
thesis is presented in this chapter, providing a general overview on
different previous studies on high strength-lightweight concrete
(HSLWC) that may help in developing the behavior of one—-way ribbed

slab.

This chapter is organized as follows: previous studies on lightweight
concrete (LWC), high strength concrete (HSC), HSLWC and behavior of
HSLWC members, behavior of one-way slabs, and behavior of reinforced

concrete members under harmonic load.

2.2 Previous Studies on LWC

In the past, attempts were made to lower the self-weight of

concrete to enhance the efficiency of concrete as a structural material.
Replacing partially or totally the normal-weight aggregate concrete
(NWAC) with lower weight aggregates generates LWC, was intended in

this investigation.

AL-Rubayie (2007) [21] produced structural-lightweight concrete
(SLWC) by including crushed bricks as both coarse aggregate (CA) and
fine aggregate, as well as CA solely with the use of normal-weight fine
aggregate. The density of the resulting concrete has been investigated.
Results of cube compressive strength ranged from 22.5 MPa to 39.5 MPa
for broken bricks concrete, while dry density was (1160-2110) kg/m3.
The modulus of rupture was (3.7-7.3) MPa, whereas the splitting tensile
strength ranged from 1.66 MPa to 4.81 MPa.

Abdeen and Hodhod (2010) [22] utilized fired crushed brick,
vermiculite, as well as light exfoliated clay aggregate (LECA). The brick
13



industry's byproducts made it possible to get the first kind. The other
types were created locally for a wide range of functions. Nine mixes of
concrete were produced using the exact proportions of cement and water
400 kg/m3and 200 kg/m?3, respectively, and different types of aggregate.
They found a 45 percent reduction in the unit weight of SLWC compared
to NWC and a 50 percent decrease in the compressive strength of SLWC.

Also, the tensile strength gives a lower value than NWC.

Al-Bayati et al. (2013) [23] casted five series of different concrete mixes,
the type of concrete mixes depended on the volumetric replacement ratio
(0, 25, 50, 75, and 100) % of the LWA, which was made from natural
local material (porcelanite stone). The experimental test results showed
that cylinder compressive strength and density was (30.8, 27.1, 22.1,
18.8, and 17.5) MPa and (2401, 2245, 2121,1972, and 1841) kg/m?3 for (0,
25, 50, 75, and 100) % of graded porcelanite replacement, respectively.
They further represented new empirical predicted formulas for cube
compressive strength, cylinder compressive strength, and their

relationship.

Al-Aridee (2014) [24] investigated the ability to use local clays
(Attapulgite), from the southwest of Irag, as a CA. The experimental
work involved manufacturing the LWA and investigating the mechanical
characteristics of the attapulgite aggregate concrete, and comparing the
results with porcelanite aggregate concrete. The tests result of dry
specific gravity was (1.45) and the bulk density was (808 kg/m?3) for the
Attapulgite LWA at a temperature of treatment burning (1100°C) for a
duration of (half-hour), and the result of a density of 1824 kg/m? for a
cylinder compressive strength was (27.7 MPa) with the ratio of (w/c =
0.4) and percentages of increase for (compressive strength, splitting

strength, rupture modulus, and elasticity modulus) were about 58.85

14



percent, 41 percent, 183 percent, and 81 percent), respectively, relative to
the corresponding porcelanite aggregate concrete with the same mix

proportions.

Abbas and Abdulzahra (2015) [25] presented different types of LWA in
their study to produce LWC. These types were (white thermostone, red
ceramic, and red block) aggregate, all of these aggregates have been
brought from construction waste. They carried out a test on both fresh
and hardened concrete. They observed that the increase in the proportion
of CA reduced the compressive strength, modulus of elasticity, tensile
strength, and slump flow. Also, the red ceramic concrete can be classified
as the best type of LWC. However, the final results were within the limits

of standards.

Jomaa’h and Algubory (2017) [26] highlighted on a specialized study to
replacing (0,25, 50, 75, and 100) % as volumetric ratios of normal CA by
lightweight CA (claystone (bonza) and thermostone), in this study
(compressive strength, indirect tensile strength (splitting tensile strength
and rupture modulus), and elastic modulus) as well as the unit weight,
thermal conductivity, and absorption have been evaluated. The
experimental results showed that a drop in compressive strength was
between (4.85-63.31) %, indirect tensile strength was between (5.66-
72.75) % for splitting tensile strength and (3-40) % for modulus of
rupture). Also, elastic modulus, oven-dry (O.D.) density, absorption, and
thermal conductivity were between (3.85-40.93) %, (9.11-40.04) %,
(4.58-11.8) %, and (23.16-68.87) %, respectively, compared to concrete

with normal CA.

Khalil et al. (2017) [27] investigated the use of recycled brick from the
waste of construction as lightweight CA in high-performance lightweight
aggregate concrete (HPLWAC). This HPLWAC is strengthened with

15



one-type fiber (mono) and with mixed fibers of more than one type
(hybrid) at (volume fraction (V) = 0.75%) of macro hooked steel fiber
(S1), straight steel fiber (S), macro crimped plastic fiber (P), and micro
polypropylene fiber (PP). The cube compressive strength and dry density
of HPLWAC without fibers were 41.2MPa, and 1930 kg/m3, respectively.
One HPLWAC mixture (without fiber), two mono fiber concrete mixtures
((0.75% S1) and (0.75% P)), two double hybrid fiber concrete mixtures
((0.5 % S1 + 0.25% PP) and (0.5% P + 0.25 S)), and one concrete
mixture with triple hybrid fibers (0.25%S+ 0.25% S1+ 0.25% PP) were
produced to study both fresh and hardened characteristics of concrete
(workability, fresh density, O.D. density, compressive strength, splitting
tensile strength, rupture modulus, and absorption). The experimental
results showed that the HPLWAC specimens with double and triple fibers
had much higher splitting tensile strength and rupture modulus in
comparison to HPLWAC specimens without fiber. The increase in
splitting tensile strength for specimens with mono S1 and mono were
65.9% and 45.5%, respectively, at 28 days of age relative to the
HPLWAC without fibers. The increase in splitting tensile strength for
triple hybrid fiber-reinforced specimens was 68.6%, while the increase in
modulus of rupture was 59.6% at 28 days of age relative to the HPFLWAC
without fibers specimens. Furthermore, the percentage of the increase in
the compressive strength for specimens with mono S1 and triple hybrid
fiber was 5.78 and 31.6, respectively. In comparison, mono P reduced
compressive strength by about 8.3% at 28 days of age relative to
HPLWAC without fibers.

Al-Mamoori et al. (2018) [28] conducted an experimental study to
produce lightweight aggregate concrete (LWAC) from locally available
natural and waste materials. The light CA which was devoted in this
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study were (gravel, porcelinite, pumice, and hybrid (brick +
thermestone)). The destructive and non-destructive tests were conducted
in this study. They got that from waste, recycled, and natural local
resources that can be used to manufacture SLWAC with a density of no
more than 2000 kg/m® with (150 x 300) mm cylinder compressive
strength ranging from (25.3-36.1) MPa at 28 days. The reduction in the
mechanical properties (densities, cylinder compressive strength,
ultrasonic pulse velocity (UPV), splitting tensile strength, modulus of
rupture, and elasticity modulus for different aggregate types and
volumetric ratio replacement as compared with natural gravel aggregate

wWere:
- 100 % porcelinite: (19.99, 27.66, 22, 38.65, 41.22, and 27.17) %.
- 100 % pumice: (20.71, 8.38, 28.31, 15.95, 19.39, and 12.32) %.

- 75 % brick + 25 % thermestone: (21.50, 35.79, 32.59, 43.78, 51.22, and
28.26) %, respectively.

Hama et al. (2018) [29] presented a study to improve the tensile strength
of porcelanite LWAC by using chopped carbon fibers. The results
displayed that strength of (compressive and splitting tensile) and elastic
modulus of carbon fibers porcelanite LWAC improved with increasing
carbon fiber percentage of mix volume up to 2 % (by volume) compared
to reference LWAC (i.e., no fibers inclusion). The percentage of
improvement was (14.40, 68.00, and 10.66) for compressive strength,
splitting tensile strength, and elastic modulus, respectively. The LWC
density decreased with the increase in carbon fibers because chopped
carbon has a low density. Also, the chopped carbon improved the
ductility of porcelanite LWA.
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Jomaa’h et al. (2019) [30] focused on changing the normal-weight CA
with lightweight CA (rubber, claystone (bonza), polystyrene, and
thermostone) at different volumetric ratios of (25, 50, and 75) %
additionally to the preparation of a control mixture to assess mechanical
characteristics of concrete. The test results showed that a drop in the
mechanical characteristics of concrete with an increase in the lightweight
CA, the ranges of the reduction in the compressive strength, density,
splitting tensile strength, and modulus of rupture were (24.58-72.27) %,
(5.72-31.36) %, (15.09-71.73) %, and (34.75-65.55) % compared with

control mixture, respectively.

2.3 Previous Studies on HSC
Many authors investigated the HSC such as, Jin and Li (2003) [31]

reported the improvements in mechanical characteristics of concrete

through the inclusion of the different mineral admixtures like silica fume
(SF), slag, fly ash (FA), and metakaolin (MK), and the stress-deformation
response. They observed that the various mineral admixtures have
varying effects on the characteristics of young concrete. MK typically
exhibited the most remarkable improvement in the mechanical properties

of young concrete.

Mazloom et al. (2004) [32] studied the short and long-term mechanical
characteristics of HSC, which were included (compressive strength,
elasticity modulus, creep, and shrinkage). The cement was replaced
partially with SF at ratios of replacement (0, 6, 10, and 15) % with a fixed
w/b ratio of 0.35. Various superplasticizer (SP) dosages were used to
achieve the desired slump in each mixture. The outcomes of the tests
revealed that the development of concrete mixtures with SF was
negligible after 90 days. However, after one year, the control concrete
increased by 26 % and 14 % compared to its strength at 28 and 90 days,
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respectively. At 28-day, the compressive strength with 15 % SF was
approximately 21% higher than that of control concrete. Therefore, the
incorporation of SF into the concrete mixture mainly affects the short—
term concrete strength. The 6%, 10 %, and 15 % SF inclusion did not
affect the total shrinkage but increased the autogenous concrete shrinkage
and reduced drying concrete shrinkage by (16.67 %, 33 %, and 50 %) and
(11 %, 225 %, and 35.6%), respectively. Furthermore, the creep

decreased as the level of SF replacement increased.

Justice et al. (2005) [33] investigated the behavior of two different types
of MK (11.1 and 25.4) m?/g as supplementary cementitious materials
(SCMs) in concrete mixtures. Mechanical properties such as
(compressive and tensile) strength, as well as elastic modulus, were
investigated when MK and SF were used to replace 8% of the cement
weight in control mixtures (without SCM) at different water-to-
cementitious materials ratios (w/cm) (0.40 to 0.60), respectively. Tensile
strength and elastic modulus rose while setting time decreased in pastes
containing both MKs. Both MKSs inhibited the fast chloride ion
permeability and expansion compared to SF and control mixtures due to
the alkali-silica reaction. Both MKs outperformed SF, but the finer MK

produced higher outcomes.

Hariharan et al. (2011) [34] conducted an experimental study to test the
compressive strength of HSC, which was produced by partially
substituting SF for cement at a ratio of (0, 6, and 10) percent and FA class
C used in various proportions (0 %,30 %, 40%, and 50%), the concrete
mixes proportions had a w/b ratio of 0.4 and different dosages of SP. The
content of the binder was 450 kilograms per cubic meter. Early gains in
strength were evident from the addition of SF, whereas long-term gains

were evident from the addition of FA. The compressive strength of
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concrete was discovered to be increased by the PC-FA-SF concrete's

ternary system over the binary system constructed with only FA and SF.

Ahmed and Abd (2016) [35] highlighted the effect of different types of
SCMs in binary blends on the mechanical properties of HSC. The works
experimental included three stages. The first stage involved locally
preparing cementitious materials as cement replacement (pumice and
MK) at levels of 10%, 15%, and 20% and exported SF at replacement
ratios of (8 percent, 10 percent, and 15 percent). The second stage
involved casting several trail mixes to choose the optimum SP and w/cm
ratio to obtain slump (60-80) mm. The last stage involved tests finding
the compressive strength, splitting tensile strength, and modulus of
rupture. These properties were evaluated for various days (ranging from 7
to 180). The results indicated that SF outperformed other SCMs (pumice
or MK) in aspects like compressive strength, splitting tensile strength,
and rupture modulus development at ages ranging from 7 to 180 days,
with an average percentage increase of approximately 19 percent, 23
percent, and 18.7 percent, respectively, when using (8 percent, 10

percent, and 15 percent) of SF.

Al-Mamoori F. and Al-Mamoori A. (2018) [36] investigated the
influence of using sugar molasses (SM) supplies from Iraqi factories on
HSC and cement paste in hot Iraqi weather, at percentages of (0, 0.05,
0.1, 0.2, and 0.3) percent from the weight of cement as a retarder agent. It
was got the optimum dosage of SM was 0.2 % which gave an increase in
the compressive strength at 28-day by about 11.2 % and delayed the time
of the initial setting by about 277 minutes.
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2.4 Previous Studies of HSLWC

Slate et al. (1986) [37] summarized the outcomes of an experimental

study of the mechanical characteristics of HSLWC under the effect of
short—term loads. Concretes had compressive strengths up to 59 MPa, and
densities ranged from (1440 to 1650) kg/m?3. Information was found about
compressive strength, strength development with time, specimen size,
elastic modulus, Poisson ratio (v), rupture modulus, splitting tensile
strength, and drying effect. The deformation characteristics under load
also were investigated. Depending on the experimental outcomes

presented, they found that:

- At early ages, moist—cured HSLWC showed a faster rate of strength
development than corresponding low-strength LWC, and this disparity
became insignificant at later ages.

- For high-strength LWC, the uniaxial compression stress-strain
relationship was steeper and more linear with increasing stress—

strength ratio than for low-strength LWC.

The v for LWC was approximately 0.2, without depending on the test's

concrete strength, age, and curing condition.

Zhang and Gjorv (1991) [38] presented data on the HSLWC
compressive strength characteristics up to 100 MPa with a density of
around 1.865 t/m* and compared it with other types of concrete (high-
strength normal-weight concrete (HSNWC), LWC, and NWC). Five
different LWAs (one type of sintered FA and four various types of
expanded clay) were studied. The results indicated that the
tensile/compressive strength ratio of HSLWC appears to be lower than
that of HSNWC. The elasticity modulus was significantly lower than that

of NWC. The ultimate strain at peak load was more significant than
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NWC. The stress-strain curve with low to medium strength was more

linear than LWC in the ascending part.

Mor (1992) [39] investigated the influence of condensed silica fume
(CSF) on the mechanical characteristics of HSC produced from LWA and
compared these properties with the same strength properties of NWC. For
four concrete mixes with the same compressive strength (69 MPa), the
rupture modulus, elasticity modulus, stress-strain curve properties, and
bond-slip of steel reinforcing bars were tested with different contents of
CSF (0 %, and 13% to 15 %) by cement weight and low water-cement
ratios (0.25 to 0.34). The author found that the addition of CSF reduced
the modulus of rupture. In contrast, this addition did not significantly
change the modulus of elasticity to compressive strength ratio for both
LWAC and NWAC. However, it doubled the steel-concrete bond strength
for LWAC without a significant effect on NWAC. The lower modulus of
elasticity of LWAC, when used in conjunction with an appropriate
aggregate and cement paste matrix, the bond adhesion is better used,

allowing for higher levels of stress and strain.

Al- Khaiat and Haque (1998) [40] investigated the physical properties
and initial curing effect on the early strength of LWC. They produced a
LWC with a cube compressive strength of 50 MPa and a fresh density of
1.80 t/m? by utilizing Lytag CA and fine aggregate. They found that the
drying shrinkage of the SLWC up to three months was more than (600)
macro strain. On another side, For the first month of exposure, the
compressive strength of SLWC appears to be less susceptible than that of
NWC to a lack of cure. In contrast, the lack of curing appears to have a
comparable effect on the long-term strength growth of SLWC as it does
on the NWC.
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Rossignolo et al. (2003) [41] presented the outcomes of SLWC produced
from Brazilian LWAs (expanded clay). In their investigation, the cement
quantity ranged from 0.440 to 0.710 t/m?, and SF was used in a dosage of
10% by weight of cement replacement. The compressive strength and dry
concrete density at 28-day were found to vary between 39.5 and 53.6
MPa and 1.460 and 1.605 t/mq, respectively

Katkhuda et al. (2009) [42] studied the influence of adding SF on the
compressive and tensile strengths of HSLWC was tested at 28 days. SF
was substituted with O percent, 5 percent, 10 percent, 15 percent, 20
percent, and 25 percent for w/cm ratios ranging from 0.26 to 0.42. The
results showed that the best SF replacement percentages for getting the

best results were:

- Compressive strength ranges from 15 percent to 25 percent depending

on the w/cm ratio of the mix.

- Splitting tensile strength was almost unigue where it was noted 15
percent for w/cm (0.26 and 0.30) and 20 percent for w/cm (0.34, 0.38,
and 0.42).

- Flexural tensile strength depended on the wi/c ratio. The optimum
percentage was 15 percent for w/cm (0.26), 20 percent for w/cm (0.3 and
0.34), and 25 percent for w/cm (0.38 and 0.42). The optimal percentage
of SF replacement increased with the w/cm ratio as the case for
compressive strength. They found that the compressive and indirect
tensile strengths improved with SF inclusion. However, the percentage of
optimum replacement was not constant because it depended on the w/cm

ratio of the mixture.

Al-Baghdadi (2011) [43] highlighted the development of HSLWC

utilizing a local clay brick waste as a lightweight CA, hydrated lime as
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(mineral admixtures), and SP. Based on the results of this work, it has
been concluded that HSC with a density of no more than 2.0 t/m?3 can be
produced using mineral admixtures (hydrated lime) and SP and local
bricks as CA (i.e., LWA). The archived compressive strength of cube
(150 mm) at 28 days ranged from 27.2 MPa to 53.7 MPa, with O.D.
density ranging between (1.9-1.96) t /m?; the strength of splitting tensile
varied (from 3.1 MPa to 4.0 MPa), and modulus of rupture ranged from
4.5 MPato 7.1 MPa, and the modulus of elasticity results ranged between
(22800-26000) MPa. According to Sajedi and Shafigh (2012) [44], the
use of LECA aggregates, with mineral admixtures and chemical
admixtures, coupled with limestone, a mix of high-strength structural
lightweight concrete was developed. When combined with LWAS,
limestone enhanced the mechanical qualities of concrete. From 1.610 t/m?®
to 1.965 t/m® (dry density) and 34 MPa to 67 MPa (cube compressive
strength) of SLWC was achieved.

Fawzi et al. (2013) [45] conducted an experimental study to look for the
effect of MK as a ratio of cement replacement on the physical and
mechanical characteristics of porcelinate LWC. The test outcomes
indicated that using MK improves the mechanical properties of
porcelinate LWC. The optimum MK replacement percentage for
obtaining maximum 28-day improvement was 15%, and the improvement
in compressive strength, splitting tensile strength, flexural strength,
elastic modulus, and unit weight was (135.5 %, 80.5 %, 97.4 %, 49.8 %,
and 15.25), respectively with reference mix which had compressive
strength 20 MPa and unit weight 1.567 t/m?,

Wei et al. (2020) [46] investigated the influence of the LWA size on the
compressive strength, flexural strength, splitting tensile strength, and dry

density of high strength-lightweight aggregate concrete. In this
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investigation, four sizes of the expanded shale aggregate were adopted.
The test results showed that the absence of medium-size particles
declined the dry density and compaction of HSLWC. Meanwhile, the
specimens having medium-size of LWA showed the highest cube
compressive strength up to 72 MPa at 28-day. Furthermore, specimens
having a single size of LWA displayed lower flexural and splitting tensile

strengths than those having three sizes of LWA.

2.5 Behavior of High Strength—Lightweight Reinforced

Concrete Members
Ahmad and Baker (1991) [47] focused on the flexure behavior of high

strength-lightweight reinforced concrete beams throughout testing six

singly reinforced concrete beams. All beams were (360 cm length x 15.24
cm wide x 30.48 cm deep). The variables in this research were the
cylinder compressive strength of concrete (35.9 < f,/< 75.9) MPa and the
tensile steel reinforcement to the balance steel reinforcement ratio (0.18 <
p/pp < 0.54). The results were presented; the load-deformation behaviors,
crack patterns, and ductility (n) index. They reported that to achieve a p
equal to 3, p/pp should not be more than 0.4 for beams with £, equal to 55
MPa and p/pp should not be more than 0.2 for beams with f, equal to
75.9MPa. Furthermore, they compared their experimental results with the
ACI 318 code. They found that the flexural design provisions of the ACI
318 Code are found to be adequate for predicting the strength of singly
reinforced HSLWC beams.

Ahmad and Batts (1991) [48] emphasized the flexure behavior of high
strength-lightweight doubly reinforced concrete beams throughout testing
six reinforced concrete beams. All beams were (360 cm length x 15.24
cm wide x 30.48 cm deep), the tension steel reinforcement to

compression reinforcement ratio was kept as 2, and stirrups reinforcement
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placed at space of the half depth of the section. The variables in this study
were the compressive strength of concrete (46.2 < f,/< 76.3) MPa and the
tensile steel reinforcement to the balance steel reinforcement ratio (0.16 <
p/pp < 0.47). The results were presented as the load-deformation
behaviors, crack patterns, and p. They reported that to achieve a p equal
to 3, p/pp should not be more than 0.4 for beams with £, equal to 55 MPa
and p/pp should not be more than 0.2 for beams with f. equal to
75.9MPa, furthermore, they noted that ACI 318 rectangular stress block
underestimated the flexural capacity for doubly reinforced HSLWC
beams and the strain value of 0.003 recommended by the ACI 318 code
appeared to be suitable for doubly reinforced HSLWC with £, less than
75.9 MPa.

Ahmad et al. (1995) [49] investigated the experimental behavior of shear
capacity of lightweight reinforced concrete beams with normal and high
compressive strength concrete. In this investigation, the compressive
strength, shear reinforcement ratio, and shear span to depth ratio (a/d)
were ranged from (30.5-89.5) MPa, (0-0.784) %, and (1-4), respectively.
The specimen’s details as shown in Figure (2-1). The results indicated
that for the range of factors examined, p decreased with an increase in the
compressive strength. When shear reinforcement was applied at about
five times the minimal amount needed by ACI 318-89 [50] code, normal
compressive strength concrete beams with a/d of three demonstrated a
near plastic post-peak behavior. Using a higher amount of shear
reinforcement up to 0.0051 had a minor influence on the shear p of beams
with a/d equal to one. Though, for beams with a/d equal to two and three,
the shear p increased. For beams with a/d equal to three, changing the

amount of reinforcement of shear from 0.0051 to 0.0065 increased the
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shear p by 25 %. An additional increase in the reinforcement of shear

ratio did not result in an increase in the p of the shear.
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Figure (2-1) Specimen’s details for lightweight beams with NSC and
HSC [49]

Sin et al. (2011) [51] tested 18 simply supported LWAC beams and 3
NWC beams; the beam details are shown in Figure (2-2). Compressive
strength (20-80) MPa based on 100 mm cube, longitudinal reinforcement
ratio in tension zone (0.67 %, 1.02 %, 1.45 %, 1.61 %, and 2.22 %),
longitudinal reinforcement ratio in compression (0 %, 0.43 %, 0.73 %,
and 1.11 %), the spacing between the stirrups in the flexural zone (0 mm,
50 mm, 90 mm, 130 mm, and 180 mm), and steel bar diameter ($13 mm,
$16 mm, and ¢ 20 mm) were used to investigate the structural behavior
of HSC beams and to compare with reference beams. The authors found
that:

- At assumed service load (the ultimate load multiplied approximately by
0.625), the cracking behavior of an LWAC beam concerning maximum
crack width and the number of cracks was slightly better than the
equivalent NWC beam.

- Although LWAC beams exhibit greater deflections than their NWC
counterparts under an estimated service load, LWAC beams are less

ductile.
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- The ultimate strengths of LWAC beams were as same as the NWC

beams.
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Figure (2-2) Beam and test setup details [51]

Carmo et al. (2013) [52] focused on the effect of LWAC on the
structural behavior (bending and ductility) of reinforced concrete
rectangular beams. The experimental work was divided into three series
to assess the influence of the difference between each series' parameters.
The first series was created to look into the effects of changing the ratio
of tensile steel reinforcement, which was varied between (0.54% and
2.96%). The second series was to investigate the effect of varying
transverse steel reinforcement ratios at the flexural zone, which was (0 %,
0.6%, and 1.68%), and the last series utilized to investigate the influence
of compressive strength, which was ranged from 35 MPa to 70 MPa. It
was stated that the capacity of LWAC beams to sustain deformation
depends on the ratio of tensile steel reinforcement. When the
reinforcement ratio is increased, the deformation capacity decreases. In
addition, the increase in compressive strength of concrete produces an
increase in the vertical deformation and curvature, especially when the
steel ratio is low. Within the flexural zone and when no transverse steel
reinforcement was present, the beams exhibited brittle failure compared

to beams with transverse steel reinforcement, particularly those with a

28



more longitudinal tensile steel reinforcement ratio. Additionally, they said
that increasing compressive strength regulated the failure mode and
changed it to tension failure in some circumstances involving over-
reinforced beams. The stiffness ratio was measured and generally lower
than two and different from that predicted by EC2-04 [9].

2.6 Previous Studies on Behavior of Reinforced Concrete

One-Way Slabs
2.6.1 Behavior of Reinforced Concrete One-Way Solid Slabs

Altun and Haktanir (2001) [53] proposed that structural members be
made from composite reinforced concrete. Two layers are used to
construct composite reinforced concrete: a lower layer of NWC, and an
upper layer of SLWC, both of which are laid in the fresh phase. A
structural behavior of composite reinforced concrete slab elements was
equivalent to that of normal reinforced concrete slab elements with

superiority in a reduction of the dead weight.

Adil and Abdul Razzaq (2017) [54] casted and tested five simply
supported reinforced concrete slabs under point load to study the
structural response of two-layer reinforced concrete slabs. LWC with a
compressive strength of (25 MPa, 18 MPa, and 15 MPa) was used in the
first layer. The second layer was NWC with compressive strength of 25
MPa. The test results showed that using LECA in concrete reduced the
composite concrete slab's weight by approximately (11.4%-17.5%). Also,
the same response for tested slabs was observed under the influence of

loading for both NWC and composite concrete slabs.

Jomaa’h et al. (2018) [55] conducted experimental research to
investigate the structural behavior of one-way solid lightweight

reinforced concrete slab. The experimental program consisted of cast nine
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simply supported one-way solid slabs with two types of lightweight
coarse aggregates (claystone and thermostone) in different volumetric
aggregate replacement ratios (0, 25, 50, 75, and 100) %. The compressive
strength and density were (38.44-12.38) MPa and (2426.41-1502.37)
kg/m?, respectively. The authors found that the mixtures with claystone
aggregates gave higher compressive strength and unit weight than
thromestone aggregate. The first crack load and ultimate load for slabs
decrease with the increase of LWA content. It was further found that the
low p and stiffness for the slabs by increasing the light weight coarse
aggregates. In the same year, the numerical analysis was conducted by
Adheem et al. (2018) [56] to investigate the structural behavior of one—
way solid lightweight reinforced concrete slab under static loading. The
main variables investigated in this study were types of lightweight
aggregates (crushed brick and porcelenite), the thickness of slabs, and the
applied loads. It was found that when compared to normal-weight
concrete, crushed brick concrete's ultimate load raised by 17.33 percent,
and porcelenite concrete dropped by 27.33 percent. Crushed brick is

tougher than porcelenite aggregate when used as LWA.

Babu and Rex (2019) [57] presented a study on the structural behavior of
LWC slabs. Slab specimens of size (1300 x 500 x 70) mm were designed
and poured for different ratios of volumetric replacement (0%, 25%,
50%, 75% and 100%) of coconut shell (CS). A two-point loading test was
applied on slabs, and variables such as ultimate moment capacity,
absorbed energy, stiffness, ductility index, and cracking pattern were

discovered. It was found that:

- The first crack load of CS concrete slab was (14.28 to 64.29) % less

than normal particulate slabs.
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- The ultimate load of CS concrete slab was 6.89 % to 31.03% less than

normal particulate slabs.

- The ductility factor of the CS concrete slab was 29.47% to 75.37%

higher than normal particulate slabs.

- The absorbed energy of CS concrete slab increased from (8.77 to 26.84)

% higher than normal particulate slabs.

- when the normal-weight CA was replaced up to 50% with CS, the
resulting CS concrete represented the same flexural behavior as the

normal-weight CA concrete.

2.6.2 Behavior of Reinforced Concrete One-Way Ribbed Slabs

Souza et al. (2014) [58] conducted an experimental study on eight solid
and one-way ribbed slabs to find the slab portion's contribution to the
shear stress resistance. The panels were split into two groups. Four slabs
make up the first group with dimensions (1300 mm x 2000 mm), and the
others consist of four slabs (2000 mm x 2000 mm), respectively. The
total thickness of the panels was 300 mm with the various flange
thicknesses of (30, 50, 80, and 100) mm; the rib's width was 80 mm and
spaced 610 mm in the first group (L= 1300 mm), and 960 mm in the
second group (L= 2000 mm). All tested slabs have the same longitudinal
reinforcement of 245 mm? with a yielding strain of 0.023, and
compressive strength was 30 MPa at 28 days. Two-line loads were
applied on the slabs with (a/d) of 2.15. The experimental investigation
outcomes of one-way ribbed slabs revealed that all tested slabs were
dominated by shear failure and that the flange's effective contribution in
resisting shear stresses was significant. Flexural reinforcement strains
increased proportionally to flange depth, resulting in greater ductility. A
minor increase in ultimate load by increasing the panel's width.
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Al-Azzwi and Al-Asdi (2017) [59] investigated one-way reinforced
hollow block slab nonlinear behavior. Eleven of simply supported one-
way slabs, three slabs comprised as reference (solid slabs), and others as
hollow block slabs (HBSs), the cross-sectional area was reduced by (23.3
% and 29.1 %). The holes were created using a styropor to counteract the
tensile loads in the inefficient concrete zones. All slabs have dimensions
(1100 mm x 600 mm x 120 mm) with an effective span of 100 cm,
except one has a depth of 85 mm. The slab specimens were coordinated
as depicted in the flow chart in Figure (2-3). They observed that there
were better effects with a rise in HBS cross-sectional area than an
increase in rib count at the same percentage reduction in HBS cross-
sectional area. Moreover, when the cross-sectional area of a hollow block
and solid slabs were reduced to the same level, the HBS with the
minimum shear reinforcement had a higher strength capacity. During
loading, the cracks in HBSs formed more slowly than in solid slabs.
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Figure (2-3) Parameters Arrangement [59]

Abdul Rahman et al. (2017) [60] studied the structural behavior of
reinforced concrete ribbed slabs with fiber inclusion. The primary
material in this study was steel fibers, with no conventional

reinforcements used. Three equivalent specimens of ribbed slabs with
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variations in the topping thickness of 10.0 cm, 7.5 cm, and 5.0 cm were
tested under one-point loading. The test results of these specimens
revealed that the ultimate loading of the ribbed slab with 10.0 cm topping
was comparable to the loading carrying capacity of the 7.5 cm topping,
while 5.0 cm gave the lowest strength. A combination of steel fibers
helped to give a long deflection softening than a sudden brittle failure,
thus proving its ability to increase the capacity of absorbed energy and
improve cracking behavior. While the study of the ultimate strength and
behavior of self-compacting ribbed concrete slab with fiber inclusion
under two-point loading was carried out by Ahmad et al. (2017) [61],
they prepared three slabs with dimensions (2800 mm x1200 mm x 200
mm) as shown in Figure (2-4), the volume fraction of hooked ends steel
fiber was 1 % with an aspect ratio equal to 65, the results of all reinforced
steel fiber self-compacting concrete (SFSCC) ribbed slabs compared with
the conventionally reinforced ribbed slab. Depending on these outcomes.
They deduced that the performance of the steel fiber reinforced slabs was
almost equivalent to the ordinary reinforced concrete ribbed slab without

fibers.

All measurements are in millimetres (mmm) All

Figure (2-4) Variation of slab samples [61]
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Four one-way LWC panels (1150 mm x 450 mm), three ribbed and one
flat slabs, were poured and tested under a two-point loading by
Abdulkareem and Alfeehan (2018) [62]; two parts were included in this
study, the first part included the experimental work and the second part
included the numerical work. The main variable in this study was the
ratio of the depth of the ribs to the overall depth of the beam (d/h), which
was equal to (0, 0.319, 0.477, and 0.625). All tested specimens have the
same concrete amount and steel reinforcement ratio. The reinforcing steel
was made up of many layers of bidirectional micro-reinforcement that
each layer had a diameter of (1.55 mm) and clear spacing of (10 mm) in
each direction. Furthermore, the rib width was the same as the thickness
of the slab as a fixed condition in all the tested specimens. At each stage
of the loading process, the load capacity and deflection data were
collected. The numerical side was completed with the help of the ANSYS
program, which was used to analyze the specimens and validate the
outcomes. The results exhibited that increasing the (d/h) ratio enhanced
structural behavior by increasing the load-carrying capacity and reducing
deflection to a specific limit. A demonstration of compatibility between

the numerical and experimental results has been accomplished.

In the same year, Farouk (2018) [63] analyzed continuous one-way
normal reinforced ribbed slabs using finite element theory (ANSYS
software). The variables in this study included the influence of the
rigidity of the middle supports and cross-ribs on the behavior of a one-
way ribbed slab. Seven one-way slabs with two bays were evaluated.
Each bay had a dimension of (6 m x 6 m) on the reference slab. The ribs
were cross-sectioned (0.1 m x 0.25 m), and the top slab was 5 cm thick.
Between the ribs, the net space was (0.4 m). The solid central part had a

width of (1.8 m), while the solid edge parts on each side had a width of
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0.3 m. The cross-section of the supported beams is (0.3 m x 1.05 m). The
studied parameters illustrated that the cross-ribs reduce the slab's
buckling, the produced stresses, and deformations in the primary rib and
solid parts. Also, the ultimate load on slabs increases, delaying yielding
the solid middle part's major reinforcement. The slabs with the middle

beam give better results than the slabs with the solid middle part.

Khaleel (2018) [64] conducted an experimental and numerical study on
the lightweight aggregate reinforced concrete slabs with compressive
strength equal to 36.4 MPa, and crushed brick as CA. These slabs have a
styropor block in different sizes (percent of the weight reduction) and two
ratios of a/d. The experimental work included testing eleven simply
supported LWC one-way slabs, three solid slabs as reference slabs, and
eight styropor block slabs (SBS). Test results showed that utilizing SBS
with a smaller cross-sectional area and less shear reinforcement caused an
increase in strength capacity compared to lightweight reference slabs. The
higher ratio of a/d for LWA solid slab lowered ultimate strength and
deflection, whereas, at the same cross-sectional area, broad ribs in SBS
resulted in better results than narrow ribs. The numerical analysis
outcomes which were carried out by ANSYS software, showed

acceptable agreement with the experimental test results.

Another study looked into the behavior of SFSCC of the ribbed slab but
under the effect of punching shear. In this study, the various parameter
(topping thickness variation and material distribution) has been observed
for each square slab sample which cast with dimensions 1200 mm x 1200
mm X% 200 mm with the thickness of topping was (100 and 120) mm, as
shown in Figure (2-5). They found that adding steel fibers to ribbed slabs
enhanced punched shear resistance and had a similar load capacity to
slabs reinforced by about (7-18) %. This behavior has proven that SFSCC
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can slow down its cracking under concentrated load (Fodzi et al. (2019))
[65].

Figure (2-5) Variation of slab samples [65]

Depending on the results of this experimental study, a numerical analysis
of the finite element method by a software program (ABAQUS) was
carried out by the same researchers (Fodzi and Hashim (2019)) [66], it
was observed that the type of slab with optimum performance was the

one that was entirely reinforced with steel fibers.

In 2019, (Al-Nasra et al.) [67] highlighted how ribs spacing affected the
performance of LWC of the one-way reinforced concrete ribbed slabs.
The overall thickness, the concrete mix design, and the embedded steel
reinforcement were kept constant. Five slabs were prepared and tested by
flexural bending stress. Polystyrene foam blocks of variable width were
used to fill the space between ribs while their height was kept constant, as
shown in Figure (2-6) below. The special fiber was added to the concrete
mix to enhance the performance of the concrete. The test outcomes
revealed that the increase in the ribs spacing led to a decrease in the
strength of the slab and a slight decrease in the strength to weight ratio.

The material cost was also considered in this study.
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Figure (2-6) Variation of slab samples [67]

Vaivade et al. (2019) [68] conducted a numerical study with the ultimate
as well as the serviceability limit states for high-performance concrete
(HPC) ribbed slabs and high-performance fiber reinforced concrete
(HPFRC). The effective use of these materials was analyzed using a
nonlinear finite element model. The authors concluded that the utilization
of HPFRC for ribbed slabs is successful compared to HPC slabs with
identical cross-sections for slabs with spans ranging between (6-12) m.
Also, utilizing HPFRC in place of HPC allows for a 42-46 percent
increase in the uniformly distributed load intensity for ribbed slabs with

identical cross-sections and permitted deflections.

Abdulhussein and Alfeehan (2020) [69] casted four flanged one-way
ribbed lightweight reinforced concrete slabs and tested them under two-
point loading. The variable in this study was the ratio of the depth of the
rib to the overall depth of the beam, which was equal to (0.5, 0.701,
0.835, and 0.92). On the other hand, all slabs have the same amount of
steel reinforcement ratio and concrete volume. The rib width was also
equal to the thickness of slabs as a limitation in all slabs. The findings
indicated that increasing the ratio of the depth of the rib to the overall

depth of the beam improved the structural behavior by increasing the
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ultimate load capacity and lowering the deflection up to a specific limit. It

was found that the optimum ratio was (0.835).

2.7 Behavior of Reinforced Concrete Members Under

Harmonic Loads

The problem of harmonic loads and heavyweight generated by the
machines' engines is well-known in industrial buildings; therefore, the
critical challenge in industrial facilities subject to harmonic loads is how
to obtain a lightweight structure that resists these vibrations with a small
reduction in strength; this is the most important load for the slab due to
these reasons several authors studied the effect of harmonic load on the
different structural members such as Yanling et al. (2017) [70] tested
three steel-concrete composite beams with different degree of the shear
connection under the effect of static and harmonic loads. The mid-span
acceleration and deflection and the mean slip amplitude and slip
amplitude at differing frequencies were measured. The results revealed
that under the sine harmonic load, the mean slip value and slip amplitude
at the steel girder and concrete slab, the mid-span acceleration, and
dynamic deflection all show a sine wave shape and increase with the
shear connection degree's reduction. For the slip's mean value and mid-
span dynamic deflection, the static load components are most influential,
whereas the slip amplitude is most affected by its load amplitude, and its

acceleration is most dependent on its amplitude.

The dynamic resistance to loading of reinforced concrete slabs
employing self-compact reactive powder concrete, as well as static
loading, was investigated by Bilal and Mohammed (2019). The
eigenvalues and eigenvectors of the slab were calculated using the finite
element approach, and the frequency response of the slab was analyzed

using this method. According to the findings, self-compacted reactive
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powder concrete exhibited less deflection than conventional concrete, and
the magnitude of deflection varied depending on the slab boundary

condition supports used.

Mahdi and Mohammed (2021) [71] presented an experimental and
numerical study on the effect of harmonic load with different frequencies
on the structural behavior of two-way bubble deck (BD) reinforced
concrete  slabs. The  dimensions of the slabs  were
(2500mmx=2500mmx200mm) with a bubble diameter of 12cm, and the
distributions of the bubble were uniform with 14cm, 15cm, and 16cm
spacing. The results demonstrated that the distribution of bubbles had a
substantial impact on the structural behavior under harmonic load, and
the numerical model was in excellent agreement with the experimental

data.

Dakhela and Mohammed (2022) [72] investigated the behavior of fixed
ends supported composite cellular beams with reinforced concrete deck
slabs under harmonic loads. The experimental program involved three
types of concrete (NWC, LWAC, and fiber LWAC) and different applied
frequencies (5, 10, 15, 20, 25, and 30) Hz. The results of this study
showed that LWAC response was significantly influenced by harmonic
load (64 percent larger than NWC), and lattice cracks were discovered,
particularly at 30 Hz, while fiber LWAC the harmonic load had a
negligible influence on the vibration amplitude, and no cracks formed.
Moreover, achieving NWC's amplitude limit of 11.11 percent was made
possible by adding fiber to LWAC.
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2.8 Summary

Based on the previous reviews that are presented in this chapter,

several remarks are summarized:

1-

It is worth noting that a lot of studies have been done on the
mechanical features of LWAC for different resources of aggregate,
such as aggregate made from (natural resources, industrial by-
products, and recycled aggregate) but that are rarely studies dealt with
the natural source of LWA (volcanic source) with by-product
materials such as sugar molasses to product HSLWC.

Most previous researches were focused on investigating the behavior
of one-way ribbed slabs with NWAC and LWAC with normal-
strength concrete (NSC). This research focuses on studying the
structural behavior of one-way ribbed slabs produced from HSC with
and without LWA.

Most of the previous research concentrated on producing and studying
the behavior of self-compacting concrete (SCC) and NSNWC one-
way ribbed slabs with steel fibers addition. This study focuses on
adding steel fiber with two-volume fraction ratios into HSLWC to
produce and study the behavior of one-way ribbed slabs.

The majority of previous studies focused on U-shaped ends in
produced one-way ribbed slabs, in this study focuses on the T-shaped
ends.

Studies cited in the literature showed that different types of NSNWC
were used in producing one-way solid slabs depending on the use of
those slabs. In this study, HSLWC was used to produce a one-way
solid slab with the same concrete volume as the one-way ribbed slab.
It was obvious from the literature reviewed in this chapter that earlier

Investigations focused mostly on the effect of a/d, depth of rib to a
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total depth of ribbed slab on the behavior of one-way ribbed slab and
did not cover the effects of changing the main tension steel
reinforcement ratio of ribs, changing the geometry of section so that
these parameters will be deepened in this study. Furthermore, the
strength-to-weight ratio is very important in design criteria,
transportation, and construction costs, so the effect of changing the
ribs spacing on the behavior of HSLWC also be investigated in this
study.

Most of the previous researches were interested in studying the
behavior of one-way ribbed slabs under the effect of static loads.
Therefore, this study aims to bridge the gap regarding the behavior of
these slabs under two types of loading. The first is a two-point static
load, and the other is a dynamic load (harmonic load). Harmonic load

with different frequencies has been considered.
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Chapter Three: Experimental Work
3.1 General

The behavior of reinforced concrete one-way slabs under static and

dynamic loading was studied through testing twenty-one slab specimens
with the effect of different concrete types, steel reinforcement ratios, the

geometry of sections, spacings between ribs, and slab types.

A variety of tests are carried out, including testing on raw materials, fresh
and hardened concrete, as well as tests of slab specimens subjected to two

different kinds of loads.

3.2 Specimens Preparation

This section represents the different activities of producing one-
way reinforced concrete slabs, including material properties, description
of slab specimens, details of reinforcement, formwork, mixing

proportions, mixing procedure, pouring of concrete, and curing.
3.2.1 Materials Properties

Standard tests according to lIragi Specifications (1QS), American
Society for Testing and Material (ASTM), and British Standard Institute
(BSI) were used to characterize the physical and chemical properties of
the materials that were used in this study. Concrete batches that were

used in this work incorporated the following materials:
3.2.1.1 Cement

Iragi manufactured Portland limestone cement (Karasta) produced by the
“Lafarge” company was used in this study. The chemical and physical
characteristics of the cement are existing in Appendix A, Table (A-1).
These characteristics conformed with EN 197-1[73] and 1QS No0.5/2019
specifications of Portland cement [74].
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3.2.1.2 Fine Aggregate (Sand)

Locally natural fine aggregate (from the Alukhidher region) was
used in this study. In zone 2, this sand was graded in accordance with the
limits of 1QS N0.45/1984 [75]. The physical and chemical characteristics
of this sand are listed in Appendix A, Table (A-2).

3.2.1.3 Coarse Aggregate (CA)

Two types of natural CA were used in this study, the first type was

normal-weight CA, and the other type was lightweight aggregate (LWA).
¢ Normal-Weight Coarse Aggregate (Gravel)

Locally natural CA (from Al-Nebai quarry) of maximum aggregate
size (MAS) of 10 mm was used. The chemical and physical
characteristics of gravel are listed in Appendix A, Table (A-3). Gravel
characteristics conform to 1QS No0.45/1984 [75].

e Light Weight Coarse Aggregate (Pumice Stone)

Natural pumice stone is a volcanic rock (from the quarry on the
border strip between Iraq, Iran, and Turkey) of MAS 10 mm, was used
for LWC in this study. In addition to its black color, pumice stone is
porous, low in density, has high permeability, and has high silicon oxide
content (SiO;). The pumice stone grading which conforms to the ASTM
C330 [76], as shown in Table (A-4). The physical properties of pumice
stone also are listed in Appendix A, Table (A-4).

3.2.1.4 Mixing Water

All concrete mixtures were mixed and cured with tap water.
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3.2.1.5 Silica Fume (SF)

Micro SF is commercially known as MegaAdd MS(D) from
CONMIX LTD. Company in UAE was used as a mineral admixture in
producing high strength concrete mixtures. It is complying with ASTM
C1240-15 [77]. The manufacturer's datasheet of this product is presented
in Appendix A.

3.2.1.6 Superplasticizer (SP)

Sika ViscoCrete® 5930-L was utilized in this study as high range
water-reducing admixture (HRWRA). It meets the requirement for SP
according to ASTM C494/C494M-15a [78]. The manufacturer's datasheet
of this product is presented in Appendix A.

3.2.1.7 Sugar Molasses (SM)

Molasses (SM) was used in this study which is a by-product liquid
material of a sugar factory. It was obtained from Etihad Food Industries
Co. LTD. at the Medhatya region in the province of Babylon. The
chemical properties of SM are listed in Appendix A, Table (A-5).

3.2.1.8 Steel Fiber

Macro hooked end steel fiber was used in this study, at 35mm long
and 70 aspect ratio, as shown in Plate (3-1). Table (A-6) (Appendix A)
summarizes the fiber's physical properties.

Plate (3-1) Hooked end steel fiber
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3.2.1.9 Steel Reinforcing Bars

Deformed steel bars of diameters (6 mm, 8 mm, and 10 mm) and
deformed hot rolled mild steel bars (BRC) of 6 mm were used in this
study. The characteristics of these deformed steel bars are described in
Table (3-1). Plate (3-2) displays the tensile steel testing mechanical
machine. The tensile test was done at the mineral laboratory of the
Engineering of Minerals Science College at the University of Babylon
following the ASTM A 496 [79] and ASTM A615 [80] standards.

Plate (3-2)Tensile test of a steel bar

Table (3-1): Properties of steel reinforcement

Bar Size Measured Bar Bar Area fy fu Grade Specification
Diameter (mm) (mm?) (MPa) | (MPa) No.

¢ 6 mm 5.96 27.90 495 541 | ASTM A 496

¢ 8 mm 8.04 50.70 509 656

$10 mm 9.89 76.80 555 636 60 | ASTM A 615

3.2.2 Description of Specimens

The experimental program in this study was divided into two
groups depending on the loading type (static or dynamic).
First Group (G1) consists of fifteen one—way slabs tested under static

load (two-point loading). Also, this group is divided into six subgroups
depending on the considered parameters:
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- Using different concrete types (HSLWC, HSNWC, NSLWC, and
NSNWC).

- Using hooked end steel fibers in HSLWC with different fiber

volumetric ratios.

- Using different steel reinforcement ratios in HSLWC one-way ribbed

slabs.

- Using different geometry of the sections by changing the number of

ribs in HSLWC one—way ribbed slabs with the same concrete amount.

- Using different spacings between ribs in HSLWC one-way ribbed
slabs by changing the width of the rib (b).

- Changing the type of HSLWC one—way slabs by using solid type with

different steel reinforcement ratios.

Sub-Group (G11): this subgroup consists of four slab specimens devoted

to study the effect of concrete type on the behavior of one—way ribbed
slabs under static load. These slabs have the same geometry properties as
shown in Figure (3-1). S1 is considered as the reference slab in this
subgroup made with HSLWC, S2 made with HSNWC, S3 made with
NSLWC, and S4 made with NSNWC.

The Variable: Concrete Type

Sub - Group
(G11) l.

Slab Symbol S1 S2 S3 S4
C"T“;;:“’ HSLWC HSNWC NSLWC NSNWC
Skab Type Total Depth Rib Width B”d)m"' Load Type

Ribbed 150 mm 100 mm 8 mm Static

Figure (3-1) Specimens of sub-group (G11)
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Sub-Group (G12): the influence of macro steel fiber inclusion with two

fiber volume fraction ratios (0.25 and 0.50) % on the behavior of
HSLWC one-way ribbed slabs under static load is studied. These slabs
have the same geometry properties as shown in Figure (3-2). S1 is
considered as the reference slab in this subgroup without steel fiber, S5
with the inclusion of 0.25 % of steel fiber, and S6 with the inclusion of
0.50 % of steel fiber.

The Variable: Steel Fiber Inclusion

Sub - Group
(G 12) V
Slab Symbol S1 S5 Sé6
SISElE e 0.00 % 0.25 % 0.50 %
Ratio
Slab Type C?lf‘:;:‘e Total Depth Rib Width Ba"d)ma' Load Type
Ribbed HSLWC 150 mm 100 mm 8 mm Static

Figure (3-2) Specimens of sub-group (G12)

Sub-Group (G13): the impact of using main ribs steel reinforcement of
different diameters (8mm, 6mm, and 10mm) using the same geometry
properties as shown in Figure (3-3), which is investigated to evaluate the
structural performance of HSLWC one-way ribbed slab under static
loading. S1 is considered as the reference slab in this subgroup with 6¢ 8
mm (steel reinforcement ratio (p) = 0.28%), S7 with 6¢ 6 mm (p =
0.16%), and S8 with 6610 mm (p = 0.44%).

The Variable: Steel Reinforcement Ratio

Sub - Group
(G13)
Slab Symbol S1 S7 S8
Bar Diameter P - & 10 i
()
Slab Type C"If‘:::te Total Depth Rib Width Load Type
Ribbed HSLWC 150 mm 100 mm Static

Figure (3-3) Specimens of sub-group (G13)
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Sub-Group (G14): different configurations of the sections, which was

conducted by changing the number of ribs, is adopted to evaluate the
effect of changing the section geometry on the behavior of HSLWC one—
way ribbed slabs under static load, these slabs have a same concrete
amount as shown in Figure (3-4). S1 is considered as the reference slab in

this subgroup with three ribs, S9 consists of two ribs, and S10 consists of

one rib.
The Variable: Geometry of Section

Sub - Group

(G 14) »
Slab Symbol S1 S9 S10

Number of
Ribs 3 2 1
Concrete " = 2 Bar Dia.
Slab Type S Total Depth Summation of Ribs Width o Load Type
Ribbed HSLWC 150 mm 300 mm 8 mm Static

Figure (3-4) Specimens of sub-group (G14)

Sub-Group (G15): the changing of ribs spacing, which is achieved by

changing the width of ribs, is adopted to study the effect of spacing
between ribs on the behavior of HSLWC one-way ribbed slabs under
static load. These slabs have the same number of ribs as shown in Figure
(3-5). S1 is considered as the reference slab in this subgroup with ribs
spacing of 200 mm, the ribs spacing of 180 mm and 150 mm in slabs S11
and S12, respectively.

The Variable: Ribs Spacing

Sub - Grou
(bG 15y N\ "' V

Slab Symbol S1 S11 S 12
Ribs Spacing 200 mm 180 mm 150 mm
Rib Width 100 mm 120 mm 150 mm
Slab Type Concrete Type Total Depth Barq)Dia. Load Type
Ribbed HSLWC 150 mm 8 mm Static

Figure (3-5) Specimens of sub-group (G15)
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Sub-Group (G16): this subgroup consists of four slab specimens devoted
to study the behavior of two types of HSLWC one-way (ribbed and solid)

slabs with different bar diameters of main reinforcement (6, 8, and 10)

mm of solid slabs under static load. Ribbed slab S1 is considered a
reference slab. S13, S14, and S15, these specimens have the same amount
of concrete as shown in Figure (3-6), with different bar diameters of main
reinforcement (8, 6, and 10) mm. Steel reinforcement ratio was (0.57,
0.31, and 0.9) % respectively.

The Variable: Slab Type

Sub - Group
(G 16)
Slab Type Ribbed Solid
Slab Symboel S1 S13 S14 S15
Bar
Dismeter (3) 8 mm 8 mm 6 mm 10 mm
Concrete Type Total Depth Rib Width #3;: Concrete Type | Total Depth Load Type
HSLWC 150 mm 100 mm Static HSLWC 83 mm Static

Figure (3-6) Specimens of sub-group (G16)

Second Group (G2) consists of six one—way slabs tested under dynamic

load (harmonic load). This group is also divided into four subgroups

depending on:

Using different concrete types (HSLWC, HSNWC, and NSNWC).

- Using hooked end steel fibers in HSLWC with a volume fraction of
0.25%

- Using different sections geometry by changing the number of ribs in

HSLWC one—way ribbed slabs with the same concrete amount.

- Changing the type of HSLWC slab.

49



Sub-Group (G21): this subgroup consists of three slab specimens

devoted to study the influence of changing concrete type on the behavior
of one-way ribbed slabs under dynamic load. These slabs have the same
geometry properties as shown in Figure (3-7). HS1 is considered as the
reference slab in this subgroup made with HSLWC, HS2 made with
HSNWC, and HS3 made with NSNWC.

The Variable: Concrete Type

Sub - Group
(G21)
Slab Symbol HS1 HS 2 HS 3
Concrete Type HSLWC HSNWC NSNWC
Slab Type Total Depth Rib Width B“(bm“' Load Type
Ribbed 150 mm 100 mm 8 mm Dynamic

Figure (3-7) Specimens of sub-group (G21)

Sub-Group (G22): the influence of macro steel fiber inclusion with fiber

volume fraction ratio (0.25) % on the behavior of HSLWC one-way
ribbed slabs under dynamic load is studied. These slabs have the same
geometry properties as shown in Figure (3-8). HS1 is considered as the
reference slab in this subgroup without steel fiber and HS4 with the

inclusion of 0.25 % of steel fiber.

The Variable: Steel Fiber Inclusion

Sub - Group
(G22)
Slab Symbol HS1 HS 4
Steel Fiber
Ratiol 0.00 % 0.25 %
Slab Type Concrete Type | Total Depth Rib Width Bax ¢Dia. Load Type
Ribbed HSLWC 150 mm 100 mm 8 mm Dynamic

Figure (3-8) Specimens of sub-group (G22)




Sub-Group (G23): different configurations of sections, which was

conducted by changing the number of ribs, is adopted to evaluate the
effect of changing the geometry of section on the behavior of HSLWC
one-way ribbed slabs under dynamic load, these slabs have the same
concrete amount, as shown in Figure (3-9). HS1 is considered as the
reference slab in this subgroup with three ribs and HS5 consists of one
rib.

The Variable: Geometry of Section

Sub - Group
(G23)
Slab Symbol HS1 HS 5
Number of
Ribs 2 I
Slab Type Concrete Type Total Depth Summ:;;i(();:];) [Ribe Bar(me. Load Type
Ribbed HSLWC 150 mm 300 mm 8 mm Dynamic

Figure (3-9) Specimens of sub-group (G23)

Sub-Group (G24): this subgroup consists of two slab specimens
dedicated to study the behavior of two types of HSLWC one-way (ribbed

and solid) slabs under dynamic load. These slabs have the same amount
of concrete. HS1 is considered as the reference slab in this subgroup and
HS6 solid slab, as shown in Figure (3-10).

The Variable: Slab Type
Sub - Group
Slab Type Ribbed Solid
Slab Symbol HS1 HS 6
Bar Bar
Concrete Rib & Load Concrete Total >
Tope Total Depth Width D;)a. Type Fype Depth D‘;a. Load Type
HSLWC 150 mm 100 mm | 8 mm | Dynamic | HSLWC | 83 mm | 8§ mm Dynamic

Figure (3-10) Specimens of sub-group (G24)
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3.2.3 Steel Reinforcement Details of Specimens

The slab specimens were designed by the ultimate method to fail by
tension mode under the applied loads. The steel reinforcement and

geometry section details of the one-way slabs are shown in Figure (3-11).
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(c) Section A-A of the specimen (S9)
Figure (3-11) Steel reinforcement and geometric sections details of

specimens
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(g9) Section A-A of specimens (S13, S14, S15, and HS6)
Figure (3-11) Continued

3.2.4 Formworks of Slab Specimens

Six wooden molds and one steel mold with different geometries are
fabricated for casting the slab specimens, as shown in Plate (3-3). Both of
the steel and wooden forms were supported by stiffeners and fixed on
each side of the forms with bolts. The thickness of the steel plate was (2

mm), while the thickness of the plywood was (18 mm).
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Plate (3-3) Plywood and steel formworks
3.2.5 Mix Proportions

Many trail mixes were performed to satisfy the required density
and strength of HSLWC. The mixed design of NSLWC was performed
according to ACI committee 211.2-98 [81]. The LWC mix is directly
affected by the water absorption of pumice aggregate, so the pre-soaking
method for pumice aggregate was used for 24 hours to keep the high
absorption of pumice aggregate under control. HSNWC mix proportions
were the same as HSLWC except for replacing the pumice with gravel at
the same volumetric ratio and according to ACI committee 363R-10 [3].
Also, NSNWC mix proportions were the same as NSLWC except for
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replacing the pumice with gravel at the same volumetric ratio. The mix

proportions adopted in this study as tabularized in Table (3-2).

Table (3-2): Mix proportions of concrete mixes

Materials (kg/mq)
e | Comen | 0 [ Gravet | P | e | 18 [Sopert | S | S

Type : Y :

" . e T s
NSNWC 496 700 950 -- 210 - -- -- --
NSLWC 496 700 -- 428 210 -- -- -- --
HSNWC 525 590 1100 -- 142 75 7.85 1.05 --
HSLWC 525 590 -- 495 142 75 7.85 1.05 --

FO0.25HSLWC 525 590 -- 495 142 75 7.85 1.05 195
FO.50HSLWC 525 590 -- 495 142 75 7.85 1.05 39.0

3.2.6 Mixing Procedure

All material quantities were weighted and packed into the clean

containers prior to the mixing operation. Also, it is vital to maintain a

clean mixer. The drum mixer with a 375 liter capacity, as shown in Plate
(3-4), was used for mixing HSLWC, HSNWC, NSLWC, NSNWC,
F0.25HSLWC, and FO.5HSLWC. The mixing procedure for each type of

concrete was based on previous studies.

Plate (3-4) Concrete mixer

e The mixing procedure for HSLWC and HSNWC was as follows:

- The fine aggregate and CA (pumice stone for HSLWC and gravel

for HSNWC) were added to a mixer and mixed for 120 seconds.
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- The cementitious (cement + SF) were added to a mixer and
blended for 120 seconds.

- Adding 50 % of water to a mixer and being mixed for 120 seconds.

- Adding the 25% of water, which was mixed with SP, gradually and

mixed for 120 seconds.

- Adding the remaining water, which was mixed with SM, gradually

and mixed for 180 seconds.

e The mixing procedure for FO.25HSLWC and FO.5HSLWC was as

follows:

For steel fibers HSLWC mixes, the same steps were adopted in
HSLWC mixing procedure with adding in the final step of mixing the
steel fibers slowly with the required quantity and being blended for

240 seconds.
e The mixing procedure for NSLWC and NSNWC was as follows:

- The fine aggregate and coarse aggregate (pumice stone for
NSLWC and gravel for NSNWC) were added to a mixer and mixed

for 120 seconds.

- The cement was added to a mixer and mixed for 120 seconds.

- The water was added to a mixer and mixed for 180 seconds.
3.2.7 Casting and Curing

After completing the mixing of concrete, forms were treated with
oil before putting steel reinforcement inside the form. The slab specimens
are cast using the electric vibrator to ensure the concrete fills the molds.
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After casting was completed, the top surface of the concrete was
leveled and smoothed with a hand trowel. Then, the slab molds are
covered with nylon sheets. After 48 hours, the slabs of high-strength
concrete and after 24 hours, the slabs of normal-strength concrete and
their control specimens (cubes, cylinders, and prisms) are removed from
their molds and cured by covering the specimens with burlap sacks after
being moistened. A nylon sheet was draped over the moist burlap sacks to
keep the water from evaporating. While, the curing of the control
specimens was by immersion in a water tank until 28 days, as shown in
Plate (3-5).

a) Pre aratin of mold

(¢) Curing of slabs (d) Curing of control units
Plate (3-5) Casting and curing of concrete specimens

3.3 Tests of Fresh and Hardened Concrete
3.3.1 Tests of Fresh Concrete

3.3.1.1 Slump Test

The test of the slump for all mixes was conducted following ASTM
C143/C143M-15 [82], as shown in Plate (3-6).
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Plate (3-6) Slump test
3.3.1.2 Fresh Density Test

The test of the fresh density for all mixes was conducted following
ASTM C567/C567M-19 [83]. An average of three cylinders of (150
mmx300 mm) for each mix batch after compacting was used to achieve

this test, as shown in Plate (3-7).

3.3.2 Tests of Hardened Concrete
3.3.2.1 Hardened Density Test

The hardened density test was conducted for all LWC according to
ASTM C567/C567M-19 [83], and for all NWC according to ASTM
C642/C642-13 [84], an average of three cylinders (100x200) mm were
used to determine the oven-dry (O.D.) density for each mix batch.
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3.3.2.2 Compressive Strength Test

The compressive strength tests were conducted on cylinders (300
x150 mm) according to ASTM C39/C39M—15a [85] and cubes size (150
mm) according to BS 188l:part 116 [86]. A hydraulic universal
compression testing machine at the Department of Civil Engineering /
Babylon University laboratory was used for this test, as revealed in Plate
(3-8).

= e Pae—

(a) Cube Test — (b) Cyler Test
Plate (3-8) Compressive strength test

3.3.2.3 Splitting Tensile Strength Test

The test of the splitting tensile was conducted for all mixes
according to the ASTM C496/C496M-17 [87]. An average of three
cylinders (100x200) mm were used to find the splitting tensile strength of

each mix batch, as shown in Plate (3-9).
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3.3.2.4 Flexural Tensile Strength Test (Modulus of Rupture)

The flexural tensile test was conducted for all mixes according to
the ASTM C78/C78M-18 [88]. An average of three prisms of dimensions
(100x100x400) mm were used to find the modulus of rupture of each mix
batch, as shown in Plate (3-10).

Plate (3-10) Flexural tensile strength test

3.3.2.5 Ultrasonic Pulse Velocity Test

The ultrasonic pulse velocity (UPV) test, as shown in Plate (3-11),
was conducted for all mixes according to the ASTM C597-16 [89]. An
average of three cubies (150) mm were used to determine the UPV for

each mix.
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3.3.2.6 Thermal Conductivity

This test was carried out according to ASTM C1113-09 [90] at the
national center for construction laboratories —Laboratory Baghdad, using
“Quick Thermal Conductivity Meter” [91], as revealed in Plate (3-12).
The cube specimens with dimensions (100x100x100) mm were used in
the test. Three times the test was repeated for each specimen, and three
thermal conductivity values were recorded with a standard deviation of

less than 2%.

Plate (3-12) Thermal conductivity test

3.3.2.7 PH-Meter Test

The pH-meter test was conducted according to the ASTM F710-19
[92]. The method adopted in the pH test was to calibrate the pH electrode,
then prepare the specimen (powdering), after that prepare the suspension
(10 g of powdered and 10 ml of distilled water) stirring continuously, and
finally, just after stirring, the measurement is taken when the pH value
becomes stable and the value obtained for each of the mixtures is
recorded, as shown in Plate (3-13). The outcomes from this test gave pH
values in the ranges of (12.6-13.0) for all concrete mixes. In an alkaline
concrete environment, a thin coating of adhering passive oxide forms on
bars steel reinforcing used in concrete constructions to protect them from

corrosion. During cement hydration, calcium hydroxide is formed,
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resulting in a high pH, usually between 12.5 and 13.5. This high basic
level is sufficient to maintain and protect the oxide film for an extended
period of time [93]. So, these pH readings allow safe usage of SM
together with (SF and SP) in producing HSLWC, HSNWC,
FO0.25HSLWC, and FO.5HSLWC mixes.

(a)Calibration of pH-meter into 6.86 pH solution  (b)Calibration of pH-meter into 4.01 pH solution
- R TS o> @

B

(c) Preparation of specimens (d) Conduction of the test

Plate (3-13) pH meter test

3.4 Testing Instrumentations and Software

Different instruments were used to carry out the experimental part
of this study for both static and dynamic loading. Load, deflection, crack
width, and strain have been measured. The following is a brief illustration

for each one of them.
3.4.1 Instrumentations of Static Test

e Testing Machine: A manufactured hydraulic jack testing machine

with a capacity of about 60 t was used to test slab specimens under

static load using the load control technique, as shown in Plate (3-14a).

e Load Cell: A sensor 24-bit analog to digital converter with 200 t
capacity was used to measure the applied two-point load.
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Deflection: the linear variable differential transducer (LVDT) (10
cm), as shown in Plate (3-14b) indicators were used to measure the

deflection (the location of the LVDT was at mid-span length).

Strain_Gauge: Four concrete strain gauges with 120 Q resistance

(Plate (3-14c)) were used to measure the strain distribution. These

gauges were distributed on the slab surface at compression face across
the width of the slab. Due to the symmetry, the concrete strain gauges
are mounted only on the half-width of the slab by glued after the

preparation of the concrete surface. The distribution locations of the

strain gauges are shown in Figure (3-12).

4?‘ = T
- 2000 mm-—
———————1000 mm—, +
| I

900 mm ———%
75 mm
=-%

150 mm
|

—i 'L

150 mm
]

=N

— Strain Gauge, 120 omh.

Figure (3-12) Distribution of strain gauges across width of the slab

Data logger: A digital data logger with twelve channels had been
connected to a laptop (dell precision M4800) supplied with a specific
program set up in the LabVIEW 2020 to receive all the data. These

data were saved as technical data management streaming (TDMS)

files to be used later in various data management software like Excel

or DIAdem.

Crack meter: A micrometer optical type with an accuracy of 2x10-2

mm, as shown in Plate (3-14f) was used to measure crack width for all
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slab specimens, and to make it simpler to observe and estimate the

width of cracks, the slab surfaces were painted white.

it e B
£
e i
(c) Starin Gauge ~ (c) Data Logger (d) Laptop (e) Crack Meter

Plate (3-14) Instrumentations of static test
3.4.2 Instrumentations of Dynamic Test

e Displacement: In the dynamic loading test, displacement indicator

was used to measure the displacement amplitude for the slab
specimens subjected to harmonic loading (laser sensor (30mm)). The
location of this indicator was at mid-span length, as shown in Plate (3-
15). Laser sensor type was LK-081- KEYENCE, as shown in Plate
(3-16a) and a description for this laser sensor is presented in
(Appendix C). The reference distance between the slab and laser
sensor was 80 mm. Some care was taken to set this sensor and secure

it in the proper position to obtain accurate results.
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Electric Motor: A rotary motor of 1.5HP capacity and its mass of 22

kg. The eccentric (total mass and distance) of the motor was
approximately 2.1kg and 24mm, respectively. A steel mass of 48 kg
has been installed between the motor and the specimen. This mass was
attached to be distributed on a projected area of (350 x 450) mm, as
shown in Plate (3-16b).

Load Cell: Five ultrasonic piezo transducers with 60W and 28 kHz
capacity connected in series to find the average values were used to
measure the adopted harmonic load after carrying out the calibration
to transfer the values in (volt) to load in (kg), as illustrated in Plate (3-
16¢).

AC Driver: This driver is used to regulate and control the operating
frequency of the electric motor with the required step value for each
test, as shown in Plate (3-16d)

Data Acquisition: An advanced digital data acquisition for sound &

vibration type (NI PXle -1062Q), with twenty-four channels, had been
connected to a desktop computer and supplied with a specific program
set up in the software (LabVIEW 2020), as shown in Plate (3-16e and
). All of the data on this device was received in LabVIEW 2020 and
saved as a TDMS file for future use in data management software like

DIAdem. A datasheet of this device is presented in (Appendix C).

Accelerometer: Four accelerometers mounted on the top surface of

the specimen and distributed at the center along the span of the
specimen were used to measure the acceleration amplitude for the

slabs under harmonic loading.

Microphone: One microphone was used to record the sound which

was induced by the operating of the motor, as shown in Plate (3-16h).
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e Grounding System: As it is known any electrical device must be

connected to the earth to release the excess electrons and protect the
device. Therefore, copper rod was planted in the hole and connected

from the top with steel wires, as shown in Plate (3-16i).

.(hg)>Accelerometers (h) Microphone - (1) Earthing Rod
Plate (3-16) Instrumentations of dynamic test
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3.5 Testing Procedure

In the static loading test, concrete slab specimens were tested till
failure in the civil engineering department's structural laboratory at
Babylon University, as simply supported (hinge-roller) one-way
reinforced concrete slabs resting on a steel frame and subjected to a two-
point loading system. Hinge support was designed to prevent horizontal
movement and allows rotation. While the roller support was designed to
for allowing both rotational and horizontal movements. Each one consists
of a 20 mm thickness plate, and of 10 mm steel shaft that is welded with
steel (1) section. This section supported with steel stiffener. In the
beginning, the LVDT and strain gauges were set and checked by applying
an initial load. Then, the load was returned to zero. After that, the initial
reading of LVDT and strain gauges were reset to zero. At each specific
loading increment, crack width was measured. The deflection and strain
were recorded using a data logger. Furthermore, the magnitude of the first
cracking load and its locations were recorded. Cracks development on

each specimen were also traced and outlined by a marker.

Finally, a test was deemed complete when no additional rise in applied
load was seen, along with an evident big deflection and extensive
cracking. Figure (3-13) displays a schematic diagram for slab specimen

under static load.

Figure (3-13) A schematic diagram of slab specimen under static test
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In the dynamic loading test, concrete slab specimens were tested
under different operating frequencies between (5-50) Hz, each step 5 Hz,
as simply supported one-way reinforced concrete slabs resting on a

fabricated steel frame and subjected to a harmonic loading system.

Load, displacement, acceleration, and sound were recorded using a data
acquisition at each specific frequency increment. At each of these
frequencies, the amplitude of displacement, acceleration, and sound level
were found to stabilize approximately after 20 seconds; once it was
stabilized, the readings were taken. Furthermore, cracks development on
each specimen were also traced and outlined by a marker. Figure (3-14)

shows a schematic diagram for slab specimen under dynamic load.

Figure (3-14) A schematic diagram of slab specimen under dynamic
test
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Chapter Four: Experimental Results and Discussion

4.1 Introduction

This chapter discusses the outcomes of the experimental work
which was presented in chapter three. At the beginning, the results of
physical and mechanical properties of different types of concrete mixes
are discussed. The results of the experimental static test of one—way
reinforced concrete slabs specimens are evaluated and discussed. The
findings of experimental dynamic testing are discussed in the final part of

this chapter.

4.2 Mechanical and Physical Properties of Concrete Mixes

Several specimens were casted and tested from each concrete batch
mix to find the mechanical and physical characteristics of the concrete,
including compressive strength, indirect tensile strength (splitting tensile
strength and modulus of rupture), ultrasonic pulse velocity, density, and
thermal conductivity. For each of these mechanical characteristics, each

value represents the average of a number of specimens.
4.2.1 Compressive Strength

The most important and relevant indicator for evaluating concrete
Is its compressive strength. It is also a significant feature of concrete.
Table (4-1) gives the compressive strength test results for each kind of
concrete utilized in this study. From the experimental test results, it was
noticed that the cube and cylinder compressive strength increased in
HSNWC by (56.78 and 70.59) % with respect to NSNWC, respectively.
While in HSLWC, the cube and cylinder compressive strength increased
by (69.71 and 81.12) % with respect to NSLWC, respectively. From these
outcomes, it was found that the difference in the cube and cylinder

compressive strength in LWAC was higher than in NWAC by 12.93%
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and 10.53%, respectively. This behavior may be due to the effect of LWA
(pumice stone), which is considered a pozzolanic material that was
worked together with the silica fume and sugar molasses to improve

cement paste strength.

Also, it is found that the failure of HSNWC appeared explosive behavior,
while the replacement of gravel with pumice stone in HSLWC made the
failure of specimen less explosive behavior. This behavior was due to
HSNWC has higher compressive strength than HSLWC. Also, this
replacement reduced the compressive strength (cube and cylinder) by
about (23.61 and 27.24) %, for HSC and about (29.43 and 31.47) % for
NSC, respectively. Thus, the effect of replacing gravel with pumice stone
in HSC is smaller than in NSC. Furthermore, the addition of steel fibers
with two volumetric ratios (0.25 and 0.5) % in the HSLWC mix gave an
improvement in the (cube and cylinder) compressive strength of
approximately (7.49 and 11.14) % and (13.63 and 16.35) %, respectively.
This may belong to the fiber's exertion as confinement on the cement

matrix.

Table (4-1): Results of compressive strength tests

Compressive Strength | NSNWC | NSLWC | HSNWC | HSLWC | F 0.25 HSLWC | F 0.50 HSLWC

feu (MPa) 43.5 30.7 68.2 52.1 56.0 59.2

£ (MPa) 340 | 233 | 580 | 422 46.9 49.1

4.2.2 Splitting Tensile Strength

The splitting tensile strength (f;) of concrete is much lower than
the compressive strength due to the ease of cracks in the tension zone. As
shown in Table (4-2), the f; of HSNWC increased by 38.24% with
respect to NSNWC and f; of HSLWC increased only by 34.78 % with
respect to NSLWC. From these outcomes, it was found that the difference

of f, in NWAC was higher than in LWAC by 3.46%. This behavior
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reflected the effect of LWA in this reduction. Moreover, f; of HSLWC
reduced by 34.04 % respected to HSNWC. While f; of NSLWC reduced
by about 32.35 % respected to NSNWC, thus the effect of replacement of
gravel with pumice stone in HSC is more than in NSC. On the other
hand, the addition of steel fibers with Vs equal to (0.25 and 0.5) % in
HSLWOC led to an increase in the f; by (22.58 and 29.03) %, respectively.
This improvement is due to the ability of steel fiber to restrict crack

propagation.

The relation between the splitting tensile strength and cylinder
compressive strength represents the brittleness ratio (BR) [94] which was
computed for all concrete types in Table (4-2). From this ratio, it was
found that using HSNWC instead of NSNWC led to an increase in the
BR by 23.40%, while using HSLWC instead of NSLWC increased the
BR by 34.35%. From these outcomes, it was found that the LWA was
comparatively more brittle than NWA. On the other hand, the addition of
steel fibers to HSLWC with (V¢ = 0.25% and 0.5%) gave concrete mixes
more ductile behavior by reducing the BR by 9.33% and 9.77%,

respectively.

Table (4-2): Results of splitting tensile strength test

Splitting Tensile |\ q\we | NSLWC | HSNWC | HSLWC | F 025 HSLWC | F 050 HSLWC
Strength
ft (MPa) 3.4 2.3 4.7 3.1 3.8 4.0
(fS /1) 10.00 | 10.13 12.34 13.61 12.34 12.28

4.2.3 Flexural Tensile Strength (Modulus of Rupture)

The goal of the modulus of rupture (f,-) test is to determine the
maximum load at which a concrete member in bending may crack owing

to tension. It indicates the flexural tensile strength of concrete [95].

71




From outcomes presented in Table (4-3), it was found that using HSNWC
instead of NSNW(C led to increase the f,. by 47.37%, and using HSLWC
instead of NSLWC led to increase the f,. by 40%. From these outcomes, it
was noticed that the difference of £, in NWAC was higher than in LWAC
by 7.37%. This behavior reflected the effect of the presence of LWA in
these mixes. Moreover, the presence of steel fibers in HSLWC led to
increase the f,. by (17.14 and 28.57) % for (Vi = 0.25% and 0.5%),
respectively. This may be because the hooked ends fiber was effective in
bridging the cracks that appear in the first stage of cracking. The
relationship between the flexural tensile strength and cylinder
compressive strength for all concrete types is presented in Table (4-3),
respectively. It was found that the ratio of (f./f,) increased by 15.75%
when using HSNWC instead of NSNWC, also this ratio increased by
29.40% when using HSLWC instead of NSLWC. The addition of steel
fibers in HSLWC led to decrease this ratio by (5.14% and 9.54%) for (V¢
= 0.25% and 0.5%), respectively. It is important to note that the addition
of steel fiber increases the flexural strength larger than the compressive
strength in HSLWC.

Table (4-3): Results of modulus of rupture test

Modulus of
NSNWC NSLWC | HSNWC HSLWC F 0.25 HSLWC | F 0.50 HSLWC
Rupture
fr (MPa) 3.8 2.5 5.6 35 4.1 4.5
(fc’lfr) 8.95 9.32 10.36 12.06 11.44 10.91

4.2.4 Ultrasonic Pulse Velocity (UPV)

The concept is to project the sound inside the material and measure
the time to receive it. From the outcomes shown in Table (4-4), it was
found that UPV increased by 25.99 % when using HSNWC instead of
NSNWC, while it increased by 16.17 % when using HSLWC instead of

NSLWC. From these results, it was found that the UPV in NWAC was
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higher than in LWAC by 9.82 %. This behavior related to the effect of
pores of LWA led to decrease the velocity of sound inside LWAC
specimens. The addition of steel fibers led to increase UPV by 4.77% and
17.77%. This attitude might be because of the ability of steel fiber to
minimize the bad effect of the voids and LWA on UPV. Moreover,
according to Indian Standard (1S:13311-1: Part 1) [96] for classification
of concrete quality as a function of UPV, it was found that (NSNWC,
NSLWC, and HSLWC) have a good quality while (HSNWC,
FO0.25HSLWC, and FO.5HSLWC) have an excellent quality assessment.

Table (4-4): Results of ultrasonic velocity test

Ultrasonic

i NSNWC | NSLWC | HSNWC | HSLWC | F0.25 HSLWC | F 0.50 HSLWC
Velocity
UPV (km/s) | 4.355 | 3.823 5.487 4.441 4.653 5.230
4.2.5 Density

Oven dry (O.D) density for all six concrete types is presented in
Table (4-5). The addition of LWA (pumice stone) instead of NWA
(gravel) in all concrete mixes without steel fiber led to decrease the
density by 16.69% and 19.31% for NSLWC and HSLWC with respect to
NSNWC and HSNWC, respectively. This is due to the LWA having a lot
of gaps or pores, and it forms the greatest ratio of concrete materials. On
the other hand, the presence of steel fibers in concrete mixes led to
increase the density of concrete by 0.98% for FO.25HSLWC and 1.54%
for FO.50HSLWC, and this increment depends on the ratio of the volume
fraction of fibers. The relation between strength and density appeared that
using HSNWC instead of NSNW(C led to increase the strength to density
ratio by 63.95%, while using HSLWC instead of NSLWC led to the
increase of this ratio by 79.34%. From these outcomes, it was found that
the difference between replacing NWA with LWA in HSLWC is more
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than NSLWC by 15.39%. Also, the addition of steel fibers in HSLWC
had a significant effect in increasing the efficiency of strength to density
ratio by 10.14 % for F0.25 HSLWC and 14.75% for FO.50HSLWC,
respectively. It was worthy to mention that the fresh density for all types
of concrete were ranged from (100 to 160) kg/m3 higher than O.D
density.

Table (4-5): Results of density test

Density NSNWC NSLWC HSNWC HSLWC F 0.25 HSLWC | F 0.50 HSLWC

we (kg/m?) 2313 1927 2408 1943 1962 1973

(f/ ) x102 | 1.47 121 2.41 2.17 2.39 2.49

4.2.6 Thermal Conductivity (A)

From the thermal conductivity test results, it could calculate
another thermal properties of concrete, such as heat resistivity (r) and heat
transfer rate (g). The equations (4-1) and (4-2) can be used to find the

heat resistivity and the rate of heat transfer per hour, respectively [97]:

t ......................................................................... 4
q t ...................................................................

r = heat resistivity (m?.K/W).

q = heat transferred per unit time (W/ hour).

A = area of heat transfer (m2).

A = thermal conductivity (W/ (m.K)).

dT =temperature difference across the material (K).
t = thickness of material (m).

Using the value of A from the experimental test and assuming that the

temperature difference between day and night is 20°C (293.15° K), the
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area is (1x1) m? and the thickness is 15 cm, the r and g of each concrete
type can be calculated as shown in Table (4-6). It was found that using
HSNWC instead of NSNWC led to increase A (i.e., decreasing the
thermal insulation) by 23.92%, while using HSLWC instead of NSLWC
led to increase A by 14.57%. This revealed that using LWA instead of
NWA for HSC decreased the thermal conductivity by 9.35%. Also, using
HSLWC instead of HSNWC led to decrease A by 43.55% due to the
effect of LWA compared with NWA. Furthermore, it was found that the
unclear effect of increasing the volume fraction of steel fibers on the A
may belong to the distribution of steel fibers in concrete mixes. Although
there are slight increases in A for fiber concrete by 9.88% for
FO.5HSLWC over HSLWC, the increase is less than the effect of coarse
aggregate type.

Table (4-6): Results of thermal properties

Thermal Properties | NSNWC | NSLWC | HSNWC | HSLWC | F0.25 HSLWC | F 0.50 HSLWC

The(rgf’"(vc\/‘/’r&‘fg"ity 1158 | 0707 | 1435 | 0810 | 0.795 0.890
Heat (i]efim;y M| 0130 | 0212 | 0105 | 0.185 | 0.189 0.169
Heat(;ﬁr\‘/f/‘;e;;efr)Rate 2263 | 1382 | 2804 | 1583 1554 1739

4.2.7 Sound Insulation and Acoustic Impedance

One aim of this study is the physical property such as (sound
insulation and acoustic impedance) of lightweight concrete. In this study,
the sound insulation of concrete specimens was calculated according to a
proposed empirical formula for transmission losses (TL) [98]. The ability
to acoustic insulation of buildings, this insulation usually calculates at a

frequency of 200 Hz then 1000 Hz.

TL=201og (FXm) —48 o (4-3)




Where:
TL= Transmission losses, dB.
f = frequency, 200 Hz.

m = mass per unit area, kg/m?; take the values in the Table (4-5) and
thickness= 0.15 m.

Acoustic Impedance (Al) for each concrete mixes that used in this study

was calculated by equations (4-4) using the following equation [99]:

Al =We X UPV L (4-4)
Where:

Al: Acoustic Impedance, (Rayl = kg/(m?s)).

wc: Density, kg /m?3,

VPV: Ultrasonic Pulse Velocity, m/s.

Table (4-7): Results of acoustic properties

Acoustic Properties NSNWC | NSLWC | HSNWC | HSLWC | F0.25 HSLWC | F 0.50 HSLWC

Acoustic Impedance

10.1 7.4 13.2 8.6 9.1 10.3
(Al), x10° (Rayl)

Transmission Losses,
(TL), (dB)

48.83 | 47.24 | 49.18 | 4731 47.40 47.44

The results in Table (4-7) showed that in the NSLWC, the reduction in
the Al and TL was (26.73 and 3.26) % with comparison to NSNWC,
respectively. While in the HSLWC, the reduction was (34.85 and 3.80) %

with comparison to HSNWC, respectively.

Moreover, the inclusion of steel fibers in HSLWC led to increase TL and

Al, and this increment depends on the ratio of steel fibers. The Al
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increased by (5.81and 19.77) % and TL increased by (0.19 and 0.27) %
for FO.25HSLWC and for FO.50HSLWC, respectively, with reference
HSLWC. The findings of TL showed that all types of concrete did not
negatively affect sound insulation because all these values were over the

lower limit of international codes of 40 dB [100].
4.2.8 Slump Test Results

The concrete slump test is performed to check the workability of
fresh concrete. The effects of various kinds of aggregate, the addition of
steel fiber, and molasse on slump values of concrete mixes are presented
in Table (4-8). It can be seen that the effect of silica fume,
superplasticizer, and sugar molasses is clear in the workability of
HSNWC and HSLWC mixes as compared to NSNWC and NSLWC

mixes, respectively, which were given higher slump values.

Also, it can be seen that the inclusion of steel fibers in HSLWC mixes
reduced the slump values due to the formation of matrix—fiber network
structure which results in an increase in the viscosity of concrete mixes

and reduces the workability.

Table (4-8): Results of workability properties

Workability | NSNWC | NSLWC | HSNWC | HSLWC | F0.25 HSLWC | F 0.50 HSLWC

Slump (mm) | 50 42 127 110 94 87

4.3 Results of the Experimental Work of Slabs Specimens

Under Static Loading

The following parts discuss the outcomes of the experimental study
under the effect of static loading using characteristics including the load
of the first crack, load-maximum crack width curves, crack pattern,

failure mode, ultimate loading capacity, load-central deflection curves,
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stiffness, ductility, and energy absorption for each group that depended in
this study. Table (4-9) summarizes the cracking and deflection details of
slabs under the effect of static load.

Table (4-9): Cracking and deflection details for slabs tested under
static loading

Slab Type of Per | Wer* Py oy Pu oy Mod of
Symbol concrete (kN) | (mm) | (kKN) | (mm) | (kKN) | (mm) H failure

S1 HSLWC 1251 | 0.22 | 65.00 | 9.73 | 77.15| 4092 | 4.21

S2 HSNWC 2250 | 0.11 | 76.62 | 8.40 | 93.74 | 49.50 | 5.89

S3 NSLWC 10.02 | 0.24 | 61.51 | 11.61 | 72.36 | 43.00 | 3.70

S4 NSNWC 13.00 | 0.17 | 72.00 | 14.26 | 76.46 | 37.00 | 2.59

S5 F0.25HSLWC | 15.02 | 0.20 | 72.50 | 10.00 | 90.73 | 44.86 | 4.49

S6 | FO.50HSLWC |16.82 | 0.15 | 77.50 | 10.00 | 96.48 | 48.00 | 4.80

S7 HSLWC 1154 | 0.25 | 27.51 | 5.14 | 48.13 | 33.13 | 6.45

S8 HSLWC 1591 | 0.18 | 101.30 | 9.80 | 118.8 | 29.98 | 3.06 llz:f)l(urt
1Hu

S9 HSLWC 12.86 | 0.13 | 67.50 | 9.72 | 77.45| 41.96 | 4.32

S10 HSLWC 13.00 | 0.10 | 65.11 | 10.54 | 76.79 | 48.26 | 4.58

S11 HSLWC 1450 | 0.21 | 69.67 | 9.57 | 83.58 | 46.29 | 4.84

S12 HSLWC 16.78 | 0.17 | 73.29 | 10.22 | 88.70 | 49.85 | 4.88

S13 HSLWC 9.51 | 0.12 | 30.24 | 17.52 | 33.49 | 42.62 | 2.43

S14 HSLWC 8.00 | 0.14 | 1050 | 5.36 | 18.37 | 27.84 | 5.20

S15 HSLWC 11.00 | 0.10 | 56.01 | 17.27 | 60.10 | 31.79 | 1.84

*Crack width at service load (0.65 Py) [101].

4.3.1 Cracking Behavior

The performance of cracking of the all-tested slab specimens in the

first group is evaluated and discussed in this section.
4.3.1.1 General Cracking Performance of Slab Specimens

This section summarizes the general cracking behavior. At first, the
influence of static two-point loading on slab specimens indicated three
distinct stages of deformation.

In the early stages of testing, before the first crack was begun, the

deformations might be classed as elastic deformations. When the applied
78




load reached the first cracking load, which ranged from 0.134 to 0.435 of
the ultimate loads, the first fracture occurred in the tension face of the
tested slabs. The initial crack had a width not exceeding 0.02 mm. More
flexural cracks appeared at the tension face of the tested slab specimens
as the load raised, spreading horizontally from the mid-span to the
support. The elastic-plastic stage is represented by this stage. The number
of cracks grew, as did their width, and they traveled higher to the flange
of one-way ribbed slab specimens and to the compression zone of one—
way solid slab specimens. Finally, increasing the load magnitude caused
the stiffness of the slab specimens to decrease (plastic stage), which was
followed by failure. The slab specimens' failure of the tested under the
effect of static two-point loading could be characterized as a flexural
failure. Plate (4-1) displays the cracking outlines for slabs under the
effects of static two-point loading. From this plate, one can be found that:
With increasing of concrete strength, the width of the cracks decreased
while the number of cracks increased. This behavior is due to the number
of factors, including the increase in the modulus of elasticity of HSLWC
slab S1 and HSNWC slab S2 in comparison with NSLWC slabs S3 and
NSNWC S4, respectively, which belongs to the development of crushing
failure across the aggregates and mortar rather than deboning or crushing

through the mortar.

Using hooked end steel fibers in producing one-way ribbed slabs (S5 and
S6) led to increase the number of cracks followed by a reduction in
cracks width with an increase in the volume fraction of fiber in
comparison with slab S1 without steel fibers at the same load level. This
behavior is due to the bond between concrete components improving

when steel fiber is added to the matrix.
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Changing p from (0.28 to 0.16) % by using ¢ 6 mm in ribbed slab S7 led
to decrease the number of cracks and an increase in the crack width of the
slab at the same loading level. On the other hand, changing p from (0.28
to 0.44) % by using $10 mm in ribbed slab S8 instead of $8 mm in
ribbed slab S1 led to increase the number of cracks and decrease in their
width. This behavior belongs to the increase in the moment of inertia and

therefore, the flexural rigidity of slabs will increase.

Changing the number of ribs with the same ratio of concrete volume, as
presented in two—ribs in slab S9 and one—rib in slab S10, the effect of this
changing on the outcomes of cracking was the number of cracks and its
width nearly similar at the most load level, this may be belonging to the

same volume of concrete and same steel reinforcement ratio.

The effect of the decreasing the spacing between ribs of one—way ribbed
slab on the crack behavior by changing the width of ribs, which was 120
mm in slab S11 and 150 mm in slab S12, led to a large number of
narrower cracks width. This behavior is due to the slabs' increased

moment of inertia; hence, the flexural rigidity will increase.

Converting the type slab from ribbed slab (S1, S7, and S8) to solid slab
(S13, S14, and S15) while maintaining the same concrete volume, the
outcomes clarified that the ribbed slab of HSLWC gave better cracking
behavior than solid slab, this behavior revert to the enhancement in the
moment of inertia of ribbed slab at same concrete volume, hence; the

flexural rigidity will increase.

The outcomes of the width of the maximum crack at the service load
(about 65% of the ultimate load of each slab specimen) [101] as shown in
Plate (4-1) were compared with the limitations of ACI 318-19 [18] that is
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0.4 mm. The outcomes indicated that all slab specimens meet the

limitation of the ACI code.
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Plate (4-1) Cracks pattern for slabs under two-point loading
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Plate (4-1) Continued
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Plate (4-1) Continued

4.3.1.2 Load-Crack Width Curves for Slab Specimens

The tested slab specimen's maximum crack width was supervised
throughout the test from the appearance of the first crack up to failure.
The slab specimen's load-maximum crack width curves under the effect
of two-point static loading were described in Figure (4-1) to Figure (4-6):
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Figure (4-1) Load-crack width curves of G11
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Figure (4-2) Load-crack width curves of G12
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Figure (4-3) Load-crack width curves of G13
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Figure (4-4) Load-crack width curves of G14
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Figure (4-5) Load-crack width curves of G15
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Figure (4-6) Load-crack width curves of G16

4.3.1.3 First Cracking Load

Load of the first crack in one-way slab specimens is evaluated and
discussed in this section under the effect of two-point static loading as
follow:
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> First Sub-Group (G11): Concrete Type

The effect of concrete types (normal strength and high strength)
concrete with NWA and LWA on the first crack load of one—way ribbed

slabs will be discussed.

In one—way ribbed slab S1 was made from HSLWC, the first crack
load increased by 24.85% in comparison to NSLWC ribbed Slab S3. In
the same manner, using HSNWC in ribbed slab S2 instead of NSNWC in
slab S4 improved the first crack capacity by 73.08 %, as shown in Figure
(4-7). From the results, it was found that using HSC instead of NSC for
both NWA and LWA gave a better improvement in the capacity of
cracking loading because of the enhancement in the mechanical
characteristics of the concrete, such as tensile strength and modulus of
elasticity. Also, found that NWA gave a better improvement in first
cracks more than LWA by 48.23 % because of the nature of aggerate and

its mechanical properties.
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Figure (4-7) First crack load of G11

» Second Sub-Group (G12): Inclusion of Steel Fiber
It can be seen from Figure (4-8) that the inclusion of hooked end steel
fibers in HSLWC ribbed slabs with two volume fractions of 0.25 % in
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slab S5 and 0.50 % in slab S6 led to enhance the first crack load carrying
capacity by 20.06 % and 34.45 % in comparison to S1, respectively. This
behavior could be related to the fact that steel fibers improve the bond

between concrete components, thereby arresting the growth of cracks.
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Figure (4-8) First crack load of G12

» Third Sub-Group (G13): Steel Reinforcement Ratio

Decreasing the reinforcement ratio of ribs by using ¢ 6 mm in slab S7

instead of ¢ 8 mm at the same number of bars in ribbed slab S1 displayed
a reduction in the first crack load-carrying capacity of about 7.75%.
While increasing the rib's main steel reinforcement ratio by using bar ¢10
mm in slab S8 displayed an improvement in the first crack load-carrying
capacity of about 27.18%. This behavior belongs to the effect of stiffness
(i.e., the increase in the moment of inertia) of slab specimen. Figure (4-9)

shows the effect of change p on cracking load.
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Figure (4-9) First crack load of G13

> Fourth Sub-Group (G14): Geometry of Section

At the same concrete volume which was used to produce the HSLWC
one-way ribbed slabs, the effect of the geometry of section by changing
the number of ribs on the first crack capacity is illustrated in Figure (4-
10).

The comparison between reference slab S1 with three ribs and width of
each rib equal to 100 mm and the slab with two-ribs S9 with the width of
each — rib equal to 150 mm also, the slab with one—rib S10 with the width
of rib equal to 300 mm. The strength at the first crack was increased
slightly with the decrease in the number of ribs with the same
characteristics of concrete as well as cross-section (cross-sectional area
and second moment of area, the increment was 2.80% and 3.92% in
comparison slab S1. The primary issue is very certainly related to the
inability to distribute loads equally across the slab width. As a result, the
normal stresses in the tensile zone would be concentrated on certain ribs.
Nonetheless, this case is a good reveal difficulty to distribute loads on the

width of larger space.
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Figure (4-10) First crack load of G14

» FEifth Sub-Group (G15): Ribs Spacing
The effect of weight reduction on the production of HSLWC one—way

ribbed slabs through changing the ribs spacing at the same number of

ribs, gave a significant indication of the capacity of the first crack load of
the slab. This behavior belonged to changing the stiffness of specimens
through changing the moment of inertia. The reduction in ribs spacing
from (200mm to 180mm) in slab S11 and to 150mm in slab S12 led to

increase the first crack load by 15.91% and 34.13%, respectively, as
shown in Figure (4-11).
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Figure (4-11) First crack load of G15
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» Sixth Sub-Group (G16): Slab Type
Changing the slab type from solid slab S13 to ribbed type in S1 led to

increase the first crack loading capacity by 31.55%. This is because a

one-way ribbed slab has a larger moment of inertia than a one-way solid
slab of the same concrete volume. From the Figure (4-12), it was found
that the reduction in the p from 0.57% in slab S13 to 0.31% in slab S14
led to decrease the first crack load by 15.88%, while increasing the p to
0.90% in slab S15 led to increase the first crack by %15.67. The increase
of p to 0.90% led to decrease the reduction in the first crack of slab S13
by 11.91% in comparison to S1.
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Figure (4-12) First crack load of G16

4.3.2 Deflection Behavior

The deflection at the middle point of each slab specimen was
measured using the linear variable differential transducer (LVDT). The
LVDT was placed at the mid-point of the span. Table (4-9) present the
loads (P, Py, and P,) and the corresponding midpoint of span deflections
(dcr, Oy, and 8y) that correspond to each loading level, respectively.
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4.3.2.1 Load-Deflection Curves

The results of this experimental work revealed that the deflection
behavior for one—way slab specimens could be described as follows: at
the early stage of loading, all slab specimens were in the pre-cracking
stage, which presents the elastic state. In this stage, loading causes a
linear increase in deflection. Because the strains in concrete and steel are
relatively small, this behavior is to be expected. All the materials are in

the elastic portion of their respective responses.

The second stage was the post-cracking stage (elastic-plastic
stage). Cracking alters the slope of the load-deflection curve, resulting in
a decrease in the effective moment of inertia. Following cracking,
deflections continue to increase linearly with the load but with varying
slopes until all tensile reinforcement yields. The third stage was the post—
yielding stage (the plastic stage), which started after yielding the tensile
reinforcement. In this stage, all the load-deflection relationships showed
some variation in slope (a non-linear relationship). The neutral axis
decreases dramatically, resulting in a quick rise in both curvature and
deflection soon following the yielding up till the failure of the tested

reinforced concrete specimen.

Each slab specimen demonstrated various post-yielding load-
deflection behavior (as shown in Figure (4-13) to Figure (4-18)),
depending on the concrete strength, types of aggregate, the geometry of

section, amount of steel reinforcement, and slab type.

» First Sub-Group (G11): Concrete Type

Using HSLWC in one—way ribbed slabs S1 instead of NSLWC in slab
S3 led to increase the ultimate load of 6.62% and decrease the deflection
at the ultimate load by 4.84%.
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On the other hand, using HSNWC in one—way ribbed slab S2 instead of
NSNWC in slab S4 led to increase the ultimate load capacity by 22.60 %
and increase the deflection at the ultimate load from 33.78%, as shown in
Figure (4-13). Also, it is noted that the use of LWA makes the load-
deflection curve more softening compared to NWA, due to the different

modulus of elasticity for both concrete types.
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Figure (4-13) Load-deflection curves of G11

» Second Sub-Group (G12): Inclusion of Steel Fiber

Inclusion of hooked end steel fibers in HSLWC in one-way ribbed

slab led to having higher values of ultimate load capacity, and their

values are increased as fiber fraction increased in the concrete.

The results explained that adding steel fibers with 0.25% in slab S5
and 0.50 % in slab S6 led to increase the ultimate loading capacity by
(17.60% and 25.06%) in comparison with slab without steel fiber S1,
respectively. On the other hand, the strength improvement was more
evident in slab S6, which led to recover the reduction in the ultimate
loading capacity due to the using pumice stone instead of gravel in
HSNWC. As shown in Figure (4-14), using steel fibers improved the
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stiffness of slabs by decreasing the deflection at the same stage. This
superior performance of fiber in HSLWC one—way ribbed slabs is due to
the role of fibers in arresting the crack, which led to improving the

stiffness and moment capacity of slabs.

120
100
80

60 51

Load (KN)

55
40
56

20

0 10 20 30 40 30 60
Mid - Span Deflection (mm)

Figure (4-14) Load-deflection curves of G12

» Third Sub-Group (G13): Steel Reinforcement Ratio
Decreasing the p of slab S7 from (0.28 to 0.16) % led to decrease the

load-carrying capacity by 37.62% and increase the deflection at the same

stage of loading. While increasing the p in slab S8 from (0.28 to 0.44) %
led to the recovery of the reduction in the load-carrying capacity due to
the reduction in weight of HSLWC ribbed slabs as a result of using LWA
(pumice stone) instead of gravel. The improvement in load-carrying
capacity was 53.99 % over slab S1. This increment in p led to improve
the moment of inertia of the slab. For this reason, the deflection was

reduced at the same stage of loading, as shown in Figure (4-15).
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Figure (4-15) Load-deflection curves of G13

> Fourth Sub-Group (G14): Geometry of Section

Changing the geometry of section by changing the number of ribs led

to a minor effect on the load-carrying capacity. This effect may be
belonged to stress distribution on slabs (shear lag phenomena). For all the
specimens in the sub-group G14 (S1, S9, and S10), the effective width of
ribs is located within the whole width of the slab. The ultimate load
carrying capacity for two-ribs was 77.45 kN, while one-rib was 76.79
KN. On the other hand, the one-way ribbed slab S10 gave the largest
deflection (48.26 mm) more than two and three ribs, as shown in Figure

(4-16) below.
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Figure (4-16) Load-deflection curves of G14

» Fifth Sub-Group (G15): Ribs Spacing
Decreasing the spacing between the ribs of the HSLWC one-way

ribbed slab by increasing the width of ribs led to increase the ultimate
load-carrying capacity by 8.33% and 14.97 % in slabs S11 and S12,
respectively, over reference slab S1. This behavior is due to the formation
of cracks in the tensile zone. Cracks developed more slowly in slabs S11
and S12 than in slab S1 due to an increase in the area of concrete that
provides resistance to normal tensile stresses, This is agreed with result of
the authors (Al-Azzwi and Al-Asdi, 2017) [102].

Furthermore, the results showed that lower deflection of one-way ribbed
slab S12 was found through different loading stages in comparison with
S11, as shown in Figure (4-17). This behavior is because of the larger
cross-sectional area that led to decrease the moment of inertial and

internal moment capacity.
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Figure (4-17) Load-deflection curves of G15

» Sixth Sub-Group (G16): Slab Type

Using one—way ribbed slab S1 instead one—way solid slab S13 with

the same amount of concrete led to a positive impact on the ultimate
capacity, which was increased by 130.37 %. On the other hand, the ratio
of steel reinforcement decreases to 0.31% in slab S14 led to decrease the
ultimate load capacity to 45.15 % in comparison to slab S13. Increasing
the steel reinforcement ratio in the slab to 0.9% S15 led to improve the
ultimate load capacity by 79.46% in comparison to S13 but remained less

than the ultimate load capacity of S1.

On the other hand, the deflection of one—way solid slab increased in
comparison to one-way ribbed slab. Also, the amount of steel
reinforcement ratio played in changing the deflection of one-way solid
slab specimens, as shown in Figure (4-18). This behavior is because of

the reduction of the moment of inertia and internal moment capacity.
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Figure (4-18) Load-deflection curves of G16
4.3.2.2 Stiffness

From the load-deflection curve of tested slab specimens, the stiffness
(Ks), as shown in Figure (4-19) was calculated in this study at the service
load stage [101].
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Figure (4-19) Stiffness of all tested slabs specimens

As illustrated in Figure (4-19), the results of sub-group G11 found
that the stiffness of slab S1 increased by 37.20 % in comparison to slab
S3, while the stiffness of slab S2 increased by 34.04 % in comparison to
slab S4. In subgroup G12, the inclusion of steel fibers led to enhancement

of the stiffness, and the degree of enhancement depends on the ratio of
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volume fraction of steel fibers. The improvement of K was 7.89% and
16.79 % for S5 and S6, respectively, over slab S1. This behavior belongs
to the enhancement of the modulus of elasticity of concrete when the

compressive strength increases and the inclusion of steel fibers.

Also, the ribs steel reinforcement ratio in subgroup G13 had a clear
influence on the stiffness. The K decreased by 29.99 % in slab S7, while
K increased by 56.96% in slab S8 over slab S1. This behavior belongs to
the effect of steel reinforcement amount on both strength capacity and the

deflection.

The change of geometry of section at the same amount of concrete in sub-
group G14 had a slight effect on the stiffness. The change in K did not
exceed 7.03%. This behavior may belong to the similarity in mechanical

properties of concrete and cross-sectional area.

The reduction in the ribs spacing (i.e., increment in concrete volume) of
one-way ribbed slabs in sub-group G15 had a positive effect on the
stiffness. This behavior belongs to the effect of the moment of inertia.
The improvement of K was 7.03% and 27.83% for slabs S11 and S12

over slab S1, respectively.

Changing the slab type from one—way solid slab S13 at the same amount
of concrete and reinforcement in sub-group G16 to one-way ribbed slab
S1 led to increased stiffness by 255.6% due to an increment in the
moment inertia. Furthermore, the steel reinforcement ratio has a clear
effect on the K of solid slabs S14 and S15 by decreasing K; in slab S14
by 30.10% and increasing the K in S15 by 69.39% over slab S13,
respectively.
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4.3.2.3 Ductility and Absorbed Energy

Ductility refers to a structural member's ability to endure
substantial deformation after the yielding of tensile reinforcement [103].
A structural engineer must ensure sufficient strength when designing a
flexural member and ensure that the member is ductile under overload
conditions. In earthquake zones, individual structural members' and the

structure's overall ductility becomes a crucial design factor.

Ductility (1) for slab specimens was computed as the ratio between the
deflection at the ultimate load (d,) to the deflection of the first yielding of
the tensile reinforcement (dy) [103]. The change in slope of the curve
between after the first crack forms and before the curve reaches its peak
value indicates a yielding load [104]. The deflection at yielding load was

calculated from the load-deflection curve.

Absorbed Energy (AE) is defined as the capacity of reinforced concrete
members to absorb energy before showing a significant reduction in the
load-carrying capacity[105]. AE presented the area under the load-
deflection curve. Calculating the AE by using trapezoidal rule in

Microsoft Excel.

This section discusses the AE and u for reinforced concrete one-way
slabs evaluated under two-point static loading. Table (4-9) presents the
ultimate loads and mid-span deflections (yielding deflection (6y), and
deflection at ultimate load (dy)).

» First Sub-Group (G11): Concrete Type
Using different types of concrete (HSLWC, HSNWC, NSLWC, and
NSNWC) in production one-way ribbed slabs, causing different p and

AE behavior, as shown in Figure (4-20) and Figure (4-21). One-way
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HSLWC slab S1 had improvement in the u and AE equal to 13.78% and
7.35 %, respectively, as respected with NSLWC slab S3.

On the other hand, in this study, one-way HSNWC slab S2 had an
improvement in the p and AE equal to 127.41% and 76.34%,
respectively, respected with NSNWC slab S4.

This behavior is due to the differences between the two types of
aggregate (pumice stone and gravel) used in producing HSC and NSC
mixes which affect the stiffness, ultimate load, and deflection of those
slabs. The result of p in HSC higher than NSC agree with the result of
author (Tameemi, 2020) [106].
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Figure (4-21) Absorbed energy of G11
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> Second Sub-Group (G12): Steel Fiber Inclusion
The p increased by 6.65% and 14.01% for slabs S5 and S6 over

reference slab S1, as shown in Figure (4-22). This behavior is expected

because the addition of the fibers causes a decrease in the deflection at
the cracking load and increases deflection at the ultimate load. The AE of
steel fiber- HSLWC one—way ribbed slabs, as shown in Figure (4-23), is
more than that of the corresponding slabs without fibers. It increased by
25.72% and 46.07% for slabs S5 and S6 over reference slab S1.

This behavior may be explained by the fact that, in fiber-reinforced
concrete slabs, crack propagation requires more energy because some or
most of these cracks are bridged by randomly dispersed fibers that apply

pinching stresses at the crack, slowing its propagation and extension.
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» Third Sub-Group (G13): Steel Reinforcement Ratio
Decreasing the p of slab S7 by using 6 ¢ 6 mm in three ribs instead of

6 ¢ 8 mm in slab S1 led to increase the u by 53.21 % in comparison to
reference slab S1 and decrease the AE by 51.41 %, as shown in Figure (4-
24) and Figure (4-25) below.

While increasing the p of slab S8 by using 6 ¢ 10 mm in three ribs
instead of 6 ¢ 8 mm in slab S1 led to decrease the p of slab S8 by 27.32%
in comparison to reference slab S1 and increase the AE by 5.19%. This
behavior occurs because increasing the reinforcement ratio results in an

increase in strength, which makes the yielding load improve.
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>» Fourth Sub-Group (G14): Geometry of Section

The outcomes of the effect of the geometry of section on p and AE of

one-way HSLWOC ribbed slabs revealed that the one-rib slab S10 gave
higher p and AE from two—rib and three ribs in slabs S9 and SI,
respectively, as shown in Figure (4-26) and Figure (4-27), respectively.
The p in slab S10 increased by 6.02 % and 8.79%. Also, the AE in slab
S10 increased by 12.89 % and 16.96 % over slabs S9 and Sl1,
respectively. This is due to the distribution of ribs and stresses in the

specimens.
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> Fifth Sub-Group (G15): Ribs Spacing

Reducing the spacing between the ribs from 200mm to 180mm in slab
S11 and 150mm in slab S12 led to increase the p by 14.96 % and 15.91%,
respectively, as shown in Figure (4-28). Moreover, AE increased by
21.51% and 42.05%, respectively, as shown in Figure (4-29). The
increase in the cross-sectional area increased the deflection at the ultimate

load and this contributed to this behavior.
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> Sixth Sub-Group (G16): Slab Type

Changing the slab type from solid slab S13 to ribbed slab S1 led to
an increment in p and AE by 73.25 % and 85.81%, respectively. This
behavior is because of the differences between the two types of slabs,
including the moment of inertia and the ultimate and yielding loading
capacity along with the corresponding deflection. Decreasing the p in
the solid slab from (0.57 to 0.31) % in S14 led to increase the u by
113.99% and decrease AE by 74.28%. Increasing the p in the solid
slab from (0.57 to 0.9) % in S15 led to decrease the p by 24.28% and
increase AE by 39.69%.

For sufficient p, particularly in the areas of seismic and moment
redistribution, the p of the 3 to 5 range is considered essential [47]; it
appears that solid slabs (S13 and S15) would not meet this
requirement. Thus, the ribbed slabs are more efficient for seismic

considerations.
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4.3.3 Strain Behavior

The distribution of the strain on the top surface of slab specimens

will be discussed in this section as follow:
4.3.3.1 Strain Distribution Across Width of Slab Specimens

The longitudinal strain distribution across slab width at mid-span
of all slab specimen is measured to find the effect of variables that were
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depended in this study on the effective width (shear lag) of slab

specimens.

The traditional bending engineering theory assumes that the plane
segments will remain flat before cracks, even after bending. The term
shear lag describes the disparities between the theory of approximate
engineering and real conduct, which results in both the increases of flange
stresses adjacent to the web part in T-beams and reductions in flange

component stresses outside of the web [107].

The effective width (b,) may be defined in a number of different
ways. This study depends on the equation (4-5) in the calculating of the
bo, which generally presents a function of the longitudinal strain at the
slab's top surface; so, it may be derived by integration of the calculated
longitudinal strain at the slab's top surface and divided by the highest

value of strain.

b
_ fo sx-dz
0o = -——
(Ex)max

Where b, is the effective width of slab, mm, ¢, is a normal strain in a

longitudinal direction, and (&, )max 1S Maximum normal strain.

The outcomes of effective width were illustrated in Figure (4-32), which

presented the strain at the service load level.
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Figure (4-32) Effective width for all slab specimens
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The effect of concrete compressive strength on the effective slab
width at mid-span at service load is listed in Figure (4-32). From the
obtained results, it is seen that when the cylinder compressive strength of
LWC increased from (23.3 to 42.2) MPa, see Table (4-1) in slab S1 led to
increase the b, of the slab by 0.84%. While the increase in b, for NWC
slab S4 was 20.37% when the compressive strength increased from (34 to
58) MPa in slab S2. This yields from the increase in the stiffness of the

slab due to concrete compressive strength increase.

From the outcomes of the influence of steel fibers on the b,, it was found
that the inclusion of steel fibers in HSLWC led to decrease b, by 0.99 %
when V; increased from 0.00% to 0.25% in slab S5, while the b,
increased by 1.66 % when V¢ equal to 0.50% in slab S6. This behavior

may be to the amount and distribution of steel fibers in slabs.

The effect of p on b, of slab revealed that the decrease of p from (0.28 to
0.16) % in slab S7 led to decrease of b, by 8.49%. While increasing p
from (0.28 to 0.44) % in Slab S8 led to increase the b, by 12.15%.
Increasing of p results in an increase in the compression block that leads

to the largest area for flange longitudinal stresses.

When changing the number of ribs to investigate the effect of geometry
of section on the b,. It was found that using two ribs in slab S9 instead
three ribs led to increase b, by 14.14%. While using one—rib in slab S10
led to decrease the b, by 6.16%. This behavior may have belonged to the

distribution of ribs across the center of slab width.

Decreasing the spacing between the ribs from (200mm to 180mm and
150mm) in slabs S11 and S12 led to increase b, by 2.83 % and 5.66 %,

respectively.
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Using ribbed slab S1 instead of solid slab S13 led to decrease the b, by
17.78%. On the other hand, decreasing the p of solid slab S14 led to
decrease the b, by 6.49% and increasing p in solid slab S15 led to
increase the b, by 22.46 %, respectively, over ribbed slab S1. Strain
distribution over the width for all slab specimens, as shown in Figure (4-
33) to Figure (4-38).
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Figure (4-33) Strain distribution across width of slab for G11
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Figure (4-34) Strain distribution across width of slab for G12
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Figure (4-35) Strain distribution across width of slab for G13
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Figure (4-36) Strain distribution across width of slab for G14
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Figure (4-37) Strain distribution across width of slab for G15
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Figure (4-38) Strain distribution across width of slab for G16

4.3.4 Comparison between Experimental and Theoretical

Results

The comparison between the experimental and the theoretical
load's results are shown in Figure (4-39) .The theoretical loads were
computed according to the ACI-318-19 [18] and ACI-544-4R [108], as
shown in Appendix B, by using PTC Mathcad Prime 6.0 computer
software. This comparison is very important to provide the designer with
detailed information about the conservations taken out by ACI equations

used in the design of slabs.

It was found that the load that was calculated by the equations of
the ACI codes (Paci) for the slab S2 gave a value farther from the value
of the experimental load (P,), while Pac, of the slab S14 gave the closest
value to the P,. On the other hand, taking the effect of steel fibers in the
calculation of Pac for slabs (S5 and S6) gave fewer values of (Paci /Py)
than slab without fiber (S1). Generally, the average difference between
the results of Pac) and P, was (-31.21) %.

This may be because the ultimate strength method adopted by the

ACI code assumed a uniaxial state of stresses in a one-way slab and
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neglected the influence of Poisson’s ratio. In the case of beams, this
coding assumption is nearly accurate, but it is not in the case of slabs. The
situation is rather different [64]. The slab can resist more loads than that
computed by the ACI code equations, and this is due to the small
transverse stresses developed in the perpendicular axis. Another reason
could be that the ACI code eliminates the effect of concrete at the tension
zone and the friction between the steel plate of support and the bottom of
concrete, which is attributed to increase the moment capacity of the slab.
Also, ACI calculation depends on the yield stress of steel reinforcement,

while in actuality, the slabs exceed the yield stress.
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Figure (4-39) Comparison between experimental and theoretical load

4.3.5 Structural Efficiency Analysis of One—Way Slabs

The structural efficiency (SE) is defined by the strength/density
ratio of the concrete used [15]. The ratio of ultimate load (P,) to the
weight of reinforced slab specimen (Ws) used in this study to calculate
the SE. The values of the SE are shown schematically in Figure (4-40).
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Figure (4-40) Structural efficiency for tested specimens

In subgroup G11, slab S1 with HSLWC gave the highest value of
SE among other types of concrete slabs, which was increased by 1.04%,
5.80%, 19.16% over slabs S2, S3, and S4, respectively. This is due to the
reduction of the weight of slab S1 in comparison to slab S2 and the
increase of ultimate load of slab S1 in comparison to slab S3, while the
reduction in weight and increase in ultimate load in comparison to slab
S4.

In subgroup G12, slab S6 constructed from HSLWC with 0.5% steel fiber
gave the highest value of SE, which was increased by 23.26% and 5.79%
over slabs S1 and S5, respectively. This behavior belongs to the highest
ultimate load for slab S6, and the increment in weight does not exceed

1.47% and 0.53% in comparison to S1 and S5, respectively.

In subgroup G13, slab S8 with the highest p (0.44) % gave the better SE,
which was increased by 52.72% and 143.17% in comparison to p (0.28
and 0.16) % in slabs S1 and S7, respectively. This behavior reveals the
Improvement in the ultimate load capacity of S8 in comparison to the
weight.
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In Subgroup G14, the effect of section geometry with the same weight
and nearly closed values in ultimate strength gave very close values of SE
in slabs S1, S9, and S10.

In Subgroup G15, slab S11 with ribs spacing of 180mm gave the highest
value of SE, which was increased by 0.67% and 4.23% in comparison to

spacing of 200mm and 150mm in slabs S1 and S12, respectively.

In subgroup G16, converting the slab type from solid in slab S13 to
ribbed slab S1 led to increase SE by 125.72%. Furthermore, increasing
the steel reinforcement ratio from (0.57% to 0.9%) in slab S15 led to
reduce the deficiency in SE of slab S13 to 33.90%.

4.3.6 Sustainability Analysis of One-Way Slabs

The “sustainable” refers to the ability to be maintained at a
constant level with minimal long-term effect and less environmental
impact [109].

Cement production accounts for around ten percent of total global CO,
emissions. Because of the activities involved in the preparation of raw
materials, concrete, which is the most widely used building material on
the worldwide, has a substantial carbon footprint. Because ordinary
Portland cement (OPC) is the primary binder material in concrete, it
accounts for between (74 and 81) percent of the total CO, emissions.
Because of the increased awareness of CO, emissions, alternative binder
materials have been developed and/or used to reduce the reliance on OPC
as the primary binder in concrete. Supplementary cementitious materials
(SCMs), which include pozzolan materials, have been frequently
employed to partially replace cement content. It is envisaged that the use
of such SCMs will result in significant reductions in the overall embodied

CO, emissions of concrete. This is a result of the fact that SCMs are often
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manufacturing final products. In general, the energy required to create
these SCMs is lower [110]. However, different materials will have
different embodied CO, emissions. As for this current study, cement,
silica fume as SCMs, steel fiber, LWA, NWA, water, SP, and amount of
steel reinforcement were used as main materials to produce one-way

slabs.

It was used to investigate the sustainability benefits of utilizing the
dependent variables in this study for the carbon content being assessed.
Table (4-10) shows the embodied carbon of materials based on a
literature review. Equation (4-6) [111] was used to calculate the carbon

embodied for each slab.
COZe = 2':1 VVL X COZl ................................................... (4'6)
Where:

C0,,: Total embodied CO, emission of each reinforced concrete slab, in
kgCO..

W, - Total amount in kg of material i to produce each slab.
r: Total raw material in each slab.
C0,;: Equivalent CO; value of material i, kgCO./kg.

Table (4-10): Embodied carbon of material

Materials Emgfgdcl:e(()jzizr)bon References
Cement 0.930 Zhu, 2011]112]
GSrZT/(ZI 88}182 Turner and Collins, 2013[113]
Pumice Stone 0.0028 Ameri et al.,2020 [114]
Silica Fume 0.024 Kumar et al.,2021 [111]
Water 0.000196 Yang et al., 2013 [115]
SP 0.60 Ameri et al., 2020 [114]
Sugar Molasses 0.00 Estimated
Steel Fiber 1.60 Kim et al., 2015 [116]
Steel Reinforcement 1.242 Ahmed, 2016 [117]
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The value of embodied carbon for all slabs was illustrated in Figure (4-
41).
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Figure (4-41) Embodied carbon emission for all slabs
From Figure (4-41), It was evident that:

Using HSNWC in slab S2 and NSNWC in slab S4 led to increase the
carbon emission by 6.93% and 0.86%, respectively. While using NSLWC
in slab S3 led to decrease in carbon emission by 5.13% in comparison to
HSLWC in slab S1. This behavior is due to differences in the amount of

materials involved in each type of concrete.

Using steel fibers in slabs S5 and S6 led to increase the carbon emission
by 4.98% and 9.96% over slab S1, respectively. This behavior is because
of amount of steel fiber.

Decreasing the steel reinforcement ratio from 0.28 to 0.16% in slab S7
led to reduce the carbon emission by 2.72%, while increasing the steel
reinforcement ratio from 0.28% to 0.54% in slab S8 led to increase the
carbon emission by 3.45%. This behavior is due to the difference in the

amount of steel reinforcement to the same concrete volume.
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Changing the number of ribs from 3-ribs to 2-ribs in slab S9 and to 1-rib
in slab S10 led to decrease the carbon emission by 1.17% and 2.33%,

respectively, due to decrease amount of shear reinforcement.

Reducing the ribs spacing from 200mm to 180mm in slab S11 and to
150mm in slab S12 led to increase the carbon emission by 7.13% and

17.84%, respectively, due to increase of concrete amount.

It is worthy to mention that reducing the ribs spacing in slab S1 to zero%
(i.e., solid ratio 100%) led to increase the carbon emission by 64.37%.
Converting slab type from ribbed slab S1 to solid slabs (S13, S14, and
S15) led to decrease the carbon emission by 8.01%, 13.10, and 1.53%,
respectively, due to omitting the temperature and shrinkage, also shear

reinforcement.

The eco-strength efficiency of slab specimens can also be used to
evaluate environmental impact. The eco-strength efficiency [110] can be
defined as the amount of CO, emissions which are released to produce
one unit of strength performance. It was calculated according to
(P./COy). From Figure (4-42), it was obvious that slab S8 gave a better

performance while slab S14 gave the lowest performance.
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Figure (4-42) Eco-strength efficiency of all slab specimens
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4.4 Results of the Experimental Work of Slab Specimens

Under Dynamic Loading

This section will discuss the second part of the experimental work,
which was the dynamic behavior of tested slab specimens. As mentioned
in chapter three, the harmonic loading of different frequencies was
applied. Data were recorded from the laser indicator to measure the
displacement amplitude and the microphone to measure the sound prssure
level. Building up a computer program has been developed to modify the
recorded data from the laser and microphone (remove the noise) to return

the results to their original form, as shown in Figure (4-43).
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Figure (4-43) Noise removing from recorded dynamic data
4.4.1 Harmonic Load -Time History

In this investigation, the harmonic load was used as the dynamic
load. In general, there are two parts to the mathematical formula for this
load. The first indicates the harmonic load's amplitude (2m,e w? ), while

the second represents the sine wave (sin w,) term, Equation (4-7) [118].
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Py=2Mg e w2 SINWot oo (4-7)
Where:

P,: dynamic force, N.

m,: weight of the eccentric mass, kg.

e: eccentric distance between the center of mass and the center of

rotation, m.
w, . operating frequency of machine, rad/sec.

A wide range of frequencies was applied on the slab specimens (0-50)
Hz, step each 5 Hz, which was controlled throughout AC driver; to better
understand the influence of this parameter on the response of both one—
way solid and ribbed slabs. The recorded load time histories for the

adopted load frequencies are shown in Figure (4-44).
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Figure (4-44) Harmonic load- time history
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Figure (4-44) Continued
4.4.2 Behavior of Displacement Amplitude

The displacement amplitude and displacement-time history as sine
wave for all the adopted frequencies (0-50) Hz are shown in Figure (4-45)
and Figure (4-46), respectively. The recorded displacement amplitude
differed from one specimen to another, especially between the ribbed
slabs and the solid ones, depending on the mass, stiffness, and damping
characteristics of the specimen. From these figures, it was found that:
Using of LWA (pumice stone) in HSLWC one—way ribbed slab specimen
HS1 instead of NWA (gravel) in HSNWC in slab HS2 led to reduce the
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displacement amplitude by about (0.55-30.11) % due to the nature of
LWA, which has pores led to dissipate the vibration energy. On the other
hand, using HSNWC in slab HS2 instead of NSNWS in HS3 led to
increase the displacement amplitude of the slab by about (7.72-160.98)
%. This could be due to the HSNWC's mass and it has denser
composition and higher bonding strength between the aggregate and

mortar, which results in the slab dissipating less energy.

The inclusion of steel fibers at a volume fraction equal to 0.25% led to
improve displacement behavior of slab HS4 in comparison to a slab
without steel fiber HS1 of about (0.81-34.19) %. This behavior is due to
the stiffness improvement of the steel fiber HSLWC slab.

Changing the section geometry of one—way ribbed slab at the same
volume of concrete by using one—rib in HS5 led to decrease the
displacement amplitude in comparison to slab specimen HS1. The range
of reduction in amplitude was (32.35-80.56) %. This behavior due to
larger spacing between the rib led to the dissipation of the internal

vibration.

Using HSLWC ribbed slab HS1 instead of HSLWC solid slab HS6 led to
decrease the displacement amplitude by (8.42-60.44) % for all ranges of
frequencies (5 to 50) Hz. This behavior belongs to the reduction in slab

thickness of solid slab that reflects the stiffness of the slab.
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Figure (4-45) Amplitude displacement of tested slabs
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The hairline cracks were not initiated in one—way ribbed slab specimens
with HSNWC and F0.25HSLWC, as shown in Plate (4-2). This may be
because the small amount of the load applied.

Plate (4-2) Cracks pattern for slabs under harmonic loading
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Plate (4-2) Continued

4.4.3 Sound level-Time History

This study included fixing sensitive microphone close to the point
of contact between the electric motor and the surface of the slab
specimen, On the other hand, a specialized software program for analysis
of the sonic wave has been utilized to find sound pressure level. Sound
level behavior for all tested slab specimens under dynamic load, also, the
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sound levels—time history at highest operating frequency 50Hz were
illustrated in Figure (4-47) and Figure (4-48). It can be seen that the one-
rib in slab HS5 gave the lowest sound level while solid slab HS6 gave the
highest sound—pressure level. The sound pressure increased by 2.77%,
0.70%, and 5.23% in slab HS2, HS4, and HS6 over slab HSI1,
respectively. Moreover, the sound pressure level decreased in HS3 and
HS5 over slab HS1 by 2.91% and 8.24%, respectively.
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Figure (4-47) Sound level behavior for tested slab specimens
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Figure (4-48) Sound level -time history for tested slab specimens
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Chapter Five: Finite Element Analysis
5.1 General

This chapter discusses the outcomes of numerical work. Also, the

comparison is presented between the results of the experimental work and

the results from the finite element analysis (FEA) method.

Six variables were considered, including the effects of concrete type,
inclusion of steel fibers, steel reinforcement ratio, the geometry of
section, ribs spacing, and slab type under static load. While, under
dynamic load, all the above-mentioned variables were considered except

the steel reinforcement ratio.

Abaqus/Standard 3D Experience R2019x, which is an advanced 3D finite
element computer program was adopted to perform a nonlinear FEA to
analyze the behavior of one-way ribbed and solid slabs that was

conducted experimentally in the current study.

5.2 Modeling of Reinforced Concrete Slabs

This section presents detailed data about the simulation of the
geometry as well as the boundary conditions of the supporting and

loading conditions of the slab models that were tested.
5.2.1Parts and Assembly

Generally, seven parts were involved in modeling the one-way
ribbed slabs. Those parts were concrete slab, reinforcement of the ribs,
mesh square steel reinforcement of flange, reinforcement of stirrups, and
bearing plates for the load and support. While modeling of solid slabs
involved five parts. Those parts were concrete slab, bottom reinforcement
in the long direction, bottom reinforcement in the short direction, and
bearing plates for the load and support.
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Each one of those parts was firstly drawn, and then different parts were
assembled and merged to produce the modeling slab specimens.
Figure (5-1) shows the modeling of the ribbed and solid slabs that tested
under the effects of two-point loading. Moreover, the details of modeling
the steel reinforcement are presented in Figure (5-2). The numerical
model was meshed by choosing the suitable number of elements (53335)
according to the convergence study. The ABAQUS/Standard default
solution parameters are intended to give a reasonable optimal solution of
complicated problems including multiple nonlinearities, as well as an

efficient solution of simpler nonlinear Instances.

(a) One-way ribbed slab

(b) One-way solid slab

Figure (5-1) Modeling of slabs under two-point loading
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Solid brick elements were used in meshing the ribbed concrete
slabs, solid concrete slabs, and steel plates in order to achieve a proper
stress distribution in a 3D finite element analysis. The ABAQUS program

includes a variety of solid brick elements for meshing.

Linear hexahedral elements (C3D8)[119], [120] that is an 8-node linear
brick were selected for meshing ribbed slabs, solid slabs, and steel plates.
Also, a two-node linear 3D truss (T3D2) [119], [120]was adopted for
meshing steel rebar for ribs reinforcement, shear reinforcement, the
square mesh of flange reinforcement, and both longitudinal and

transverse reinforcement bars of solid slabs.

(b) One-way solid slab

Figure (5-2) Details of modeling steel reinforcement
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5.2.2 Convergence Study

In order to determine the best mesh density (i.e., number of
elements), selecting a suitable mesh size is an important step in finite
element modeling. One-way slab models were subjected to a convergence
analysis in order to obtain an appropriate mesh size by dividing one-way
slab models into an appropriate number of elements. When the reduction
in mesh size (increment in the number of elements) has no effect on the

results, the results have reached a suitable convergence.

The convergence study was performed for one-way slab models by
evaluating the effects of reducing the number of elements from (9393 to
162548) on the ultimate loading capacity. As could be noticed in Figure
(5-3) and Figure (5-4), an increasing number of the elements from 53335
to 162548 led to negligible effects on the load-carrying capacity and
deflection. In addition, selecting a number of an element equal to 53335
was adopted in this study because it led to more compatible ultimate load

in comparison with the experimental outcomes.

9 15
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Load Carryving Capacity (KN)
oo oo
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(2) Load convergence (b) Deflection convergence

Figure (5-3) The convergence study
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Figure (5-4) Finite element mesh density
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5.2.3 Modeling of Materials

The material specifications data in the ABAQUS program are input
Iin stages based on the material's behavior, with the first stage being
elasticity and the second being plasticity. In this study, the elastic stage
Poisson ratio and the material's elasticity modulus are used. ABAQUS
presents many plasticity models based on the material behavior following
the elastic stage. As explained in the following paragraphs, the concrete
damaged plasticity model is employed for concrete and plastic for
reinforced bars in this study. To imitate the plates used at supports or

loading points, just an elastic stage is used.
5.2.3.1 Modeling of Concrete

ABAQUS provides three models (smeared cracking, brittle
cracking, and concrete damaged plasticity (CDP))[121] to represent
concrete material under low confining pressures following the elastic
stage. In this study, CDP is used as a material model for HSLWC,
HSNWC, NSLWC, NSNWC, and Fibers HSLWC. Since it can be found
in ABAQUS/Standard and ABAQUS/Explicit and is suited for evaluating
the response of all concrete structures and other quasi-brittle materials

under static, cyclic, and dynamic load.

Compressive crushing and tensile cracking are the two failure
mechanisms assumed by the CDP model. This model also accounts for
material stiffness loss and the influence of stiffness recovery under cyclic
load. Damage plasticity is used to identify concrete phenomena in

compression and tension using the CDP model.

e Compression Behavior

Figure (5-5b) depicts the compressive behavior of concrete under

uniaxial compressive load. The stress-strain relationship in this figure can
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be divided into three stages: the first is a linear-elastic relationship up to
yield stress (o.,), the second is stress hardening until the ultimate
compressive stress value (o.,), and the third stage is strain hardening.
The damage parameters d, (at tension) and d. (at compression), These
functions of strains in the plastic stage and temperature are used in the
CDP model to account for degradation in concrete stiffness at elastic.
These variables shift from 0 to 1, with 0 denoting an undamaged material
and 1 denoting that it has been damaged. The flowing equations were

used to calculate the damage parameters [122]:

Ot

dt == - a ...................................................................... (5'1)
d.=1-— (;‘—u ..................................................................... (5-2)

Figure (5-5b) demonstrates a standard stress-strain relation of uniaxial

concrete compression in the finite element model.

o A o A

Oty F— Ocu

)
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4-u 4 |
U= dyEo (1 —de)Eo |
= q >
FHH & ~ “1 &t
S,')l Eel . Epi el
(a) Tension (b) Compression

Figure (5-5) Concrete response to uniaxial loading based on manual
of the ABAQUS theory [119]

In the current study, the concrete in compression was modeled with

Hognestad parabola [123]. Under uniaxial compressive loading, the

expected stress-strain relationship behavior of the concrete can be split

into three domains. The linear-elastic branch is represented by the first

one. The stress level is g,, when the linear branch comes to an end
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that was taken here as ag., = 0.4f/ for HSC and g,., = 0.3f, for
NSC. The second part discusses the rising branch of the uniaxial

stress-strain relationship when compression loading is applied to the
peak load at the corresponding strain level &, =2Ei . Table (5-1)

shows the values of E., for all concrete that used in this study which
was calculated using Equation (5-4) for HSNWC [3], Equation (5-5)
for LWC [18], Equation (5-6) for NSNWC [18], and Equation (5-7)
[124] for fiber concrete. The final segment of this stress-strain curve,
beginning with the peak stress and ending with the strain ¢, < 0.01
that is referred to as the post-peak part. The assumed compressive
stress-strain curve’s equation is given in Equation (5-3). Figure (5-6)

represents the compressive stress-strain curves for all concrete.

o, = f [2 (j—) - (2—)2] ................................................. (5-3)

E,=3320/f 6900 ..........ocieiiiiiiieiiiiiiieieiiie e (5-4)

E, = 0.043 WS o (5-5)

E,. = A4700./f) oo, (5-6)

Ec=EVi+ (1= Vr)Em oo, (5-7)
Where:

f is concrete cylinder compressive strength, taken from Table (4-1).
w, is the density of concrete, taken from Table (4-5).

Vs is the volume fraction ratio of fiber, %.

Et is the elastic modulus of fiber equal to 200000MPa.

En is modulus elasticity of HSLWC equal to 23924 MPa.
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Table (5-1): Calculated values of E,

Elasticit:
y NSNWC | NSLWC | HSNWC | HSLWC | F0.25 HSLWC | F0.50 HSLWC
Modulus
Ec (MPa) | 27405 | 17558 | 32184 23924 24364 24804
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Figure (5-6) Compressive stress-inelastic strain curves

Damage parameter in terms of the compression (d.) of concrete damaged

plasticity model was introduced for all concrete types according to Figure

(5-7), the values of d. were calculated according to Equation (5-2).
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Figure (5-7) Compressive damage parameter-strain relationship for

all concrete types

137



e Tensile Behavior

The stress-strain relation, the stress-displacement relation, and the
fracture energy (Gs) [120] approaches are all included in ABAQUS for

defining tension softening behavior.

In the present study, the stress-strain relationship of concrete in
tension was modeled by using a relation that suggested by Wang and
Hsu [125] and modified by Kmiecik and Kaminski [126], consisting
of two parts. The first one, the curve linearly increases up to the point
of cracking failure (fy), is taken from Table (4-2). Afterward, the
second part is the curve gradually descends and follows a parabola

shape. This behavior is expressed as follows:

Eer = for) B e (5-8)
Jt = Eco € TOU €1 €ir o (5-9)
fi = fcr(%r)” FOF €1 > Epr weeeee e, (5-10)
Where:

n: Rate of weakening, this study calibrated the n values at (0.6 for non-
fiber concrete and 0.4 for fiber HSLWC). Figure (5-8) shows the

theoretical stress-strain behavior for concrete in tension.
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Figure (5-8) Tension stress-inelastic strain curves

Damage parameter in terms of tension (d;) of concrete damaged
plasticity model was introduced for all concrete types according to Figure

(5-9), the values of d, were calculated according to Equation (5-1).
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Figure (5-9) Tension damage parameter-strain relationship for all

concrete types
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e Plasticity Parameters

In ABAQUS, the following plasticity parameters are necessary for

the CDP model:

1-

Dilation angle (y) is one of the ABAQUS parameters that must be
set, defined as the inclination angle of the potential plastic
function. The allowed value of y varies from 0° to 56° in ABAQUS
[126]. This study calibrated the y that was equal to (34° for
HSLWC, 40 ° for (HSNWC and fiber HSLWC), 25° for NSLWC,
and 28° for NSNWC) throughout many trials.

Obo

) is the ratio of (the initial uniaxial compressive to the initial

Oco

biaxial compressive) of yield stress [125]. This study determined

this ratio to be equal to 1.16.

The eccentricity of flow potential (€), This study found the suitable

value of € was equal to 0.1 (default value) [127].

A viscosity parameter that defines the visco-plastic regularization,
0, is the default value[127], 10°, a viscosity parameter was

depended on in this study.

(K¢) is utilized to characterize the multi-axial concrete behavior. It
represents the ratio between the second stress invariant of the
tensile meridian and the compressive meridian. The values of K.
ranges between (0.5-1), in this study the value of K. was equal to
0.667 (default value) [125].

5.2.3.2 Modeling of Steel Reinforcement bars

Elastic and plastic behavior characteristics must be entered to

describe steel bars. The Poisson ratio (v) and young’s modulus of steel

bar (E;) for the elastic stage were calculated using usual values (0.3) and
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200000 MPa, respectively. The yield and ultimate stresses, as well as the
accompanying strains from the experimental test, were utilized to model

the plastic properties (bilinear behavior) of the steel bar.
5.2.3.3 Supporting plates and loading plates

Only the elastic stage is utilized to define the behavior of
supporting and loading plates. The input parameters needed for steel
plates included of Es (200 GPa) and v (0.3).

5.2.4 Interaction

Following the step of assembly, parts including concrete slab, steel
reinforcement, and steel bearing plates were interacted together using
different constraints types based on the experimental observations to
produce a successive composite system. In this study, embedded region
constrain was used between the steel reinforcement and the surrounding
concrete model, as shown in Figure (5-10a). Furthermore, a tie constraint
was chosen to connect the concrete slab and the bearing steel plates

(loading and support plates), as shown in Figure (5-10b).

(a2) Embedded region constraint for ribbed and solid slabs

Figure (5-10) Constraints types adopted in this study
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(b)Tie constraint of loading and support plates for ribbed and solid slabs
Figure (5-10) Continued

5.2.5 Boundary Condition

Boundary conditions were carefully defined to simulate the setup
of the experimental program. Simply supported conditions were assigned
at the bottom surface of the steel plates that were attached to the bottom

of the external surface of the concrete slab using tie constrain.

The boundary condition was created as a roller and a hinge end, as
presented in Figure (5-11). Rotation is free at the steel base plate for both
ends, but movements along the x, y, and z-axis are restrained for right-
end hinge support. However, the left-end roller support is only restrained
in the x and y-axis, thus free to move in the z-direction. The hinge and
roller support were placed at a distance of 100 mm from the slab's edges
to simulate the finite element model behavior closest to the experimental

results.
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(a) One-way ribbed slab (b) One-way solid slab
Figure (5-11) Details of boundary conditions of supports

5.2.6 Loading

This study considered two types of load; the first is a static load
(two-point loading). The load is applied as the uniform concentrated load
applied on the reference points which is located at the center of both
loading plates. These points transfer the loads uniformly on the loading
plate through tie coupling constrain surface, as shown in Figure (5-12a).
On the other hand, the second is a dynamic load (harmonic load), which
is represented in ABAQUS, applied on the mid surface of the slab to
simulate the experimental conditions of load application, as shown in
Figure (5-12b).

(a) Static load (two-point load)

Figure (5-12) The applied load on the specimens
143
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(b) Dynamic load (harmonic load)
Figure (5-12) Continued

5.2.7 Type of Analysis

The general static step analysis was selected to apply two-point
loading to analyze the static effect. In contrast, the implicit step analysis

was selected to apply harmonic loading to analyze the dynamic effect.

5.3 Comparison Study Between the Results of the

Experimental and FEM Analysis Under Static Load

This section offers a comparative study between the outcomes of
the experimental investigation and the results of nonlinear FEM analysis.
The nonlinear FEA method was conducted for all slab models by
considering the types of concrete (HSLWC, HSNWC, NSLWC, and
NSNWC), steel reinforcement ratios, the inclusion of steel fiber,
characteristics of different geometry of sections, ribs spacing, and types

of the one-way slab.

The structural behavior of one-way slab models that achieved from the
nonlinear FEA method showed comparable agreement with the structural
performance obtained from the experimental program. The comparison
study includes the ultimate load level, the deflection at the ultimate load,

and the load-deflection curves.
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5.3.1 Ultimate Load and Deflection Under Static Load

The comparison between the outcomes of the FEA method and the
results of the experimental study showed an acceptable agreement
regarding the ultimate loading capacity and the corresponding deflection
slabs under static load (two-point loading). As illustrated in Table (5-2),
the ultimate load that was conducted from the FEA method was higher
than the experimental data by about 0.03% to 21.01% in specimens (S3,
S4, S8, S9, S10, S13, and S14). While it is lower the experimental data by
about 0.10% to 9.49% in specimens (S1, S2, S5, S6, S7, S11, S12, and
S15).

Conversely, the deflection at the ultimate load from the numerical
study was lower than that of the experimental study by about 1.38% to
14.52%, except for specimens (S2, S6, S7, S8, S11, S12, S13, and S15)
that had a higher value by about 1.93% to 11.67%.

Table (5-2): Experimental and numerical results for tested slabs

Slab P,Exp | B,FEM | R FEM | § Exp | &, FEM 6,FEM
Symbol (kN) (kN) P, Exp (mm) (mm) 85, Exp
S1 77.15 77.07 0.999 40.92 34.98 0.85
S2 03.74 84.84 0.91 49.5 53.57 1.08
S3 72.36 | 74.88 1.03 43.00 | 40.83 0.95
S4 76.46 79.04 1.03 | 37.00 35.02 0.95
S5 90.72 85.82 0.95 44.86 41.48 0.92
S6 96.48 | 88.87 0.92 48.00 | 49.74 1.04
S7 48.13 44.10 0.92 33.13 35.21 1.06
S8 118.71 | 118.74 | 1.0003 | 29.98 30.56 1.02
S9 77.45 77.90 1.01 41.96 41.38 0.99
S10 76.79 78.72 1.03 48.26 46.01 0.95
S11 83.58 | 80.92 0.97 46.29 | 49.93 1.08
S12 88.71 82.9 0.93 49.85 53.67 1.08
S13 33.49 35.79 1.07 42.62 46.84 1.10
S14 18.37 22.23 1.21 27.15 23.52 0.87
S15 61.62 56.24 0.91 38.57 43.07 1.12
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5.3.2 Load-Deflection Curves

For comparison, the mid-span deflection for all slab models was
measured and plotted vs. the corresponding load in both experimental and

numerical studies.

The outcomes of this study showed that most of the slab specimens
that were analyzed by the finite element method (FEM) had stiffer
behavior in comparison with the experimental response in the pre-
cracking portion of the load-deflection curve. In addition, almost FEM
shows stiffer behavior compared to some experimental responses in the
post-cracking portion of the load-deflection curve, as presented in the

following load-deflection curves.
This behavior could be due to different reasons, including the following:

- Microcracks in the concrete are caused by drying shrinkage and
handling. While the FEA method by ABAQUS does not account for
micro-crack effects, this would reduce the stiffness of the real

specimen.

- Concrete was assumed to be a homogeneous material by the FEA

method by ABAQUS, but it is actually a heterogeneous material.

- The inability to test the actual stress-strain curve of concrete has

affected the stiffness of specimens in numerical modeling.

- The FEA method by ABAQUS assumed a full bond between the steel
reinforcement bars and the concrete, while this modeling in reality is
imperfect behavior. This idealization may also contribute to the

spurious initial higher stiffness in the numerical model.

According to the previous reasons, we can consider that there is a

reasonable agreement between the experimental test and the FE analysis.
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Figure (5-13) to Figure (5-27) represents a comparison study between the
load-deflection curves that were conducted using the FEA method and the

experimental work for slab models.
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Figure (5-13) Experimental vs. FEM deflection behavior for S1
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(a) Load — deflection curve for S2
Figure (5-14) Experimental vs. FEM deflection behavior for S2
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(b) Deflection shape for S2

Figure (5-14) Continued
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(b) Deflection shape for S3
Figure (5-15) Experimental vs. FEM deflection behavior for S3
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(b) Deflection shape for S4
Figure (5-16) Experimental vs. FEM deflection behavior for S4
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(a) Load — deflection curve for S5

Figure (5-17) Experimental vs. FEM deflection behavior for S5
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(b) Deflection shape for S5
Figure (5-17) Continued
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Figure (5-18) Experimental vs. FEM deflection behavior for S6
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(b) Deflection shape for S7
Figure (5-19) Experimental vs. FEM deflection behavior for S7
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Figure (5-20) Experimental vs. FEM deflection behavior for S8
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(b) Deflection shape for S8
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(b) Deflection shape for S9

Figure (5-21) Experimental vs. FEM deflection behavior for S9
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Figure (5-22) Experimental vs. FEM deflection behavior for S10
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Figure (5-23) Experimental vs. FEM deflection behavior for S11
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Figure (5-23) Continued
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(b) Deflection shape for S12
Figure (5-24) Experimental vs. FEM deflection behavior for S12
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Figure (5-25) Experimental vs. FEM deflection behavior for S13
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Figure (5-26) Experimental vs. FEM deflection behavior for S14
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Figure (5-27) Experimental vs. FEM deflection behavior for S15
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5.3.3 Distribution of Von Mises stress at reinforcement bars

Von Mises stresses for the reinforcement bars at the ultimate load,
which were obtained numerically by ABAQUS, were presented in Figure
(5-28) to Figure (5-42). it’s clear that stress for the steel main
reinforcement bars in the maximum moment's zones is reached to the

maximum value stresses.
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Figure (5-28) Reinforcement bars stresses of slab S1
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Figure (5-29) Reinforcement bars stresses of slab S2
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Figure (5-30) Reinforcement bars stresses of slab S3
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Figure (5-31) Reinforcement bars stresses of slab S4
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Figure (5-32) Reinforcement bars stresses of slab S5
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Figure (5-33) Reinforcement bars stresses of slab S6

158



S, Mises
(Avg: 75%)
+5.410e+02

+2.2542+02
+1.803e+02
+1.3532+02
+9.017e+01
+4.508e+01
+0.000e+00

z X

ODB: RS-6mm-30-Fu-FEWi

j Step: Static
Increment

c3d8-1E-6.0db

466: Step Time = 0.2940
Primary Var: S, Mises
[} \ar [ Srala Fartars 41 ANNaNN

Abaqus/Standard 3DEXPERIENCE R2019x

Figure (5-34) Reinforcement bars stresses of slab S7
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Figure (5-35) Reinforcement bars stresses of slab S8
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Figure (5-37) Reinforcement bars stresses of slab S10
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Figure (5-38) Reinforcement bars stresses of slab S11
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Figure (5-39) Reinforcement bars stresses of slab S12
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Figure (5-40) Reinforcement bars stresses of slab S13
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Figure (5-41) Reinforcement bars stresses of slab S14
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Figure (5-42) Reinforcement bars stresses of slab S15
5.3.4 Crack Patterns

At each step of subjected load, the pattern of cracks was reported
by the program of ABAQUS. As an example, Figure (5-43) shows the

pattern of the cracks at ultimate load for the S1 model.

The clear agreement between the numerical and theoretical results
may be noticed by comparing them to crack patterns discovered during

the experimental study.
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(b) ABAQUS cracks pattern
Figure (5-43) Crack patterns at failure for S1

5.4 Comparison Study between the Results of the

Experimental and FEM Analysis Under Dynamic Load

In the case of the dynamic load effect and for verification sakes of

the finite element model, a comparison between the experimental and the
numerical results were considered for a maximum operating frequency of
50 Hz was numerically evaluated since these frequencies were validated
successfully and there was no need to repeat it throughout this subsection
to save time and effort without demonstrating an important subject.
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The numerical model can be evaluated by comparing the maximum
amplitude response, as shown in Table (5-3). The finite element model
has a stiffer behavior in models (HS1 and HS4) when compared to the
experimental results. The maximum difference of displacement amplitude
equal to 30 percent for the specimen HS5, as shown in Figure (5-44).

Table (5-3): Comparison between experimental and numerical
results for tested slabs

Displacement Amplitude (mm) at 50 Hz
Specimens Num.
Exp. Num.

Exp.

HS1 0.272 0.224 0.82
HS2 0.321 0.343 1.07
HS3 0.123 0.153 1.24
HS4 0.256 0.232 0.91
HS5 0.184 0.240 1.30
HS6 0.367 0.399 1.09

HS1 HS2

< Tiome (s Timme (5a
HS3 HS4
HSS HS6

Figure (5-44) Experimental vs. numerical displacement-time history
for tested slabs at 50Hz
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5.5 Parametric Studies

In this study, some important aspects were investigated using an
ABAQUS numerical model to see how they affected the behavior of one-

way slabs under dynamic load. Parameters considered are:

- Natural frequency and vibration modes for simply and fixed support

conditions.

- Increasing the operating frequency from (60 to 80) Hz which was

applied on the simply supported ribbed and solid slabs.

- Changing the supports boundary condition of ribbed and solid slabs
from simply support to fixed support at the operating frequency of 60
Hz.

- Changing the spacing between ribs for one-way HSLWC ribbed slab.
5.5.1 Natural Frequency and Vibration Modes

ABAQUS / 2019 provides the option to select a model solution
free of external influences. Any structure's natural frequencies can be
extracted using this technique. The Block Lanczos Method was selected
as an engine solver. In order to achieve a robust design, the natural

frequency is a crucial parameter to be considered.

Three modes were selected to be extracted. However, only lower modes
have a significant effect, and, in some cases, only the fundamental mode
(the first mode) is important. The obtained natural frequencies for three
modes shapes for the slab specimens are listed in Table (5-4).
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Table (5-4): Natural frequencies of all tested slabs under dynamic
loading

Natural Frequencies (Hz)

Specimens | Simply Support Mode Fixed Support Mode
1st 2nd 3rd 1st 2nd 3rd
HS1 69.51 | 146.97 | 222.36 | 131.04 | 159.53 | 235.69
HS2 71.88 | 152.05 | 229.72 | 135.60 | 165.57 | 243.48
HS3 68.07 | 143.92 | 217.65 | 128.32 | 156.44 | 230.64
HS4 69.77 | 147.52 | 223.16 | 131.53 | 160.17 | 236.54
HS5 66.78 | 151.74 | 199.43 | 120.19 | 152.07 | 205.38
HS6 40.14 | 136.94 | 152.53 | 76.84 | 140.60 | 153.58

Using HSNWC instead of HSLWC led to increase the numerical
fundamental natural frequency of HS2 by 3.41% due to an increase in the

stiffness of simply supported slab.

Using NWNSC in ribbed slab HS3 instead of HSLWC led to decrease the
numerical natural frequency of 2.07% due to an increase in the weight of

simply supported ribbed slab.

The inclusion of steel fiber with (V¢=0.25%) in HSLWC slab HS4 led to
increase the numerical natural frequency of by 0.37% due to an increase

in the stiffness of the slab.

One-rib slab HS5 gave a reduction in numerical fundamental natural

frequency by 3.93% in comparison to 3-ribs slab HS1.

Converting the solid slab HS6 to ribbed slab HS1 led to increase the
numerical natural frequency by 73.17% due to an increase in the stiffness
of the ribbed slab.

While using fixed supported instead of simply supported led to increase
the numerical fundamental natural frequency by 88.52%, 88.65%,
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88.51%, 88.52%, 79.98%, and 91.43% in slabs (HS1, HS2, HS3, HS4,
HS5, and HS6), respectively.

The deformation shapes of three modes of frequencies of ribbed slab HS1
are shown in Figure (5-45) as an example of the deformation shapes

under free dynamic response.

A ww
1410 o M S0 325 1 A e IR ) v

2nd Mode 3rd Mode
Simply Supported Ribbed Slab

i
menn

1st Mode 2nd Mode 3rd Mode
Fixed Supported Ribbed Slab

Figure (5-45) Mode shapes of one-way ribbed slab

On the other hand, the theoretical calculations of natural frequency
for the tested simply supported slabs are tabulated in Table (5-5), these
calculations were done in PTC Mathcad Prime 6.0 software, as shown in
Appendix B. Comparison between the numerical and theoretical results of
1%t mode natural frequency in Table (5-5) for ribbed slabs gave good
convergence with a maximum difference of (+3.8) %, while for solid slab
gave (+5.5) %.

Table (5-5): Theoretical and numerical results of natural frequency

Specimens HS1 | HS2 | HS3 | HS4 | HS5 | HS6
Theo. natural frequency | g oo | 70.08 | 66.51 | 67.25 | 67.15 | 38.03

(Hz)
Num. ”at‘zlrj‘;)freq”ency 69.51| 71.88 | 68.07 |69.77 | 66.78 | 40.14
Num./ Theo. 1.038 | 1.026 | 1.023 | 1.037 | 0.994 | 1.055

166



5.5.2 Increasing the Operating Frequency

The displacement amplitude of (HSLWC, HSNWC, and NSLWC)
one-way ribbed slabs and HSLWC one-way solid slab at operating
frequencies beyond the 50 Hz were investigated numerically, as shown in
Figure (5-46). From this figure, one found that the HSLWC solid slab
HS6 gave higher displacement amplitude by 94.36%, 118.58%, and
156.67% in comparison to HSLWC ribbed slab HS1 at frequencies 60Hz,
70Hz, and 80Hz, respectively. This behavior is due to the sectional
properties of HS1 being better than HS6. On the other hand, using
HSNWC instead of HSLWC and NSLWC instead of HSLWC increased
the displacement amplitude by about (44.51%, 40.71%, and 36.11%), and
(25.08%, 30.05%, and 34.17%) at frequencies 60Hz, 70Hz, and 80Hz,
respectively. These outcomes revealed that HSLWC ribbed slab gave
better performance under dynamic load among the HSNWC, NSLWC
ribbed slabs and HSLWC solid slab.

=

0.75

III lII il

60 Hz 70 Hz 80 Hz
Operating Frequiency (Hz)

o
(6]

o

Displacement Amplitude (mm)

B HS1 (HSLWC ribbed slab) B HS2 (HSNWC ribbed slab)
B HS6 ( HSLWC solid Slab) = HS7 (NSLWC ribbed slab)

Figure (5-46) Displacement amplitude of one-way slabs at frequencies
60 Hz to 80 Hz

5.5.3 Changing the Boundary Condition of the Supports

The displacement amplitudes comparison between simply and
fixed supported of three ribs one-way (HSLWC, HSNWC, and NSLWC)

ribbed and solid slabs at the operating frequency of 60 Hz were
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investigated, as shown in Figure (5-47). The simply supported condition
of (HSLWC, HSNWC, and NSLWC) ribbed and solid one-way slabs
gave higher displacement amplitude by 49.33%, 150.54%, 110%, and
100% than fixed supported, respectively.

o
o0

o
)

o
>

B Fixed Support HSLWC ribbed slab B Simply Support HSLWC ribbed slab

o

Displacement Amplitude (mm)
o
N

M Fixed Support HSNWC ribbed slab B Simply Support HSNWC ribbed slab
B Fixed Support NSLWC ribbed slab Simply Support NSLWC ribbed slab
Fixed Support HSLWC solid slab Simply Support HSLWC solid slab

Figure (5-47) Effect of support boundary condition on displacement

amplitude of one-way Slabs
5.5.4 Changing the Ribs Spacing

Changing the spacing between ribs of the one-way ribbed slab
from 200mm to 150mm by increasing the width of the rib from 100mm to
150mm led to increase the displacement amplitude by 4.91% at 60Hz, as
shown in Figure (5-48). This behavior may be belonged to decrease the
spacing between the ribs led to decrease the dispersion of vibration effect.
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Figure (5-48) Effect of ribs spacing on vibration amplitude of one-
way HSLWC ribbed slab

168



Chapter Six

Conclusions and
Recommendations for

Future Studies



Chapter Six: Conclusions and Recommendations for
Future Studies

6.1 Conclusions

Following conclusions are drawn based on the results

1- HSLWC can be produced with an average cylinder compressive
strength of about 42.2 MPa and an average dry density of 1943 kg/m?3
by using volcanic aggregate (pumice stone) as coarse aggregate, sand,
Portland cement, silica fume, superplasticizer, and by-product
material (sugar molasses).

2- Inclusion of steel fibers in HSLWC mix with (Vi = 0.25%) led to
increase the cube and cylinder compressive strength by (7.49 and
11.14) %, respectively, while the enhancement in compressive
strength with (V¢ = 0.50%) was (13.63 and 16.35) %. The maximum
strength to density ratio was achieved with the inclusion of (V; =
0.5%) of steel fibers in HSLWC mix.

3- Using HSNWC instead of NSNW(C led to increase the brittleness ratio
by 23.40%, while using HSLWC instead of NSLWC led to increase
the BR by 34.35%, so the LWA made the concrete less ductile by
10.95%.

4- Inclusion of steel fibers with two volume fractions (0.25% and 0.5%)
led to recover the ductile deficiency by using HSLWC instead of
NSLWC by 12.54% and 13.13%, respectively.

5- Using LWA for both HSC and NSC instead of NWA led to increase
the thermal insulation by reducing conductivity by 43.55% and
38.95%, respectively. Moreover, the cost of heating and cooling loads
decreases with increasing the heat resistivity (r).

6- Using NWA in HSC and NSC gave sound insulation acceptable.
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7-

Using HSLWC instead of NSLWC in the production of a one-way
ribbed slab led to increase the ultimate load by 6.62% and decreased
the maximum crack width by 39.28%. On the other hand, using
HSLWC instead of NSNWC with a density reduction equal to 16%
led to increase the ultimate load and maximum crack width by 0.9%
and 21.43%, respectively.

Using HSLWC ribbed slab instead of HSNWC ribbed led to decrease
the weight and ultimate load capacity by 19% and 17.70%,
respectively. This behavior led to increase the structural efficiency
(SE) of the HSLWC slab. On the other hand, using 0.25% of steel
fibers in HSLWC ribbed slab led to recover of about 14.49% of
strength reduction, which also led to increase the SE by 16.51%.
Using steel reinforcement ratio (p = 0.44%) and 0.50% of steel fibers
led to recover the strength reduction due to decreasing of spacing
between ribs, also led to an additional improvement in ultimate load

capacity.

10- In this study, using the higher ratio of steel reinforcement (p =

0.44%) in the HSLWC ribbed slab led to decrease the ductility by
27.32%, while using steel fibers led to enhance the ductility of
HSLWC ribbed slabs by 6.64% and 14.01% for (0.25 and 0.50) %,
respectively. In terms of safety considerations, these findings led to
the fact that adding steel fibers with specific ratios in HSLWC ribbed
slabs gave a good performance in recovering the reduction in strength

from increasing steel reinforcement ratio.

11-In this study, spacing between ribs equal to 180 mm improved SE

over the spacings of 200 mm and 150 mm, respectively, so that the
width of rib (by), equal to 120 mm, was considered the suitable width
of rib.
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12-Using a ribbed slab instead of a solid slab led to increase the ultimate
load capacity by 130.37% and decrease the deflection by 3.99%. On
the other hand, increasing the steel reinforcement ratio in solid slabs
from 0.57% to 0.90% led to recover of 34.49% of strength reduction.

13-Changing the diameter of steel reinforcement in the solid slab from 8
mm to 6 mm (i.e., reduction in steel reinforcement ratio of about
45.61%) gave a reduction in strength by 45.15%, while changing this
diameter from 8 mm to 6 mm (i.e., reduction in steel reinforcement
ratio of about 42.86%) in the ribbed slab gave a reduction only of
37.62%.

14-In terms of sustainability impact, HSLWC ribbed slabs with fewer
ribs number at the same concrete volume gave a better performance in
reduction of vibration, CO, emission, and cost of shear reinforcement.

15- Ribbed slab with one rib under static load gave the largest deflection,
while under dynamic load gave less displacement amplitude in
comparison to three ribs one-way HSLWC ribbed slab.

16- Using the same width of each rib which is equal to 150 mm in a
ribbed slab with 2-ribs instead of 3-ribs, gave more advantages related
to structural efficiency and eco-strength efficiency by 4.23% and
4.12%, respectively.

17-The expression of ACI for the moment capacity of HSLWC becomes
less conservative than HSNWC and fibers HSLWC ribbed slabs. In
contrast, the expression of ACI becomes more conservative as the
steel ratio decreases.

18-Using HSLWC, NSNWC, and F0.25HSLWC in the production of a
one-way ribbed slab led to decrease the displacement amplitude of
harmonic loading more than using HSNWC.

19-Using 1-rib instead of 3-ribs HSLWC ribbed slab, while using 3-ribs
HSLWC ribbed slab instead of the solid slab at the same HSLWC
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volume gave a better performance in displacement amplitude under
the effect of dynamic (harmonic) load.

20-Using HSLWC in the production ribbed slab reduced the sound level
more than HSNWC by 2.70 %. On the other hand, Using HSLWC
ribbed slab instead of HSLWC solid slab reduced sound level by
4.70%.

21-Finite element analysis of static models by ABAQUS/2019 was
capable of simulating the structural behavior of one-way slabs (ribbed
and solid) under static load with a variation of not more than 15% for
deflection, while under dynamic load, the difference of displacement
amplitude did not exceed 30%.

22-Using HSLWC instead of HSNWC in ribbed slab reduced the
fundamental natural frequency, while using fibers in HSLWC
increased its fundamental natural frequency.

23-Changing the support condition of HSLWC one-way slabs from
simply to fixed support increased their fundamental frequency and

decreased the displacement amplitude.

6.2 Recommendations for Future Studies

1- Investigating the structural behavior of high strength-lightweight
reinforced concrete continuous one-way ribbed slabs.

2- Studying the effect of dynamic impact load on the behavior of high
strength- lightweight concrete one-way ribbed slabs.

3- Studying the effect of fire on the structural behavior of high strength-
lightweight reinforced concrete one-way ribbed slabs.

4- Investigating the structural behavior of strength-lightweight reinforced
concrete one-way ribbed slabs that are strengthened and repaired using

different strength techniques such as (carbon fiber reinforced polymer
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sheets, steel plate, and slurry infiltrated fiber concrete (SIFCON)
laminate sheets).

5- Studying the effect of other types of concrete, such as (high-strength
rubberized concrete, SIFCON, and reactive powder concrete) on the

behavior of one-way ribbed slabs under different loading conditions.
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Appendix A: Summary of Materials Properties

A.1 Cement Properties

Table (A-1): Cement's chemical and physical test results

. Limit of A
Oxide Composition | OXdefontent | joq [ENLI‘;f;_“Efmu
No.5/1984 )
510, 12.64 — e
Al2Os 5.50 — —
FeaOs 4.32 — —
CaD 61.51 — —
MgO 1.50 = 5% —
505 220 =2.5% 4%
Loss on Ignition 3.5 = 4.0% —
Insoluble Fesidus 1.26 =1.5% 2% Max
LS F 0.92 1.02-0.66 —
C35 48.01 —
C25 1933 —
C3A 8.27 —
C4AF 13.15 -—-
Properiy Test Resunlt Limit of (EN 197-1:2011)
Specific Gravity 3.15 e
Finenf:si- (Blaine) 314 L
cm-/gm
Setting time, (hour: min)
Initial 0:90 = 60 min
Final 3:13 —
Soundness (Autoclave
method) % 0.61 = 10mm
Compressive Strength at:
2 Days (MPa) 21 = 20.00
7 Days (MPa) 25.79 = 23.00

*According to the testing certification.




A.2 Aggregate Properties

Table (A-2): Grading and properties of fine aggregate

10 100 100
4.75 98 90-100
2.36 89 75-100
1.18 75 55-90
0.60 46 35-59
0.30 10 8-30
0.15 1 0-10
Property Test Result 1.Q.5.45:1984 Limits
Fineness modulus 2.81
Specific Gravity 2.60
Absorption % 2
Sulphate content N
(SO%) % 0.21 5%<

*According to the testing certification.

Table (A-3): Grading and properties of coarse aggregate (gravel)

14 100 100

10 98 85-100
5 14 0-25
2.36 4 0-5

Properties Test Result 1.Q.5.45:1984 Limits

Loose Density (kg/m®) 1570
Specific Gravity 2.65
Sulphate content . .
Absorption (%) 0.6

*According to the testing certification.
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Table (A-4): Grading and properties of coarse aggregate (Pumice

Stone)

12.5 100 100

9.5 99 80-100

4.75 24 5-40

2.36 2 0-20

1.18 1 0-10

Properties Test Result ASTM C330 Limits
Loose Density (kg/m®) 708 Max. 880

Absorption (%) 22

A.3 Sugar Molasses

Table (A-5): Chemical analysis of Sugar Molasses [36]

Brix 83
pH 5.37
Ash 9.4%
Reducing Sugar (R. S) 12.1%
Total Reducing Sugar (TR. S) 71.2%
Sucrose 59.1%

A.4 Steel Fiber

Table (A-6): Physical characteristics of steel fibers

Density 7800 kg/m?®
Tensile Strength 1100 MPa
Form Hooked End
Length 35 mm
Diameter 0.5 mm
Aspect Ratio 70

*According to the certification of the manufacturer.
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A.5 Silica Fume

The Manufacture Company Catalogue of Silica Fume MegaAdd
Ms(D).

Construction Chemicals

PaN
xp MegaAdd MS(D)
AV

Densified Microsilica

DESCRIFTION Mepgafdd MS(D) is & very fine pozzolanic, ready to use high performance mineral
additive for usa in conorete. it acts physically 1o optimize particle packing of the concrate
ormartar mixture snd chemically =5 ahighty readivepozzolan.

MegafAdd MS(D) in contact with waier, goes ino solution within an howr. The silicain
solution forms an amonphous silica rch, caldum poor gel an the suface of the silica
fume paricles and sgglomersies. Afler time the silica rch calcium poor coating
dissolves and the apglomerates of silica fume resct with free lime (Ca0H,) o form
calcium silicate hydrates (CSH). This is the pozzolanic reacfionin cementifous system.

STANDARDS ASTM C1240

USES Megafdd MS(D) can be used in & vansty of applicafions such as concrete, grouts,
muortars, fibre cement produds, refrectory, oiligas well cements, ceramics, elesiomer,
pobymer mpp lica ion s and all cementrelzied products.

ADVANTAGES = High 1o ultra high strengih

+ High resistance o chiorides and sulfzies

* Protection against comosion

* Increased durability, longer senice life for sinuctures

+ Enhznced rheclogy, control of mixture segregation and bleed

Greater resistance to chemicals
TYPICAL PROPERTIES at 25°C
PROPERTY TEST METHOD VALUE
State Amorphous ‘Sub-micron powder
Colour - Grey to medium grey powdear
Specific Gravity - 21010 240
Bulk Density - 500 1o 700 kg'm*
Chemical Requirements
Silicon Dioxide (5i0) - Minimum 85%
Maodsture Content (H,0) - Masimum 3%
Loss on lgniticn (LOT - Maximum &%
Physical Requirements
Specifi Surface Area - Minimum 15 m'g
Pozzolanic Activity Index, T days - Maximum 105% of control
Ower size particles retained on - M aximum 10%
45 micron sieve
COMPATIBILITY Megafdd MS(D)is suitsblefor usewith all types of ceme ntand cementitio us materials.
With Admixtures :

Megafdd MS(D) is compatible 1o use with sl types of water reducing plasticisers [
supanplesticisars and poly carboxylstebasedsupermplestidsar,

DOSAGE The normal dosage of Me gafdd MS( D) is 5 - 8% by weightof cement, but itcan be used
upto 10%:. Site trials shouldbe carried out 1o establish the optimum dosage for the mix o
beused as the dosags vanes depending on application.

Technical Datashest



Construction Chemicals

gﬁ
—G
HZ

<1

BATCHING Batch MegaAdd MS(D) into the concrete mixer and mix thoroughly with the other
mixture ing redients, adoplinga proced ure that ensures full dispersion of the prod uct

MegaAdd MS(D)

PACK SEE &00 Kgsand 1200 Kgs Jumbobags

GEMERAL INFORMATION ShelfLife 12 months from date of manufacture when stored undar

wanshouse ocondiions in ongingl unopened packing.
Extrama tempera ture / humidity may reduce shelflife.

Cleaning Clean all eguipments and tools with weter immedia ely sfier
uss.
HEALTH and SAFETY PPE's Gloves, goggles and suitable mask mustbe wam.
Precautions Ciontactwith skin, eyes, eic. mustbe avoided.
Hazard Regard ed 23 non-hezardous fortransportation.
Disposal Do mot reuse bags. To be disposed off 25 per local rules and
resgu laticns.

Additional Information  ReferMSDS. | Available on request.)

TECHHNICAL SERVICE COMMIX Tec hnical 5 ervices are availsble on request for onsiie support to sssist in the
comect use of its prod ucts.

L "'"J-:"" ti "'fn:r"":.

CAPE TOWN JOHANNESEURG

Tet 427 |0]B7 237 0253 Tel: 427 [D)E2 85 8529

Unt & | M3 Froesoy Parc Ed Maple Strant | Pamona

Upprr Camp Ad | Martenn | 7405 Kamptan Fark | deharnasturg | 1618

Gaps Town | South Afnca S0t Afrca

Email infaBmeasn.co.7a|www.MBaka.co.2a
mdﬂum

I LTD.
iinitard Sk Emirata Salaan Oflen H‘m
Tl #0853 WSS Tak T8 SEMI W VINEIT
Fioe: #F 8 531430 Fax +071 8 88 WLF
Ermulk cnmbs@ammbl asm s b
[ 11 r d: Ay e i B it g ittty wihi o It vl ol ot i s o o Tl oo sl B sl i e
pedich s [ i e umind dita dbit Howe v, Conmbe di mol wer ko e rn s i el aien o
producs o Allirfer r il sndan s e g in
g bk Tha predk ' dagal PR i PPTI— el o s e
Technical Datas heat
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A.6 Sika ®ViscoCrete ®— 5930L 10

The Manufacture Company Catalogue of Sika® ViscoCrete® 5930-L 1Q

PRODUCT DATA SHEET
Sika® ViscoCrete®-5930 L IQ

HIGH RANGE WATER REDUCING ADMIXTURE

DESCRIPTION APPROVALS / CERTIFICATES

Sika® viscoCrete®-5930 L 10 is a High range water re- Sika® ViscoCrete®-5930 L 10 meets the requirerneants
ducing and super plasticizing admixture for Concrete & of ASTM C-424 Types F.

Martar utilizing Sika's “ViscoCrete®' polycarboxylate

paolymer technology | 3rd Generation | .

LSES

Sika® viscoCrete®-5930 L 10 is mainly used for the fol-
lowing applications:

1- Concrete Containing GBS, Micro Silica | Fly ash
.. EtC.

2- Production of Ready Mixed Concrete, High parform-
ance Concrete .

3- Impermeable & dense Concrete with smooth sur-
face , Water tight mix design proportion must be con-
sidered.

4- production of Self-compacting Concrete [ SCC ),
SCC mix design proportion must be considered.

5- Production of complex & fine elements such as
Slabs , Foundations | Walls , Beams & Columns aven
through congested reinforcement .

CHARACTERISTICS / ADVANTAGES

Sika® ViscoCreta®-5930 L 10 is a powerful superplasti-
cizer which acts through several different mechanisms
including surface adsorption and sterically effects sep-
arating the cementitious binder particles. The follow-
ing advantages properties are achieved:

1- High water reduction, resulting in high density_ high
strength and reduced permeability

2- superior plasticizing effect, resulting in improved
flow, placing and compaction characteristics

3- reduced shrinkage during curing and reduced creep
when hardened .

4- Chloride Free thus; no corrosion effect on steel.

5- Reduced rate of carbonation of the Concrete .

6- NO need for vibration , thus MO noise pollution .

7- Suitable for Winter conditions .

FRODULT DATA SHEET
Slioe®™ VisosCrate™-5930 L 10,
Migust 7021, Verdon 0201
D 300 L DOOO0E 7Y
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PRODUCT INFORMATION

Compaosition

Agueous solution of modified polycarboxylates

Packaging

Bulk Deliveries
1000 Kgs 1BC
20 kg Pail

Appearance / Colour

Brownish liquid

Shelf life 12 months from date of production if stored properly in undamaged un-
opened, ariginal sealed packaging.

Storage conditions In dry conditions at temperaturas between +5°C and +35°C. Protect from
direct sunlight. It requires recirculation when held in storage for extended
periods.

Specific gravity 1.085 % [0.01 ) gfcm3

pH-Value A-6

Total chloride jon comtent Hil

TECHMICAL INFORMATION

Concreting guidance

The standard rules of good concreting practice, concerning preduction and
placing, are to be followed. Laboratory trials shall be carried out before
concreting on site, especially when using a new mix design or producing
new Concrete components. Fresh concrate must be cured properly and
curing applied as early as possible.

APPLICATION INFORMATION

Recommended dosage Recommended dosage for concrete:
1- For plastic Concrete [ 0.2 - 0.8 % ) by weight of Binder | 200 - 800 gm )
for 100 kg cement .
2- For Flow B Self Compacting Concrete [ 0.8 - 1.8 % ) by weight of Binder
| 800 - 1800 gm | for 100 kg cement .
3- optimum dosage should be determinad by site trials.
Wwhen adjusting the consistency , high water reduction property of the ad-
mixture must be taken in consideration , excessive water addition must ba
prevented .

Compatibility sika® ViscoCrete®-5930 L 10 can be used in conjunction with -
1- sikaFiber®
2- Sika®PlastoCrete-N
3- sika®antifreeze
4- Sikarapid®
5- Sikaretarder®
All admixtures must be added separately. Trials are always recommended
before combining products . For additional information, please contact
sika technical personnel.

Dispensing Sika® ViscoCrete®-5930 L 10 i added to the gauging water or added with it
into the concrete mixer. To take advantage of the high water reduction, a
wet mixing time, which is depending on the mixing conditions and mixer
performance, of at least 2 mins. per cubic meter after the admixture addi-
tion is recommendad. Sika® ViscoCrete®-5930 L 10 shall not be added to
dry cement.

Restrictions Over dosage effect
An over dosage of Sika® ViscoCrete®-5830 L 10 with water excess will
cause the following -

1- increase of air entrainment -
2- Bleeding or Segregation .
PRODUCT DATA SHEET

Sla™ VissaCrane™-5930 L 00,
Aigust h02 1, Werdlon 0701
001 3000 LOON0OE TS
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BASIS OF PRODUCT DATA

All technical data stated in this Product Data Sheet are
based on laboratory tests. Actual measured data may
vary due to circumstances beyond our contral.

IMPORTANT CONSIDERATIONS

when using Sika® viscoCreta®-5030 L 10 the following
points should be taken in consideration -

1- & suitable mix design has to be taken into account
and local material sources shall be trialed.

2- Do not use with naphthalens based admixtures.

ECOLOGY, HEALTH AND SAFETY

For information and advice on the safe handling, stor-
age and disposal of chemical products, users shall
refer to the most recent Safety Data Sheet [SDS) con-
taining physical, ecological, toxicological and other
safety-related data.

APPLICATION INSTRUCTIONS

Application Method / Tools :

The standard rules of good concrating practice | con-
carning production as well as placing are to be fol-
lowed , refer to relevant standards . Fresh Concrete
must be cured properly .

cleaning of tools :

clean all tools & application equipment with water im-
mediately after use .

Hardened / Cured matarial can only be mechanically
removed .

LOCAL RESTRICTIONS

Please note that as a result of specific local regulations
the declared data for this product may vary from
country to country. Please consult the local Product
Data Sheet for the exact product data.

LEGAL NOTES

The information, and, in particular, the recommenda-
tions relating to the application and end-use of Sika
products, are given in good faith based on Sika's cur-
rent knowledge and experience of the products when
properly stored, handled and applied under normal
conditions in accordance with Sika's recommenda-
tions. In practice, the differences in materials, sub-
strates and actual site conditions are such that no war-
ranty in respect of marchantability or of fitness for a
particular purpose, nor any liability arising out of any
lzgal relationship whatsoever, can be inferred either

Sikoa Irag {Siko Trading LLC)
E#bil / Baghdad [/ Badra

Tal: 55 &77 303 74451

Il @i slua com
irgaiba.com

FRODUCT DATA SHEET
Sll®™ VisesCrate™-5930 L I
August P02, Versdon 03 01
2130003 1000003 TS

EWE]

from this information, or from any written recom-
mendations, or from any other advice offered. The
user of the product must test the product's suitability
for the intended application and purpose. Sika re-
serves the right to change the properties of its
proaducts. The proprietary rights of third parties must
be observed. All orders are accepted subject to our
current terms of sale and delivery. Users must always
refer to the most recent issue of the local Product
Data Sheet for the product concerned, copies of which
will be supplisd on request.

ShuaVise ol rle- 59300065 10-008- 2001} 2-1 =0
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Theoretical Calculations



Appendix B: Theoretical Calculations
One-Way Ribbed Slab

| Xl
T T T

®
]

]

"o

@ bw s $
- > 1 ~
Secnon A-4
Figure (B-1) Geometry of Ribbed Slab
Input Data
Compressive Strength Je=42.2 MPa Width of Slab b:=900 mm
Depth of Rib h,:=100 mm Width of Rib b, =100 mm
. EN .
Density of Concrete ¥.:=19.43 — Effective Span L:=1800 mm
m
k
Unit Weight of Concrete w,.:=1943 —g3 Overall Depth h:=150 mm
m
Number of Ribs N =3 Thickness of Slab hg=50 mm
Slab Length L;:=2000 mm Shear Span a:=600 mm

Max. Conc. Strain at Comp. Fiber £,,:=0.003  Volume Fraction of Steel Fiber V;=0%

Bond Efficiency of fiber Fp.==0 Aspect Ratio of Steel Fibers A:=0 %
Modulus of Elasticity E_:=23924 MPa  Modulus of Rupture fr=3.5 MPa
Diameter of Reinforcement Bar of Rib dyp =8 mm
Diameter of Stirrups Reinforcement Bar d.:=6 mm
Diameter of shrinkage Reinforcement d . =6 mm
Yield Stress of Reinforcement Bar of Ribs fy:=509 MPa
Yield Stress of Stirrups Reinforcement Bar fys=495 MPa
Yield Stress of Shrinkage Reinforcement Bar fysn=495 MPa
Elastic Modulus of Steel Reinforcement Bar E :=200000 MPa
Number of Main Reinforcement Bar / Rib ng:=2

Clear Concrete Cover C.:=20 mm
Tensile Stress of Steel Fibers fr==0 MPa

B-1



Output Data

"B, Calculation

By=if 17 MPa<f' <28 MPa
“ 0.85
elseif f'.>55 MPa

“ 0.65
else

I f/.—28 MPa
0.8 —||———1|-0.05
Jloss ("7 apa ) o5)

Calculation of Compression Block Depth

m
4
dyi=h—C,.—d,—0.5dy4

Ag= (dbm) 2. Ny TNy

0,:=0.772 MPa-A+-V;+F,,

_ Ir
E_f = -
200000 MPa

@i Asl'.fy
0.85-F.-b

a
(=== (€f+0.003) [m]

Calculation of Loads

Self-Weight Load on Slab W .= (hp=v.)
Self-Weight Load on Rib W yg,:= (b hpe v+ by s T+ By Y.

Wiotar =W arip* Ly

A_ =301.59 mm’®

d,=—120 mm

o,=0 MPa

a=4.76 mm

Wd.elab: 0.97 .kpﬂ-

Wdﬁb: 1.46 H
m

Wtﬂtl!ﬂ — 2.91 k.N



Calculation of Modification Factor A

A= if w, <1600 k—-"s

m
0.75
clse if 1600 9 <o, <2160 F9
m3 'H’il»3
0.0075 m® A=0.91
16 kg °©
else
1.0
Calculation of Shear and Moment Capacity
Calculation Ultimate Load Capacity
P/2 P/2
i i
QO o« O
A N L

* SFD
P/2

| | P/2
» BMD

Figure (B-2) Moment and Shear Diagram

Flexural Capacity

M,=Ay-f,[d— 2|1 opbe(he)- [ L4 &2 M,—18.06 kN-m
2 2 2 2
Mezt.:=M,, Mert.=18.06 EN-m
Po=M,- 2 P,=60.19 kN
(83



Shear Capacity

V,:=0.17- A+ f;ﬂ «MPa-b,dy+nz-1.1
w 2
Ay=2-—-(d,
()
S, =60 mm
d,
V.?::Av-fys. L)
Sstr‘
V=V 4V, P,:=2.V,

Calculation of Cracking Moment

_ behye (0.5 hy) + (by =Py (0.5 Ry +Ry)) s

y S
t (b+hy) + (by* (R—hy) )
Yp=h—y;
I,=if y,<h;
3
S o ) R e O ) B
3 3 3
else
3
bey,’ " Do it * Y B (b_(bw‘ﬂ'ﬁb})‘(yt_h_f)
3 3 3
M, = fr.Ig
U
P = —7Wdﬂ‘b.L2 "E

Calculation of Natural Frequency

M :=306.25 kg

N:=m  For simply support equal to 7T and to 4.73 for fixed support

f = N2 - Ec.Ig
"2 \M.L3

V.=39.83 EN

V,=167.95 kN

P,,=415.56 kN

Y= 95 mm

1,=(1.3563-10°) mm*

M, =5kN-m
P_=14.69 kN
f,=66.95 Hz



One-Way Solid Slab

P2 P2

: a -b A

L

2 B Section A-A

Figure (B-3) Geometry of Solid Slab
Input Data
Compressive Strength J.i=42.2 MPa Width of Slab b:=900 mm
Density of Concrete Tei=19.43 % Effective Span L:=1800 mm
Unit Weight of Concrete w,:=1943 % Thickness of Slab h:=83 mm
Slab Length L;:==2000 mm Shear Span a:=600 mm
Max. Conc. Strain at Comp. Fiber &,:=0.003 Modulus of Rupture Jr=3.5 MPa
Modulus of Elasticity E,.=23924 MPa
Diameter of Main Reinforcement Bar d,:==8 mm
Yield Stress of Main Reinforcement fy:=509 MPa

Elastic Modulus of Steel Reinforcement Bar
Number of Main Reinforcement Bar

Clear Concrete Cover

B-5

E,:=200000 MPa
ﬂ'b =6

C.:=20 mm



Output Data

"B, Calculation

By=if 17 MPa<f' <28 MPa
“ 0.85
elseif f'.>55 MPa

“ 0.65
else

I f/.—28 MPa
0.8 —||———1|-0.05
Jloss ("7 apa ) o5)

Calculation of Compression Block Depth

A= j- (d,)* +my

d;i=h—C,.—0.5-d,

@i Asl'.fy
0.85-F.-b

Calculation of Loads

Self-Weight Load on Slab W agan = (7. b)

Calculation of Modification Factor A

A= if w, <1600 "‘—93

m
0.75
else if 1600 k—gseiwcgi.‘lﬁ[] k_gz
m m
0.0075 m®
16 kg °©
else
1.0

B,=0.75

A_ =301.59 mm’®
d,=59 mm

a=4.76 mm

stlab: 1.45 %

A=0.91



Calculation of Shear and Moment Capacity

Calculation Ultimate Load Capacity

P2 P2
[ to
- s .
SFD
05a 05aP
BMD

Flexure Capacity

a
M,=Aqy 'fy * [dt_i)

M, =8.60 kN-m

Mezxt.:=M,, P,=M,-— P,=28.97 kN
(83
Shear Capacity
V,:=0.17-A- Te -MPa-b-d, V,.=53.41 kN
Pa
Va=Ve V,=53.41 kN
P,:=2.V, P,.=106.82 kN
Calculation of Cracking Moment
h =
yt=:E ybﬂzh—yt yb:étl.a mm
beh3 InT 4
I=—0 1,=(4.29-10") mm
Y W, . +L*
Mc,::f 9 P = [ME,—L]-E P.,=10.1 kN
Yy 8 a
Calculation of Natural Frequency
M:=300.15 kg N:=m  For simply support equal to 7T and to 4.73 for fixed support
N2 E.-I
Jn=r—-e - f.,=38.03 Hz
2a \M.L?
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Appendix C: Device Specifications

C.1 Data Acquisition System Type NI

Chassis Description

Figures |-1 and 1.2 show the key features of the NI PXle-10620) chassis
front and back panels. Figure 1-1 shows the front view of the
NI PXIe-10620Q. Figure 1-2 shows the rear view of the NI PXIe- 10620Q.

2
1 Power Inhibit Switch 7 System Controller Expansion Slots
2 Pawer inhioit Switch LED & PXI Express System Controller Slot
3 Removable Foat 9 PXI Exprocs Hybeid Perpheral Slote
4 Chassis Cary Handle 10 PX1 Exprass System Timing Siot
5 Chassis Model Name 11 PXI Perpheral Skl
6 Backplane Corneclors 12 PX1 Fller Panels

Figure 1-1. Front View of the NI PXle-10620 Chassis



Lo

5

LICIE e
O]

000000 (Od

OO0 /00

4

- —— \\@
1 Power Supply Shuttle 8 Air Fiter Ratainer
2 Push-Reset Circuit Breaker 9 Air Fiter Retainer Scraw
3 Universal AC Input 10 Power Supply Shuttie 1D Labal
4 Chasss Ground Screw 11 Fan Speed Selecior Switch
5 10 MHz REF OQUT BNC 12 Inhbit Mode Selector Swilch
& 10 MHz REF IN BNC 13 Power Supply Shuttie Handle (2x)
7 HRemole Inhbit and Voltage Montaring Connector

14 Power Supply Shuttie Mounting Screws (8x)

Figure 1-2. Rear View of the NI PXle-1062Q Chassis

Specifications

AC Input

Input voltagerange . .. ... 100 to 240 VAC
Operating voltage range’ ... 801t0264 VAC
Input HeqUenCY ......ccc.cevvereeesseresasesrenens SN0 HZ
Operating fraquency range’ ...............47 t0 63 Hz
Input CUTrent Fatimig. ... ..coccemuimmiansianscosce 8 A
Over-current protection........coceavereeneaeee 30 A CIreuit breaker
Line regulauon

- [ 1, 70 RO A S BRI oo PR L i 57

), SOOI, | 4 i | *
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C.2 Laser Displacement Sensor

SPECIFICATIONS

Mo Sansor hoad LK-031 LK-081 LK-501/LK-503
Gontrollar LK-2001 K210 LK-2501LK-2503
Measurement mode = - Long-range High-precision
Refarance distance 30 mm B0 mm 500 mm 350 mm
Maasuring range 1§ mm 15 mm 1250 mm 110 mm
Light source Visibles red semiconducor laser
Maximum I 0.95 mW LK:A01: 15 mW, LK-503: 0.95 mW
FDA 3io B2 e 310004 1 31 34 s
;::lnn I IndEE 098 T
DIN EN B0RZE-1 07,1994 0487 i 10984 1 T
Wavelangth 670 im 680 Am
FDA Clacg Il Claze [ll (LK-501), Class Il [LK-503)
G | [EC T 2 Clage 30 (LK-501), Clage 2 (LK-503)
DIN EN 60825-1 071990 Flazsa 2 Rlazea 30 (LK-501). Klasea 2 (LK-203)
ADDIoK. 30 um Approx. 70 um Approx. 0.3 mm da. ‘Aporox. 0.7 mm da.
Tpon demn, (ot eterence distnce) (atrefarnce dstance) (al eferenca ditance)] | (ol reference dictance)
Linaarity 1% 00FS.
Rogolution T’ un’ um’ 0um-
Voltage 5V (1 M) 25V (Fmm) 5V [ ummy) £0V (10 gy
Analog output Impedance 00
Currant 410 20 mA (350 (1 max ) ¢
Alarm output NPN open-collector 100 mé (40 V) max, (N.C ) Residual voltage 1V max *
Sampling cycle B2 s 1024 s
Othar functions AUTO ZERD, Alarm hold, GAIN selection, Response speed selection, Span/Shift ld]u:lmlnl
Pawer supply 24 VDG 10% Ripple (p-5) 10 % .
Currant consumption 400 mA max.
Temporaturo Sansor hoad 0.01% ol ESFC \ 00Zh 0l FSIC
fluctuation Controllor 0% AFSSC
Enclosurs rating [
Ambiant light Incandeacent or fluorescent lamp: 10,000 hux max. *
Ambient Ganaor head 010 50°C (32 1o 122 °F), No freezing
tamparaturs Controllar 0§ 50°C {32 fo 122 °F), No freezing
Relative humidity 35 o 85%. No condensation
Vibration 10 to 85 Hz, 1.5 mm double amplitude in X, Y, and Z directions, 2 hours respectively
Matorial Sangor hoad Aluminum dieag1
Cantrollr Palycaiboniale
Welght Sansor head Agprox. 260 | Approy. 385 0 [ Agprox. 700
(inciuding cable) | Comtrolior Appres, 515 ¢

1. Linearity was oblained using KEYENCE's standard taige (white caramic block gaige)

2. Reeolulion was cbisined using KEYEMCL's analeg sancer sonirelar (AD EQ) with tha numbar of averaging measuremanis sel le 61,
Mot The ripple of the analog cutput may b 1 mY or more dis (0 common mode nots when obsanvad with an ceclloscope or high-spesd A/D convarsion baard

3. When measurement is impossible, 12 V (31.2 mA) is oulpul
4. The analoq currant outpit & 4 i 20 mA over the measurement range with an andlog voltage output of 25 V.

C-3

5. 5,000 lux max. vith LK-A0Z503.
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