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ABSTRACT

The current study presented an experimental investigation to evaluate the
punching shear behavior of concrete waffle slabs strengthened with Carbon Fiber
Reinforced Polymer (CFRP) strips externally bonded. The primary goal of this study
is to create a practical methodology for enhancing the shearing capacity of reinforced
concrete waftle slabs without significantly altering the waffle slab's internal
structure. This study chose to analyze the strengthening performance of waffle slabs
using only two categories of waffle slabs first category that have a solid head of
(275x275mm) and second category (515x515mm), respectively. The first category
consists of eight slabs, one slab was without strengthening as a reference slab, and
the remaining slabs were strengthened. While second category consists of two slabs
only. Structural tests were carried out on ten scaled waffle slab specimens, with span
of length (1000x1000mm), slab depth (100mm), and slab voids cross-section
(65x85mm) for all waffle slab specimens under concentric monotonic loading, to
simulate the conditions at waffle slab supported on interior columns connections
were bending moment transfer are small enough to be neglected. A series of tests on
construction materials had also been conducted. Variables considered were; solid
head without strengthening, solid head with strengthening, CFRP Configuration, and
Area of CFRP sheets. The second category results showed that the unstrengthened
waffle slab with the largest solid region experienced punching shear and behaved in
a similar way as solid flat slabs, indicating compliance with the codes in relation to
their punching shear strength provisions. The results show that a square solid area
whose length is less than 15% of the span of column, the shear capacity is relatively
reduced because some of the potential failure surface is lost when it extends into the
waffle section. The first category Internal waffle slab with a solid area of (275x275)
has been strengthened by CFRP strips and is compared to the reference slab

unstrengthened. The results from the tests showed that waffle slabs with small solid



areas can be strengthened with externally bonded CFRP sheets. Where the
experimental results showed that the CFRP strengthening increased the ultimate
punching load of the waffle flat slabs by (11.09- 47.11) %, also the first cracking
load increased by (4.26-67.02) %. The strengthened slabs showed less deflection
during loading by about (21.46) % compared to the unstrengthened reference waffle
flat slab. Strengthening the waffle flat slabs with CFRP sheets enhanced its load
capacity in both categories. However, applying the configuration of the grid, in the
first category, significantly improved the waffle slab behavior. In contrast, the same
configuration does not significantly affected on the behavior of the second category
with a Strengthening percentage that is almost imperceptible. The results showed
that applying CFRP strengthening on waffle slabs with a square solid area (solid
head) whose length is less than 15% of the span, can increase the ultimate load
capacity and enhance the stiffness of reinforced waffle slabs, thus reducing the
deflection of waffle slabs. The most common failure mode for reinforced waffle

slabs is brittle punching failure.
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Chapter One Introduction

CHAPTER ONE: INTRODUCTION

1.1 General

Reinforced concrete (RC) slabs are commonly employed in constructing
roofs, floors, and bridge decks in long-span structures. Slabs can be classified as
one-way or two-way slabs depending on dimensions and boundary conditions.
Concrete slabs can be supported by concrete or steel beams, masonry or concrete
walls, or columns[1,2,3]. Issues such as excessive loading or deterioration due to
corrosion attack, seismic action, fire damage and freezing and thawing can lead to
damage or failure of RC slabs. Therefore, RC slabs must be strengthened, retrofitted,
or rehabilitated for applications in the environments. Before the 1980s, bonding steel
plates were the most popular technique to strengthen a concrete slab. However, the
lightweight, high strength, and corrosion-resistant nature of Fiber Reinforced
Polymers (FRPs) has pushed civil engineers to substitute steel plates with FRP for
strengthening since the early 1990s [4,5,6]

1.2 Types of Slabs

A slab is part of a reinforced concrete structure. In most cases, slabs are
horizontal members but they can be used as vertical members, such as walls, to infill
panels, side to drains and sewers appurtenances|7].

A reinforced concrete system frequently allows the designer to combine the
architectural and structural functions. Concrete has the advantage that it is placed in
a plastic condition and is given the desired shape and texture by means of the forms
and the finishing techniques. This allows such elements as flat plates or other types
of slabs to serve as load-bearing elements while providing the finished floor and
ceiling surfaces, in addition to having the ability to resist gravity, wind, or seismic

loads. Finally, the choice of size or shape is governed by the designer and not by the
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availability of standard manufactured members [8]. On the basis of reinforcement
provided, beam support, and the ratio of the spans, slabs are generally classified into
one-way slab and two-way slab. The former is supported on two sides and the ratio
of long to short span is greater than two. However, the latter is supported on four
sides and the ratio of long to short span is smaller than two. Varying conditions and
stipulations ask for the selection of appropriate and cost-effective concrete slab,
keeping in view, the type of building, architectural layout, aesthetic features, and the
span length. Some of slab systems are classified into five general types shown in

Figure (1-1)[9,10].

Solid slab with wide beam across longitudinal column lines.
Slabs, in which the slab is thickened along the column line.
Flat plates without any cross or edge beams.

Ribbed slab, interior beams distributed across short direction.

A

Waffle slab, two-way joist system.

(1) classical slab with (2) slab with wide (3) Flat plate with
cross beams beams cantilevered edges

Figure 1. 1 Slab and flooring system classification[9].
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(4) ribbed slab (5) waffle slab

Figure 1. 1 Countinue

1.2.1Waftle Slabs

Waffle Slabs can be defined as “A reinforced concrete slab consisting of a
grid of ribs, distributed in orthogonal directions, regularly spaced, and topped by a
thin slab as shown in Figure (1-2)[11].
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Figure 1. 2 Waffle slab.
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Waffle slabs can be divided basically into two types, the flat slabs and two-
way slabs, according to where recesses are omitted to provide larger solid areas.
Figure (1- 3a) and Figure (1- 3b) show two possible arrangements. In the flat-slab
type of configuration, solid areas, are provided near the column shown in Figure
(1-4); this is comparable to a drop panel or column capital providing a path for shear
transfer and the extra compression area in the highly stressed negative-moment
regions surrounding the column. In the two-way-slab type of configuration, the
recesses along the column lines have been omitted to form solid areas which are
equivalent to beams since they are the areas of concentrated flexural stiffness, even
though they do not extend below the lower surface of the slab. In practice, R.C waffle
slabs are usually designed as one of the above two types or as a hybrid shown in
Figure (1-5). In some flat-slab type of configuration, the local solid area around the
column is provided by an extra column capital to enhance the shear resistance and

to allow for load transfer from the slab to the columns [12].

(a) Waffle Slab with Solid Heads (b) Waffle Slab with Band Beams
(flat waffle slab) (Two-way walffle slab)

Figure 1. 3 Waffle Slab Types[13].
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Figure 1. 4 Waffle Slab Structural Floor System.

Figure 1. 5 Hybrid configuration of waffle slab.

Reinforced concrete waffle slab construction has been used to improve the
efficiency of concrete slab systems since 1950's. In conventional two-way flat slab
constructions, the need of longer spans and/or the necessity for heavier loads
demands increased slab thickness in order to limit deflections. As a solution to this,
concrete below the neutral axis is eliminated, this allows an economic increase on
the total thickness of the slab with the creation of voids in a rhythmic arrangement.
Therefore, there occurs a reduction on the structure self-weight and a more efficient
use of materials, steel and concrete. The resulting slab system is typically denoted

as waffle slab construction. For long span structures like auditorium, car parking and
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meeting hall which are having spans up to 20 m, providing columns within short
spans for the structure will not be appealing and it occupies more space. If flat slab
construction is employed, the columns can be provided without soffit beams and at
the corners of the floor system. Waffle and grid slabs are forms of flat slab
construction and hence, the columns need not be provided and the entire floor is
supported at the corner columns, shown in Figure (1-6). This reduces the space
occupied by the columns and also reduces the concrete quantity incurred by
columns. Providing waffle slabs give aesthetic appearance and provides easier
provision for false roof ceiling [9,14,15].

Walffle slabs are now widely used in industrial and public buildings, multi-
story car parks and highway bridges, Waffle slabs are becoming increasingly popular
are now in Iraq see in Figure (1- 5) one of the buildings in Iraq located in Maysan

City.

Figure 1. 6 A Waffle slab with dimensions 20 * 20 - a fire station at San
Vicente city in Spain [16]
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1.3 The Advantages of the waffle slab

Load bearing capacity of waffle slab is higher than other types of the slab.
Waffle slabs have good structural stability of deflection and vibration.
Waffle slab can be used for larger span with less number of columns.

Waffle slabs are lightweight as compared to other types of slabs because of
the less dead load of the slab.

Waffle Slabs are attractive and have good Aesthetical appearance when
exposed.

Using of this type of slab is overall affordable in large area construction.

The services like lighting, electrical and air conditioning are easily provided
in the waffle slab without any difficulty, waffle pods can be cut for services
like pipes and plumbing, it's crucial to avoid compromising their structural

integrity.

1.4 The disadvantages of a waffle slab

The Formwork which is required for the construction of the waffle slab is very
costly.

The Construction of the waffle slab required skilled workmanship.

Waffle slab Construction cannot suitable to bear high wind loads.

The floor height in the waffle slab is high as compared to the conventional

slab.

The Maintenance of waffle slabs is expensive and difficult.
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1.5 Code Recommendations
1.5.1ACI 318

For waffle slabs, the American code recommends that the ribs should have a
minimum width (by) of 100 mm, a maximum height (hy) of 3.5 times the minimum
width of the rib and a maximum spacing between the faces of the ribs (s) of 750 mm.
The thickness of the topping slab (hf) must be at least 37.5 mm and at most s/12 ratio
Figure (1- 7) [17].

h; H'

T

HHI m .l;u w = 100 mm

Figure 1. 7 Rib geometry to ACI 318.
1.5.2Eurocode 2

For waffle slabs, the European code recommends that the topping slab and the
ribs do not need to be analyzed separately when there is sufficient torsional stiffness
between these two elements, and the waffle slab can be analyzed as solid slab.
However, this condition is only acceptable if the spacing between the faces of the
ribs (s) does not exceed 1500 mm, if the height of the rib (h) does not exceed 4 times
its width (by) and if the height of the table (hy) is at least the greater of these two
factors: (s/10) or (50 mm) Figure (1- 8) [18].

JIJ:
h<4b,

= L]
v < [ 500mm

Figure 1. 8 Rib geometry to Eurocode 2.
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1.5.3 Norma Brasileira (NBR) 6118

For waffle slabs, the Brazilian code recommends that the ribs should have a
minimum width (bw) of 50 mm and if it has compression reinforcement, the
minimum width (bw) should be 80 mm Figure (1-9). The topping slab thickness
must be at least 50 mm when there is conduit wiring of ¢10mm, or at least
(40 mm + ¢) when conduit wiring inside the slabs has a diameter greater than
¢10mm, or at least (40 mm + 2¢) when there is a conduit crossover inside the slabs.

If the spacing between axes of the ribs is less than or equal to 650 mm,
checking the topping slab as an independent slab and the shearing of the ribs are not
needed. When the spacing between the axes of the ribs is between 650 mm and 1100
mm, the bending behavior of the topping slab must be checked and the ribs must be
dimensioned as beams, with verification of the shear. However, when the spacing
between the axes of the ribs is up to 900 mm and the average width of the ribs is
greater than 120 mm, checking the topping slab is not needed. In case the spacing
between the axes is greater than 1100 mm, the topping slab must be checked as a

solid slab, supported on a beam grid, and must meet the minimum thickness limits

[19].
i _l‘_"
I U U

b, =50 mm s r,, ' 50 mian

Figure 1. 9 Rib geometry to NBR 6118.

1.6 Strengthening of Concrete Structures

Buildings and structures are often used in different ways from how they were

originally designed. Due to increasing service loads and/or degradation of existing
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concrete structures, the need for strengthening or retrofitting of aging infrastructure
is increasing. Today, a significant portion of our infrastructure is currently either
structurally or functionally deficient. Existing RC structures may need to be
strengthened or retrofitted to overcome damages that occur due to actions such as
earthquakes, corrosion attacks, fires, and so on. Moreover, the structure's ability to
sustain the excessive design loading must be increased in some cases [4,5,6].
Beyond the costs of maintenance, the real consequences for our society are
losses in production and overall economy due to functional deficient infrastructure.
It is not always economically viable to replace an existing structure with a new one.
The challenge is to develop robust and economical viable techniques for reparation

and upgrade that can be used to prolong the life of our existing structures.

1.6.1RC Buildings Repairing Techniques

It is not always economically viable to replace an existing structure with a
new one. The challenge is to develop robust and economical viable techniques for
reparation and upgrade that can be used to prolong the life of our existing structures.
If the inspections reveal that the integrity of the structure do not fulfil the
requirements the damage cause and type must be determined in order to take
appropriate action of: Continue regular maintenance, issue some restriction in use,

Repair, Upgrade and Demolish and rebuild [20].

1.6.2Repair and Upgrading Methods

The repair and upgrading methods of concrete structures can be
classified into:
» Repair and upgrading systems for protection of concrete and reinforcement.

» Structural repair or upgrading systems for existing concrete structures.

10
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Systems for protection include methods like surface coating, filling of cracks
to increase the physical resistance and protection of ingress of chemicals, moisture
etc. Patch repair is by far the most common technique to structural repair damaged
or deteriorated areas in concrete structures. patch repairs are also used to reinstate
the spalled or delaminated areas of concrete. Increasing demands and changed use
of infrastructure often lead to that the structural components of the infrastructure
need to be upgraded. This often results in introducing external systems such as: Plate
bonding of steel, FRP plates or sheets to the surface of the structure to be
strengthened [21].

External strengthening of structural members has been practiced since the
mid-sixties with steel plates bonded to the tension side of structures. The in-situ
rehabilitation or upgrading of reinforced concrete members using bonded steel plates
is an effective, convenient and economic method of improving structural
performance. However, disadvantages inherent in the use of steel plates such as:
handling of the heavy steel plates, corrosion of the interface adhesive steel, have
stimulated research to find alternative strengthening systems. Steel plates were
substituted by Carbon Fiber Reinforced Polymer (CFRP) plates, a lightweight, non-
corrosive and no length limited material; this was first introduced in Switzerland in

the early 1990s [5,22].

1.6.3FRP in Repair and Strengthening of Concrete Construction

Clearly, the first step in characterizing the behavior of FRP strengthened RC
structures is to characterize FRP. FRPs are composed of fibers and resins in the form
of a resin matrix reinforced with fibers, thus making a composite material. The fibers
in the matrix improve its mechanical characteristics such as strength. The resin

transfers the external loads to the fibers and protects them from possible external

damage [23].

11
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Different possibilities of strengthening concrete structures are shown in
Figure (1- 10) [5,23]. FRP strengthening is suitable for concrete beams, walls, slabs

and columns.

Figure 1. 10 Examples of FRP strengthening of concrete structures [24].

Fibers are classified into different groups such as carbon fibers, glass fibers,
and aramid fibers. Accordingly, the FRPs are divided into three main groups:
carbon fiber reinforced polymers (CFRP), glass fiber reinforced polymer (GFRP)
and aramid fiber reinforced polymers (AFRP)[25]. The strength of an FRP
composite is related to the direction of the fibers. FRP laminates, which have fibers
in different directions, can provide the required strength in different directions. A
plain woven FRP (bidirectional FRP) has the same mechanical characteristics in two
perpendicular directions of the FRP plane. Figure (1-11) shows schematically a
unidirectional FRP and a woven FRP [26].

Despite the variation in fiber materials, all FRPs exhibit similar stress-strain
behavior and retain their elasticity up to their fracture point. In addition, FRPs are

less ductile than steel; this may decrease the ductility of the whole FRP strengthened

12
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structure. Figure (1- 12) shows a comparison between CFRP, GFRP, and steel in

terms of their stress—strain behavior [27].

Figure 1. 11 Unidirectional FRP and woven FRP.
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Figure 1. 12 Stress-strain curve for FRPs and mild steel [27].

13



Chapter One Introduction

Using CFRP sheets and strips that are externally bonded (EB) allows for the
restoration and strengthening of existing reinforced concrete structures to their
previous (original) state of design. As an external reinforcement for RC structure
rehabilitation, fiber reinforced polymer composites have become increasingly
common. More reinforcement can be achieved by adhering CFRP sheets to the
outsides of the concrete elements. As a result of their low weight, simple installation,
and high tensile strength, CFRP sheets are a highly promising material for use in

restoration and as tensile reinforcement alternative[25,26].

1.7 Motivation

CFRP systems have been increasingly used as materials for strengthening and
rehabilitating reinforced concrete structures which lead to study the punching
behaviors of reinforced concrete two-way slabs strengthened with CFRP sheets.
While the existence of researches is very limited, have been published on the use of
GFRP strengthened waffle-slab, there are less resources dedicated to the study of
Carbon fiber composite strengthened waffle-slab. Since CFRP laminate possess;
outstanding tensile qualities, extended durability, its punching-shear performance in
of strengthened waffle-slabs, especially for rehabilitation/repairing applications, is
of significant interest.

As a result, carbon fiber reinforced plastic (CFRP) has been selected for use
in RC waffle-slab structures rehabilitation applications, and the structural
performance criteria of these waffle-slabs have been studied in order to draw
conclusions about the viability of using Externally-Bonded CFRP sheets as a

strengthening material, compared to other types of Externally Bonded FRP-systems.

14
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1.8 Purposes of The Research

The primary goal of this study was to create a practical methodology for
enhancing the waffle-slab shearing capacity of an existing reinforced concrete
waffle-slab construction without significantly altering the waffle-slabs' internal
structure.

1. Experimental and comparative study of the performance of bidirectional
reinforced concrete waffle-slab reinforced with CFRP panels attached to the
tension surface. The main variable for the experimental work is the area and
composition of the CFRP sheets.

2. Experimentally investigate the ultimate strength and failure mode of
unstrengthened waffle flat slabs with varying sizes of solid areas (solid head)
around the column. Additionally, the size of the solid area around the column
was also correlated with the failure mode, which could be either punching
shear in the solid area or shearing of the ribs with the punching shear cone
extending beyond the solid area.

3. To perform punching shear tests on R.C. concrete waffle-slabs that have been
strengthened by CFRP composites and to acquire a deeper understanding of
the structural behavior of a reinforced concrete waffle-slab strengthened with
a carbon fiber reinforced polymer (CFRP) strips permanently bonded with
epoxy resin.

4. Examining at the various ways in which CFRP-strengthened concrete waffle-
slabs might fail (failure mechanism).

5. Conducting a comparative study between the analytical data and the

experimental data that were obtained in lab.

15
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1.9 Layout of the Thesis

Specifically, there are six sections to this thesis. The following are brief
introductions and summaries of each chapter:

I. The first chapter provides a broad overview of the thesis's central topic.

I1. Chapter 2 provides a comprehensive review of the relevant literature; a
comparative approach is taken between the various authors' works; and the
emphasis is placed on three main themes: the bonding behavior of CFRP
laminates/sheets during punching shear strengthening and the CFRP shear
contribution percentage of each type of strengthening configuration (layout)
methods.

III. Chapter 3 present experimentation methods and procedures. Test results for
the various components of the construction mixture, including the CFRP
fibers composites, portland cement, fine aggregate, coarse aggregate,
superplasticizer, mixing water, steel rebars (mechanical properties), and
bonding adhesive (Epoxy), are included as appendices to this study. This
chapter also details the procedures for preparing tests for the control waffle-
slab and the waffle-slab that has been strengthened using CFRP composite.

IV. The mechanical performance of slabs strengthened with equal intervals
CFRP sheets (Punching shear Strengthen) under static stress has been
discussed in detail in Part-1 of Chapter Four. Data-acquisition device-recorded
findings are displayed in the form of curves in straightforward graphical
representations; furthermore, conclusions generated from the testing results
are provided.

V. Chapter 5 summarizes the findings and provides suggestions for further
research. The findings of the study are summarized and the results are reported

in this section.

16
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VI. Appendix (I) provide mathematical formulations for design and analysis of
waffle-slab punching shear strength, FRP strengthening calculations, and
International Design Code provisions and recommendations. Calculations

also presented in detail.

17
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CHAPTER TWO: LITERATURE REVIEW

2.1 Introduction

Punching shear failure is characterized by local, brittle failure in areas of
intense stress or column support. The tragedy of such a collapse is compounded by
the absence of any precursory signs. In the last two decades, there have been multiple
devastating punching shear breakdowns. Punch shear failure brought down five
stories of the Sampoong shopping hyper-market in Seoul, South Korea on June 30,
1995. (Figure 2.1). In this disaster, almost 500 people lost their lives and over a

thousand were injured [28].

Figure 2. 1 Collapse of Sampoong commercial store [28].

Although shear and flexure are the most common causes of structural failure,
column connections can also break due to other mechanisms. In a waffle plate
failure, the column is simply pierced through a level portion of the slab above it. The

failure mode of a typical punching shearing is shown in Figure. (2.2). This type of

18
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failure is one of the most crucial considerations for determining plate thickness at

column and slab intersections[29].

Figure 2. 2 bridge deck slab failing due to punching shear[29].

Similar to flat slab, waffle slab can develop local shear The failure is known as a
punching shear failure, as shown in the Figure (2.3). in A solid revolution of concrete
("I") surrounded by the inclined shear cracks separates normally from the slab,
leaving the rest of the slab ("II") rigid[30]. However, despite the increasing
popularity of waffle slabs, only a limited amount of research has been carried out.
As a result, the shear design procedures for waffle slabs subject to punching have
not been considered in the current design codes[30,31]. Therefore, it is not clear how
one could apply (if necessary) the codes’ design clauses for flat solid slabs to waffle
slabs because when the solid sections are very wide or top slabs are sufficiently thick,
the punching failure surface could form within the solid section Figure (2.3 b and c).
However, when the solid section is narrower, the punching failure surface could pass
through the reduced depth section Figure (2.3 a). As result, a smaller shear failure

surface could be mobilized, which consequently leads to a lower punching shear

capacity.
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(a)Narrow solid section (b) Thick top slab (c) Wide solid section

Figure 2. 3 Punching shear mechanism of waffle slab[30].
2.2 Reviews And Investigations Conducted by Scientists and Researchers

Literatures works on two-way slab, ribbed slab, waffle slab, flat slab punching
shear, strengthening of slab-column connection region, shear failure theories, FRP
sheet/laminates, deck slab system, and developed design methods as well as ACI

Code provisions and guidelines will be presented in brief as follows;

In November 1994, Shuangxi Pei [32], Found that the punching capabilities
of waffle slabs was found to be insensitive to the loading orientations and the local
arrangement of the ribs near the loading pad, according to both experimental and
theoretical research. This is because the punching shearing force was diminished to
a wider area than that of the loading pad and was rebuffed by both the perpendicular
ribs and the deck of the slab. The plastic theory (upper bound method) study showed
that the addition of the stirrups would reduce the dimensions of the punching
perimeter, resulting in less strength being mobilized than envisaged, whereas the
usage of the localized solid region in the waffle slabs might improve the punching
shear strength more efficiently. After comparing test findings with those obtained
using other analytical approaches, it concluded that the Upper Limit Analysis Which
is provided by the BS8110 a specific in terms of the nominal shear stresses at the

periphery of the loaded area which is related to the strength of the concrete, and the

20



Chapter Two Literature Review

Alternate Method using the waffle-solid slab are the most straightforward and
accurate ways to forecast the punching shear strength of R.C. waffle slabs. some

failure models are shown in Figure (2.4).

Figure 2. 4 Crack pattern after punching failure.

In August 2003, El-Ghandour et al [33], presented the results of a
two-stage experimental program studying the punching shear performance of fiber
reinforced concrete (FRC) flat slabs containing/without carbon fiber reinforced
polymer (CFRP) sheets as shear reinforcement. In the first step, difficulties of bond
slip and crack localization were found. Punching shear failure of the slabs was
achieved by reducing the flexural bar spacing in the second phase, which had
previously avoided those issues. However, due to its brittleness CFRP shear
reinforcement was shown to be ineffective in greatly increasing the slab capacity.
There is a proposed and confirmed model for predicting the punched shear capacity
of FRC slabs without shear reinforcement. The concrete shear resistance is proposed
to be lowered for slabs with FRP shear reinforcement, however a maximum strain
of 0.0045 is recommended for the reinforcement. Results from using the updated
ACI 318-19, ACI 440-98, and BS 8110 punched shear code calculations to account
for FRP reinforcement are either overly optimistic or overly cautious when

compared to the actual slab capacity.
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In October 2004, Baris Binicia and Oguzhan Bayrakb [34], they conducted
an experimental program on upgrading of reinforced concrete slab—column
connections subjected to monotonic shear and unbalanced moment transfer are
presented in this study. Externally installed carbon fiber reinforced polymer (CFRP)
stirrups acting as shear reinforcement around the slab—column connection area was
used with two patterns of CFRP arrangements, see into the Figure (2.5), (2.6) and
(2.7). It was found that the proposed method resulted in punching shear capacity
increases up to 60% relative to the specimen without any strengthening. In some
cases, punching shear failure was eliminated with the use of CFRPs as shear
reinforcement. Capacities of test specimens were evaluated using punching shear
strength provisions of ACI 318-02 and yield line analyses for the test specimens. On
the basis of the results of this study, use of CFRPs as externally installed stirrups

was found to be successful in strengthening slab—column connections.

Figure 2. 5 Specimen details.
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Figure 2. 6 Crack pattern after failure.
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Figure 2. 7 Crack pattern after failure.

23



Chapter Two Literature Review

In October 2004, Ehab El-Salakawy et al [35], presented the results of
punching shear experimental tests conducted on seven large-scale RC concrete slab-
column edges connectors that were strengthened in a variety of ways. In this
investigation, three slabs had holes near the column whereas the other four did not.
The slabs measured 1,540 by 1,020 by 120 millimeters, and the columns were 250
by 250 millimeters in size. Each specimen had a square hole (150 mm on a side) cut
into it, with the opening's axes running perpendicular to the columns. A
reinforcement ratio of 0.75 was used on average for the slabs. Two additional
methods of reinforcement were examined in addition to the two standard slabs. In
Method 1, either one or two layers of fiber reinforced polymer (FRP) extensible
sheets are externally attached to the tension face or both the tension and compression
faces of the slab and then placed around the column. Looked at both glass and carbon
fiber reinforced plastic sheets. Technique II involves employing either the first or
the second scheme for bonding FRP sheets externally, and then putting steel bolts
through holes cut into the slab's thickness and into the column. The results of the
tests indicate that the punching capability of the connections was much improved by

the addition of FRP sheets and steel bolts.

In May 2006, Anil K. Sharma and Brendon C. Inniss [36], studied the
region of a slab close to a support may experience shear failure, with the resulting
failure surface taking the shape of a cone or pyramid. Flat-plate and flat-slab
constructions typically collapse due to this failure, known as "Punching Shear
Failure." There are theoretical principles for preventing punching shear failure of
slab-column connections, and there is a wide range of empirical approaches applied
by different codes. In this study, an in-depth look at the shear resistance of slab-
column joint connections for interior columns. The evaluation of strength does not

take into account shear reinforcement in the slabs. The punching shear capacity is
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studied in relation to several different factors, such as the ratio of column side width

to effective depth of slab, the concrete strength, and the proportion of flexural steel.

In June 2009, Ebead, et al [37], presented a experimentally tested about the
effect of applying different FRP patterns Figure (2.8) to increase the flexural strength
of the RC slabs. The researchers applied sheet- middle strips and sheet-separated
strip strengthening patterns called S-MS and S-SS, respectively. The areas of the RC
slabs that were covered by the FRP sheets in both strengthening patterns were the
same. Table 2-1 lists the main characteristics of both the control and strengthened
specimens, such as load capacities and deflections. This enables a direct comparison
of different samples. Depending on the increase of the maximum load capacity (see
Table 2.1), there is no significant difference between applying the separated and
middle FRP strips. The failure mode changed from pure flexural failure in the control
specimen to flexural punching failure for the FRP strengthened RC slabs. The
maximum increase of the load capacity for the FRP strengthened samples was 60.5%
(with the S-MS pattern) compared with the control specimen and there was no

significant difference in the crack distribution for different strengthening patterns.

Middle sirime o |"'|!.|'|'|:. 5 T

Figure 2. 8 FRP strengthening patterns in Ebead et al [37].
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Table 2. 1 Specimen characteristics in Ebead et al [37].

Slab Initial ((]f(r;c)k load Yie(tll\};)ad Ultir?lz‘;e)load 3;?5;2012;;
(mm)
SO(Control) 54.5 86.6 135.6 91
S-MS 48.3 113.4 226.3 55
S-SS 55.8 109.1 217.7 53

In October 2011, Souza and Oliveira [38], presented an experimental
analysis of 8 two-way reinforced concrete waffle flat slabs under centered load. The
dimensions of the slabs were the same and equal to 1800 mm x 1800 mm x 140 mm.
The ribs were 80 mm (height) by 50 mm (width), solid region (800x800mm) and the
compressive concrete strength was approximately 40 MPa. The main variables
considered were the types of shear reinforcement in the ribs, consisting of trusses,
vertical closed stirrups and open stirrups inclined at 45 degrees and the use of stirrups
inclined at 45 degrees with punching reinforcement in the solid region. The slabs
with shear reinforcement in the ribs did not achieve significant resistance in relation
to the unstrengthened reference slab, as for the slabs with punching reinforcement,
they showed superior resistance, around 26%, confirming the efficiency of the
inclined stirrups as punching reinforcement. The experimental results were
compared to those estimated by the Brazilian code NBR 6118:2003. It was verified
that the resistance of the ribs is not satisfactorily estimated by the code, which
excessively underestimates the results for ribs with and without shear reinforcement.

Figure (2.9) shows the failure surface of the slabs.
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Figure 2. 9 Slabs failure surface in the solid region.

In September 2013, Hameed Khalaf Maro, [39]the purpose of this research
is to examine the response of CFRP-stiffened reinforced concrete slabs to a punching
load and to compare these findings to those obtained from a Finite Element model.
A total of 32 slabs with dimensions of 800 x 800 x 70 and 800 x 800 x 90 mm will
be tested as part of the experimental program. The slabs are organized into four-slab
groups, for a total of eight groups. The categories are separated by the primary
research factors. One slab in each set of four was left unreinforced to serve as a

standard, while the three remaining slabs were strengthened in various ways using
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carbon fiber reinforced polymer (CFRP). The study investigated how slab punching
shear strength is affected by variables such as concrete strength, flexural reinforcing
quantity, slab thickness, and CFRP distribution form. The punched shear failure
mode 1s used for all slabs in this research. Ultimate punching shearing load of the
tested slabs were found to increase by (5-26) % after CFRP strengthening, and the
first cracking load was found to increase by (12-200) %. During loading, the
reinforced slabs exhibited 36% less deflection than the non-reinforced slabs.
Comparing high strength concrete (50 MPa) to regular strength concrete (27 MPa)
using a comparison based on the ACI code, which depends on Vfc, shows that the

ultimate punching load of the former is between (20-50) % higher.

In April 2014, M. Hasan Meisami, et al [40], experimentally studied the
centrally loaded, two-way flat slabs. The specifications for the slabs were developed
in accordance with standards set by the American Concrete Institute. Four slabs of
1200 x 1200 mm and 105 mm thick, were strengthened using various carbon fiber-
reinforced polymer (CFRP) grid configurations, including (1) with pre- installed and
(3) with post-installed fiber-reinforced polymer (FRP) strengtheners. The fifth slab
fabricated as a control and was not modified in any way. Eight, sixteen, and twenty-
four strengtheners were utilized. Slabs can be further strengthened with carbon fiber
reinforced polymer (CFRP) grids and epoxy resin in drilled holes, and a method was
created to forecast their maximum loading capacity. The experimental results
demonstrate that the proposed mechanism of strengthening approach increases
ultimate loading and displacement capacities. The shear capacities of the
strengthened slabs with eight and sixteen CFRP grids were increased by 29.8 and
49%, respectively, compared to that of the unstrengthened control slab and the
strengthened slab with twenty-four CFRP grids exhibited an increased shear capacity

of 56%. The proposed strengthening approach also protects against brittle failures
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caused by vertical concentrated loads. Due to the shallow slab depth, deboning of
FRP grids is identified as the primary source of failure for FRP-reinforced flat slabs.
As an added bonus, this strengthening technique can switch the mode of slab failure
from shear to flexure failure once the slab's shear capacity has been raised to a
suitable number. Figure (2.10) shows the cracking pattern on the tensile surface of

the slabs.

i ]

Figure 2. 10 Tension surface crack patterns.

In February 2015, Mohamed Hassan; et al [41], conducted an experimental
study on punching shear behavior of two-way concrete slabs with glass-fiber-
reinforced polymer (GFRP) bars as flexural reinforcement and FRP stirrups (glass
or carbon) as shear reinforcement. A total of 10 full-scale interior slab-column
specimens measuring 2,500%2,500 mm, with thicknesses of either 200 (Series I) or
350 mm (Series II), and 300x300-mm square column stubs were fabricated and
tested under monotonic concentric loading until failure. These tests aimed at
investigating the behavior of GFRP-reinforced two-way concrete slabs reinforced

with FRP stirrups as shear reinforcement and evaluating the contribution to the
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punching shear capacity. The investigated parameters were the flexural
reinforcement ratio and the shear reinforcement type (glass FRP and carbon FRP
stirrups) and ratio. The test results revealed that using FRP stirrups as shear
reinforcement increased the punching shear strength and deformation capacity of the
test slabs. The average increase in the punching shear capacity was 29 and 23% in
Series I and II, respectively. In addition, the average increase in the deflection at
failure of Series I specimens was 107%. The increased punching shear strength and
deformation capacity were proportional to the flexural- and shear-reinforcement
ratios. In addition, the performance was enhanced by reducing the brittleness of the

specimens when FRP stirrups were used as shear reinforcement.

In March 2015, Souza et al [42], examined the performance of waffle slab
without moment transfer and with solid panels enclosing internal columns. Six types
of square waffle flat slabs were tested; each model had a side length of 2400 mm, a
height of 185 mm, a thickness of 70 mm along its top, a height of 115 mm along its
ribs, a width of 50 mm, and a distance of 270 mm between its ribs. Solid panel with
different dimensions, beams web steel percentage, type, and layout were the
independent factors. All of the models failed in shear due to diagonal stress of the
ribs except for the one that failed in flexure due to crushing of the beams at the solid
panel. The punching shearing of the solid panels surrounding the column and the
ribs shear adjacent to the solid panels were studied and compared with existing
equations from codes and other studies available in the literature, as well as with the
results of the tests themselves. Lastly, suggestions are made for design processes in
the slab region inside the zero moment lines and around the columns, with respect
to the specification of the solid region size as function of the ribs' resistance values

toward shear and flexure.
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In November 2015, Al-Bayati et al,[43] presented an experimental study to
test of fifteen 1/10-scaled micro-concrete waffle slabs exposed to circumferential
punching shear, dimensions of slabs (650x650 and 510x510 mm), Variables
considered were; the size of solid section, the column shape and size, and the
concrete strength All slab specimens had an overall depth of 70 mm and top slab of
20 mm. While waffle slabs were discovered to have a punching failure mechanism
comparable to that present in flat slabs, However, for a slab with a width of solid
section less than five times the effective depth, the observed failure surface of a
waffle slab was as incomplete surface of revolution due to the losses in the failure
surface when it extended into the waffle section, as shown in Figure (2.11) Since the
shear strength mechanisms of waffle slabs is not taken into account in the present
codes of practice, compared with the test results showed that BS8110 and EC2
exaggerated the punching capability of waffle slabs, while ACI prediction was
cautious, some results are shown in Table (2.2). To anticipate the failure loads, a
model was constructed based on the upper-bound theoretical methods, and it

showing great agreements with the testing.

Table 2. 2 Comparisons between the shear strengths[43].
Size of solid
Slab No. Prest, KN Paci, kKN Prc2, KN Pgs, kKN
section(mm)
IWS1 200 x 200 50.5 46.8 61.2 68.5
IWS2 200 x 200 42.1 454 58.4 72.9
IWS3 200 x 200 46.3 47.8 59.4 74.3
WS4 250 x 250 63.2 39.2 543 67.6
IWS5 290 x 290 63.2 38.3 53.5 66.6
IWS6 470 x 470 65.3 37.8 53.0 65.9
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(1) Imcomplete development of failure {111) Complete development of Fuilure

Figure 2. 11 Punching shear mechanism of waftle slab specimens.

In September 2017, K. Sakethe et al [44], presented a study the of behavior
punching shear in waffle slabs at slab column joint subjected to concentric punching
shear. Although it was observed that waffle slabs are very similar to that of flat slabs,
the shear capacity is relatively reduced because some of the potential surfaces is lost
when it extends into waffle section. The current Indian Standard (IS) code of practice
do not consider the punching shear mechanism of waftle slabs. The analytical part
is done using Finite Element software ANSY'S, by applying the concentric load at
the slab-column joint on waffle slabs, waffle slabs of different sizes and comparing
the analytical results with normal RC slab. Waffle slabs of different sizes are created
by increasing the depth of slab by 20%, width of the rib by 25% and one by
increasing solid section. The comparison of the test results with the RC slab reveals
that waffle slab gives more strength and when comparing between the waffle slab
models of different sizes, with 20% increase in slab depth shows that strength is
increased significantly by around 24%, providing more thickness of ribs gives extra

strength to the structure against punching shear.
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In November 2018, Mohammadtaher Davvari [45], presented a study that
elaborated on an investigation of make a comparison between the effects of different
strengthening methods such as FRP strengthening, applying vertical (shear)
reinforcement, and their combination, on the behaviour of flat slabs with different
conditions (tensile reinforcement ratios). Eight slab specimens were cast with
dimensions were 650 x 650 mm2 square specimens with a thickness of 60 mm;
which were classified into two categories: low and high tensile reinforcement ratios.
The experimental and validated numerical results demonstrate that the most efficient
strengthening strategy is a combination of strengthening methods in both categories.
Strengthening with FRP sheets improves the slabs load capacity in both categories,
it led to an increase in the ultimate load by (1.46 and 0.42) low and high tensile
reinforcement ratios respectively. The results also show that applying vertical
(shear) reinforcement in the critical punching area strengthens the critical
compressive strut of the RC slab. This shifts the critical punching area from the
column vicinity to the outside of the shear reinforced zone and enhances the RC
slabs load capacity. Figure (2.12) shows the concrete cracks on the slab tension

surface according to the experimental and numerical models.

Figure 2. 12 Concrete cracks in the tension surface of LFS.
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In February 2019, Hamdy M. Afefy and El-Tony M. El-Tony [46],
conducted a study on the use of different methods of reinforcement in an effort to
address the limitations of existing methods. Internal single-leg stirrups, a double-
skin steel assembly, and adequately anchored externally bonded glass fiber-
reinforced polymer (EB-GFRP) sheets are used as part of the strengthening
strategies for punching shear of RC slabs. There are a total of nine slab specimens,
which are prepared and arranged into four groups. In comparison to other methods,
the one using a slab equipped with adequately anchored single-leg stirrups and an
orthogonal steel assembly with two skins is the most effective. This method
increases the slab's punching load bearing capacity by a factor of 1.69 compared to
that of the unreinforced control slab. Furthermore, it causes the slab to exhibit strain
hardening and softening curves characteristic of ductile punching failure. All
strengthened slabs' experimental shear resistance is compared to the resistance
required by various design standards. When compared to the experimental findings,
the failure characteristics required by German codes are found to be the most

reasonable.

In May 2020, Ahmed E. Salama et al [47], presented a study on GFRP
reinforcing bars inside concrete edge-slab—column connections. Using FRP stirrups
as shear reinforcement are not covered by existing codes and standards. This study
describes the experimental results for large-sized edge slab—column joint
connections strengthened with GFRP bars and stirrups. GFRP stirrups and extension
from the column end affect the tested connections' performance. In furthermore, a
nonlinear numerical analysis (FEA) is employed to do an in-depth research. Next,
edge connections with varied stirrup diameters, extensions at different distances
from the column, and spacings are investigated parametrically. The punching-shear

response improved with GFRP stirrups as shear reinforcement in the slab all around

34



Chapter Two Literature Review

column. The finite-element model's ultimate load, cracking patterns, reinforcement
and concrete strains, and load-deflection relationships match experimental results,
proving its accuracy. The results show that punching-shear strength decreased with
stirrup separation and rose with stirrup size and column extension. Based on the
numerical-simulation results, a simple design strategy to predicate the ultimate
bearing capacity of the tested connections is given. The model yielded good yet
conservative estimates with respect to the experimental data as well as the existing

results in the literature.

In October 2020, Mohammed G. ElI-Gendy, S. and Ehab F. El-Salakawy,
[48], made a study about predict the punching shear of two-way slabs with FRP
rebars, several empirical models have been presented over the past two decades. This
research examines the viability of using these models for FRP-RC slab-column
interior joint and edge joint connections under gravity loads. The models are
validated by comparing their predictions with data from experiments the authors
have previously performed on FRP-RC edge connections that were subjected to
cyclic lateral loads in the opposite direction. They used the results of (68 and 25)
specimen tests respectively, including 6 edge tests conducted under reversed-cyclic
lateral loads, to compare the models. A universal model is proposed based on the
analysis, which can forecast the capacity of interior and edge specimens under
gravity or cyclic loads. The proposed model yielded an average test-to-predicted
strength of 1.010.14 for internal specimens and 1.010.09 for edge specimens. A
design model is also proposed to evaluate gravity shear limitations for FRP-RC

connections subjected to cyclic load and no shear reinforcement.

In February 2021, Nithyambigai G et al, [49] They conducted a study is

performed to investigate the behaviour of the waffle slab, for five specimens waffle
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slab and dimension is of 1020 x 500 x 90 mm. and sample Solid Slab. Waffle slab
types of construction are economical for building where there are long spans, over
between 5 m and 6 m with light to moderate live load. It reduces slab weight by
reducing amount of concrete. The waffles slab less in dead load and high in load
caring capacity. In this project work the waffle slab system with various spacing of
grid beams are casted and tested for the load carrying capacity. It is inferred that the
waffle slab system performs far better than the conventional slab in terms of load,
and that spacing between the beam and load bearing capacity is inversely

proportional to each other.

In February 2021, Silva et al[50], presented a study to compare the final load
of ten flat waffle plates with different sizes of solid surface area and spacing between
the ribs, For punching shear strength of waffle flat slabs with several dimensions of
the solid area around the column and different spacing of the ribs, shown in Figure
(2.13).by simulating panels with dimensions of 2220 mm x 2220 mm x 180 mm,
with a cover layer (topping slab) of 60 mm and concrete beams (ribs) of 60 mm
width till collapse applying software package ANSYS in a non-linear fashion.
Failure mechanisms and loads were investigated, and indeed the results indicated
that when the mode of failure was shearing of the ribs, the models with small solid
region provided less bearing capacity than the models with more solid area. Slabs
with the most extensive solid areas were subjected to punching shear and exhibited
the same behavior as solid flat slab, demonstrating conformity with the codes in
terms of their punching shearing capacity limitations, in particular with the NBR
6118. The findings demonstrate that the shearing strength of the ribs is
underestimated by the ACI, Eurocode 2, and NBR 6118 standards, indicating that a
squares solid region with a 15% of span length of is acceptable. The occurrence of

shear failures in the ribs in slabs L1, L2 and L6 was influenced by the formation of
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punching shear cones extending beyond the solid areas, unlike the other slabs that

behaved as completely solid flat slabs Figure (2.14).
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Figure 2. 13 Waffle flat slabs (mm).
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Figure 2. 14 Cracks forming the punching shear cone in waffle flat slab with
smaller solid area and larger solid area[50]

In February 2021, Demewoz W. and Aikaterini S. [51], investigated the
flat slabs for punching shear performance after being retrofitted with Ultrahigh-
Performance Fiber-Reinforced Concrete (UHPFRC) in a variety of configurations.

computational nonlinear finite-element analysis, wherein regular concrete and
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UHPFRC are modeled using a combined damaged plasticity-based model, is used to
suggest and evaluate two optimal retrofitting configurations. Reading about tried-
and-true slab-column connections in the literature helps to ensure the model is
correct. Parametric experiments are then conducted to verify the model's prediction
capability by examining how changing the depth and area of the UHPFRC layer
affects the slabs' punched shear performance. Composite slabs with varying
UHPFRC layer thicknesses, areas, and orientations have their maximum shear
resistance, displacement, and crack growth patterns analyzed. The ability to punch
and shear increases with UHPFRC layer thickness. But when the UHPFRC layer
thickness grows, the maximum displacement also shrinks. Using a UHPFRC layer
only in the most stressed parts of a slab can be more efficient and cost-effective than
using UHPFRC throughout the entire slab. This is because less UHPFRC is required

and the slab's ductility is improved.

In July 2021, Marilia G. Marques et al [52], studied the flat slabs with
openings and stud-like reinforcement and analyzed theoretically to determine their
punching shear resistance in this study. Damage from a punch is more easily inflicted
on perforated flat slabs. The amount, size, and location of the opening in the slab
determine the extent of the strength loss. When a load is applied to the slab, a rotation
occurs, resulting in seven forces, as described by the theoretical approach offered in
this study. Concrete and flexural and shear reinforcement are the sources of these
stresses. Finding the solution to nonlinear equations derived from the equilibrium of
horizontal, vertical, and rotating forces yields the failure load. These slabs with shear
punching reinforcement have their failure criteria categorized as either internal to
the shear reinforcement or externally to the shear reinforcement. The theoretical

breaking loads were within (7) percent of the experimentally obtained values.
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In August 2021, Mohammad AlHamaydeh, and M. Anwar Orabi [53],
investigated the GFRP-Reinforced flat slabs punching shear failures. Failure
mechanism may be the design factor due to the floor plates' thinness and lack of
beams. Plastic fibers reinforced self-consolidating concrete (FR-SCC) was used to
improve punching shear capability of GFRP-reinforced flat slabs in this study.
Synthetic fiber is inert and corrosion-resistant, and SCC allows high fiber doses
without affecting concrete placement quality. Punching shear behavior was
evaluated on six large interior slabs. Three synthetic fiber-reinforced self-
consolidating concrete (SNFRSCC) specimens were compared to SCC controls.
Experimentally, longitudinal reinforcement spacing did not affect punching shear
capacity. SNFRSCC specimens had slightly better punching shear capabilities than
controls. Toughness improved significantly in FR-SCC specimens (2.34 multiply).
Analytical expressions estimated punched shear capacity and load-rotation
relationships for GFRP rebars with SCC and SNFRSCC slabs. Analytical
expressions used critical shear fracture theory (CSCT). The updated CSCT
predictions matched SCC and FR-SCC specimen load-curvature behavior and

punching shear capacity.

In August 2021, Hikmatullah Akhundzada et al [54], demonstrated how
well near surface-mounted (NSM) carbon fiber-reinforced polymer (CFRP) bars
work to prevent punching shear failure in slab-column connections. Two "control"
samples and six "stronger" samples will be made and tested throughout the course
of the experiment. The experiment's primary controls are the reinforcing plan and
the CFRP bars' cross-sectional area. According to the findings, there is a 44 percent
increase in ultimate load after NSM strengthening. The concrete's initial crack forms
later due to the strengthening, and the load-displacement and load-strain curves

remain linear even at the maximum load. Strengthening with NSM enhances flexural
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rigidity by more than 100% and keeps a firm grip on the concrete no matter how
much weight is applied. The slab's flexural strength rises, boosting its punching shear
capacity. By adapting and using the method developed by Chen and Li, we are able
to compare the experimental results to those generated by a number of design
algorithms. When comparing the computed ultimate bearing capacity of the

strengthened specimens with the experimental data, there is a good agreement.

In July 2022, Su-Min Kang; et al [55], Conducted experimental program on
post-tensioned (PT) slab-to-column connections are required, according to current
design rules, to undergo bidirectional shear strength analysis. The purpose of this
paper is to do research into the aforementioned interaction with regards to PT
transfer slabs. The examined PT slab specimens had their shear strength in both
directions measured, and their mode of failure analyzed. Recent PT transfer slabs
with low shear span-to-depth ratios were subjected to concentric compression tests
for quantitative analysis of the interaction. The quantity and arrangement of post-
tensioning reinforcement were among the test parameters. The results showed that
the PT transferring slab specimens had a higher two-way shear strength by a range
of 53%-87% compared to the traditional RC transferring slab specimen. An increase
was observed in correlation with a more concentrated arrangement of post-
tensioning tendons. Current design methodologies for PT flat plates and the strut-tie
model were used to compare the test specimens' two-way shear strengths with

expectations.

In February 2023, Khuong Le-Nguyen;et al [56], presented an alternative
to fiber-reinforced polymer (FRP sheets/laminates) strengthening systems for
reinforced concrete slabs, using fabric-reinforced polymeric matrix (FRPM)

composites have been the subject of extensive research. Three-dimensional (3D)
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finite-element modeling (FEM) of FRPM-reinforced RC slabs under shear was
performed using the test results as input. (One) control slab and (two) strengthened
slab specimens measuring 1,600 millimeters by 1,600 millimeters by 100
millimeters were then subjected to punching shear testing. The results show that
FRPM strengthening works well under punching shear, The maximum load of the
strengthened slabs increased by (60-74) % over the maximum load of the reference
Slab SO0, the radial cracks were fewer and shorter for the two strengthened slabs, as
shown in the Figure (2.15), The punched shear performance of reinforced concrete
slabs can be predicted with a fair degree of precision using the findings of the

numerical study.

Figure 2. 15 Punching failure, upper face[56].

Reinforced concrete (RC) slabs systems that are deficient in two-way shear

strength are susceptible to brittle failure at a slab—column junction that may
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propagate and lead to progressive collapse of a larger segment of the structural
system. Deficiency in two-way shear strength may be due to design/construction
errors, material under-strength, or overload. Fiber reinforced polymer (FRP)
composite laminates in the form of sheets and/or strips are used in structurally
deficient flat slab systems to enhance the two-way shear capacity, flexural strength,
stiffness, and ductility. Glass FRP (GFRP) has been used successfully but carbon
FRP (CFRP) sheets/laminates are more commonly used as a practical alternative to
other expensive and/or challenging methods such column enlargement as shown in

Figure (2.16).

B

Figure 2. 16 Carbon fiber reinforced polymer (CFRP) pattern A with diagonal
strips provide higher two-way shear capacity compared to pattern B with
orthogonal strips[57].

Concluding Remarks;

Although the traditional system of solid slabs resting on beams is still
extensively used, the structural system of waffle slabs has become increasingly
popular, particularly for buildings with enormous spans that must be bridged. Since
the code's prescriptions, like ACI-318 [17], ignore the impact of torsion in ribs and
stress concentration on the ribs-solid region connection [30], research in this area is
highly relevant to assess, for example, the behavior of the solid area and the ribs
spacing which decided on preliminary design stage. For instance, the ACI code

suggests evaluating waffle slabs, solid slabs, or beams according to the maximum
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allowed rib spacing. However, Al-Bayati [30]'s research showed that the system
checks proposed based on the principles of a solid slab are not fully applicable since
the dimensions of the wide-beam immediately imply the type of slab failure.
Experimental studies such as those by Al-Bayati et al. [30, 43] Silva et al. [50]
and Arunkumar et al.[58] showed that the reduction of the solid area in waffle flat
slabs can reduce the ultimate strength, leading to the punching shear cone extending
beyond the solid area. There is a rule of thumb among designers to use the length of
the solid area to be at least equal to 15% of the clear span between columns, but Al-
Bayati found that the solid section should extend for a distance at least 2.5 times the
slab effective depth from each column face.as well as, building codes are silent on
the subject on the dimensions of the solid area around the column.
Also, from previous literatures works, it was found that, main parameters involved
in defining the slab strengthening design are; FRP material characteristic strength,
FRP strengthening area ratio, FRP strengthening length, orientation and location,
RC strengthened slab span and its current deflection and cracking conditions, Slab
thickness, concrete cover and concrete compressive strength. Bonding material and
application procedure has important effect. Finally, the number of FRP layers, textile
type, the strengthening configuration, and the matrix material are also important.
Reinforced concrete waffle flat slabs continue to be among the most economic floor
systems due to speed of modular construction and inherent flexibility it overs in
relation long span roof and partitions walls distribution freedom. However, flat
waffle slab floor systems that are deficient in two-way shear strength are susceptible
to brittle failure at a slab—column junction that may propagate and lead to progressive
collapse of a larger segment of the structural system. Deficiency in two-way shear
strength may be due to design/construction errors, material under-strength, or

overload.
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Fiber reinforced polymer (FRP) composite fabrics are used in sheets and/or strips in
structurally deficient flat slab systems to successfully enhance bidirectional shear
capacity, flexural strength, stiffness, and ductility. But CFRP sheets/laminates have
not yet been used in waffle slabs systems as a practical alternative to other expensive
and/or difficult methods such as shaft expansion.

This study focused on the methodology and effectiveness of utilizing CFRP
sheets/strips at the column/slab intersection to enhance punching shear strength of
waffle flat slabs. Research will present a hybrid model that was deployed to assess
the influence of key parameters affecting punching shear strength, including the
width of the square solid area, CFRP strengthening geometry, CFRP strengthening
orientations, percentage of CFRP strengthening area, and CFRP strengthening

participation to slab overall shear strength.
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CHAPTER THREE: EXPERIMENTAL TESTING PROGRAM

3.1 Introduction

To study the effects of fiber-reinforced polymer (FRP) strengthening under
concentrated column loading on the punching shearing strength and behavior of
simply supported waffle slab, an experimental program was designed and conducted.
Two groups are included in the program by pouring waffle slabs with different
dimensions layouts [IWS-1 and IWS-2] and strengthening arrangements using same
concrete mix batches and almost same concrete compressive strength. This testing
program comprised the use monotonic static incremental loading techniques. The
main objective of this chapter is to present the properties of materials (cement, fine
and coarse aggregate, superplasticizer, steel reinforcements and CFRP) used in the
current study. The details of the test specimens and strengthening schemes, and
testing setup are described hereafter. Standard specification of the American Society
for Testing and Materials (ASTM) [59] and Iraqi specifications No. [5, 45], 1984

[60,61] are adopted to determine the properties of materials. The purpose is to
realize a better understanding of the behavior of waffle slabs strengthened with
(CFRP) sheets, which may lead to the development of guidelines on determining the
most efficient strengthening strategy for rehabilitating RC slabs under different

conditions.

3.2 Experimental Program

Testing program were arranged according to the following steps:
1. Preparation of materials and trail mixes.
2. Evaluating Mechanical properties of aggregates, cement, super-plasticizer,

and mixing water.

45



Chapter Three Experimental Testing Program

3. Casting, and a series of concrete tests on materials and samples are part of the
experimental program (cubes, cylinders, prisms) according to ASTM.

4. laboratory testing of ten simply supported waffle slabs (eight in group IWS-1
and two in group IWS-2) comprise the strengthening experimental program

with and without large solid part under concentrated column loading.

3.3 Parameters Studied in This Research

Throughout the study, the longitudinal top and bottom reinforcement rebars,
waffle slab size, dimension of column, and load position were all kept constant.
While the variable parameters are the including of CFRP (sheets) layout
arrangements with the same concrete compressive strength, the different solid head’s

part dimensioning are also investigated.

3.4 Design of Waffle Slab and Their Details

The waffle slabs were designed according to ACI 318M-19 [17]. Ten
reinforced concrete waffle slabs with span of length (1000x1000mm), slab depth
(100mm), and slab voids cross-section (65*85mm) as listed in Table (3.1). Tension
reinforcements were deformed steel rebars (¢5.5mm) with equal spacing (28mm)
across the top slab surface, while all ribs were doubly reinforced at bottom side with
two rebars (¢5.5mm) as shown in Figure (3.2) and (3.3). Each specimen is designed
to fail under flexural-punching shear, design formulation is supplied in Appendix (I)

Each waftle slab was tested according to the predesigned load-support
configuration shown in Figures (3.4), (3.5), (3.6), and (3.7). Supports were
constructed as simply support saddle points as shown in Figure (3.1). The support
system locations were chosen beyond the contraflexure limiting points of (L/6) from
column face and in both directions as specified in ACI 318M-19 for top

reinforcement curtailment length.
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Watffle slabs are tested accordingly in the loading frame of 60 KN loading

capacity and end conditions were set as simply supported and the slab panel is placed

on the test setup, as shown in Figure (3.1). All the primary settings were carried out

and check is done for the proper functioning of dial gauge. After all the initial

settings are carried out the load is applied on the center of the panel until cracking is

observed on the panel. The initial crack, ultimate load and maximum deflection are

recorded for all cases, and graphical comparison are presented in next chapter.

Table 3. 1 Specimens Dimensions.

Category

Size of solid

Overall slab

Effective

Column

p

section height slab depth | length Solid section Feu,
(mm) (h) (mm) | (d)(mm) | (mm) MPa
IWS1 275 x 275
100 85 80 0.0096 30.5
IWS2 515x 515

Figure 3. 1 Waftle slab support system frame
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3.4.1Specimen Details

Structural tests were carried waffle slab specimens, to simulate the conditions
at waffle slab supported on interior columns connections. Variables considered were
the solid section's size and the CFRP sheets' Form and area, as shown in Table (3.2).
All waffle slab specimens had an overall depth of (100mm), effective slab depth
(85mm), the width of rib (35mm), top deck slab of (35mm) thick, squared column
side length (80x80mm), as shown in Figures (3.4) to (3.7). The geometrical
proportion of the waffle slab were chosen in accordance with ACI code 318M-19.

Table 3. 2 Specimens Reinforcement and Strengthening Layout

Dimensions.
: : No. of
walffle slab Slzsee;’ésghd Slab No CFRP AiSE) sz Configuration of
category (am) : . CFRP (m”) CFRP strips

IWS1-1 0 0.0 ---
IWSla 4 0.25 Plus & cross
IWS1b 10 0.25 grid
IWSlc 4 0.25 orthogonal

IWS1 275x 275
IWS1d 4 0.25 skewed
IWSle 2 0.25 Cross
IWS1f 2 0.25 plus
IWSlg 6 0.15 grid
IWS2-2 0 0.0 -

IWS2 515x 515
IWS2b 10 0.25 grid
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{a) Comperssion reinforcement (b} Tension reirforcement

Figure 3. 2 Waffle slab Steel reinforcement of IWSI.

100

"  @55@ 28

s 2bar @55

15

s 4.

Figure 3. 3 Rib Steel reinforcement for IWS1 and IWS2.

Since most design Concrete Codes (ACI [17], CAN [62], and Eurocode EC.2 [18])
are basically different in major factor “Failure perimeter” (denoted in strength
equations as U, or U,). This important parameter was investigated in present
research to study the punching shear control perimeter variations. This was the main
reason why eight specimens were chosen for the first set of testing model (IWSI)
and only two specimens were used for the second set of testing model (IWS2). Both
critical punching envelopes are shown in Figures (3.4) and (3.6) and strengthening
CFRP sheet accordingly. Punching shearing strength of the waffle slab is directly

related to the size of the solid heads area above the supporting column. Small solid
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head areas can initiate/promote the formation of the punching shear cracks, will not
develop conical shape failure, but extend beyond the solid heads area to outside
shearing ribs and produce compound failure consist of rib diagonal shearing and slab
crushing. Solid head areas limit length was determined by Al-Bayati [43] and Silva
[50] to be less than and greater than 15% of the span in each direction from column,
and greater than 2.5 times the slab effective depth from each column face (275 x
275), (515 x 515) respectively. Also, in order to avoid a bearing capacity reduction
of the waffle slab, it is of fundamental importance that the punching shear cone is
located within the solid head area of the waftle slab. The problem is that most design
codes [CAN, NBR[19] EC2 and ACI318] are silent on this point and don’t have any
strict recommendation to the dimension of this solid head area [50]. A constant
flexural reinforcement ratio of (0.96 % ~ 1%) was applied for all waffle slab
specimens. Flexural reinforcements were reinforced by (¢ 5.5 mm) diameter tested
steel rebars with yield strength of 488.25 MPa, as shown in Figure (3.3). Tension
reinforcements were placed mesh at approximately (28mm) spacing across the top
slab regions, while all ribs were doubly reinforced. In general, 9.5 mm covers to
reinforcements were used in all specimens. No shear reinforcement in the ribs has
been used for the sake of results clarity and research focusing. An experimental
program was conducted to consider the strengthening effect on the load carrying
capacity, energy absorption, stiffness, deflection, crack patterns, and failure modes
of waffle flat slabs. Altogether, ten two-way RC waffle flat slab specimens were
prepared, to study the effect of the following variables on the punching shear
behavior and strength: solid head without strengthening, solid head with
strengthening, CFRP configuration, and area of CFRP sheets. specimens’

dimensional properties, steel reinforcement, and CFRP strengthening detailing are

listed in Tables (3.1) and (3.2).
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Figure 3. 4 Geometry of waffle slab specimen IWSI.
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Figure 3. 5 Loading and support system of waffle slab specimen IWS1.
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Figure 3. 6 Geometry of waffle slab specimen IWS2.
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Figure 3. 7 Loading and support system of waftle slab specimen IWS2.
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3.5 Materials

All tests on aggregates, trail mixes, concrete molds, freshly mixed concrete
testing, and hardened concrete tests were carried out inside controlled environment
in the Southern Technical University - Technical Institute of Amara / Heavy

structures and construction materials laboratory.

3.5.1Cement

In this research Ordinary Portland cement (Type 1) labeled (Karasath) was
used and it was stored in standard conditions to prevent exposure to moisture or
dampness. Tables (3.3) and (3.4) show the physical properties and the chemical
composition of the cement used during this work, respectively. The results were
accomplished according to the requirements of the Standard specification of the

American Society ASTM C150 [63].

Table 3. 3 Physical Properties of the Cement

Physical Properties Test Results ASTM C150
Specific Surface Azrea (Blaine Method) 115 > 250
(m/kg)
Setting time (Vicat's method)
Initial setting time:( hrs: min) 131 > 45 min
Final setting time: (hrs: min) 4:41 <10 hrs
Compressive strength MPa
For 3-day 14.4 > 12 MPa
For 7-day 22.1 > 19 MPa
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Table 3. 4 Chemical Composition of Cement
C d i
ompoun Ol | s 9% oy Wler g ASTM C150
composition Composition
Lime CaO 53.01 —
Silica Si02 17.8 —
Alumina Al203 5 <6%
Iron Oxide Fe203 3.1 -
Magnesia MgO 3.15 <6%
Sulfate SO3 2.03 <3%
Loss on Ignition L.O.1 2.8 <3%
Insoluble residue LR 0.6 <1.5%
Lime saturation factor LS. F 0.7954 -

Main Compounds (Bogue's Equation)

Tricalcium aluminates (C3A) 8.01 -
Tricalcium silicate (C35) 36.67 -
Dicalcium silicate (C2S) 23.43 -

Tricalcium alumina ferrite (C4AF) 9.42 -

3.5.2 Fine Aggregate

Washed natural sand with a max size of (4.75 mm) from Al-zubair region in

Basrah governorate result has been used in concrete mixes. Table (3.5) and Figure

(3.8) shows the sieve analysis results and graph of the tested sand. Table (3.6) shows

its physical properties of fine aggregate. The results indicate that the sand grading

and the sulfate content are within the requirements of Iraqi Specification No0.45/1984

[Zone 2] [61].
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Table 3. 5 Sieve analysis (grading) of the used fine aggregate

No. Sieve size (mm) % Passing by weight L1m1tsl\?(t)'.‘jlse/1lr92(zl ;zzc;lfzicatmn
1 9.5 100.0 100
2 4.75 95.0 90-100
3 2.36 86.0 75-100
4 1.18 73.0 55-90
5 0.60 55.0 35-59
6 0.30 24.0 8-30
7 0.15 5.00 0-10
é 110 - )
100 -
e =
90 - /7
80
70 - /
E\i 60 i
£ Max Limit
§ >0 1 Sample
40 - —— Min Limit
30 -+
20 /
10 - /
0 —
0.15 0.3 0.6 1.18 2.36 4.75 9.5
Sieve Size (mm)
- J
Figure 3. 8 Grading of fine aggregate.
Table 3. 6 Properties of Fine Aggregate
. . Limits of the Iraqi Specification
Ph 1 rt Test It
ysical properties est resu No.45/1984
Specific gravity 2.65 -
Absorption% 1.00 -
Fineness modulus 2.541 -
SOz % 0.37 <0.5
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3.5.3Coarse Aggregate

Coarse aggregate used was filtered across series of mechanical vibrators and selected
with a maximum particle size of (9.5mm) from the Ajlat Gravel Query in Maysan
governorate. Coarse aggregate was washed and exposed to air-dry for obtaining
saturated surface dry (SSD) state. Table (3.7) displays the gradation of coarse
aggregate utilized in this project. Test apparatus are shown in Figure (3.9). The
findings of the physical are presented in Tables (3.8), and Figure (3.10) shows the
sieve analysis results and graph of the tested coarse aggregate. Physical tests results
indicate that the course aggregate grading and sulfate content match the standards of

Iraqi Specification No. 45/1984 [61].

Figure 3. 9 Coarse aggregates (air dryed) sieve analysis.

Table 3. 7 Grading of the used coarse aggregate (gravel)

No. Sieve size (mm) %Passing by weight ASTM C33-03
1 12.5 100.0 100
2 9.5 96.36 85-100
3 4.75 17.02 10-30
4 2.36 1.05 0-10
5 1.18 0.00 0-5
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Table 3. 8 Physical and chemical properties of coarse aggregate

No. Properties Test results Limits of ;22{:2;111 9SSIZeciﬁcation
Specific gravity 2.66 -
Absorption% 0.59 -
3 S03% 0.090 <0.1
110 -
100 -
90 -
80 -
70 -
E
_Eﬂ flax Lim it
E 50 - -
40 - Min Limit
30 -
20 -
10 -
0
1.18 236 475 9.5 125
Sieve Size [mm)
Figure 3. 10 Grading of coarse aggregate.
3.5.4Water

Concrete has been mixed and cured using only potable water (Reverse
Osmosis purified) from the local factory supplier, without the addition of any

chemicals.
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3.5.5 Superplasticizer

Sika ViscoCrete-5930, a high-performance plastic blend founded on
ViscoCrete-5930 polymer with long strings engineered to optimize the performance
of concrete's water content, was employed as the superior plasticizer here. In
particular, it was designed for use in the production of precast, lightweight, and
aerated concrete. To get the most durability and performance out of concrete, this
effect has been exploited in high strength, low water/carbon proportion, flowable
concrete mixes. ViscoCrete-5930 is not like the Sulfonated melamine and
naphthalene formaldehyde-based superplasticizers that are often used because
ViscoCrete-5930 causes particles to repel each other electrostatically. ViscoCrete-
5930 initiates the same electrostatic repulsion, and the continual repulsion of the
large side chain attached to the polymeric matrix increases the mixture's stability.
ViscoCrete-5930 meets the standards set out by ASTM C494 [64], Type G. The
technical details of the superplasticizer employed in this experiment are detailed in

Table (3.9). However, the ViscoCrete-5930 is depicted in Figure (3.11).

(a) Superplasticizer container (b) Measuring tube

Figure 3. 11 Superplasticizer and Measuring.
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Table 3. 9 The Properties of Superplasticizer

Technical Properties @ 25 C°

Appearance and Color:

Turbid liquid — Yellowish.

Freezing point: -1°C

Specific gravity 1.07 £ 0.03

Chloride content: BS5075 Nil

Basis Aqueous solution of modified Polycarboxylate
Advantages -Strong self compacting behavior. Therefore, suitable for

the production of self compacting concrete.

-Extremely high water reduction (resulting in high density
and strengths).

-Excellent flowability (resulting in highly reduced placing -
and compacting efforts)

-Increase high early strengths development.

-Improved shrinkage- and creep behavior.

-Reduced rate of carbonation of the concrete.

-Improved Water Impermeability.

Packing and Storage

5 Kg, 20 Kg pails
200 kg drums
temperatures between + 5 °C and + 35°C

Dosage -For soft plastic concrete: 0.2 - 0.8 % liter by weight of
cement.
-For flowing and self-compacting concrete (S.C.C.) 0.8 -2 %
liter by weight of cement.

Standards complies with BS EN934-2:2001 and ASTM C494, Type G

and F.

*Supplied by the manufacturer

3.5.6 Reinforcing Steel Rebars

Ten Waffle slabs were tested using deformed steel reinforcing bars with

diameters of (@ 5.5 mm) as listed in Table (3.10). Three samples of rebar have been

subjected to tensile tests the results, Static yield stress, and ultimate strength of the

tested bars are summarized in Table (3.10). The testing machine is shown in Figure

(3.12).
Table 3. 10 Reinforcing steel rebar Tensile test
Nominal Bar Measured Area Yield Tensile Ultimate Tensile
Diameter Diameter ) Stress (MPa) Stress (MPa)
(mm) (mm) (mm”) Fy Fu
6 5.5 23.758 488.25 519.37
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Figure 3. 12 Machine Used for Steel Bars.

3.5.7 FRP Strengthening Sheet

The applied strengthening sheets for waffle slabs were made of unidirectional
Carbon Fiber Reinforced Polymer (CFRP) Roll sheets of type (SikaWrap- 300C) as
shown in Figure (3.13). CFRP fibers didn’t show any plastic ductility (elongation
yielding) before rupturing when tension force is applied, this might been related to
the higher elastic modulus they possessed (220 GPa) compared with only (23.22
GPa) provided by concrete stratum. The stress-strain relationship in the tensile
conduct of CFRP fibers is described as linearly elastic up to failure. The CFRP's
characteristics were adopted as the manufacturer's specifications listed in Table
(3.11) under the Technical Data Sheet of Sika (2017). The required CFRP length to
transfer the stresses properly was estimated based on Monti and Liotta's [65]
suggestions were presented in Appendix (I). For the required length of FRP (refer
with: Figures 3. 5 and 3. 7).
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Table 3. 11 CFRP Sheet strengthening composite properties[66].

Fiber i ) i Tensile _
orientatin Weight Thickness Tensile Modulus Elongation
Deg. g/m? mm strength MPa MPa %
0° 300 0.167 4000 220000 1.7

!

& . | = k
o e . ™, i 'I.‘ % -.,' "y "n". l|.‘ - ||| .|| ;fv
A rf-r .-d_.ll‘!‘l'; L3 -"‘_ - " EJI 4

W EEYTY
‘_‘L;r.- AL _.

Figure 3. 13 CFRP Roll sheets.
3.5.8 Bonding Epoxy-Resin

Sikadur-330 type impregnating resin was used in to bind the CFRP sheets to
the concrete slab surface, consisting of two components (Resin part A + Hardener
part B) as shown in Figure (3.14). The bonding epoxy's characteristics was carried
according to the manufacturer's recommendations (Technical Data Sheet of Sika
2020), Table (3.12) list the tensile strength and elastic modulus of boding epoxy
according to the Concrete Society Technical Report No.55, which states; a CFRP
composite was created by the adhesive substance and the CFRP sheets combined.
The excellent adhesive properties of epoxy resins are due to the attractive forces
between the epoxy resin and the top-surface of the roughened concrete substrate.

These forces are usually polar forces (direct bonds) that can form between reactive
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sites in the resin and reactive (or polar sites) on the top-surface of the concrete

substrate.
Table 3. 12 Mechanical Properties of epoxy resin[67].
Appearance Mixing Open time Tensile strength Tensile E-modulus
P ratio (min) (MPa) (MPa)
Part A: white A:B 30
Part B: gray 4:1 (at +35°C) 30 4500

Figure 3. 14 Two Components of Epoxy Resin.

3.6 Normal Strength Concrete

Normal strength concrete was used to cast of ten Waffle slabs eight of are
parametrized concrete and the others are reference slabs. Four trail mixes were
constructed with various preparations to attain the required design compressive
strength for this type of concrete (characteristic strength), which was (30.0 MPa).
The concrete was designed using the ACI-211.1 [68] approach. In this trial, all
mixtures were different in compressive strength with standard deviation of (3.887

MPa) was recorded. All of the mixtures exceeded the acceptable ranges of slump
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rang value (20-75) mm provided by ACI-211.1. This return to the fact added
superplasticizer has change the flowability of the concrete mixture. The trial
mixtures is shown in Table (3-13). Mix design (No.3) was chosen, since it provides
the nearest acceptable results of compressive strength (30.5).

After reaching the fourth (4) trail mix which gives almost the target strength,
then began to replace 10% and 15% of the cement weight and coarse aggregate with
a normal weight aggregate, and the compressive strength of the two mixtures was
more than the target strength, then super plasticizer was added by (0.8 - 2 %) in order
to fix the target compressive strength and to facilitate the concrete casting the narrow
ribs. Also, other trail waffle slab specimens were casted with the same mix

proportions, and the compressive strength ware rechecked.

Table 3. 13 Trail mixes for normal strength concrete

Mix Cement Sand Gravel we Water SP Izrrf;j[ Obglifle d
Kg/m? Kgm® | Kg/m? I/m? L/m? T i comp.
MIX-1 410 735 975 0.45 185 3.0 27.65
MIX-2 420 765 1102 0.46 193 3.5 29.83
MIX-3 438 660 990 0.48 210 4.5 300 30.50
MIX-4 440 850 950 0.44 194 4.5 35.81

3.7 Proportions of the Concrete Mix Design and Testing Sequences

More than four trail mixes were made to reach the mix that achieves suitable
requirements desired strength of (30.0 MPa), workability, and durability. For the
concrete tests, three (150*%150*150 mm) cubes, a prism with a dimension of
(100*100*500mm), and three (100*200 mm) cylinders were prepared from each
trial mix, as shown in Figure (3.15). The compressive strength, modulus of rupture,

and splitting tensile strength tests were specified at 7 days.
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Waffle slab specimens were made of normal weight concrete mixtures of

normal range (2267 kg/m?), with a mix the proportion of [1:1.51:2.26] of ordinary
Portland cement: fine aggregate of maximum size of 4.75 mm: coarse aggregate of
maximum size of (9.5 mm) with a water/cement ratio (w/c) of 0.48. It was designed
to achieve a concrete compressive strength of about (30 MPa) at 28 days.
Waffle slabs were designed to fail under punching shear and then strengthen with
CFRP sheets with different layout arrangements. Concrete mix is designed to
achieve compressive strength (30 MPa) at 28 days, with a cement content of 438
kg/m?, use a plasticizer of 1% by weight of cement to facilitate the concreting of the
narrow ribs, shown in Table (3.14). all component material were checked physically
and chemically. The inspection of materials included testing of cement according to
the ASTM standards, while the other testing, such as the sieve analysis for sand and
gravel according to the Iraqi specification No. 45/1984. Also, superplasticizer
additives, submit to the requirements of ASTM C494 [64].

Table 3. 14 Concrete mix design properties.

Parameter Quantity (kg)
Cement (kg/m?) 438
Water (Liter/m?) 210
Superplasticizer (Liter/m?) (1 %) 45
Coarse Aggregate (kg/m?) 990
Fine Aggregate (kg/m?) 660
Slump (mm) 125
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a) Casting of testing samples

(e) Testing of cylinder samples.  (f) Concrete prisms after testing.
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(g) Testing machine outputs
Figure 3. 15 Testing of concrete samples.
3.8 Mold Preparing, Castings, Finishing, and Curing

In order to cast the concrete waffle slabs specimens, wooden (plywood) molds
were designed and fabricated inside the same laboratory building. Casting molds
fabricated of plywood are 18 millimeters thick, and the length, width, and thickness
of each mold were respectively (1000x1000x100mm). Additionally, the side frame
is made from Hollow Steel Section (HSS) with squared cross-section. These steel
framed molds assembled and connected by threaded bolts that can be easily removed
in order to strip off the hardened waffle slabs after casting after each casting course.
Before the reinforcement rebars cages were set in place and maintained a specific
concrete cover from all sides (10mm), the formworks were wiped down and oil-
lubricated for optimal performance. Two of these molds as shown in Figure (3.16)

with steel reinforcement and styro-board blocks.
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Figure 3. 16 Specimens molds, waffle blocks, and steel reinforcement.

3.8.1Concrete Specimen Mixing and Casting
Concrete mixing was conducted inside the same laboratory. Rotary concrete
mixer with a capacity (0.25m?®) was used for mixing the concrete cement and all dry
ingredients mixed together (sand mixed alone with cement until they have been
homogeneity before adding the other ingredient. Between (2.0-5.0 min) intervals
were maintained between ingredients additions. Mixing water was added after (5.0
min) until the concrete mix became homogeneity in color and texture to avoid
segregation of components. Mixing speed of rotary drum were also maintained

almost steady for the same reason. The coarse aggregate was used in a saturated
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surface dry condition (SSD). Before mixing, the remaining concrete from the
previous batch was carefully cleaned off from inside mixing drum. A damping cloth
was used to wipe-out the interiors of mixing drum wall and blades before placing
the dry components.

Freshly mixed concrete was placed directly (avoiding segregation) in casting
molds (1000x1000x100mm) as shown in Figure (3.17). Total time, from adding
water to mixture to finishing of mold surface shown in Figure (3.17), was kept under
(30 min) in normal temperature environments. Electric vibrator was used directly
after casting and leveling of freshly mixed concrete specimens as shown in Figure
(3.17) in a period not more than 10 min and under same temperature conditions. The
casted waffle slab has was carefully covered with plastic sheet for (24hr) to prevent
evaporation of surface water and premature shrinkage cracks. In 2nd day (after 24
hours), waffle slabs and other specimens have been stripped from molds and covered

with canvas sheets as curing technique as shown in the Figure (3.18).

Figure 3. 17 Specimens casting, vibrating, and finishing.
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Figure 3. 18 Curing of waffle slab specimens.

3.8.2Curing of Specimens

The Ist group of ten waffle slabs specimens (including reference samples)
were cured with fully saturated canvas-sheets for 28 days, Figure (3.18), while the
2nd group of cubes, prisms and cylinders samples were submerged in water tank, as
shown in Figure (3.19). The ten specimens were cured for 28 days. The same
duration of curing was applied to the second group of samples. No visual appearance
of surface cracks is monitored or recorded, since waffle slab samples weren’t
subjected to sever wet and dry cycles. Also, because of controlled environmental

conditions (Temperature) inside the testing laboratory[69].
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Figure 3. 19 Curing of concrete samples.
3.9 Testing of Fresh Concrete (Workability)

Standard slump tests were used to measure the workability of freshly mixed
concrete. Cone mold dimensions according to ASTM C143-18 standards [70] have
a height of 12-in (300 mm), a bottom diameter of 8-in (200 mm) and an upper
diameter of 4-in (100 mm). Tests were applied to test the workability of normal
strength concrete (NSC). The slump flow test has been performed according to, see

Figure 3. 20.

Figure 3. 20 Workability tests, Slump.
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3.10 Testing of Hardened Concrete
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3.10.1 Compressive Strength (fcu) and (f'c)

The compressive strength test is determined according to ASTM C109-18[71]

where standard cubes (150x150x150mm) and cylinders (100x200mm). Concrete

compressive strengths conducted using universal compression testing machine (Liya

Co. Brand) of 2000 kN capacity, available inside the same laboratory building, as

shown in Figure (3.21). Table (3.15) shows the mechanical properties of concrete.

Figure 3. 21 Compression strength test.

Table 3. 15 Tests of cube and cylinder specimens

Batch Compressive strength Compressive Strength | Modulus of Elasticity
Feu (MPa) f'c (MPa) (Ec)* (MPa)
Normal concrete 30.5 26 23965

* Bc =4700 fc

In Map (ACI318M -19)
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3.10.2 Splitting Tensile Strength (f;)

Splitting tensile strength (the indirect tensile strength) test has been carried
out on standard concrete cylinders (100x200 mm) according to ASTM C496-18 [72],
where the load has been applied perpendicular to the longitudinal axis of the cylinder
using two steel plates one at bottom of the cylinder and the other at its top using the
same universal compression testing machine (Liya Co. Brand) of 2000 kN capacity,
available inside the same laboratory building, as shown in Figure (3.22). Cylindrical
specimens were tested to failure occurrence as shown in Figure (3.22). The test
results were the average of three specimens (1.96 MPa). The splitting tensile strength

for three specimens is calculated by the following equation

2P

- 3.1
nDL

ft

where:

ft = splitting tensile strength (MPa).

P = failure load (N).

D = diameter of cylinder (mm).

L =length or height of cylinder (mm).

Figure 3. 22 Split tensile test machine

72



Chapter Three Experimental Testing Program

3.10.3 Flexural Strength (Modulus of Rupture fr)

Concrete prisms 100*100*500 mm have been cast for this test using flexural
machine as shown in Figure (3.23), available inside the same laboratory building.
Prisms were tested using two points loading according to ASTM C78-02 [73]. The
test results were the average of three specimens (3.72 MPa). The modulus of rupture
for three specimens is calculated by using the following formula:

PL

_ 32
=3

Where:

fr = modulus of rupture (MPa).

P = failure load (N).

L = span length between supports center to center (mm).
b = width of prism cross section (mm).

d = depth of prism cross section (mm).

Figure 3. 23 Flexural testing machines.
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3.11 Preparation of Concrete Surface and Bonding Process

It is crucial to properly prepare the concrete surface before applying the CFRP
to create a strong bond between CFRP sheets and concrete [74]. The bond ensure
that the force applied to the member of the structure is efficiently transferred to
CFRP. For two days, at laboratory temperature, the model that was suggested for
reinforcement with CFRP sheets was dried after being cured. For a suitable flat
concrete surface for a good CFRP-Concrete bond, marked areas of the CFRP sheets
were milled to remove layers of substrate or mortar defects, as shown in Figures
(3.24). Cleaning the waftle slab samples and removing the grinding dust, off
adhesion-impairing deposits dirt when attaching the CFRP sheets.
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Figure 3. 24 Preparing of Surface of Concrete.

The next step was applying the adhesive material to both the CFRP sheets and
the prepared concrete substrate. Then, the CFRP was placed at the specified
positions. A roller was passed backward and forward over the CFRP sheets to
squeeze the resin from the sides and eliminate air bubbles that could have weakened

the CFRP—concrete bond in order to achieve the same level of adhesion throughout
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the CFRP sheets. Finally, after completing the CFRP installation, and prior to the
testing date, the waffle slabs were painted with white color to facilitate the detection
of the first crack and make crack patterns more visible, as shown in Figure (3.25)
and (3.26).

The effect of following variables on the punching shear behavior and strength
are investigated:

1. Solid head without strengthened

2. Solid head with strengthened

3. CFRP Configuration

4. Area of CFRP strips

For the first variable (Solid head without strengthened), the current study used
only two categories of waffle slabs of each model (IWS1, IWS2). The waffle slab
(IWS1), with a solid head of 275 mm, was supported on both edges of the x-direction
and y-direction (the length of the solid head is less than 15% of the clear span
between columns). The waffle slab (IWS2), with a solid head of 515 mm, was
supported on both edges of the x-direction and y-direction (the length of the solid
head larger than 15% of the clear span between columns or the solid section extends
for a distance at least 2.5 times the slab effective depth from each column face).

While for the second variable (solid head with strengthened), two specimens
are used in this study and they are (IWS1b and IWS2b). Same Configuration and
CFRP area. For the third variable (configuration of CFRP), six configurations
(IWS1a, IWSIb, IWSIc, IWS1d, IWSle, and IWSI1f) are used, with remain same
area for all, and the CFRP sheet strip-width were changed according to each
configuration, and were 40 mm, 80mm, 100 mm, 150mm, and 200 mm, respectively.
as shown in Figure (3.25). The last variable (Area of CFRP), two areas are used in

this study and they are (0.25 and 0.15, m?).
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Figure 3. 25 Waffle slabs CFRP strengthening layouts
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Figure (3.25) Continued

The normal strength concrete with a strength of (30) MPa was used in 28 days
for all waffle slab samples. Use a plasticizer of 1% by weight of cement to facilitate

the concreting of the narrow ribs, Steel reinforcement with 5.5 mm diameter were
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spaced at 28 mm(mesh) apart on the top surface of the slabs for flexural
reinforcement ratio of (0.96 % ~ 1%), Each rib's both distribution reinforcement
consisted of two steel rebars, each measuring 5.5 mm in diameter and running in a
direction parallel to the x and y axes. was applied for all waffle slab specimens. No
shear reinforcement in the ribs has been used for the sake of results clarity and

research focusing.

Figure 3. 26 Specimens' paintings, CFRP bonding, and marking.
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3.12 Waftfle Slab Samples Preparations and Testing Procedure

All waffle slabs were tested using the hydraulic testing machine, as shown in
Figure (3.27), with a maximum capacity of 600 kN. Firstly, slabs were seated on
supported frame. To tests were performed in inverse manner (the top slabs faced
down), and were loaded centrally were carried out under monotonic/static concentric
loading, as shown in Figure (3.28). The reference waffle slabs were painted in white
color to facilitate the detection of the first crack and make crack patterns more
visible, as shown in Figure (3.29). The waffle slabs were labeled and marked
according to designation mentioned in Table (3.2), location of the support lines and
loading plate location accordingly. Waffle slab specimens were placed at the testing
machine and adjusted so that the centerline, supports, and load arms were fixed at
their locations. The slabs are tested under static loads, loaded in successive
increments, up to failure. For each increment, the load is kept constant until the
required readings are recorded, as shown in Figure (3.29). Waftle slabs were tested
according to Load Incremental Procedure (LIP) so that the waffle slab deflect under
constant loading rate a monotonic/static load to the point of failure. LIP was
conducted to determine the first cracking loads, ultimate load and corresponding
deflections on the basis of which the waffle slab would be subjected to a static
loading. All results will be listed and presented in chapter four with their

corresponding curves and tables.
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Figure 3. 28 Testing procedure. Figure 3. 29 Dial Gauge Deflection.
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CHAPTER FOUR: RESULTS AND DISCUSSION

4.1 Introduction

This chapter presents the test results and a description of ten waffle slabs
designed to failure in punching shear. So that the structural behavior and ultimate
strength of waffle slabs with a solid region (solid head) could be assessed, ten waffle
slabs supported were molded with dimensions of (1000x1000x100mm) (length x
width x depth). Column idealized as a square column with sides of 80 x 80 mm
positioned at the center of the slabs. By idealizing the negative bending distribution
in the area around the column, where the largest bending moments and the maximum

shear stresses occur, the slab dimensions were established.

4.2 General Behavior of Waffle Slabs Under Loading

The structural performance of strengthened waffle slabs using externally
bonded CFRP strips is directly affected by boundary conditions (layout,
configuration and alignment), and any alterations to these have a large impact on the
final performance of the CFRP strengthened two-way waffle slabs. Therefore,
parametric study based on five factors namely; CFRP area, CFRP width, CFRP
distribution, and solid region dimension.

General behavior (crack pattern, vertical displacements, and failure mechanism) of
all waffle slabs are almost identical. When the load is applied to the waffle slab
sample, the first visible crack (bending cracks) is observed at the tension face of the
tested slab vanged from 48% to 77% of the ultimate load as shown in Table (4.1).
By installing CFRP strips on the tensile surface of the concrete slab, the effective
tension area and the tensile resistance of the strengthened section increased
compared with those of the control specimen. The strengthened most samples

showed more brittle failure than the control specimens, which can be seen in their

81



Chapter Four Results and Discussion

load deflection curves in Figures (4.1) and (4.2). However, CFRP strengthening
increases the slab stiffness while enhancing the load capacity, which may reduce a
specimen’s deflection, and energy absorption of some specimens. None of the
samples failed due to CFRP rupture, which shows that the CFRP strips did not reach
maximum tensile strength.

It 1s noted that the first crack loads increase in vanyed from 4.26 % to 67.02 %
compared to the value of the crack load in the reference waffle slab. While the
increase in the final load vanged from 2 % to 47.1 % compared to the final load in
the reference waffle slab as shown in Table (4.1). It was observed that all waffle
slab samples were punched in the snap position. In case of failure, the slab could no
longer bear additional load. The general structural behavior of waffle slabs is
different in terms of crack patterns when a concentrated load is gradually applied

over the upper surface of the waffle slab sample.
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Figure 4. 1 Comparison of Load-Central Deflection Curves

82



Chapter Four Results and Discussion

140
120

100

=3
b4
< 80
38
- —e—IWS2
2 60
S ——1WSs2b
<
40
20
0
0 1 2 3 4 5 6 7 8
Displacement (mm)
Figure 4. 2 Comparison of Load-Central Deflection Curves
Table 4. 1 Testing results of waffle slabs and mode of failures
. et s Ultimate Ultimate .
Specimen Specimen load (P Load (Pu) deflection Per/Py il
category oad (Pcr) o, mode
Flexural
IWS1* 47.00 88.30 5.73 53.22 punching
Flexural
IWSla 54.00 110.30 5.96 48.95 punching
Flexural
IWS1b 68.60 129.90 6.07 53.80 punching
Flexural
IWSI IWSlc 63.70 109.80 5.05 58.00 punching
Flexural
IWS1d 51.48 105.40 5.30 48.84 punching
Flexural
IWSle 49.00 103.00 5.55 47.57 punching
Flexural
IWSIf 78.50 107.90 4.75 72.75 :
punching
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TWSlg 76.00 98.10 4.50 77.47 Flexural

punching

Flexural

IWS2 * 66.20 125.00 6.71 52.96 punching

IWS2 Flexural
IWS2b 76.00 127.50 491 59.60 punching

* Reference waffle slabs.

4.2.1 Stiffness

Stiffness refers to the ability of a material, component, or structure to resist
deformation under external force. In order to find the stiffness of the reinforced
concrete members, there is one type of stiffness which will be measured in this study
namely secant stiffness. According to Sullivan, Calvi, & Priestley [75], in the
inelastic range, the secant stiffness, relates between the ultimate load (Pu) and its

corresponding ultimate displacement, Au. The equations used are shown below:
. Pu
Secant stiffness = - 4.1

The stiffness for all reinforced concrete waffle slabs was offered in Table
(4.2). the stiffness of the reference waffle slabs without CFRP strips (IWS1, IWS2)
was (15.41, 18.62 KN/mm) respectively. The results showed that for the
unstrengthened waffle slab when the solid area was reduced from (515x515 mm) to
(275x275mm), the waffle slab stiffness decreased by (19.31%). Also, the test data
displayed in the table exhibited that the reinforced concrete waftle slabs containing
CFREP strips stiffness increases compared to the reference waftle slabs. Where CFRP
strengthening layout (configuration or arrangement) play a role in increasing the
stiffness of concrete slabs, where the rate of increasing vanged from 19.93 % to
47.37 % compared to the reference waffle slab (IWS1). Also, for the waffle slab
(IWS2), when strengthening, its stiffness increased by a percentage (39.41%).
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Table 4. 2 Stifftness of the tested waffle slabs.

Specimen . Secant Stiffness Increasmg.ratlo oit
Specimen Secant stiffness
category (kKN/mm) (%)
(1]
IWS1* 15.41 /
IWSla 18.50 19.93
IWS1b 21.40 38.87
IWSlc 21.74 41.07
IWS1
IWS1d 19.88 29.00
IWSle 18.55 20.37
IWSI1f 22.71 47.37
IWSl1g 21.80 41.46
IWS2 IWS2 * 18.62 /
IWS2b 25.96 39.41

4.2.2 Energy Absorption

Energy absorption is a measure of a material's ability to absorb energy and

undergo plastic deformation without fracturing. The area under the load-

displacement curve represents the total energy absorbed by the material during the

deformation process [76]. Therefore, the larger the area under the curve, the greater

the energy absorption capacity of the material. Table (4.4) presents the energy

absorption results for all tested waffle slabs.

The results indicate that the Energy absorption decreased with reducing the

size of the solid section, it was observed that the size of the solid section has a

pronounced influence on Energy absorption, in comparison with Specimen IWS2,

with a 515 mm solid section, the specimen IWS1 provided a decrease in Energy
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absorption of 28.76% with a decrease solid section to 275 mm, as given in Table

(4.3).
Table 4. 3 Energy absorption for all waffle slabs.
Specimen Syeshing Energy absorption ratio in'enerogy
category (kN.mm) absorption (%)
IWS1* 292.13 /
IWSla 337.00 15.35
IWS1b 342.12 17.11
IWSlc 280.80 -3.87
IWS1
IWS1d 272.18 -6.82
IWSle 302.27 3.47
IWSI1f 2533 -13.29
IWSl1g 239.10 -18.15
IWS2 * 410.07 /
IWS2
IWS2b 312.96 -23.68

It was observed that all samples of waffle slabs strengthened with CFRP

showed a decrease in their energy absorption capacity by a percentage ranging

between 3.87% and 23.68%. However, three specific specimens (IWS1a, IWS1b,

and IWS1e) exhibited a positive outcome with an increase in their energy absorption

percentage by 15.35%, 17.11%, and 3.47%, respectively, compared to the

unstrengthened waffle slab. This means that the CFRP distribution technique on the

surface of the waffle slab for these specimens was effective and the best in increasing

the energy absorption compared to other specimens that have the same CFRP area

but with a different configuration. It was concluded that the best arrangement of

CFRP sheet strips to increase energy absorption depends on two major factors,
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distributed area, and orientation. As shown in the results (Plus & cross and grid)
were the best configuration for increasing the energy absorption and also (cross) was
the least preferred due to the limitation of the stiffening area and orientation (45 with

the direction of reinforcement).

4.3 Effect of Solid Head
4.3.1 Ultimate Load

It is significant to notice that waffle slab specimen self-weights were not taken
into account. It was observed that waffle slab specimens IWS1 and IWS2 were
punched in a sudden mode of failure (brittle failure). When a slab failure, it is no
longer able to support further weight. The punching failure ultimate load from the
tests is shown in Table (4.1). The results indicate that the overall punching shear
strength decreases with reducing the size of the solid section. It was observed that
the size of the solid section has a pronounced influence on punching strength, in
comparison with specimen IWS2, with a 515 mm solid section, specimen IWS1
provided a decrease in ultimate punching load of 29.36% with a decrease solid
section to 275 mm, as given in Figure (4.3). This would be expected because of the
decreasing portions of the potential failure surface of the failure formed and
discharged within the solid sections. due to losses on the failure surface, as it
extended into the waffle portion, there was an incomplete failure. When the solid
region is small at the periphery of the column, the compression strut of the ribs
outside the rigid region may reach its ultimate capacity first. This situation results in
punching failure being initiated outside the solid area for specimen IWS1, as shown
in Figure (4.4). and consequently, a reduction in the energy dissipation and the
ultimate punching capacity of the waffle slab. However, the failure surface was

observed to propagate from the column faces to the supports.
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Figure 4. 3 First Crack Loadings Vs Ultimate Failure Loadings.

The reduction of the punching capacity depends on the loss of the shear area,
which depends on the size of the solid section. A decrease in punching force will not

occur if the solid area is large, as shown in Figure (4.4).
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Figure 4. 4 Proposed punching failure surfaces with losses.
4.3.2 Vertical Displacements

The typical load and deflection curve recorded in tests is shown in Figure
(4.5). The deflection is measured at the center of the waffle slabs. Note that the slope
of the load—deflection curves indicate stiffer behaviour in the sample TWS2
compared with the specimen IWS1 as shown in Figure (4.5). The load and deflection
curve can be thought of as two straight lines inclined at two different angles. The
slope of the first line segment is steeper slope compared to the second line segment.
It is believed that this phenomenon is due to the stiffness of the section because of
the ribs and the thickness of the waffle slab the stiffness of the uncracked part is
represented by the first slope, and the second slope represents the cracked part. These
lines are parallel to the two models, and the difference between them is in the starting

point related to the first part. This means less effect of the solid head on the slabs
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after the first crack when the solid section (solid head) extends for a distance at least
2.5 times the slab's effective depth from each column face. It is clear from these
curves that sample IWS1 with the smallest solid area is the weakest compared to
sample IWS2 with the largest solid area. Sample IWS1 had 14.6% less displacement
than sample IWS2, as shown in Figure (4.6). However, had a smaller slope for the
same level of loading.

It was found that slab IWS2, which had a broader solid head, had greater
displacements than the reference waffle slab IWS1, this may be due to its resistance

to the larger load.

140
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Figure 4. 5 load-deflection curves of IWS1 vs IWS2
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Figure 4. 6 Measured Deflection IWS1 Vs IWS2
4.3.3 Cracking Patterns

In general, the presence of flexural cracks was observed above of the column
in the slab when the load was applied to the waffle slab sample. The cracking pattern
in sample IWS1 showed a different behavior from sample IWS2. It was observed
that the cracks are formed around the column in radial envelopes in the tensile zone,
it intersects approximately with shear cracks at a distance of 1.75 times the overall
depth of the slab from the column faces and then spread in a radial pattern to the
outside near the supports. This cracking configuration in the top surface of the waffle
slab (the compression side) was also observed when subjected to column

concentrated loading, with Fine cracks observed on the solid region (solid head)
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spread to the outside toward the edges. which differs from the pattern of reference
waffle slab IWS2, a localized (very limited) cracking pattern occurred at the
perimeter of the column loading area. with no cracks observed in the compression

face, as shown in Figure (4.7).

a. Tension side of IWS1 b. Tension side of IWS2

¢. Compression side of IWS1 d. Compression side of IWS2

Figure 4. 7 Punching Failure Mechanism of Waffle slab specimen

In addition, the first visible crack (bending cracks) was also observed at the

tensile surface of the tested waffle slabs at a load level equal to 53% of the ultimate
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load, which differs from the sample IWS2 with the greater solid area, which behaved
like flat slabs so that the cracking started on the tensile face near the center, radiates
towards the edges in radial and circular envelopes, it intersects approximately with
shear cracks at a distance of 2.2 times the overall depth of the slab from the column
faces. with the formation of minute cracks that are dense near the center. The spread
of cracks and the failure area was not observed near the supports, as in the sample
IWSI1. However, the first visible crack was also observed at a loading level equal to
52%, and it is very close to the sample with the smaller solid area IWS1. However,
it is noticed that the first crack loads increased in value by (40.85) % compared to
the value of the first crack load in IWS1. Compared to the waftle slab that contains
a smaller solid area and because the failure surface in sample IWS1 extends outside
the solid area and fails due to shear in the ribs. These are attributed to the that the
surface cracks are as a result of invisible cracks that formed inside the sample IWS1

of the smaller solid area from the column faces and extended into the waffle section.

4.4 The Effect of The Configuration of CFRP
4.4.1 Ultimate Load

By installing CFRP strips on the tensile surface of the concrete waffle slab,
the effective tension area and the tensile resistance of the strengthened section
increased compared with those of the control specimen. When the overall tensile
reinforced ratio (due to contributions from both steel reinforcement and the CFRP
strips) exceeded a critical value (balanced reinforced), compressive plastic strains
could have developed in the compression zone before the propagation of tensile
cracks. This resulted in a descending of the neutral axis to a lower level (compared
with IWS1) to balance the compressive and tensile forces, and the reinforced
concrete might have failed in compression rather than tension. This process can

increase the maximum load capacity in the CFRP-strengthened area and decrease
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the ductility of the failure mode. It was observed that all waffle slab specimens
CFRP-strengthened gave greater results than the unstrengthened. However, it was
observed that all waffle slab specimens were punched in a sudden mode of failure
(brittle failure), When a waffle slab failure, it is no longer able to support further
load. It is noticed that the ultimate load is increased in value of (16.6-47.1) %
compared to the value of the ultimate load in reference waffle slabs, as shown in

Figure (4.8).
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Figure 4. 8 First Crack Loadings Vs Ultimate Failure Loadings for IWS1
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However, it was noted that the IWS1b specimen of the waffle slab gave higher
strength than the other specimens (IWS1C and IWSI1f) Which have the same
directions of strengthening and the same area of strengthening. but with the
technology of distributing CFRP in the form of strips/grids and separate spaces, the
IWS1b gave greater resistance because the space is distributed over the ribs on the
tensile side, The increase in shear strength is attributed to the uniform distribution
of CFRP strips of specimen IWS1b. It was also observed that the skewed form of
strengthening CFRP gave good results and was higher than the reference waftle slab
as in the specimens (IWS1a, IWS1d, and IWS1e) and it can be noted that the samples
(IWS1a, IWSIc, IWS1d, IWSle, and IWS1f) gave convergent results.

4.4.2 Vertical Displacements

Figure (4.9) shows the load-deflection curves of the control waffle slab and
the strengthened CFRP strips waffle slab, and the load-deflection curves show that
the behavior of the RC control waffle slab is Less stiffness than the reinforced
samples. (IWSIc, IWS1d, IWSle, and IWS1f) and their behavior is close to each
other. However, presented smaller displacements for the same loading level when
compared to slab IWS1. Difference in load-deflection behavior may be associated
with the CFRP strips width, and alignment angle relative to the ribs of the waffle
slab. However, the slab deflection decreased, which could be due to the enhanced
waffle slab stiffness. It was interesting to notice that specimen (IWSla) had
abnormal (more) deflection than the specimen reference slab IWS1. In addition, the
greatest discrepancies were observed in the specimen (IWS1b), which had the
highest vertical displacements and the ultimate resistance for all slabs. with a more
brittle load-deflection curve, it is two straight lines inclined at two different angles.
The first slope corresponds to the stiffness of an uncracked section, while the second

slope corresponds to the stiffness of a cracked section. The slope of the second line
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segment is slightly steeper compared to the first line segment, as shown in Figures

(4.9) and (4.10).
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Figure 4. 9 Comparison of Load - Central Deflection Curves of Group First
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It is believed that such a phenomenon is due to the fact strengthening the ribs
in the form of a grid on the tensile side becomes fully mobilized and effective.
However, the CFRP-strengthened samples' behavior is more brittle than those of the

non-strengthened. This is due to the stiffness of the specimens when strengthened.

4.4.3 Cracking Patterns

For the strengthened waffle slabs, cracking pattern showed an almost similar
behavior to that without CFRP strengthening. In all waffle slabs, flexural cracks on
the tensile face began near the center (semi-random phenomena) and radiated toward
the edges, near the supports. It intersects approximately with shear cracks at a
distance of (2.5-2.9) times the overall depth of the waffle slab from the column faces.
As the load is increased the already formed cracks get widen while new cracks
started to form, around the column in radial and circular envelopes and occurred in
the tension surface of the waffle slab. In the case of waffle slabs with CFRP
strengthening, by installing CFRP strips on the tensile surface of the concrete slab,
the effective tension area and the tensile resistance of the strengthened section
increased compared with those of the control specimen. the first cracks appeared
tangentially to the column loaded area in the unstrengthened (interior areas) and then
the radial cracks propagated and more fines cracks combined at higher rate,
particularly in waffle slabs IWS1d, IWS1e, and IWS1f. The flexural-shear cracks in
the concrete were initiated by flexural cracks, and developed due to the shear
stresses. The crack propagation caused concrete fracture, which in turn led to the de-

bonding of the CFRP strips. The slabs’ cracking pattern is shown in Figure (4.11).
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i A

Figure 4. 11 Failure crack pattern of (IWS1, a, b, c, e, and f)
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Figure (4.11) Continued

99



Chapter Four Results and Discussion

;.
" r'ﬂ-ﬁ: it E I -

Figure (4.11) Continued
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Figure (4.11) Continued

No cracks are observed in the compression face of any watffle slab, except
IWS1b Fine cracks are observed in the form of a plus sign as shown in the figure
(4.12). This cracking configuration in the top surface of the waffle slab (the
compression side) was also observed when subjected to column concentrated
loading. which differs from the pattern of reference waffle slab IWS1, a localized
(very limited) cracking pattern occurred at the perimeter of the column loading area
as shown in Figure (4.12). None of the samples failed due to CFRP rupture, which
shows that the CFRP sheets did not reach their maximum tensile strength, failure

progression outside the CFRP-strengthened area.
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Figure 4. 12 Punching Failure crack pattern of IWS1b

4.5 The Effect of The Area of Strengthening with Same Configuration.
4.5.1Ultimate Load

The waffle slab specimens (IWS1g) were punched in a sudden mode of failure
(brittle failure) while the other samples with the largest CFRP area were also failed.
When a waffle slab failure, it is no longer able to support further load. However, it
is noted that when reducing the CFRP strips area ratio by (40) %, It is noticed that
the ultimate load for IWS1g increased in value by (11.09) % than for the reference
waffle slabs, as shown in Figure (4.13). but it is interesting that the first crack load

increased by 61.7% respectively.
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Figure 4. 13 First Crack Loadings Vs Ultimate Failure Loadings

and this means that when strengthening in the same configuration CFRP and with a
smaller area, it had a clear effect and gave good results, especially for the first crack
load. it gave a higher rate of 10.78% when compared with sample IWS1b that the
same configuration CFRP and with a larger area, but for the ultimate load, it
decreased by 24.48%. This indicates that the strengthening of the ribs in the tensile
region near the column obviously increases the punching force and especially for the

first crack load.

4.5.2 Vertical Displacements
As shown in Figure (4.14), even if the CFRP area is reduced by (40%), the

load-deflection curves show that the behavior of the control waffle slab is least

stiffness than the strengthened sample. However, the strengthened waffle slabs
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(IWS1g) tested have an upper limit for the first crack load in addition to a higher
slope with a decrease in vertical displacement by (21.46) %. This may be due to the
increase in the initial stiffness of the sample IWS1g, compared with reference waffle
slabs IWS1, as shown in Figure (4.15).

However, when compared with the sample (IWS1b) with a larger CFRP area,
it was found that the shape of the load-deflection curve is different, and less sharp
than the shape of the curve load-deflection of the specimen (IWS1b), with the
deflection decreased by (25.9) %. This shows CFRP strips area has an obvious effect
on the load-deflection curve, as shown in Figure (4.14). That is, when the CFRP area
is reduced this reduces the energy absorption, with a reduction in the Ultimate load.
However, this means that the reduced CFRP area for specimen IWS1g is better in

improving the elastic behavior of the waffle slab when strengthening the ribs.
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Figure 4. 14 load-deflection curve of IWS1 vs IWS1b and IWSI1g
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Figure 4. 15 Measured Deflection Vs Ref Slab and IWS1g
4.5.3Cracking Patterns

The specimen (IWS1g) compared with the control specimen, there was no
significant difference in the crack distribution. Flexural cracks on the tensile face
began near the center (semi-random phenomena) and radiated toward the edges, of
the supports. It intersects approximately with shear cracks at a distance of (2.7) times
the overall depth of the waffle slab from the column faces. As the load is increased
the already formed cracks get widen while new cracks started to form, around the
column in radial and circular envelopes and occurred in the tension surface of the
waffle slab. The first cracks appeared tangentially to the column loaded area in the
unstrengthened (interior areas) and then the radial cracks propagated and more fines
cracks combined at higher. However, when compared with the sample (IWS1b) it

was noticed that there is a little difference in the crack pattern. It was noted that in
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the sample (IWS1g) the crack had extended a greater distance than that in the sample
(IWS1b) as shown in Figure (4.16). This is due to a reduction in the CFRP area. The
low concrete resistance in tension and shear stresses caused the tensile cracks to
propagate and join the compression crushing area in the column vicinity to form long
cracks that caused flexural punching failure. But the strengthened sample (IWS1b)
showed more brittle failure than the strengthened sample (IWS1g), which can be

seen in their load deflection curves in Figure (4.14).

Figure 4. 16 Failure crack pattern

4.6 Effect of Strengthening on Size of Solid Section
4.6.1Ultimate Load

Depending on the fact that the strengthened in the form of grid strips gave the
largest percentage increase in the ultimate load in the category with the smallest solid
area (IWS1), it was applied to the second category with the largest solid area (IWS2),
but it was not effective and did not give a good result. It is noticed that the ultimate
load for (IWS2b) increased in value by (2 %) compared to the value of the ultimate
load for the reference waffle slab (IWS2), as shown in Figure (4.17), and this
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percentage is almost unnoticeable. However, it was observed that the first crack load
increased by 14.80%. The flexural punching failure in (IWS2) was due to partial
CFRP strengthening on the tension surface of the waffle slab in the column vicinity,
The strengthened sample showed more brittle failure than the control specimen,
which can be seen in their load deflection curves in Figure (4.18). This result can be
explained by the increase in the solid area (solid head), and thus this affects the
behavior of the waffle slabs, which leads to its behavior in a manner similar to solid

slabs, and the strengthening in the form of grid tapes did not find any benefit in that.
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Figure 4. 17 First Crack Loadings Vs Ultimate Failure Loadings
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4.6.2 Vertical Displacements

The load—deflection curves in Figure (4.18) demonstrate less stiffness of the
control waffle slab (IWS2), which caused considerable waffle slab deflection.
Greater slab deflection may increase the energy absorption ability, which is the area
below the load-deflection curves. which differs from the load-deflection curves of
strengthened CFRP waffle slab (IWS2b), load—deflection curve demonstrated a
brittle punching failure as there was a sudden drop after the ultimate load capacity
of the slab was reached. This resulted in a decrease in the deflection ratio by (26.82)
%, as shown in Figure (4.19). However, the slab deflection decreased, due to an

increase in the stiffness of the waffle slab when strengthen with CFRP strips.
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Figure 4. 18 load-deflection curves of IWS2 vs IWS2b
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Figure 4. 19 Measured Deflection Vs Ref Slab
4.6.3Cracking Patterns

For the strengthened waffle slabs (IWS2b), the cracking pattern showed
almost similar behavior to that without CFRP strengthening (IWS2), flexural cracks
on the tensile face began near the center (semi-random phenomena).it intersects
approximately with shear cracks at a distance of (2.5) times the overall depth of the
waffle slab from the column faces. The crack propagation caused concrete fracture,
which in turn led to the de-bonding of the CFRP strips. The slab cracking pattern is

shown in Figure (4.20). No cracks are observed in the compression face.
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Figure 4. 20 Failure crack pattern

4.7 The Effect of The Same Configuration on Different Solid Section
4.7.1 Ultimate Load

The areas of the RC waftle slabs that were covered by the CFRP strips in
strengthening were the same. This enables a direct comparison of different samples
in the solid area (solid head). a considerable improvement in the load capacity of
IWS1b (with a solid head of 275 mm) was observed due to the enhancement of the
tensile resistance of the critical section in the column vicinity by CFRP
strengthening. It is noted when applying the same configuration of CFRP to sample
IWS2b (with a solid head of 515 mm). The results indicate that when increasing the
solid area with strengthening, the ultimate load decreased by (1.84) % compared
with IWS1b, while the first crack load increased by (10.78) % respectively, as shown
in the Figure (4.21). The strengthening did not improve satisfactorily, and the result
is almost unnoticeable, and the results are close to each other despite the increase in

the solid area.
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Figure 4. 21 First Crack Loadings Vs Ultimate Failure Loadings
The reason may be due to the fact that the method of strengthening the ribs in the
tensile area of the reinforced concrete waftle slab with the dimensions of 275 mm
solid area is more effective compared to the waffle slabs of the dimensions of the
515 mm solid area. or due to the stiffness of the unstrengthening waffle slab (IWS2).
It was observed that waftle slab specimens IWS1b and IWS2b were punched in a
sudden mode of failure (brittle failure), when a waffle slab failure, it is no longer

able to support further load.

4.7.2Vertical Displacements

Figure 4.22 shows the load—deflection curves for the strengthened waffle slab
(IWS1b) and (IWS2b). The experimental load—deflection curve demonstrated a

brittle punching failure as there was a sudden drop after the ultimate load capacity
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of the waffle slab was reached. The load-deflection curve can be considered as two
straight lines inclined at two different angles. The first slope corresponds to the
stiffness of an uncracked section, while the second slope corresponds to the stiffness
of a cracked section, as indicated in Figure (4.22). The slope of the second line
segment is slightly steeper compared to the first line segment. Note that the slope of
the load—deflection curves indicates stiffer behavior in the CFRP strengthened
samples. It is very clear from these curves that the strengthened waffle slab IWS2b
has a higher limit for the first cracking load and a higher slope compared with
IWS1b. However, the deflection decreased by (19.11) % compared with specimen
IWS1b, as shown in Figure (4.23). which could be due to the enhanced waftle slab
stiffness from the CFRP strengthening with the bigger concrete section (equivalent)

has an increased moment of inertia and, by extension, greater stiffness for

displacement.
140
120
100
g
:é’ 80
o
o] —8—|WS 1b
2 60
g —8—1WS 2b
<
40
20
0
0 1 2 3 4 5 6 7 8

Displacement (mm)

Figure 4. 22 load-deflection curve of IWS1b vs IWS2b

112



Chapter Four Results and Discussion

M Deflection Ratio

o
=
<<
oc
=
o
'_
e
o -19.11%
[NN]
o
B Measured Deflection

7

6
=5
S
g 4
53
5 2
(W8]
1
w
oo

IWS1b IWS2b
WAFFLE SLAB SPECIMENS
Figure 4. 23 Measured Deflection Vs IWS1b
4.7.3Cracking Patterns

The strengthened waffle slab IWS2b cracking pattern showed an almost
different behavior to that strengthened waftle slab IWS1b, as shown in Figure (4.24).
flexural cracks on the tensile face began near the center (semi-random phenomena)
and radiated toward the edges, it intersects approximately with shear cracks at a
distance of (2.5) times the overall depth of the waffle slab from the column faces.
The flexural-shear cracks in the concrete were initiated by flexural cracks, and
developed due to the shear stresses. The crack propagation caused concrete fracture,
which in turn led to the de-bonding of the CFRP strips in waftle slab IWS2b. In
addition, no cracks are observed in the compression face. a localized (very limited)

cracking pattern occurred at the perimeter of the column loading area. which differs
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from the pattern of the waffle slab IWS1b which flexural cracks intersects with shear
cracks at a distance of (2.8), with the concrete compressive crushing that caused
punching shifted from the column vicinity to outside the strengthening region.
When the compressive strut in the column vicinity is strengthened, an un-
strengthened compressive strut outside the strengthened region may reach its

ultimate capacity first.

c. Compressmn s1de of IWSlb d. Compression side of IWS2b

Figure 4. 14 Punching Failure crack pattern
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This situation results in punching failure being initiated outside the
strengthening zone as shown in Figure (4.24) in the waffle slab IWS1b. However,
fine cracks are observed in the compression face. with a localized partial cracking
pattern occurred at the perimeter of the column loading area as shown in Figure
(4.24). None of the samples failed due to CFRP rupture, which shows that the CFRP

strips did not reach their maximum tensile strength.

4.8 Failure Angles

The angles of punching shear failure were measured and documented as
shown in Figures (4-25) and (4-26). Angles represent the inclined sides of punched
conical pyramid part. Angles are measured by indicating the dimensions of the

pushed-out zone at the center line passing through the loaded area.

Wsid Wsle

WS IWS1g
W32 IWS2b

Figure 4. 25 Punching Shear Failure Angles of each specimen
[IWS1,a,b,c,d,e,f g and IWS2, b].
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Figure 4. 26 Punching Shear Failure Angle measurements of control specimen
[IWS-1].

116



Chapter Four Results and Discussion

4.9 Walffle Slab Punching Shear Strength (Unstrengthened Types)

It was found that tested waffle slabs, did not meet the design codes in terms
of control perimeter, The European code was more conservative for specimen [IWS2
through control perimeter see Figure (4.25). It was observed that the ultimate failure
loads for specimen IWS1 are less than the punching shear strength estimated by the
codes [CAN-CSA, Eurocode, and ACI-318M]. The comparison shown in Table
(4.4), with the test results of specimen IWS1 revealed that Eurocode overestimated
the punching capacities, whereas ACI and CAN-CSA prediction was conservative
and accepted. Demonstrating that the findings of these codes' calculations, which
treat the waffle slab as solid, are accepted. The specimen IWS2 the waffle slabs with
a larger solid region behaved like a flat, entirely solid slab, and the codes' predictions
of the punching shear were accepted, but the ACI code was very conservative. All
equations and calculations are available in Appendix (I). For the waffle slab IWS1
the computed shear strength (nominal/ultimate) of the European code [Eurocode-
1992], the punching shear with a ratio Vexp/Vcomp (74.4%), secondly the Canadian
code [CAN-CSA-A23.3] with ratio Vexp/Vcomp (85.4%), and lastly provided the
most conservative predictions of nominal punching shear resistance is ACI-318M
with ratio Vexp/Vcomp (99.1%). Additionally punching Shear for strengthened
waffle slabs design equations are yet to developed and require extensively thorough
studies.

Table 4.4 Testing Results of Waffle Slabs and International Design Code
Estimated Punching Shear Strength.

Pexp Pracr Pec Pcan
Slab (kN) (kN) P ACI / Pexp (kN) PEC / Pexp (kN) PCAN / Pexp Imp.
IWS1 88.3 89.13 1.00 118.64 1.34 103.43 1.17 min
IWS2 | 125.0 | 89.13 0.71 118.64 0.95 103.43 0.83
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CHAPTER FIVE: CONCLUSIONS AND
RECOMMENDATIONS

5.1 Introduction

This thesis presents an experimental investigation undertaken to evaluate the
punching shear behavior of concrete waffle slabs strengthened by externally bonded
CFRP sheets. This study chose to analyze the strengthening performance of waffle
slabs using only two categories of waffle slabs (IWS1&IWS2) that have a solid head
of (275x275mm) and (515x515mm), respectively. Ten slab specimens were cast
and tested until failure by punching. The experimental results were analyzed and
also compared with code provisions. The following conclusions can be listed as

follows:

1. Unstrengthened waffle flat slab with a small solid area of 275x275 mm (the
length of the solid area is less than 15% of the clear span between columns)
had a reduced ultimate load about of 29.36% than the waftle flat slab with a
larger solid area of 515x515 mm. Also, the stiffness and energy absorption of
were decreased by 40.63% and 28.76% respectively were decreased.

2. Unstrengthened waffle slab with the solid area 515x515 behaved like solid
flat slabs.

3. Punching shear cones on unstrengthened waffle flat slabs with small solid
areas exceeded to the ribs area.

4. The increase in the dimensions of the solid head can be dispensed with as
much as the emphasis is placed on the configuration CFRP strip.

5. The CFRP-strengthened concrete waffle slabs exhibited increased stiffness,
ranging from 19.93% to 47.37%, compared to the reference waffle slabs.
Moreover, all slabs strengthened with CFRP strips demonstrated a higher final
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load carrying capacity, with an increase ranging from 2% to 47.11%,
compared to the unstrengthened reference waffle slab. Strengthening
reinforced concrete slabs with CFRP has been shown to significantly enhance
load carrying capacity and stiffness.

6. Applying CFRP to the tension surface of waffle slabs has a significant effect
on the crack pattern of the waffle flat slabs. This is because it delays the crack
appearance and reduces the crack width, and results in an increase in cracking
loads of about (4.26-67.02) % compared with the unstrengthened slab.

7. CFRP strengthening layout (configuration or arrangement) play a key role in
enhancing the punching shear capacity of concrete slabs. It was concluded
that the best arrangement of CFRP strips depended on two major factors,
distributed area, and orientation. The successful increasing in punching shear
capacity, stiffness, and energy absorption were by 47.11%, 38.87%, and
17.11%, respectively compared to control specimen.

8. CFRP strips to the negative steel reinforcement orientation was also a key
factor in strengthening. This is clearly shown by comparing the results of the
cross configuration and the plus configuration. The increasing of ultimate load
with an orientation angle of (45°) reached about of (16.65%), while the latter
with an orientation angle of (0.0°) reached about of (22.2%) of punching shear
enhancement.

9. Waftle slab with a strengthening (Plus & cross) configuration have a more
ductile punching failure mode owing to the development of wide tensile
cracks on the strengthening waffle slab compared with the reference waftle
slab.

10.Applying CFRP to the tension surface of waffle slabs with a small solid area

is an efficient method for increasing load capacity, stiffness, and energy
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absorption, with proportions about (11.09-47.11%), (19.93-47.37%) and
(3.47-17.11%) respectively. However, slab deflection may be reduced about
(3.14-21.46%).

11. Decreasing of strengthening area of CFRP from (0.15 m2) to (0.25 m2), grid
configuration, led to an improved punching shear capacity and stiffness of
about 11.09% and 41.46% respectively, with a decrease in energy absorption
by as much as 18.15 %, for waffle slabs with a small solid area compared with
reference slab.

12. Applying the grid configuration in a waffle slab with the solid area largest
(515x515mm) does not considerably change slab behavior, and cannot be
assumed to be an efficient strengthening technique, where led to an improved
punching shear capacity of (2%).

13. The most common failure mode for reinforced waffle slabs, is brittle
punching failure.

14. Regarding the computational results, comparisons with test results revealed
that the punching design procedures for solid flat slabs of Eurocode
overestimated the punching failure loads of waffle slab specimens, whereas
the punching design procedures for flat slabs of both ACI and CAN-CSA

remained conservative.
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5.2 Recommendations For Further Studies

More research is needed to fully comprehend the punching behavior of two-
way slabs made of reinforced concrete and repaired by CFRP sheets. Here are some

of the key aspects that need to be prioritized:

1. Additional tests of reinforced concrete slabs strengthened considering
different areas different strengthening patterns and different types of load as
uniformly distributed load.

2. Studying the structural response of EB CFRP-waffle slab (or repaired
reinforced concrete waffle slabs) subjected to loading of dynamic nature like
repeated, cyclic, and impact.

3. Studying the effect of High temperature on that carbon fiber reinforced plastic
(CFRP) sheets bonded to waffle slab. And their effects on the structural
overall integrity of reinforced concrete waffle slabs.

4. Studying the effect of concrete compressive strength of the waffle slab. effects
on the structural performance of strengthened concrete waffle slabs.

5. Future research could also focus on the longer-term performance/behavior of
two-way waffle slabs that have been strengthened or repaired using CFRP
sheets, or that have been exposed to extreme salt water impregnation cycles

and its fluctuations through expected service design life.
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Appendix A

APPENDIX A

A.1 Effective length of FRP Sheet Bonded to Concrete

The required CFRP length to transfer the stresses properly was estimated based on

Monti and Liotta's [65]. Effective bonded length is;

Et
le = i [length in mm] A-1
chtm

Ey=FRP sheet elastic modulus,

ty= sheet thickness,

fom = 0.27-R4** = concrete mean tensile strength
R, = concrete characteristic cubic strength.

where:

A.2 International Codes Punching Shear Design Recommendations

The ACI-318M-19, Eurocode 1992-04 and CAN CSA A23.3-14 formulations are
presented below, with the safety factors removed, in order to compare the calculated

values to the computational results.

A.2.1 ACI 318M-19

According to the American code, the estimated punching shear load (V aci, p), for
slabs without shear reinforcement, is the lowest among Equations A-2, A-3 and A-

4.

Vactp = 0.33/F¢ u,d A-2
Vacip = 0.17 (1 + ﬁi) NGR: A-3

a.d

Vacrp = 0.083 (2 + ) f7 u,d A-4

Uj
Where

f. = compressive strength of concrete limited to 70 MPa;
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p. = ratio between the largest and smallest column dimensions;

a, = constant that assumes a value equal to 40 for internal columns,
30 for edge columns and 20 for corner columns

d = section effective depth;

ul = control perimeter according to ACI 318 (Figure A. 1).

For waffle slabs, the American code recommends that the ribs should have a
minimum width (by,) of 100 mm, a maximum height (hy) of 3.5 times the minimum
width of the rib and a maximum spacing between the faces of the ribs (s) of 750 mm.
The thickness of the topping slab (hf) must be at least 37.5 mm and at most s/12 ratio
(Figure A.1). For ribs without shear reinforcement, ACI 318 allows the shear
strength to be estimated by Equation (A-5).

1 !
VACI,S = gﬂ beWd A-S
Where;

f. = compressive strength of concrete limited to 70 MPa
b,, = rib width considered
d = rib effective depth

hy I

fin=3.5h, H U

.fr.l'-h' Hr.'.l.l ' = [N} mm

Rib Geometry (ACE 318)
0.5 d 0.5 d 0.5d

i
£y P Iy

Control Perimeter (ACE 318)

Figure A.1 Rib geometry and control perimeter according to ACI 318M
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A.2.2 EUROCODE-1992-1 [2004]

According to the European code, the estimated punching shear load (Vgc, p) for slabs

without shear reinforcement is given by Equation (A-6).

1
VEC,p = 0.18 f(lOOplka)Euld A-6
Where;

f.x = compressive strength of concrete in MPa.
p1 = longitudinal reinforcement rate, not greater than 0.02.

£ = (1++/200/d)
£ = (1+4+/200/d) <=2.0.

d = section effective depth.
u; = control perimeter according to Eurocode.

For waffle slabs, EC2 recommends that the topping slab and the ribs do not need to
be analyzed separately when there is sufficient torsional stiffness between these two
elements, and the waffle slab can be analyzed as solid slab. However, this condition
is only acceptable if the spacing between the faces of the ribs (s) does not exceed
1500 mm, if the height of the rib (h) does not exceed 4 times its width (bw) and if
the height of the table (hf) is at least the greater of these two factors: (s/10) or (50
mm) (Figure 2). For ribs without shear reinforcement, EC2 allows the shear strength

to be estimated using Equation (A-7).

1
Vecs = 0.18 §(100pfex)3by,d A-T

f.x = compressive strength of concrete in MPa.
p, = longitudinal reinforcement rate, not greater than 0.02.

£ = (14 /200/d) <= 2.0.

d = rib effective depth.
by, = rib width considered.
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I |

| |
h=<4b,

o b Jib,
& <= I5(6mm

d

Rib Geometry (Eurocode 2)

]

=

d 2d
Wy r@

Conrtrol Perimeter{Eurocode 2)

Figure A.2 Rib geometry and control perimeter according to Eurocode

A.2.3 CAN CSA S23.3- [2014]

According to the Canadian code, the estimated punching shear load (Vcan, p) for

Waffle slabs without shear reinforcement is given by Equation (A-8).

VCAN,p =V, = YCAt\/E .bo .d A-8

Be

d
y = Min [0.38 ,0.19 + ,0.19 + 4b—] A-9
o

Where;

f; = compressive strength of concrete in MPa.

Jf!i <80 MPa

d = section effective depth.

b, = control perimeter according to CAN CSA S23.2, fig (A.3).
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0.5 d 0.5d

i)

)

Figure A.3 Flat plat slab punching circumference according to CAN CSA
S§23.3-14

A.3 CALCULATIONS
1. Waffle Slab Design:

Design problem of an interior waffle slab with bay dimensions (1000 x1000 mm)
center to center with total depth of (100 mm) supported on equally spaced column
of (hw x S, 80 x 80 mm). Each slab consists of (h = 35 mm) deck flange thickness
and (bw = 35 mm) rib width, and (85 x 65 mm) slab voids. Each waffle slab is
constructed with (f; = 24.4 MPa) concrete compressive strength.

According to ACI 318 design code of waffle slab geometrical limitations, as shown
in Figure (A.4), the following criteria should be applied;

Deck slab thickness > 50 mm = assumed thickness = 175 > 50 ... ok.

Rib width > 100 mm - assumed width = 175 > 100 ... ok.

Rib depth < 3.5 bw = assumed rib depth = 325 <3.5x100 =350 ... ok.

Rib spacing < 750mm - assumed rib spacing =425 <750 ... ok.
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h a8 required for fire resigance
b =2 in. and = 512 (Section 8.11.6)

Flaxural reinforcement {Section 5.11.8),
but mod less than shrinkage and \Emperatine
reinforcement (Section 7. 12}

Figure (A.4) Limiting dimensions of concrete waffle slab, joist construction,
and removable filler forms.

Applying the laboratory specimen testing scaled factor of 1/5"yields;
Deck slab thick =35 mm

Rib width =35 mm

Rib depth = 65 mm

Rib spacing = 85 mm

2. Punching Shear Calculations:

Strengthening mechanisms consistent with the rib’s layout using sika-Wrap sheet
with average thickness (0.167mm), tensile strength of (3000 MPa), elastic modulus
(220 GPa), poisons ration (0.3).

Applying American Code of Concrete design, where punching shear load (VACI,
p), for waffle slabs without shear reinforcement, is the lowest among Equations A-

2, A-3 and A-4 as following.
VACI,p = (0.33 fC, uld

2
Vacp = 0.17 (1 + ﬂ—)ﬁ u,d
C
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a.d

chu,:(1083<2-+ ) £ u,d

Uj
U act = 4(cy +d)
ul’ACI = 4‘(80 + 85) = 656 mm

Vacr, p= 0.33v24.4 x 656 x 85x10~3 = 89.83 kN

VACLp =0.17 (1 + %) \V24.4 x656 x85x1073 = 138.81 kN

40,85

656

Vacip = 0.083 (2 + )\/24.4 X656 x85x1073 = 160.89 kN

=>» Punching Shear Load (VACI, p) = 89.83 kN
Applying European Code of Concrete design Eq(A-6) and (A-7) as follows.
1
Vecp = 0.18 §(100p; fe)suyd

£ = (1++/200/d) <=2.0

§=(1+.,200/85)= (>2.0) > use2.0
Uy gc = 4(c; +md)
U gc = 4(80 +3.14x85) = 1376 mm

1
Vecs = 0.18 x2 x (100 x 0.0095 x (24.4) )3 x 1376x 85x1073 = 118.25

=>» Punching Shear Load (Vgc2, p) = 118.64 KN

Applying Canadian Code of Concrete design, where punching shear load (Vcan,p),
for waffle slabs without shear reinforcement, is the lowest among Equations as

following.

Be

8
VCAN,p = (019 + ) '}{t fcl .bo .d
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0.38
Veanp = (0.19 + 1—) x1 xV24.4 x 656 x 85 x1073 = 154.39 kN

d
VCAN,p = 4‘b_ .A“/fcl .bO .d

(0]

85 .
VCAN,p = 4@ x1x+vV24.4x656x85x107° = 138.73 kN
VCAN,p = 0.38 'At fCI .bo .d

Veanp = 0.38x1xV24.4x 656 x 85 x1073 = 103.43 kN
Where;

bocan = 4(c1 +d)
b, can = 4(80 + 85) = 656 mm
A = 1 {normal weight concrete}
=» Punching Shear Load (Vcan, p) = 103.43 kN

Strengthening Calculations:

the effective bonded length (/,).

Efte
le =
sztm

fctm = 0-27'Rck2/3
fom=0.27-(30.5)** = 2.63 MPa

220x 103x 0.167
le = =84 mm
2Xx2.63

Required CFRP length = Le + 4d + colum length
84 +4 x 85+ 80
=504 mm
Actual CFRP length = 620 > 504 mm

Appendix A
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PRODUCT DATA SHEET
SikaWrap®-300 C

Woven unidirectional carbon fibre fabric, designed for structural strengthening applications as
part of the Sika® strengthening system . BURNINEARR

DESCRIPTION

SikaWWrap®-300 C is a unidirectional woven carbon
fibre fabric with mid-range strengths, designed for in-
stallation using the dry or wet application process.
Suitabdle for use in hot and tropical climatic conditions.

USES

SikaWrap®-200 C may anly be used by experienced
professionals.

Structural strengthening of reinforced concrete, ma-

sonry, brickwork and timber elaments or structures, to

Increase Mexural and shear loading capacity for:

* Improved selsmic performance of masonry walls

+ Replacing missing steel reinforcement

+ Increasing the strength and ductility of columns

+ Increasing the loading capacity of structural ele-
ments

+ Enabling changes in use f alterations and refurbish-
mint

+ Correcting structural design and / or construction de-
fects

+ Increasing resistance to selsmic movement

+ Improving service life and durability

CHARACTERISTICS / ADVANTAGES

+ Multifunctional fabric for use in many different
strengthenin ications

= Flexible and :gfﬂnmndﬂm of different surface
planes and geometry (beams, columns, chimneys,
piles, walls, soffits, silos etc.)

+ Low density for minimal additional weight

+ Extremely cost effective in comparison to traditional
strengthening techniques

APPROVALS / CERTIFICATES

+ Poland: Technical Approval ITB AT-15-5604/2011:
Zestaw wyrobdw Sika CarboDur do wzmacniania |
napraw konstrukej betoncwych,

» Poland: Technluhfj!.pprmnl IBDIM Nr AT/2008-03-
03361, Plaskownikl. praty, ksztaltkl i maty kom-
porytowe do wrmacniania betonu o narwie hand-
lowej: Zestaw materiddw Sika CarboDur® do wrmac-
miania konstrukeji obiektdw mostowych,

+ UISA: ACH440,.2R-08, Guide for the Design and con-
struction of Externally Bonded FRP Systems for
strengthening concrete structunes, July 2008,

* UK: Concrete Society Technical Report Mo. 55, Design
guidance for strengthening concrete structures using

» Structural upgrading to comply with current stand- fibre composite material, 2012,
ards

PRODUCT INFORMATION

Comstruction Fibire arientation 0° {unidirectional)
Warp Black carbon fibres 99 %
Weft White thermoplastic heat-set fibres

1%

Fibre type Selected mid-range strength carbon fibres

Packaging Fabriclengthperroll  Fabric width
100 m 500 mm

Produuct Data Sheet

[

kst

1/4
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Shed Iifte . maritha drorm dide of productsn
Showrage coneitions Store in undasaged, odging wealed packaging, inodey condition at &m-
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Dy ffore density LY glent
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WS por arag 104 piert 8 10 it demetion tires anly|
Dry fibre tensde strength 4 000 Kjimm? e LER1E)
Dry fibre modidus of elasticity im ber- 230 000 NAmme | LK T
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Dry fihre slongation at break L% |15 EDG1H)
TECHMICAL INFORMATION
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6.7 KNI per e monga- 350 B per ¥ slongs
Eitat Tion

SYSTEM INFORMATION

SRR CLULTATR

The syadern buld-ug sod configeration ol deiciibed must be Bdly tompled

weith and meay nat be changed
B e ey e

e L

imprapatiog { laminsting rewe Sikadur®-130 or Sikadke®-300
Struciucsl sirengihenng daboe ShaWrap® 3000

For dessled informuton om Skadur®-330 o Slkader™ - 300, ogether with
thie riin and 1Bz & pplication dataik, peow e 1o the Skadur®- 130 &
Siadur® 300 Producl Dacs She o and the relevant i Saanemeni.

Froduat Dwin Paard
g B ™ T,
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APPLICATION INFORMATIOMN

Conuumption

Dry sppdication with Skadur®-330
First lager incbuding primers lasar

10 - L0 kgfme

Faliowng lwpery

CuH kgfm!

‘Wiet application with Sleadur®-J00

Primes Sayer

G- 6 kpim®

Fobric tryers

G kgfm!

Mot Corparnmon b for cavdand sapd s on oy, Aowgh o ererven gell steate s

daces. kom ard waalagn mury leed bzoa higher conwmphan

BASIS OF PRODUCT DRATA

Al eachmical data o2 abed in Chis Toala Shist are based
on Enbesmwiory levls. Actual meswred dsts may sy
dure to drcumstances beysond our control

FURTHER INFORMATION

Pigase refer to the Method Siaiement of Ska'dirap®
maraal dry applcation, Shoren® sanu s et pplic
sl ar SRaWrap® machine wat apelicsd ion far du
thwmir inlormation, guidelinag snd Bmitation

IMPORTANT COMSIDERATIONS

o HiaWrag®-300 Cahill anly be gl ied by Irsned and
epet wnced proleseon da

= & speciadist stroctursl engineer midst be consuhed for
any sbuctural sirengiFaning deshin cakculation

o BisWrag®- 300 C fabric o comted ko any e susim-
um band and durskiby with the Skager® adhesives
J impregrating f Baminating resing, To rraimisn snd
Enure [ull systesn compatibd my, do ol inbarchange
ditlerent sysbem componenis.

o $ikaerep®-100 C con be cvar chabed with & oment -
flaus pvarlay or otfsr coatings for sedihetic sml | ar
protectiie purfoass, The dver coating wyeier selai-
tion is dependent on the expasure and the projec
specific requrements. Foradditional U light proec
1an in enoessd areas we & Skapard ™ 550 'W Han

i [Gh
ECOLOGY, HEALTH AMD SAFETY

Trim product is an arficle sy delined o akide 1 ol egy-
laklors [EC] Mie 1507 300G (REAMCHYL 1L containe no sub-
stances which sre imended o be refemed from the
wicle wnder nonral or reasanably foreseadle condl-
voins o usd, A salony dala shai loBowvang amichs 31 ol
the sam FEgU lazkoe 5 ot needed 1o being the
iy 10 i markes, Lo anspaet o 10 wia #, Fod
wmhe une follow the insirugt ony gheen in the prosec
Aot sheet, Based on cur cument Knowladpe, this
prodect does ret consain SWHE (subetanons of viry
hikgh corecdin| a3 Esved by Amns e X0 of the AEACH rag
ulaticn or on The canddaie &t pubished by the
Furnpean Chemicais Agancy in comosntratinm abows
0,1 % vl

Pracieni [aris S
N e T
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APPLICATION INSTRUCTIONS

SURSTRATE CUAMITY

PNkl sshdtraie teraile srengthe 50 M mm' or a5
speclied i tho strengrhosing desgn,

Plesiiar #ac falur 0o tha ralraad Method Stadment ar
Turther mlomeation,

SUBSTRATE PREPARATION

Concrete must be deaned and proganed 1o acslese 2
lattance and contaminant fee, open textured sorface
Pleair also rafer oo the raledaet Method Stamisn
T e fraficsd ima 1o

APPLICATHE METHOD f TOOLS

The foltwic oo ba Uk with spacial woasors or & Skankey
kil {razar katlo ) bas-cutrar kafel Mo Tobd che
fabirc

Eab AW ™300 O i appbe o usng tha &0y oF wil ap-
plealion gradis

Please refer fo fhe relevant Method Statement tor de-
talks pn the impregrating J Symeating procedire
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Appendix B

LOCAL RESTRICTIONS

Hote that as a result of specific local regulations the
declared data and recommended uses for this product
may vary from country 1o country, Consult the local
Product Data Sheet for exact product data and uses.

LEGAL NOTES

The informatioen, and, in particular, the recommenda-
tions relating 1o the application and end-use of Sia
products, ane given in good faith based on Sika’s cur-
remt knowledge and expetience of the products when
properly stored, handled and applied under normal
conditipns in accordance with 5ika’s recommenda-
tions, In practsce, the differences in materials, whb-

strates and actual wte conditions are such that no war-

ranty in respect of merchantabibty or of fitness for a
particulsr punpose, nor sy labdity ariving out of sy
legal relationihip whaticever, can be inferied either
fram this information, or from any written recom-
mencations, of from any other advice offered. The
wter of the product must test the product’s suitabdity
for the intended application and purpose. S re-
serves the right 1o change the properties of it
products. The propeietary rights of third partkes must
be obierved. All arders ade acorpted subject to our
current termi of wale and delivery. Liters muit abwinys
fefer 10 the modt recent ssue of the local Product
Data Sheet for the product concerned, copies of which
will be suppled on reguest.

S MO W GULE A OUTHIEN G
Wty | mat A O f T
Tell <471 17T BRLAR Ted «8T1 4 AP0 LND
ol g o el ar g
i el

e el b phk

Wips ! itk [ [
Pl o0l 11 217 E5AY
bl g i
e
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Appendix C

PRODUCT DATA SHEET
Sikadur®-330

2-component epoxy impregnation resin

DESCRIPTION

Sikadur®-330 is a 2-component, thixotropic epoy
based impregnating resin and adhesive.

USES

Sikadur®-330 may only be used by experienced profes-
sionals.

Sikadur®-330 is used as:

= Impregnation resin for SikaWrap® fabric reinforce-
ment for the dry apglication method

= Primer resin for the wet application system

= Structural adhesive for bonding Sika® CarboDur®
plates into slits

CHARACTERISTICS / ADVANTAGES

= Engy mix and application by trowel and impregnation
roller

= Manufactured for manual saturation methods

= Excellent application behaviour to vertical and over-
head surfaces

= Good adhesion to many substrates

SUSTAINABILITY

* Conformity with LEED v4 MRc 4 [Chption 2): Building
Product Disclosure and Optimization - Material In-
gredients

* Conformity with LEED v2009 1EQc 4.1: Low-Emitting
Materials - Adhesives and Sealants

APPROVALS / CERTIFICATES

* Ayis Technique N° 3/16-875 lannule et remplace N
3/10-669) Sika® CarboDur®, SikaWrap®

« CIT n*290 18/07/2017 [certificato di idoneita tecnica
allimpiega) ; Slka ® CarboDur®, SkaWrap®, Sikadur®

* Road and Bridges Research institute (Poland): 1BDIM
Mo AT/2008-03-335/1

* Adheshve for structural bonding tested according Lo
EN 1504-4, provided with the CE-mark

= High mechanical properties
= Mo separate primer requined
PRODUCT INFORMATION
Compesition Epoxy resin
Packaging 5 kg [A+ Pre-batched unit
Mat pre-dosed industrial packaging:
Component & 24 kg pails
Companent B 6 kg pails
Colour Component A: white paste
Compoanent B: grey paste
Compaonents A + B mbxed: light grey paste
PROCUCT DATA SHEXT
Bhischar 120
Dwrervhes ML i (VAT
1/4
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Appendix C

She¥ |He 4 manths Trom deto of production
Storage corsittions Storn in origingd, unogensd, sealod and undemagad packaging i dry cond
Thore at temperaiures between +5 °C and +30 "C. Probect trom direct sun.
fighs
Censty 130 2 0.1 kg [componend A48 meced) [t <2950
Whcoaity Shiear rae: 500
Ti
w10 "C =10 000 mfFas
+23°C & 000 mPas
#35°C =500 mPak
TECHNICAL INFORMATION
Boduhes of elasticity In flaore =3 800 Nfmmt |7 dayz a1 +23°CH |14k F 1845)
Tensle sirength = 30 Wi (7 days at +F8°C a0 s3F
Moduius of elasticity in tension = SO0 Mfmme |7 oy ot 423 °C) 50537
Tende straln at break 00 % |7 daya 6k 35 °C) G50 53T
Teriste adhesinn strength Concrels Wachate |= 4 Mimme) on sandbilssed subirsts JER B04G2E)
Conffcient of tharrmal exgantion A5 = 101K | Terrperabar i raage <10 °C = i) 1) {EN 1T
Glais ramiton empamaiune Coarreg timi Curing tempicn- TG [EM 11518
e
30 dayn +31°C +50 T
Hest dafigction tampiralung Coarirgg tirmi Clring tempeea- HOT |AETR D BB
ure
T dawys #10°C +35 T
Fdays +23°C +aT
T diwyn #3580 +5E°C
P R T B0t rucnd e R ags T 145 0
Sendce temperature =4{1°C 1o w45 "C
EYSTEMS
R T T ] Substrafe priemer - Sleadur®-3 0

igrignating / lasenmting resin - Slese®-330
Struchurad slrz_r_l|:|:l‘l_u1|r|:_htl_15 . ﬂh‘l’l‘rm" type b suft reguirements,

APPLICATION INFORMATION

Mg ratio Componant & | commgonent B = 4 : 1 by weght
‘When uing buk material the exact ming ratio mend be spfeguarded by
accurdlely weighing and dosing rach composent.

Coraumption See the "Method Staterment for SikaWsrag®™ manusd dry applcabon® Red
Ao
Guedabie 0.7 - 1.5 bgifn¥

Ambimnt #r lemperature +10°C i f 435 °C

D poenk Baavane ol condossstian,
Substrafe termperature during applicaton must be ot =it 1°C above dew
point

Substrate berperatue #10"C v, J +35 " ran.

FROERCT BT ST

g™ 1

L ]
BLILDING TRUST
1fa
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Appendix C

Subitrate moldtune content <& % phaw
Fot Lite T Pet ffe psen time (EM 150 551
w185 =50 ryviria i =0 g
15 &g)
+131°C £ minuytes “Gl] minuies
T ELT] il
#35°C =30 minulis ~30 menutes
{5 kg
The pot e bagie ) Wi Py i kEderer e e, | B dorer gt meoorean e Bepee W
o e m Fay i P o Eeerl v ey i iy ppi B Do cbpen e wwa b by g
bgh e g e, e s arferdye v b clveliel i e porieeny el b b i o chl pprpen
r-u-_l-l! brime -llq'lhr_-_l-mw'r-_i"tl.
BASIS OF PRODUCT DATA APPLICATION INSTRUCTIONS

Ml fezhnical data stided in this Procc Daia Shest are
based on |pkor storg 1ests. Acbual messres dets may
vary due 1o chrcomstan ces teyond our control

IMPORTANT CONSIDERATIONS

Skadur®-330 e be probecied from mee lor at least
24 hours atvar applcation.

Eronti placement of Tabric and laminating with roller
Eakes plice wihin o pen b,

A% pw bemperabares and f or high melstae humicitg, 2
tacky maichis |blorh) mary form on the wrfsce of (ke
curesd! Skadur®-130 eposy. H s oo ional layer of fab-
FiC 0F 3 Coating i 1o be appiied onbo tre cured epowy,
s Tes il Ml Tirsk ba ramoend With warm, soagy
watar In @niuie idaguete bonil. lnoany cade, e -
face masak B wigesd doy prior 1o applcaton af the rext
Iy or cowling.

For apphcaton i cold or hod cond bons, pre-conddian
material for 24 hoers in lemperaiure controlied =or-
age facilities bo improse mivieg, appication and pot
|HE [rirs

Fiar Turthisr isfasmation on oeor codting, menbar of
|wypwey o creep, please cornull 8 sbruckursl engines>
for ca by lations ard aee alsn ihe “Method Staiemend
for SiaaWrap® manual dry applcation” Bef 150 4] 02
Skadur® resing are formlated to Rave fow orees un-
dier permanenl Ioaing. Howeor O Lo the Creap -
s b el il pasbyrn o kel aly usvlar 6ad, e long
trrn snetural dadign bed st atcount e anep
Gererally the leng beem sbnecturdl design Wad mugl be
|orarer tran J0-25% ol the faillre losd. Please consult &
structiral enginesr for koad calculations for the specid-
It appiicaton

ECOLOGY, HEALTH AND SAFETY

Fowr indoemartion and adwice on the =afe fanding. stor-
age and disposal ol chemical products, users shall
rirle 1 Ui A e il G abety [ La Shaee |S05) cone
Lainng ghwiecal, eeolagicsd, losicolgice and athaer
naf ty=relabed dat

PROCUCT DNTe, sl
[t Fah bl
i b

3%

SLIDETRATE CLUALITY

Subsirace must be sound and of sufsien bensle
amength 1o grovide a misimue gull off serengsh of

L0 Kfmm or as per the reguiremesdy of the desgn
mpecificodion

Ser dao the Wothod Statement for Skrap® mane
al dry application”™ Rel 850 41 O

SUBSTRATE PREFARETION

Soew 1B “Muthod Statement Tor Sicaidrap® manual dey
appleation” Ref 850 41 02,

BAICING

Preshatchod unis

Il ie o irginianls A B ogetieir 1o B0 hepit 3 mifalis
swith & mibwing spindie stached Lo a show spead olectri
cieill |mas. 30 rpm ertll the malerial Beccines
wmcobh in canaiitenty and 8 wnilform goey colout
Fodd aeration while misng Then, o the whole i
inka & cean confaner and stir agan for approe 1

T Einua Jr o spead 10 oeg 3 sRLrap el 3t o
rronimue. bz anky that g ntitp which can ke used
waithiin its pot B,

Bulk packing, nol pre-halched:

First, str each component thoroaghby, Add the com:
ponanis. b e COECE progortions inko 3 sultable mis-
Ing pas arad S1ir cornertly esing & elecrc low speed
Frar ah aboa Toi

g iatehied unita

APFELCATION METHOD f TOOLS

Sor the “Method Stacemaent lor Skawhrap® manual doy
applkcation” Bef 350 41 02,

ICLEANIMG OF EQLIPMENT

e ol equipmert immedalels with Ska® Colma
Omprer. Cured material cam only be removed sechan.
imﬂll

BUILDING TRUST
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Appendix C

LOCAL RESTRICTIONS

Plaane noie that a8 3 result of specific local reputations
tihe detlored data for this product may vary from
couniry o coumry, Flesse corsult the focal Prodect
Duta Sheat dor the esact prodoc data

LEGAL NOTES

Tha nfoamiadion, end, = particular, the recommands
on s FEELnE b tse applicaton and erdase of SR
il s, o g b I goad faith basod on Sika's cur
vanit kel e and sxparinoe of e products whan
ey fhored, haedind and apgdiond u i’ mormal
cind B 0 atcordande wilh Sha's risthmermnd s
lmng, In gragtice, the differenoes in materaty, sub-
rirate and aciund sie conditiony are such Ehat ro wa
ranty in respeci of manchantab ity or of dEness for a
particular parpose, o any labiity arsing oulof any
legal relabonshin whatsaewer, com be infered either
from Bhs: imdormatbon, or from any =rivten recom
mordations, or from any other advios affersd. Tha
uiat af 1he prosdec? sk Deil the prodSect's suilabdity
It Ehe indendded dpplcaticn and porpose Sika re-
werved The right o change the preperties of B
products. The proprietary rights of teird parfies mysd
bie ahsprved, AB arders are accepied sshiect oo
current terma of sale and dedvery, Users must shways
reler bo fhe most recenl e of the loce Product
Cuia Shieset tor the peoduct concemed, copies of which
will be suppked on requess,

Sl o [t Tl LA
Erbel 7 Bt f e

Tl = AT L PR
kgl gz
PRy

FROTAET (AN SHENT
G r® il
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