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ABSTRACT

Punching shear failures are the most critical and the ruling in the design of
flat slabs, so this study was done to strengthen the flat slab against the punching
shear failure by using hybrid concrete and reinforced concrete (ultra high
performance concrete). The experimental part of present research included
fifteen specimens; square flat slabs with dimension (90*90 cm) and thickness (8

cm), all specimens contains reinforcing flexure steel at bottom.

Two specimens of normal concrete, one of which is the reference model for
the first study case, and the other is normal concrete as well, but it contains
punching shear reinforcing steel, which is the reference model for the second

study case.

The first study case, is contains three cast groups of hybrid concrete (normal
concrete and UHPC) for half the thickness of the slab in the face of
compression. Each group consists of three models, the first group has a square
shape in the center of the slab along the rib (1d+c) where (d) the effective depth

(c) column section, and (2d+c) for the second (3d+c) for the third.

The second group the same as the specimens of the first group, but the
strengthen area (UHPC) is tilted at an angle 45. In the third group, we used the
circular form of strengthen with an area equivalent to the models of the first and
second groups. The model's resistance to shear improved by a large percentage
for the models of hybrid concrete compared to the reference model of ordinary
concrete, and it reached double.

In addition to the improvement in the resistance of the slab to the failure of
the punching shear as the strengthen area increases (UHPC), it also helped

ultrahigh performance concrete in increasing other mechanical properties such



as energy absorption, ductility and stiffness,these properties have improved due
to present of steel fibers. Show practical results rotating the stiffening shape at
an angle of 45 is an optimal use for the square shape of the same amount

(UHPC), if the results increase to double limits.

As for the case of the second study, it consists of four specimens of hybrid
concrete in addition to the reference specimen that contains punching shear
reinforcement. This study dealt with on replacing the punching shear
reinforcement with (UHPC) with half or all of the thickness of the slab, and then
we rotated the reinforcement area by an angle 45 to give great results with a

ratio of 70% to for the reference specimen.

In the second part of this study, a three-dimensional finite element (FE)
model using the concrete damaged plasticity model and material properties
obtained from laboratory tests was conducted to simulate the reinforced concrete
flat slabs with or without strengthen within a commercial finite element software
package ABAQUS/standard 2017.

The numerical results have shown that the predictions of the finite element
model were in good agreement with the experimental data in terms of cracking
load, ultimate load and ultimate deflection with average differences about (%5),
(%1.5), and (%7) respectively. Parametric study of many variables that not
considered in the experimental program was conducted using the validated FE
model such as; effect of the concrete compressive strength, effect of the column

dimensions.



List of Contents

List of Contents

Subject Page
Acknowledgments I
Abstract I
List of Contents Wi
List of Tables v
List of Figures IX
List of Plates Xl
Notation X
Abbreviations v
Chapter One: Introduction

1-1 INTRODUCTION 1
1-2 PUNCHING SHEAR FAILURE IN FLAT PLATE SLAB 5
1-2-1 FACTORS INFLUENCE PUNCHING SHEAR RESISTANCE /

e FACTORS INFLUENCE PUNCHING SHEAR RESISTANCE 7

e FACTORS INFLUENCE PUNCHING SHEAR RESISTANCE 7

e FACTORS INFLUENCE PUNCHING SHEAR RESISTANCE 8
1-3 ULTRA-HIGH-PERFORMANCE CONCRETE (UHPC) 9
1-4 OBJECTIVES AND SCOPE OF THE STUDY 10
Chapter Two: Literature Review
2-1 INTRODUCTION 11
2-2 FLAT SLABS 11
2-2-1 FLAT SLABS SUPPORTED ON SHEAR WALL CORNERS 11

VvV




2-2-2 CORNER FLAT SLAB 12
2-2-3 FLAT SLAB WITH OPENINGS 13
2-3 STRENGTHENING TECHNIQUES AGAINST PUNCHING

14
SHEAR
2-4 SHEAR REINFORCEMENT STRENGTHENING PUNCHING 20
SHEAR
2-5 IMPROVING PUNCHING SHEAR FLAT SLAB BY HYBRID 23
CONCRETE
2-5-1 HYBRID HIGH-STRENGTH CONCRETE 23
2-5-2 USING REACTIVE POWDER CONCRETE 23
2-5-3 USING MORTAR INFILTRATED FIBER CONCRETE WITH 24
DIFFERENT FIBERS
2-5 ULTRA-HIGH-PERFORMANCE CONCRETE 26
2-5-1 ULTRA HIGH-PERFORMANCE CONCRETE (MATERIALS) 26
2-5-2 ULTRA HIGH-PERFORMANCE CONCRETE IN FLAT SLAB 32
2-7 SUMMARY AND CONCLUDING REMARKS 36
Chapter Three: Experimental Work
3-1 INTRODUCTION 38
3-2 DETAILS OF THE TESTED SPECIMENS 38
3-3 MATERIALS PROPERTIES 46
3-3-1 CONCRETE 46
3-3-1-1 CEMENT 46
3-3-1-2 Fine Aggregate (Sand) 47
3-3-1-3 Fine Aggregate (Extra Fine) 49
3-3-1-4 Coarse Aggregate (Gravel) 50
3-3-1-5 Silica Fume 50
3-3-1-6 Steel Fibers 51
3-3-1-7 Admixtures (Super plasticizer) 52
3-3-1-8 Mixing Water 53
3-3-2 Reinforcing Steel Bars 53
3-4 Concrete Mix Design 55
3-4-1 Normal strength Concrete (NSC) 55
3-4-1-1 Mix Proportion of Normal Strength Concrete 55
3-4-1-2 Mixing Procedure of Normal Strength Concrete 55
3-4-2 Ultra-High-Performance Concrete (UHPC) 56
3-4-2-1 Mix Proportion of Ultra-High Performance Concrete 56

\/




3-4-2-2 Mixing Procedure of Ultra-High-Performance Concrete 56
3-5 TEST SPECIMENS PREPARATION 57
3-6 MECHANICAL PROPERTIES OF CONCRETE. 63
3-6-1 FRESH PROPERTIES OF CONCRETE. 63
3-6-2 MECHANICAL PROPERTIES OF HARDENED CONCRETE 64
3-6-2-1Compressive Strength (fcu) 64
3-6-2-2 Tensile Strength (fst) 64
3-6-3 Modulus of Elasticity (Ec) 65
3-7 TEST PROCEDURE AND INSTRUMENTATIONS 66
3-7-1 Testing Machine 66
3-7-2 Supporting and Loading Conditions 67
3-7-3 Test Procedure 68
Chapter Four: Experimental Results and discussion

4-1 INTRODUCTION 70
4-2 MECHANICAL PROPERTIES OF CONCRETE 70
4-3 LOAD-DEFLECTION RESPONSE AND CRACKING 72
PATTERNS

4-3-1 General Behavior 72
4-3-2  Pilot Flat Slab 73
4-3-3 Control Flat Slab Specimen without Shear Reinforcement 74
(NSC).

4-3-4 Case Study (1) Groups (G1, G2, and G3): 75
4-3-5 Control Flat Slab Specimen with Shear Reinforcement (Sh.RN). 89
4-3-6 Second Test Case Study (I1) Groups (D): 90
4-4 EFFECT OF CONSIDERED VARIABLES ON STRUCTURAL 96
RESPONSE.

4-4-1 Cracking Load 96
4-4-2 Ultimate Strength 97
4-4-3 Cracking pattern 98
4-4-4 Deflection Response 98
4-4-5 Stiffness Criteria 102
4-4-7 Ductility Index of the Tested Slabs. 103
4-4-8 Energy Absorption of the Tested Slabs 105

VI




4-4-9 Evaluation of the Best Case of Improvement Punching Shear 108
4-4-9-1 Case Study (I) Groups (G1, G2, and G3): 108
4-4-9-2 Case Study (IT) Group G4: 109
4-4-10 Discussion and comparison 110
Chapter Five: Finite Element Results And Parametric Study
5-1 GENERAL 111
5-2 ELEMENT TYPE AND MATERIAL PROPERTIES 112
5-3 MODEL GEOMETRY AND BOUNDARY CONDITIONS 113
5-3-1 Model Geometry 113
5-3-2 Loading and Boundary Conditions 114
5-4 CONVERGENCE STUDY 115
5-5 COMPARISON BETWEEN FINITE ELEMENT AND | 117
EXPERIMENTAL RESULTS
5-5-1 Ultimate Load and Central Deflection 117
118
5-5-2 Load-Deflection Curves
5-6 PARAMETRIC STUDY 122
_ _ 123
5-6-1 Impact of the zone dimensions of UHPC
5-6-2 Influence of the compressive strength of concrete 124
5-6-3 influence of the column dimensions 125
Chapter Six : Conclusions And Recommendations
For Future Work
6-1 GENERAL 128
6-2 CONCLUSIONS FROM EXPERIMENTAL WORK 128
6-3 CONCLUSIONS FROM NUMERICAL STUDY 130
6-4 RECOMMENDATIONS FOR FUTURE WORKS 131

VIl




List of Tables

List of Tables
No. Title of Table Page
Chapter Two
(2-1) Steel fiber content, aspect ratio, and test results 28
(2-2) Proportions of components per one cubic meter. 32
Chapter Three
(3-1) Details of the tested flat slabs specimens. 40
(3-2) Details of the tested flat slabs specimens. 47
(3-3) The physical characteristic of the cement 48
(3-4) Fine aggregate grading and properties. 48
(3-5) Fine aggregate (extra fine) grading and properties. 49
(3-6) Coarse aggregate grading and properties. 50
(3-7) Results of silica fume tests as provided by manufacturer. 51
(3-8) Properties of the steel fibers tests as provided by 51
manufacturer.
Technical Description of Sika ViscoCrete-5930-L tests as 52
(3-9) :
provided by manufacturer.
(3-10) Test results of steel reinforcement bars 54
(3-11) Details of mix proportions (in kg/m3). 55
(3-12) Trail Mixes Proportion of UHPC. 56
Chapter Four
(41) Mechanical properties of the concrete. 71
Cracking Load and Ultimate Load and Failure mode of the 73
(4-2) :
Tested Specimens.
(4-3) Stiffness criteria of the tested flat slabs. 102
(4-4) Ductility factor () for the tested flat slabs. 104
(4-5) Energy absorption capacity for the tested flat slabs. 107
Chapter Fife
(5-1) Summary of comparison of FEM and experimental results 117
(5-2) Comparison between the UHPC zone effects by the FEA 124

analysis.

VIl




List of Figures

List of Figures

No. Title of Figures Page
Chapter One
Reinforcement layouts in early developed flat plate systems: (a)
(1-1) four-way flat plate system, (b) two-way flat plate system, and(c) 4
circumferential flat plate system
(1-2) Types of shear failure in flat slab. 6
(1-3) Systems of punching shear reinforcement 9
Chapter Two
(2-1) One and two-way shear forces transferred from the slab to the 1
support at (a) end of the wall; (b) corner of the wall
Cracks Pattern for Specimen (225%225 mm opening Size) after
(2-2) : 13
failure
(2-3) Cracks pattern and strengthened with CFRP sheets 14
(2-4) Two shear head arrangements (a) Shear head welded on the 15
outside of the tube (b) Shearhead through tube

(2-5) Anchord bolt 17
(2-6) Bonded bolt 17
(2-7) FRP grid 17
(2-8) FRP sttiruips 17
(2-9) (a) Schematic of typical test set-up and (b) specimen after testing 18
(2-10) Flat slab-edge column 18
(2-11) setup test References sample 19
(2-12) Types of shear reinforcement used in slab-column connections 20
(2-13) Closed stirrups in the flat slab (ACI 318-19) 21
(2-14) Experimental setup 25
(2-15) A: Spread the fiber by multi-layers technique and B: Pour the

X . 26

mortar after completing the layer of fiber

(2-16) Variation in strength with relative density 27
(2-17) Effect of fraction and type of steel 30
(2-18) Compressive strength of tested UHPC specimens in terms of 31

concrete age

IX




(2-19) Punching strength affected by longitudinal bars 33
(2-20) (@) & (b) Punching shear failure. (c) & (d) flexural failure 34
(2-21) Validation study comparison of numerical [53] and experimental 35
[54] crack patterns.
Chapter Three
(3-1) Flow chart of the experimental program.. 39
(3-2) Slab specimen’s identification. 41
(3-3) Example for Specimen Identification. 41
Geometric details and UHPC locations of RC specimens (all
(3-4) . . . 43
dimensions are in mm).
(3-5) Typical Reinforcement For Specimens. 54
(3-6) Specimen With Additional Punching Shear Reinforcement c4
(Sh.RN).
No. Title of Figures Page
Chapter Four
(4-1) Load-Deflection curve for specimen NSC. 75
(4-2) Load-Deflection curve for specimen1d-SC. 77
(4-3) Load-Deflection curve for specimen 2d-SC. 78
(4-4) Load-Deflection curve for specimen 3d-SC. 79
(4-5) Load-Deflection curve for specimen 1d-SCl. 81
( 4-6) Load-Deflection curve for specimen 2d-SCl. 82
(4-7) Load-Deflection curve for specimen 3d-SCl. 84
(4-8) Load-Deflection curve for specimen 120-RC. 85
(4-9) Load-Deflection curve for specimen 180-RC. 87
(4-10) Load-Deflection curve for specimen 243-RC. 89
(4-112) Load-Deflection curve for specimen Sh-RN. 90
(4-12) Load-Deflection curve for specimen 187-PF. 96
(4-13) Load-Deflection curve for specimen 187-XF. 97
(4-14) Load-Deflection curve for specimen 400-PF. 97
(4-15) Load-Deflection curve for specimen 400-XF. 99
(4-16) Load-deflection curves of the tested flat slabs 101
(4-17) Determination of the ductility index. 104
(4-18) Determination of the energy absorption capacity. 106
Chapter Fife
(5-1) C3D8R, and T3D2 elements used ABAQUS . 112
(5-2) The assembly of the model parts. 113

X




(5-3) The boundary conditions of the modeled slabs. 115
(5-4) Convergence analysis, imposed load equal to 100 KN 116
(5-5) Typical mesh applied for the (N.S.C) specimen. 116
(5-6) Experimental and numerical I?\Iagémld span deflection curves for 119
(5-7) Experimental and numerical load-mid span deflection curves for 120
2d-SC
(5-8) Experimental and numerical load-mid span deflection curves for 120
2d-SCl.
Experimental and numerical load-mid span deflection curves for
(5-9) 121
180-RC.
(5-10) Experimental and numerical load-mid span deflection curves for 121
Sh-RN.
(5-11) Experimental and numerical load-mid span deflection curves for 121
187-PF.
(5-12) Experimental and numerical load-mid span deflection curves for 127
187-XF.
(5-13) The load-deflection curve of FEM for different UHPC zones 123
(5-14) The load-deflection curve of FEM for different fu/fc ratios. 125
(5-15) The load-deflection curve of FEM for different dimension sections 196
of the column.
List of Plates
List of Tables
No. Title of Table Page
Chapter One
(1-1) \ Slab-column framed system or flat plate \ 2
Chapter Three
(3-1) UHPC (by Author). Steel Fibers Material Used in 52
(3-2) (b) 910 stenosis (c) 210 cutting.. (a) 86 stenosis 55
(3-3) Drilling Mixer. 55
(3-4) Preparing the wooden and steel mold. 59
Preparing of the mold wood and upload reinforcement steel with plastic 59
(3-5) spacers
(3-6) The casting process of the five slabs (per one day). 60
(3-7) The casting of the control samples. 61
(3-8) The pouring of NSC and UHPC together with surface 61

Xl




leveling

(3-9) Casting the columns with NSC 62
(3-10) Curing all Specimens 62

The coating of slab samples with white color (after curing) 63
(3-11) : )

and preparing them for testing.
(3-12) Slump Test 63
(3-13) Compressive strength test setup for NSC and UHPC 65
(3-14) The splitting tensile test setup 66
(3-15) Instruments used in testing. 67
(3-16) Specimen under testing. 69
(3-17) Marking the cracks 69
Chapter Four

41 Cracking pattern specimen NSC at failure. 78

Cracking Load and Ultimate Load and Failure mode of the 74
(4-2) :

Tested Specimens.

(4-3) Tested flat slabs. 106
(4-4) Stiffness criteria of the tested flat slabs. 107
(4-5) Ductility factor () for the tested flat slabs. 109

Xl




Notation

Unless otherwise noted in this thesis, all units are metric: dimensions are

in millimetres, stresses are in MPa, moduli are in MPa, forces are in kN, and
moments are in KN.m.

longitudinal steel area in tension at bottom of member
cross-sectional area of transverse steel reinforcement
depth of neutral axis measured from extreme compressive fiber
depth of longitudinal tension steel
diameter of steel bar
concrete compression damage parameter
concrete tension damage parameter
concrete initial tangent modulus
elastic modulus of steel
concrete cubic strength
concrete cylinder strength
concrete tensile strength
yield stress of steel reinforcement
stress of concrete
stress of steel in tension
fracture energy of concrete
height of beam
total nominal moment
total nominal shear strength
shear resistance attributed to concrete
shear resistance attributed to steel shear reinforcement
concrete stress-block factor controlling the block height
deflection of member at ultimate load
deflection of member at service load
compressive strain in concrete
concrete strain corresponding to peak stress
strain of steel in tension
steel reinforcement ratio
maximum steel reinforcement ratio
axial stress in concrete
reinforcement development length
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CHAPTER ONE INTRODUCTION

CHAPTER ONE

INTRODUCTION

1-1 Introduction

The slab can be called a two-way slab when its length is less than twice its
width and its four sides carry it as the slab deflects in two directions and the loads
move to all four supports. In such a type of slab, the bending moments are less than
those with one-way slabs, and therefore the same slab can carry a higher load when

supported on its four sides.

It should be noted that in reinforced concrete structures frames in which slabs are
directly supported by columns i.e. without beams or girders, it is defined as slab-
column framed system plate or flat plate (Figure 1-1). The flat plate as a system is
desirable from an architectural and economic point of view for traditional beam-
slab construction. The flat plate system has several advantages, including [1]:-
1-1-1 Advantages and dis advantages flat slab.

1- Maintaining the height of the building, lowering the height of the floors will
minimize the weight of the building due to the lower partitions, maintain the
approximate 10% in the vertical members, and decrease the foundation load.

2- Faster construction, which reduces the construction time.

3- Ease of establishing services, as all services could be connected directly to
the bottom of the slab as an alternative to bending it to avoid beams and
penetration through beams.

4- Significant reducing in frameworks.

e
1



CHAPTER ONE INTRODUCTION

5- Reducing finishing substances.

6- Flexibility in arranging the sections.

Plate (1-1): Slab-column framed system or flat plate [2].

Nevertheless, the lack of beams in flat slab structures generates several troubles
(flat slab defects) [3]:-

1- It causes a punching-shear failure as a result of generating high shear stresses
at the slab-column connections.
2- It has an excess in the vertical deflection.

3- Under lateral loading, it has relatively little stiffness.

The use of shear walls, lifting columns or external support can avoid low
lateral stiffness. The deflection can also be controlled by using prestressing.

However, the punching shear resistance represent the major trouble with flat slab
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structures. Where shear failure occurs suddenly without prior warning. Moreover,
improper shear design of the slabs can cause a gradual collapse if the lower floors
fail to withstand the shocks that have emerged from the collapsed floors above. In
the past, beams were used to support reinforced concrete slabs [4]. But, at the
beginning of the 20" century, specifically in the year 1914, flat slabs were used.
And Turner and Eddy confirmed the challenge in designing these slabs, which
raised concerns about how to calculate stresses. Since flat plates were designed
depended on experimental data as a result of the lack of design guidelines at that
time.

1-1-2 Background design punching shear reinforcement

Somewhat divergent approaches to flat plate design, which can best be
illustrated by the various schemes used for flexural reinforcement. For instance, in
the USA, a four-way flat plate system is utilized by Turner, as presented in Figure
(1-1a), while the two-way system is employed by Condron, as displayed in Figure
(1-1b) [5] [6]. For instance, too, A circumferential flat plate system was developed
by Smulski [7], consisting of reinforcements arranged transversely and radially as
illustrated in Figure (1-1c). In the same period, a comparable system was presented
in Europe by Maillart [8]. Also in this period, other new systems for flat plates
were proposed, which may be considered relatively special.

Despite the various designs of flexural reinforcement, in all former
procedures, an enlarged column was employed. Although the shape is slightly
different in each procedure, the prime objective of reaming is to permit the transfer
of force from the plate to the column to prevent failure in punching shear.
Moreover, the enlargement contributes to increasing the flexural capacity of the
slab as a result of reducing the distance between the columns. Over time, a

steelhead inside the slab was used as a substitute for column enlargement.
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Figure (1-1): Reinforcement layouts in early developed flat plate systems: (a) four-way flat plate

system, (b) two-way flat plate system, and(c) circumferential flat plate system [9].

The increase in the number of studies on punching behavior has driven a
better perception and assessment of punching shear force. Therefore, flat plates can
be designed without the need for special punching shear reinforcement. However,
brittle shear failure (which can occur suddenly) remains one of the major problems
with this method. To avoid these accidents, safety reinforcement is usually added in
order to excess the residual resistance of the flat plate beyond the happening of
punching shear failure. The reinforcement can be distributed in different ways, but
it must be put in the place where it works best. The deformation capacity and
strength capacity should be considered when designing in order to determine the

effectiveness of the flat plate.
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Considering the deformation capacity, it is easily drawn to the conclusion that
flat plate slabs without shear strengthening generally cannot supply sufficient
deformation capacity. This is assured by abundant structure collapses. Therefore,
the question worth asking does not include whether there is a need to place
perforation shear reinforcement or not, but rather what is the amount of perforation
shear reinforcement to be used and what is the appropriate place that provides
sufficient deformation capacity? A logical answer to these questions requires an
experimental search of the load-deformation response of flat plate slabs. Therefore,
among the objectives of this study is to investigate the punching strength as well as

the overall response of the flat slabs.
1-2 Punching Shear Failure in Flat Plate Slab

Two types of shear failure may have occurred in flat plate systems. The first
one is the beam-type (wide beam) shear failure (unidirectional shear) which is
similar to beam failure in terms of shear strength calculations and failure criteria, as
shown in Figure (1-2a). This type of shear failure is often critical to the footing, but
is not critical and scarcely a concern in flat plate design [10].

The second is the failure of the punching shear (bidirectional shear) in which
the failure may occur near the supported column or the concentrated load by
forming a truncated cone [11], as shown in Figure (1-2b). Typically, the shear
stresses caused by punching shear are much higher than the shear stresses of the
beam type. Punching shear failure may be caused by gravitational (vertical) load
actions besides unbalanced torque, which is caused by unequal spans around the
column or by lateral loading (such as earthquakes, wind, etc.). The failure of
punching in a flat slab depends on its ability to resist shear stresses, which are
caused by the transmission of unbalanced shear forces and moments to the

columns.
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The failure of punching shear starts with radial cracks expanding from the
column, which are caused by a negative bending moment in the transverse direction
and then followed by transverse cracks around the circumference of the column (as
a result of the negative bending moment in the radial direction). These radial
tension cracks tend to form next to the middle of the slab depth, which are more
like web shear cracks than bending shear cracks [12]. Therefore, the stiffness of the
slab surrounding the cracked zone tends to maintain shear transfer to the column by
shear transfer mechanisms, which will be discussed in the following sections. The
slab begins to fail with column penetration once the applied load is high enough to
conquer the stiffness of the slab. Generally, punching shear failure is sudden and

brittle in reinforced flat plates.
1-2-1 Factors Influence Punching Shear Resistance

The punching shear resistance can be improved using several methods, some of

which will be discussed as follows:

* Increasing the slab thickness

The simplest way to solve this problem is to increase slab thickness. This
approach is usually used where there are no other successful or most appropriate
methods available. The major disadvantage of this approach was that it raises the

structure's cost and the dead load.

* Increasing the compressive strength of concrete

It has been noted that the shear stresses at the connections of slab columns in
flat slab systems vary according to the compressive strength of the concrete. It was
previously reported that shear stress increases with the growth of compressive
strength of concrete [13], whereby 40% more shear stress is gained for M50

concrete (compressive strength equal to 50 MPa in 28 days) than for M20 concrete.

e
7
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» Shear reinforcement

The reinforcement of punching shear is an effective way to arise the
deformation capacity and strength of slab column connections. The excess in the
deformation capacity is important since, in the event of the local failure, the load is
distributed to the other supports, which prevents the occurrence of complete failure
of the structure. Thus, it presents a satisfying deformation capacity. There are

various kinds of systems of punching shear reinforcement (see Figure 1-3) [14]:-

Closed stirrups

Bent-up bars.

Shear heads.

Stirrup and link with hooks at the tension face.
Continuous stirrups or cages of shear links.
Corrugated double-headed shear studs.
Stirrups or shear links.

Smooth double-headed shear studs.
Headed stirrups.

Steel offcuts.

Stirrups with a lap at the vertical branch.

XSS oh0 o0 oo
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(a) (b) (©) @

(e) (f)

Figure (1-3): Systems of punching shear reinforcement [15].
1-3 Ultra-high-performance concrete (UHPC)

Ultra-High-Performance Concrete (UHPC) is a modern building mix that has
been produced and improved recently in the world. UHPC is an extremely high-
strength, durable and impermeable composite material which has driven its use in a
diversity of exciting implementations [16]. Accordingly, it is extensively utilized in
tall structures [16]. Therefore, the research on this concrete is worthwhile to
investigate more new applications and uses.

In general, the election of substances and optimal proportions of components
are very firm procedures for UHPC production [17]. Steel fibers are included in
the UHPC mixture to improve the mechanical characteristics of the concrete
members, especially their ductility. This type of concrete can be satisfied by
reducing the water content and using superplasticizers (high-range water reducers)
[18].

The structural behavior of post-peak flat slabs can be improved by adding

high-strength steel fibers. This has an impact on the lower part of the stress-strain

e
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curve, while the upper part is not affected. The following parameters can have an

important influence on the lower part of the curve:

The content and orientation of the fiber.

Stiffness of fibers, especially in different fiber combinations.

The fiber-matrix bond (surface properties, profiling, etc.)

Fiber diameter and length (geometry), also when compared to the maximum

particle size.

1-4 Objectives and Scope of the Study

This study aims mainly to investigate the influence of the below variables on

the punching shear behavior of flat slab-column connections and ways to its

improvement:

1.

Studying the punching shear behavior in terms of load-carrying capacity,
deflection, ductility, energy absorption, and failure modes of flat plate slabs.
Improving punching shear phenomena using UHPC in different places as a
square or circle shape around the column with a dimension of (effective
depth d, twice effective depth 2d & three-time effective depth 3d) in
compression face to get the perfect region.

Studying the effect of replacing punching shear reinforcement by UHPC.
Developing a numerical finite element (FE) model for simulating the
behavior of a hybrid flat slab by using normal strength concrete and UHPC.
Providing recommendations for researchers regarding the design of flat slabs
with an optimized method to increase punching shear strength using UHPC.
Modeling all examined slab-column connections and comparing the
experimental findings with the corresponding numerical ones to assure that
the elements, substance characteristics, real constants and closeness criteria

are satisfactory.
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CHAPTER TWO

LITERATURE REVIEW

2-1 Introduction

This chapter deals with the most important analytical and experimental studies
that investigated the structural behavior of the reinforced concrete slab. Previous
studies related to the research topic were briefly reviewed. The various repair and
strengthening techniques that contribute to the development of flat plates are

among the most important topics addressed in this chapter.

Moreover, this chapter contains topics related to punching and shear failure of
reinforced concrete flat slab in the presence or absence of the shear reinforcement.
Also, the literature on shear failure in most types of flat plates was reviewed.
Finally, former research on the repair and strengthening of reinforced concrete flat

slab against punching shear failure were also presented.

2-2 Flat Slabs

2-2-1 Flat Slabs Supported on Shear Wall Corners

In 2020, Setiawan et al. [19] supported buildings with a shear wall around
stairs and elevators, and by the transfer of loads from the slab to the walls, a
punching shear (two-way shear) stress is formed in the slab connection area with
the wall in addition to one-way shear as shown in Figure (2-1). Thus, punching
shear design should be taken into consideration. The codes and studies did not

focus on the failure of punching formed on the ends and corners of walls except for

11
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a few of them, which made this topic subject to the diligence of engineers. That
study included the problem of punching shear stress in flat slabs based on shear
walls, by suggesting a method for design calculation for use in overlaps with the
Critical Shear Crack Theory. The process is verified against test results for slabs
booster on elongated columns as well as numerical emulation. The researchers
carried out that numerical simulation using the nonlinear finite element theory, and

the failure of the punching shear to be designed later.

(@) (b)

| 1L

One-way shear

SereEsirasisurLtaratsusteaans

..............
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.......
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\\.

"
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Figure(2-1): One and two-way shear forces transferred from the slab to the support at (a) end of

the wall; (b) corner of the wall [19].
2-2-2 Corner Flat Slab

In 1994, Neil and Amin [20] tested five models of flat slabs with corner
columns to transfer the shear load. The parameters: the procedure of loading and
the amount of shear steel reinforcement. It was found through their research that
the American ACI 318-89 code and Standard CAN3-A23.3-M84 equations are
conservative and can be improved by adding a part to the equation that includes the

moments generated from eccentric shear stress as well as the distance needed for

R ———————
12




CHAPTER TWO LITERATURE REVIEW

the shear reinforcement steel. Furthermore, it has been found that the design
method described in ACI 352.1R-89 [Clause 4.2.1.2(b)] may result in column-slab

connection corner designs not being sufficiently secure.

2-2-3 Flat Slab with Openings

In 2014, Nazar and Thaar [21] prepared a study to find out the effect of
openings on shear punching in flat slabs. The researcher used six flat slab models,
one of the models does not contain openings, and the other one contained holes
with different locations and sizes from the column. The holes were three sizes (100
*100), (150 * 150) & (225 * 225) mm. The results proved that the resistance
decreased, the greater the size of the opening and its distance from the column. The
closer the opening is to the column, the less the slab can resist punching shear, also
the opening next to the column was more negative on the resistance than the same
opening next to the corner of the column. In addition to the effect of the openings
on the stiffness, it decreases as the area of the opening. Figure (2-2) shows the

crack pattern.

(b) Compression face

(a) Tension face (c) Inside the opening

32
/

Figure(2-2): Cracks Pattern for Specimen (225%225 mm opening Size) after failure [21].
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In 2014, Nazar and Thaar [22] studied the effect of openings on the capacity
of punching shear in flat slabs and strengthening them with (CFRP) sheets. Sixteen
specimens were used, and all of them contain openings with different arrangements
except for the reference model. The researcher used two methods of strengthening
with carbon fibers. In the first method, one layer of fibers around the column and
the opening was used, while in the second one two layers of fibers were used for
half the distance of the opening. The first method was better, and in general, the
strengthening of the carbon fibers restored the resistance in good proportions,
ranging between 5.1% to 60.6%. addition to other engineering properties such as
stiffness. Figure (2-3) shows the pattern of the cracks strengthened with CFRP

sheets.

Figure(2-3): Cracks pattern and strengthened with CFRP sheets [22].

2-3 Strengthening Techniques against Punching Shear

In 2014, Yan and Wang [23] used a new method to strengthen the punching
shear, by using a steel tubular instead of the column that ends with the shear head
which is made in more than one way, as shown in Figure (2-4). This method has
good advantages, including ease of manufacture and speed of installation. In this
study, the researchers used a circular and square tube, and the analysis was done

using the finite element package (ABAQUS) and the results showed the success of
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the strengthening idea. This type of strengthening is suitable for thinner slab

thickness, this is because thin slab has little strength due to their small thickness.

In 2015, Meisamiet al. [24] cast four flat plate specimens, designed
according to ACI code 318-08, one without strengthening and the others with FRP
strengthening placed after casting in the form of a three-arm fan. The lengths of the
three propeller arms of the second, third and fourth specimens were 80 mm, 160
mm, and 240 mm, respectively. The results showed that the adopted reinforcement
method can improve both the deformation capacity and ultimate bearing capacity in
addition to avoiding the occurrence of brittle failure. It was also able to change the

type of plate failure from shear to shear-flexural.

Figure(2-4): Two shear head arrangements (a) Shear head welded on the outside of the tube (b)

Shearhead through tube [24].

In 2018, Lapi et al. [25] there are many reasons of failure of the flat slab with
a high punching shear as a result of design or implementation errors or non-
compliance with the specification of the codes. Therefore, the researcher used

several techniques for strengthening, including the use of shear steel reinforcement
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and external reinforcement with polymers or layered concrete and a pre-tensioned

system. It is also included in his study methods of strengthening from previous

literature:

1. Anchored bolts with plate, washer, nut [26] and headed bolts [26], Figure(2-5).
2. Bonded bolts [27] [28], Figure (2-6).

3. FRP (grids [29] or fans [23]), Figure (2-7).

4

. FRP stirrups [30], Figure (2-8).

The researcher tries to find the keys to the problem by offering the possible

strengthening methods to give the designer all possible options to choose the best.

It was found that using post-installed reinforcement increases the resistance of the

slab to shear punching and improves ductility, as applying FRP it can improve the

strength a little.

Bar
(@) Nut g (b) Headed
Washer / bolts
b ¥ |- - — |

L 3
= —

Steel
plate Grout

dy, dy,
Grout

Steel
plate

— [R—

o Nut = +—

| I ™ Washer

Washer

Grout

Figure(2-5): (a) Anchored bolts with nut [26].
(b)head bolts [26].

Figure(2-6): (a) Bonded bolts without anchorages[27].
(b) Bonded bolts anchored at the bottom[28].
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In 2021, Taresh et al.[31] Used a steel angle plate to strengthen the slab against
the failure of punching. The plate was of column width and unequal in length
relative to its two arms. It was placed so that the greater length was in the
longitudinal direction of the column, in the same way, the plate was placed on top
of the slab and they were connected by bolts as Figure (2-9a). The models were
checked for failure limit Figure (2-9b), and it was found increases in the stiffness,
energy absorption, and deformation capacity, as well as changing the failure type
and pattern from punching shear failure to flexural failure and shear formed by

flexural outside the reinforced area.

In 2021, Attaa and Haider [32] cast and tested six specimens to study the
effect of column capital on shear resistance at the column edge not been practically
studied, and this encourages researchers to study the subject. Six models were used,
two of them as reference models. Of the four models, two of them contain a column
capital with dimensions (300*400mm) and the other two with dimensions
(500*800mm). Half of the models have an axial load and the other half have an
eccentric load (and the eccentricity of the load may come from wind loads or

earthquakes, etc.).
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Figure (2-9): (a) specimen after testing and (b) Schematic of typical test set-up [31].

The tests produced an increase in punching shear strength in the two
specimens with axial load (17-27.66%) for the reference specimen and two
specimens with eccentric load (18-25%) for the reference specimen as shown in
Figure (2-10). The shape of the column capital is also effective, if this shape is
rectangular, it gives a failure perimeter greater than the failure perimeter formed by
the head of a square column of the same area.

Figure (2-10): Flat slab-edge column [32].
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In 2021, Zainab and Munaf [33] studied column head flat slab
strengthening against punching shear failure. Six plate samples were executed, two
of which were tested as a reference (having no shaft head), one with axial loading
and the other with eccentric loading, (biaxial loading). Four samples had a column
head in two sizes (600 x 600 and 800 x 800 mm), the slap dimensions were (1600 x
1600 x 100 mm), the column dimensions were (200 x 200 mm), and the
eccentricity of the biaxially loaded slab was 150 mm in both directions, Figure (2-
11).

The results indicated that (for models strengthened with column capital) the
increase in shear strength using column capital ranged from (13 to 25%) for (200 x
200 mm) dimensions with eccentric bi-axially loaded, as well as the deflection
increased by about 30% for dimensions with column capital (800*800 mm)
compared with the reference models. As well as the shape of the failure shifted

from the expected circular shape to the rectangular shape.

(A) with axial load (B) with bi-axial load

Figure(2-11): References sample test setup [33].
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2-4 Shear Reinforcement Strengthening Punching Shear

To bypass adding column heads, beams or drop panels, it is possible to
increase the shear capacity of the slab by using shear reinforcement. Several types
of shear reinforcement are available such as shear heads stud, open-legged stirrups,
closed stirrups, bent-up bars, etc. as illustrated in Figure (2-12). In this study will
be on closed stirrups that will be used in this research. Figure (2-13) shows the

(ACI Committee 318 2014) limitation and the way of arranging the stirrups.
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Figure (2-12): Types of shear reinforcement used in slab-column connections [34].
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Figure (2-13): Closed stirrups in the flat slab (ACI 318-19) [35].

In 2019, the behavior of flat slabs containing different types of punching shear
reinforcement with an average compressive strength of 35 MPa was studied by
Sulaiman Nayef et al. [36]. These types included bent bars, open stirrups and
closed stirrups, which were subjected to a concentric compressive load. Twelve
slabs of similar dimensions (1100 x 1100 x 120 mm) were cast, containing a square
column in the middle (150 x 150 x 400 mm). To ensure that punching failure
occurs before bending failure, a bending strengthening ratio of 2.22% is adopted.
The cracking pattern, steel strain, deformation and maximum capacity were
monitored and recorded during the test. The following was concluded from the test

results:
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1. The greater the number of closed stirrup branches, the greater the punching
capacity for the same diameter. A profit of 10% is achieved in punching
capacity for the equal number of branches (4) compared to the reference
sample.

2. The addition of vertical shear reinforcement in the form of closed stirrups (8
mm diameter with two branches) led to an increase of (6.67%) in the final
punching capacity compared to the control sample, and therefore its effect is
considered small on the punching shear capacity of the flat slabs.

3. Increasing the diameter of the closed stirrup leads to improved strength. The
increase in punching shear resistance as a result of using diameter stirrups (12
mm with two branches) was about (13.8%) compared to the reference sample.

4. Use of vertical shear reinforcement as an open leg (8 mm diameter with 2 and 4
branches) results in a small boost in punching capacity. The growth in punching
force capacity was (5.3%) in comparison to the control sample.

5. Raising the diameter and branches of the open leg increase the punching force
of the slab by about (24.7%) more than the reference sample.

6. The addition of shear reinforcement in the form of bars bent at an angle of 45
degrees results in higher punching force. The resistance of the slabs excessed
by about (51.1%).

7. In terms of ductility (defined simply as the ability of a material to change shape
without losing its strength or breaking) afforded by the various types of
punching shear reinforcement, closed stirrups impart the greatest ductility. The
percentage of increase in ductility was about (131.6%) compared to the control

sample.
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2-5 Improving Punching Shear Flat Slab by Hybrid Concrete

2-5-1 Hybrid High-Strength Concrete

In 2018, Suha and Haitham [37] studied the punching shear behavior in flat
reinforced concrete slabs cast using hybrid concrete. In that study, it was concluded
that in the samples made using high-strength hybrid concrete, the final strength of
the samples was increased by about (20%-50%) compared to the normal concrete
(NSC). Whereas for the samples poured with high-strength concrete only, the
maximum load capacity of the tested slabs increased by about (14% - 40%)
compared to the normal-strength concrete only. Also, it was found that the amount
of rebar has no significant effect on the value of the first cracking load, but it does
have an effect on the value of the final load. Depending on the final shape of the
collapsed perimeter, samples cast with high-strength and hybrid concrete increased

significantly compared to only normal-strength concrete.

2-5-2 Using Reactive Powder Concrete

In 2021, Mohammed M. Kadhum et al. [38] investigated ten specimens of
reactive powder concrete (RPC) and two of normal concrete(NSC) simply
supported flat slab, with the parameters of the study, the thickness of the slab and
the presence or absence of flexural reinforcement, the researchers divided the
specimens into three groups according to the proportion of steel fiber in the

mixture, which were (1, 1.5& 2%).

The results showed an increase in the resistance of the slab to shear
punching by increasing the proportion of steel fiber (RPC), the thickness of the
slab, and the presence of steel reinforcement. The results led to an important
conclusion, which is that it is possible to produce a slab (RPC) without steel
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reinforcement of flexural and with good resistance to punching shear, and this is
useful for the designer who requires him to reduce the reinforcement in this area in

addition to the benefit of reducing weight and cost.

The slab (RPC) is more ductile to failure than its counterpart from (NSC) and

the addition of steel fiber shows a reduction in the width of the cracks.

2-5-3 Using Mortar Infiltrated Fiber Concrete with Different Fibers

In 2017 Azoom and Rama [39] tested ten slabs with mortar-infiltrated fiber
concrete cast with varying types of fiber (steel, polypropylene, and hybrid fibers) in
different ranges of volume fraction. The specimens with dimensions of (600 * 600
mm) and thickness of 50 mm are adopted for punching shear studies as shown in
Figure (2-14). The mix contained cement, ground-granulated blast-furnace slag
(GGBS) and sand are taken in the ratio (1:1:2). Water to binder ratio(w/b) adopted
is (0.45) and the superplasticizer dosage is found to be (1%). From this study, the

following points concluded: -

1. The punching shear of the mortar-infiltrated fiber concrete slabs is much higher
than that of NSC and was up to 9 times with steel fibers. While 2 times with
polypropylene fibers and 3 times with hybrid fibers.

2. Punching strength increased with an increase in fiber volume varied from 2 to
12 times in the case of polypropylene fibers and from zero to 27 times in the
case of specimens with steel fibers.

3. Mortar-infiltrated fiber concrete slabs with a higher volume of fiber possessed a
higher deflection zone (dispersion angle).

4. Impact resistance was also found much higher for mortar-infiltrated fiber
concrete specimens up to 10 times with steel fibers and 7 times with
polypropylene fibers compared to NSC.
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Figure (2-14): Experimental setup [38].

In 2020, A. S. I. Shwalia e. al. [40] studied a process for the strengthening of
punching shear by hybrid concrete (mortar infiltrated fiber concrete(MIFC) and
normal concrete (NSC)) for eight samples of flat slabs with identical dimensions
and reinforcement and the method of loading except one that contains punching
shear reinforcement two of the samples from (NSC) as control samples and the
coefficients were thickness (MIFC) either all thicknesses or half in the pressure or
tensile area and the other variable is the area (MIFC) (0.5d, 1d, 1.5d) where d the
effective depth from the face of the column. The two types of concrete were poured
together as in Figure (2-15). After the examination, the results showed an
improvement in the punching shear resistance of the excitable hybrid plates in the
control sample, especially in the sample (1.5d) for half the thickness in the
compression area directly under the column, reaching (MIFC) in addition to

placing (1.5d) under the column that acts as a pillow to distribute the load. And
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also, the use of (MIFC) made the failure not sudden. The study proved the use of
hybrid fibers leads to an ideal distribution of the fibers.

Figure (2-15): A: Spread the fiber by multi-layers technique and B: Pour the mortar after
completing the layer of fiber [40].

2-6 Ultra-High-Performance Concrete

Primary attempts were in the 1980s by Hans Hendrik Bache on compacted
reinforcement concrete, which contributed with French contractors Bouygues, were
cooperated with Lafarge to develop a new mix of reactive powder concrete RPC
[41]. The RPC is known as commercialized of the UHPC [42].

2-6-1 Ultra High-Performance Concrete (Materials)

In 1995, Richard and Cheyrezy [43] worked on developing an ultra-strong
ductile concrete called RPC (Reactive Powder Concrete). There were two types of
concrete: RPC200 and RPC800. Four groups of the mixture were performed in the
presence and absence of fibers. Each group of mixtures is changed from the other
by post-treatment with heat as well as by adding crushed quartz. The optimum

fraction of silica fume content was 25% of the cement content. The envelope
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numbers for optimal compressive strength values obtained for different relative
density values of RPC concrete, with or without fibers, for both ambient and heat-
treated (9 °C) samples are presented in Figure (2-16). The results also revealed that
the compressive strength is highly dependent on the relative density compressed
upon demolding. The addition of small-size steel fibers (0 =0.15 mm L = 13 mm)

in the ratio of 2-2.5% for each size gave ductile behavior to RPC.

T , : : 1. 900 , - , :
' : | ) ' : ;
4 | ; : ' g
i j 5 : :
! | ; : \ A Steel aggregales
E : g 50 _ B ‘ + Silicaaggregatas
< - ; i It
B £ ; E E
4 TR T00 e B
g . | @
] & Nonfivered RPC200/ | 2 |
H 20°C H 5
& £
g | O Fibered RPC200/20C || €
450 L L6 ! : :
4 Nenfibered RPC200/ || e e
90°C §
|
‘ | o Fibered RPC200/ 90°C | ‘
a | H
w ; s | | |
0% 0 088 092 0.6 087 088 0.9 090 091 092

Relative density Relative compacted denslly

Figure (2-16): Variation in strength with relative density [43].

In 2006, Yazici et al. [44] investigated the effect of aspect ratio (length to the
diameter of steel fiber). Also, the fraction volume of the steel fiber reinforced
concrete, SFRC, on the mechanical properties of the concrete. Three different types
of hooked ends with aspect ratios of 45, 65, and 80 were used. In addition to three
fraction volume contents of 0.5%, 1.0%, and 1.5% of steel fiber, were adopted. The
experimental program consisted of ten mixtures, one as a control while the other
nine were varied. The aggregate is classified into three sizes; 30% for size (0-3)

mm, 30% for size (3-5) mm, and 40% for size (5-15) mm. The results obtained that
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the increment content of steel fiber reduced the workability of the mixture. The
steel fiber possesses a higher aspect ratio with a high fraction content that will be

enhanced the mechanical properties of the concrete, as listed in Table (2-1).
Table (2-1): Steel fiber content, aspect ratio, and test results [44].

I/d, Flexural
Mix Fiber content | Compressive Split tensile
aspect strength
type %Dby volume | strength MPa | strength MPa
ratio MPa
CcC 0 0 49.1 4.06 5.94
SFRC1 45 0.5 50.8 4.5 6.14
SFRC2 45 1.5 53.7 4.69 6.32
SFRC3 45 0.5 57.7 5.69 7.75
SFRC4 65 0.5 535 451 6.24
SFRC5 65 1.0 58.3 4.77 8.08
SFRC6 65 1.5 56.4 6.25 9.33
SFRC7 80 0.5 56.0 5.58 6.42
SFRCS8 80 1.0 58.3 5.18 9.74
SFRC9 80 1.5 52.1 5.9 10.76

In 2011, Allena and Newtson [45] developed the UHPC mixture, which is
dependent on local and affordable materials. Type (/1) Portland cement, silica
fume, and fine local sand (75-600 um) from Las Cruces, New Mexico, and a poly-
carboxylate-based HRWRA (Glenium 3030 NS from BASF chemicals), were used.

Seven mixes were conducted. Also, cubic specimens of 50mm and cylindrical
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specimens with a height of 200 and a diameter of 100mm were used, and three
groups of curing were conducted. The first group was cured by ambient
temperature until the age of the test. The second regime was achieved by
immersion of specimens in the heat bath water of 50C° until the day of the test. The
third regime was the same second but removed the samples from heated water and
exposed them to dry heat of 200 °C for the latest two days before the test day. The
study showed that prolonging the mixing period increased the workability of the
mixtures. Also, the curing by oven drying attained greater strength than the

specimens, which were cured by moisture in a 50°C water bath.

In 2012, Wasan, [46] investigated the properties of the UHPC, namely
compressive strength, splitting tensile strength, modulus of rupture, impact
strength, and static modulus of elasticity. Three types of HRWR (superplasticizer)
were also conducted by three proportions of the best one to find the optimum
dosage. The results revealed the effect of the water reducer on the compressive
strength. Two types of silica fume were considered the first one as a replacement of
cement percentage while the other as an added percent of cement. Generally, the
mixture with 15% of silica fume replacement of cement and added 5% of silica
fume have the best compressive strength. All specimens were cured by immersion
in hot water after 48 hours for a different period with a rate of heating of 20C° per
hour until it reached a constant temperature of 60 °C. The results indicate that the
compressive strength of concrete is increased by about 9% for 1% crimped steel

fibers, as shown in Figure (2-17).
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Figure (2-17): Effect of fraction and type of steel [46].

In 2016, Hoang et al. [47] introduced a novel approach to the mix design of
UHPC. That program was based on the progressive improvement of particle
packing density and strength by discovering conformable affordable substances
such as; cement silica fume, superplasticizer and quartz powder. The impact of
using four-grain size of fine aggregate: 1 mm, 2.5 mm, 4 mm, and 8 mm without
any special treatment on the compressive strength was investigated. Fine
aggregates are classified according to their small particle size, so the aggregates are
mixed with the other types of fine aggregates to obtain the optimal packing density.
An experimental mix was performed to find the optimal cement-water ratio which

was found to be equal to 25%.

In 2018, Pourbaba et al [48] investigated the effect of age and steel fiber
dosage on the compressive strength of the UHPC matrix. About 112 specimens
were tested in periods varied from 2 to 42 days, and the dosage of fiber-reinforced
varied from 0 to 6%. This study also examined the modulus of elasticity of cylinder
specimens. Seven specimen groups were conducted. For each group, the content of

steel fiber varied, while the age of the test was different in one group. The study
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revealed that the compressive strength increased when the content of steel fiber

increased and the age increased, as demonstrated in Figure (2-18).

120
/—/ m— Series A- 6% fiber
100 P g — Series B- 5% fiber

Series C- 4% fiber

Series D- 3% fiber

60

Series E- 2% fiber

Compressive strength (MPa)
>

Series F- 1% fiber

20 Series G- 0% fiber

0 5 10 15 20 25 30 35 40 45

Age after casting (days)

Figure (2-18): Compressive strength of tested UHPC specimens in terms of concrete age [48].

In 2020, Dhafer & Haitham [49] produced Ultra-High-Performance
Concrete (UHPC) from some of the available materials in order to reach the
optimum percentage of its components (UHPC), see Table (2-2). The researchers
experimented with four steel fiber ratios (0, 1.5, 3 and 4%) to study the mechanical
properties of UHPC. The mixing process started with the addition of dry materials
(cement, fine sand, and silica fume) to the mixer, then potable water and plasticizer
were added, and finally, the required volume of steel fibers was added, according to
ACI 544R.

Accelerated curing by hot bath water was applied. The results indicated an
improvement in the compressive strength, (which was influenced by the size and

shape of the mold), the indirect tensile strength (which was measured in terms of
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the splitting test and flexure rupture method) and modulus of elasticity (which was
arrived at 90000 MPa at 4.5% steel fiber) with the higher the of percentage steel
fiber.

Table (2-2): Proportions of components per one cubic meter.

Added
Fine | Replacement
Cement, Silica | w/cm | HRWR Steel Fiber,
sand, | Silica Fume,
kg/m® Fume, | ratio | L/m® kg/m®
kg/m® kg/m®
kg/m?®
117.75
900 1050 100 100 0.2 45
235.5&353.25

2-6-2 Ultra High-Performance Concrete in Flat Slab

In 2019, Wu et al. [50] proposed a flat plate slab specimens of hybrid
concrete (UHPC-NSC) overlay, using a proposed model for analysis in addition to
the analysis with the finite element theory using a program (ABAQUS), and the
study parameters of the concrete tensile strength (NCS and UHPC) and thickness
(NSC and UHPC) in addition to the effect of longitudinal reinforcement steel. The

models were different in terms of reinforcement and thickness.

They concluded the application of UHPC overlay leads to largely load-
carrying capacity and deformation capacity, and thus can be a consideration for
modern existing RC flat plates, Longitudinal reinforcement steel has little effect on

punching shear strength Figure (2-19) shows different steel reinforcement ratios
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between specimens, and thickness of the layer (UHPC) has a positive effect on
improving the shear ability of the punching, but to a certain area, then its effect
becomes small. Usually, a thin layer (UHPC) is acceptable due to weight and cost

considerations.

1400 1500
— stec]() ]
1200 4 — stec]| 1400 4
taal? )
—stilclI ; 1300 4
—rat10 ] =().74%
1000 4 d p 0=0.74%
._i'l 1200 4 ” p=1.4%
~ i = p=0,74%
z 80 £ 1100
3 £
3: 600 _‘;_' 1000 ~
£ 900 A
400 4 é
£ 8004
200 4
700 +
+~—— " 600 = r T -
0005 1015 20 25 30 35 40 steeld steell steel2 ratiol
Displacement(mm) Specimen
(a) Finite element analysis (b) Proposed model

Figure (2-19): Punching strength affected by longitudinal bars [50].

In 2019, Andreas et al. [51] studied flat plates with dimensions (600*600
mm) and four different thicknesses (12, 22, 32 & 42mm) of high-performance
concrete (UHPC) with a ratio of steel fiber (3%) were poured and tested
experimentally to calculate the shear strength of punching and bending and used
Moreillon [52] models, to calculate punching shear and to compare with
experimental results. It shows that the slab of small thickness (12 & 22 mm) fails to
the punching shear, and the slab (32 & 42 mm) fails to the flexure, figure (2-20).
Suggested equations for calculating inappropriate punching shear, the thickness of
the billet is effective in cutting punching, but it needs a model to calculate it
accurately.
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(c) (d)

Figure (2-20): (a) & (b) Punching shear failure. (c) & (d) flexural failure [51].

In 2021, Kadhim et al. [53] made a theoretical study using a non-linear finite
element (FE) model by ABAQUS, depending on practical research conducted by
Zohrevand et al. [54] (Experimental background), see Figure (2-22). Then the
validated model was used to explore the influence of UHPC compressive strength,
UHPC area, column size and slab thickness. The results indicated that code models
including ACI 318-14, Eurocode2, and the model in Code 2010 cannot accurately
estimate punching shear capacity for reinforced UHPC slabs and hybrid NC/UHPC
slabs. Accordingly, the researchers have proposed to modify the existing ACI
equation, so they suggested their study model shown below which showed

improved accuracy:
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bo =max[ 4(c+d) or 4L]

U-0.6 (FE) U-0.6 (Exp.)

Shear Cracks Flexural Cracks Shear Cracks  proxural Cracks

Shear Cracks Shear Cracks

Figure(2-21): Validation study comparison of numerical [53] and experimental [54] crack

patterns.
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2-7 Summary and Concluding Remarks

From the previous studies on the behavior of reinforced concrete flat slabs

with and without column capital, strengthened or no strengthened, many remarks

can be summarized, as follows:

1.

There are two stages to improve the punching shear behavior of column slab
connections. The first relates to newly established connections and the other to
strengthening existing ones.

There are two types of studies of shear strengthening studies for punching in
flat slabs, one is a direct improvement of the capacity in shear, and the other is
an indirect improvement of the capacity in flexural.

Many researchers have come up with ways to eliminate brittle punching failure
and transform failure mode into flexural-shear failure or flexural failure.

Slab thickness and longitudinal rebar are factors affecting the shear capacity
and researchers used them to improve the capacity and are variables for their
study. However, the compressive strength of concrete is an important factor and
it can be developed using special types of concrete.

Most of the studies that used hybrid concrete were (NSC) the main material in
which their results are compared with codes, but other types of concrete do not
have a code to compare the results, only equations are used that were concluded
by previous researchers.

When using special types of concrete in the literature, the focus was on those
whose compressive strength did not exceed (100 MPa). While high-
performance concrete was used only by some researchers who used it for the

whole slab (which is not economical) or to treat it as an external strengthening.
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7. Most of the studies that dealt with UHPC focused on it as a construction
material, for example, the type and proportions of its components, its
mechanical properties and the proportions of steel fibers.

8. Replacing the reinforcement bar for the punching shear as per the code, with a
special type of concrete gives an important solution to the designers because of

the density of the reinforcement in this area.
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CHAPTER THREE
EXPERIMENTAL WORK

3-1 INTRODUCTION

Details of the experimental program implemented in the current study are provided
in this chapter. It was conducted to evaluate the structural behavior of simply supported
flat slabs with or without strengthening against punching shear failure, and to better
understanding of their effects. The experimental investigation was carried out by testing
fifteen specimens of reinforced concrete flat slabs to obtain the most reliable data of
load-deflection response, cracking pattern and to evaluate the ultimate load and the
failure modes. A series of tests were also conducted on small samples such as cubes,
prisms and cylinders for the various mixtures under study to determine the mechanical

properties of the produced concrete and compare its results with the control mixture.

In the design and planning phase for the current study, the experimental program
includes strengthening slab using hybrid concrete, Ordinary Concrete and Ultra High
Performance Concrete (UHPC). The variables that we focus on mainly area, shape and
depth (UHPC), also their optimum use. The experimental program involves slab
specifications, preparation and test of the materials, test setup, and general
instrumentation. This chapter explains the research method only while Chapter Four
will provide and discuss the results obtained from the tests mentioned. The flowchart

presented in Figure (3-1) indicates the total experimental investigation.
3-2 DETAILS OF THE TESTED SPECIMENS

The slab specimen is identified by symbols as seen in Figure (3-2) to facilitate the
comparison between a large number of investigated slabs in this research. Figure (3-3)

shows an example of specimen identification.

e
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Experimental work

Prepared and testing

raw materials

Trail mix of normal Trail mix of ultra-high
concrete to get optimum performance concrete to get
mix proportion optimum mix proportion

Slump test

Getting the optimum mix proportion for NSC Getting the optimum mix proportion for UHPC

Casting NSC samples (cubic, Casting UHPC samples (cubic,

prism& cylinder) prism& cylinder)

Test samples at 28 day Test samples at 7 &28 day

Casting column-slab connection specimen
NSC as specimen Hybrid concrete slab NSC with shear
reference (NSC/UHPC) reinforcement as
reference

Testing punchmg shear
for all flat slab under
axial load

Figure (3-1): Flow chart of the experimental program.

B ———————————————
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Table (3-1): Details of the tested flat slabs specimens.

Case Group Specimen Shape | volume Cast details
study No. Name UHPC of UHPC
Reference
Specimen NSC Normal concrete
Strengthening by
1d-SC 210*210*40 UHPC in
compression zone
2d-SC Square 320*320*40 | half depth square
Gl i shape (constant) and
shape :
variable area, as
3d-SC 430*430*40 | shown in Figure (3-4
b, ¢ &d)
1d-SI C 210*210*40 _
Same details G1 but
2d-SI C Rhombic 320*320*40 rotated area of L.JHPC
by angle 45, Figure
G2 shape (34 e, f&qg)
3d-SI C 430*430*40 ’
I
120-RC n*120°*40 | Same amount UHPC
in G1 and G2 but use
180-RC Circular | m*180°*40 | UHPC circular shape,
G3 shape as shown in Figure
243-RC I *243%*40 (3-4 h, 1 &j)
Reference
Specimen Sh.RN Normal concrete
187-PF Cross
400-PC shape [187*%00*4 Replacing punching
) (+. Shape) | +100°]*80 | shear reinforcement
Cross = by UHPC, Figure (3-
1 G4 187-XF shape | [400*100*4 4k, 1, m&n)
rotated 45" | +1007]*40
400-XC (X. shape)

The experimental program consists of (15) square flat slab sample addition to
one pilot slab as listed in Table (3-1) and Figure (3-4) with a dimensions (900*900*80

mm). Twelve specimens flat slab with square column cross section (100100 mm) at
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center of the slab, and three specimens flat slab with circular column of diameter 113

mm with a cross section area equal to that area of a square column. All slabs were
designed to failure in shear, as shown in Appendix (A). The specimens are divided into

two case studies as Table (3-1) the first without shear reinforcement while the second

the punching shear reinforcement has been added.

Ultra high performance concrete

Normal strength concrete

Flat slab samples with punching shear reinforcement

Average effective depth
Square shape for UHPC
S:Square l:inclined UHPC rotate 45 angle (Rhombic shape)
R: Radius, to referee Circular shape foe UHPC
UHPC at combression face (40mm thickness)
L IHPC at full denth (R0mm thicknacs)
Area that cast with UHPC as plus shape (+)

Area that cast with UHPC as multiplication sign form(X)

Figure (3-2): Slab specimen’s identification.

N

3d SC

3: represent factor dimension from face of column all direction (that was casted UHPC)

d=effective depth

S= square shape that area casted with UHPC (shape UHPC)

C= compression face 40mm thickness (location UHPC)

Figure (3-3): Example for Specimen Identification.
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All the specimens have the same flexural reinforcement steel and are tested under
(concentric) loading. The first case study (1) consisted of three groups in addition to two
slabs that were cast with normal strength concrete (NSC) as a reference, all specimen
hybrid concrete (NSC with UHPC) where the UHPC cast for half thickness at
compression face under column, UHPC was not laid in the tension face because it does
not provide significant results as mentioned in [55]. The first group (G1) consisted of
three specimens, a hybrid concrete (NSC with UHPC) where the UHPC cast as a square
shape at the center of the slab with a dimension of (1d, 2d & 3d) from the face of the
column in all directions for the three samples, respectively. The second group (G2)
consisted of three specimens, UHPC cast as a rhombic shape at the center of the slab,
area UHPC in this group is the same as area UHPC in the first group and the same
shape, but rounded by an angle 45 (rhombic shape). The three group (G3) consisted of
three specimens also, UHPC cast as a circular shape at the center of the slab, area
UHPC in this group is the same as UHPC area in (G1 & G2), UHPC was casted in
circular shapes, the radius of the circle for the first sample (120 mm) with an area
equivalent to the square of UHPC for the first sample in the first and second groups, and
the second sample with a radius (180 mm) and it is equivalent in area (UHPC) to the
second sample in the first and second groups, and the third one with a radius (243 mm)
and it is equivalent in UHPC area to the third sample in the first and second groups.
Circular columns in (G3) with a diameter (113mm) were used with an area equivalent to

that of the square columns (100*100) mm.

The second case study (IT), has only one Group (G4) consisted of four slabs, in
addition one slab that casted of a NSC with punching shear reinforcement as a reference
for this group, while in the remaining four slabs the punching shear reinforcement was
replaced by UHPC. The shear reinforcing steel was replaced by UHPC with the same
steel dimensions specified by (ACI 318-19) and with full depth slab and second
specimen, the same UHPC in first specimen, but rotated at an angle (45). The other two

e
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samples are similar to the previous one in shape and quantity UHPC except that they are
half the depth of the slab, as Table (3-1) for to get optimum use of ultrahigh

performance concrete.

-~ 900 - 900
NSC NSC
210
Top view Q Q Top view Q =
! S | SR 3
100
%} 100
=
D
Side view § Side view o
NSC B> [ZNSC ~ T | 3
210
(a) NSC &ShRN (b) 1d-SC
900 900
NSC NSC
320 430
Top view QL S || Top view b=
g )8 ] 5
UHPC UHPC
00 100
S S
Side view N Side view N
[ NSC l—uttP-u—I | & [NSC E—mec =T T2
320 ] - i 2 -
(c) 2d-SC (d) 3d-SC

Figure (3-4): Geometric details and UHPC locations of RC specimens (all dimensions are in mm).

R
43



CHAPTER THREE EXPERIMENTAL WORK

900 900
NSC NSC
Top view S || Topview 3
(y (0))] Pf&/ o)
=)
(@)
Side view N Side view
I NSC E—UHPC] ] % | NSC E==UHPCEETT | 8
296,98 452,55
(e) 1d-SIC (hH 2d-SIC
~ 900 - 900
NSC T NSCE
Top view S; Top view S ‘ S
o oy . o
QO g
3 3
Side view o Side view N
[NSE JHPC R [:iNSC  pUHRg- . ‘i .|
. 60855 240
(g) 3d-SIC (h) 120-RC

Figure (3-4): Geometric details and UHPC locations of RC specimens (all dimensions are in mm)
(Continued)

R
44



CHAPTER THREE EXPERIMENTAL WORK

900 " 900- "
Top view Top view 8
(o))
00 00
S
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[ NSC—uHPC | = 22 [NSCE—uHPC—T "2
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(i) 180-RC (j) 243-RC
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(k) 187-PF (I) 187-XF

Figure (3-4): Geometric details and UHPC locations of RC specimens (all dimensions are in mm)
(Continued)
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Figure (3-4): Geometric details and UHPC locations of RC specimens (all dimensions are in mm)
(Continued)

3-3 Materials Properties

Knowing the characteristics of the materials from which concrete is composed is
essential for their effect on the properties of concrete as a whole. Concrete is a
composite material consisting mainly of cement, fine and coarse aggregates (usually
natural sand and gravel), water and additives. In order to obtain high-quality concrete,
strict procedures were adopted in this experimental study in selecting the type and
proportions of materials. Detailed material descriptions and their physical and chemical

properties are given in subsequent sections.

3-3-1 Concrete
Locally available substances were utilized in the production of both types of
concrete implemented in this study (NSC and UHPC), which include cement, silica

fume, sand, gravel, superplasticizer, steel fibers and water.
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3-3-1-1 Cement

Locally made ordinary Portland cement (Type 1), commercially named Karasta,
was utilized during this investigation for casting all samples (NSC and UHPC). The
chemical composition and physical properties provided by the manufacturer are shown
in Table (3-2) and Table (3-3) respectively, which are in accordance with Iraqi
Specifications (1QS No. 5/1984) [56].

Table (3-2): Chemical analysis and main compounds of the used cement.

Chemical composition Item Test Result % 1.Q.S N0.5/1984 limits
Silicon oxide SiO; 20.58 -
Calcium oxide CaO 62.79 -
Ferric oxide Fe O3 3.28 -
Aluminum oxide Al,O3 5.6 -
Sulphur trioxide SO; 2.35 <2.8%
Magnesium oxide MgO 2.79 <5.0%
Insoluble residue I.R 1 <1.5%
Loss of ignition L.O.1 1.94 <4.0%
Lime saturation factor L.S.F 0.9 0.66-1.02
Main compound composition
Di-calcium silicate C,S 21.26 -
Tri-calcium silicate CsS 50.12 -
Tetra-calcium aluminate
ferrite CAR %98 ]
Tri-calcium aluminate CsA 9.29 -
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Table (3-3): The physical characteristic of the cement.

Item Test Result Iraqi specification No. 5/1984 limits
Blaine fineness (m“/kg) 314 >230
Compressive Strength (MPa)

3 days 20.7 >20

7 days 28.0 >23
Time of setting (Vicat)
Initial (hours: minutes) 2:05 >00:45
Final (hours: minutes) 4:20 <10:00 hrs

3-3-1-2 Fine Aggregate (Sand)

Natural sand with a maximum size of 4.75 mm was used in this research for NSC.
The sand has been washed and cleaned with water several times before use, and then
dried in air to get rid of excess moisture that may affect the mixing water content
significantly. Table (3-4) shows the classification and characteristics of fine aggregates
that comply with Iraqi specifications (1.Q.S No0.45/1984) [57]. Fine aggregate has been
examined in the Construction Material and Environmental Laboratories of the Civil

Engineering Department at the University of Babylon.
Table (3-4): Fine aggregate grading and properties.

Sieve's opening Passing %
size (mm) Fine aggregate | lragi specification (No. 45/1984) limits
10 100 100
4.75 93 90 - 100
2.36 82 75-100
1.18 72 55-90
0.6 51 35-59
0.3 22 8-30
0.15 6 0-10

Physical and chemical properties of fine aggregate

Property Test Results Limits of 1QS No. 45/1984
Specific gravity 2.60
Fineness modulus 1.45
Sulfate content SO3 (%) 0.38% <(0.5)
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3-3-1-3 Fine Aggregate (Extra Fine)

Natural fine aggregate brought from the region of (Al-Najef) was utilized as a
natural sand in UHPC. This natural sand was too coarse to be used successfully in
making mortar. Thus, the fine sand that was sifted by a 600-micron sieve to separate the
coarse particles is used in preparing the mortar, and the use of this size of sand has
proved successful for all mortar mixtures during the experimental work. Table (3-5)
shows the grading and sieve analysis and physical and chemical characteristics of fine
aggregate. It conforms to the (1Q.S N0.45/1984) [57] limitation zone (4). The fine
aggregate has been examined in the Construction Material and Environmental

Laboratories of the Civil Engineering Department at the University of Babylon.

Table (3-5): Fine aggregate (extra fine) grading and properties.

Sieve's opening passing %
size Fine aggregate | Iraqi specification No. 45/1984 limits
10 100 100
4.75 100 95 - 100
2.36 100 95 - 100
1.18 100 90 - 100
0.6 100 80 - 100
0.3 45 15-50
0.15 10 0-15
Physical and chemical properties of fine aggregate
Property Test Results Limits of 1QS No. 45/1984
Specific gravity 2.60 -
Fineness modulus 1.45 -
Sulfate content SO3(%) 0.38% <(0.5)
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3-3-1-4 Coarse Aggregate (Gravel)

Local gravel from Al-Nabai region with a maximum size of 14 mm was used as a
coarse aggregate in the current study. The gravel has been washed and cleaned with
water several times and allowed to be dried in air before being employed. Table (3-6)
shows the classification and characteristics of coarse aggregates that obey with Iraqi
specifications N0.45/1984 [57]. Coarse aggregate has been examined in the Construction
Material and Environmental Laboratories of the Civil Engineering Department at the

University of Babylon.

Table (3-6): Coarse aggregate grading and sulfate content.

Sieve's opening Passing %
size Fine aggregate Iraqi specification No. 45/1984 limits
14 100 90 - 100
10 83 50 -85
5 3 0-10
2.36 o6 e

SO;3 content= 0.07% (specification requirements up to 0.1%)

3-3-1-5 Silica Fume

Silica fume is a fine granule with a particle size hundreds of times less than cement.
It is usually used as a partial substitute for cement in relatively small proportions to
improve its properties as a result of the ability of this material to interact with calcium
hydroxide (resulting from cement hydration) and form a gel similar to cement gel and
thus contribute to improving the different properties of concrete. MEYCO MS610
condensed silica gray fume from Master Builders Solutions was used for UHPC. Table
(3-7) shows the physical and chemical properties of silica fume, which comply with the
standard ASTM C1240-04 [58].
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Table (3-7): Silica fume properties as provided by the manufacturer (Master Builders Solutions

Company).
Oxide / Property Content % Limits of ASTM C 1240
SiO; 95.14 >85
Specific surface (m“/g) 20.75 >15
Loss on Ignition 1.42 <6.0
Absorption (%) 0.73 -

3-3-1-6 Steel Fibers

A commercially available micro steel fiber (type WSF0213) was used in this study
to produce UHPC, as shown in Plate (3-1). This kind of fiber is manufactured by a
company in Jiangxi Province, China. The aspect ratio (Lf/Df) of the fibers is equal to 65.
A volume fraction (V) of 1.5% was adopted for this study. The properties of steel fibers
are presented in Table (3-8).

Table (3-8). Properties of steel fibers as provided by the manufacturer.

Property Value
Type WSF0213
Diameter 0.2 mm
Length 13 mm
Aspect Ratio 65
Density 7860 kg/m3
Tensile Strength Minimum 2300 MPa
Modulus of Elasticity 203 GPa
Melting Point 1500°C
Surface Brass coated
Shape Straight
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Plate (3-1): Steel Fibers Material Used in UHPC (by Author).

3-3-1-7 Admixtures (Super plasticizer)

A superplasticizer commercially called Sika ViscoCrete 5930- L produced by Sika
company (Switzerland) was utilized in this study. The properties of this superplasticizer,
which is conformed to ASTM C494 [59] Type F and G, are illustrated in Table (3-9).

Table (3-9) Technical description of Sika ViscoCrete-5930-L Superplasticizer as provided by the

manufacturer
Properties Sika ViscoCrete 5930-L
Density 1.1 kg/lt
Color Light yellow
Appearance Turbid liquid
Chloride content None
PH 6-8
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3-3-1-8 Mixing Water

Tap water was used for casting and curing the slab samples. additionally, it was

used for washing fine and coarse aggregates.
3-3-2 Reinforcing Steel Bars

Deformed reinforcing steel bars with diameters (g6mm and g10mm) were used in
this work. Reinforcement steel (g10mm) was used for the flexural strengthening of all
slabs in both directions. The main steel of the columns for all samples was reinforced
with (4 810 mm) steel bars and closed stirrups (3 @ 6 mm) to prevent initial failure. The
reinforcing bars used with different diameters were subjected to a tensile test in the
laboratory of the College of Materials Engineering - at the University of Babylon as
shown in Plate (3-2). Table (3-10) shows tensile test results for bars with diameters (26
& ©10). Figure (3-5) shows the typical reinforcement of the tested samples. There is
only one sample that differs from the others by adding additional steel bars of 4 g 6 mm
and stirrups with a diameter of 6 mm as a punching shear reinforcement as shown in
Figure (3-6).

Plate (3-2): (a) @6 stenosis (b) 810 stenosis (¢) 210 cutting.

R
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Table (3-10): Test results of steel reinforcement bars.

Nominal diameter | Measured diameter Yield stress Tensile strength Elongation
(mm) (mm) (MPa) (MPa) %*
10 9.95 448 545 10
6 5.95 420 740 6.5

* Min. value for diameter @10, is (9) according to ASTMAG615/A615M-05a[60]

200

Two tlirrtj}unﬁ O 10 (@ M mm ¢fe

.00

4 3 10

4 117 Closed stirrup € 6 mm /@ 75 mm cfc

800 00

Figure (3-5): Typical Reinforcement For Specimens.

200.00

I'wo dircc:;on\ O 10 @ 90 mm ¢/c
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- 3.4%*d=187mm—

7 Closed stirrup © 6 mm @ 75 mm c¢/c
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A
Y :
Closed stirrup @ 6 mm @ 22 mm c/c|

Figure (3-6): Specimen With Additional Punching Shear Reinforcement (Sh.RN).
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3-4 Concrete Mix Design
3-4-1 Normal Strength Concrete (NSC)
3-4-1-1 Mix Proportion of Normal Strength Concrete

Normal-strength concrete was used to pour different areas of the samples. It was
designed according to ACI-211.1 [61]. The target strength of concrete (f'c) for all slabs
was (23 MPa) at (28 days) of age. Experimental trail mixes were performed to adjust the
proportion of the mixed design to reach the required compressive strength. Table (3-11)

shows the optimal mixtures used (in a weight ratio per cubic meter).

Table (3-11): Details of normal strengthmix proportions (in kg/m®).

; Fine Coarse
Material Cement Water
Aggregates | Aggregate
Weight (kg) 368 850 900 213

3-4-1-2 Mixing Procedure of Normal Strength Concrete

The normal concrete ingredients were mixed according to ASTM C192-07 [62]. It
was mixed in the structural materials laboratory at the Department of Civil Engineering,
University of Babylon, with an electric mixer with a capacity of (0.02 m®). Coarse
aggregate was added to the mixer with about 20% of the mixing water. After several
revolutions, the fine aggregate was added along with about 20% of the mixing water.
After that, the mixer was turned on for a few seconds. Then, cement and the remaining
water were added. The concrete was mixed for three minutes then at three-minute rest,

and thereafter at two minutes as a final mixing.

55



CHAPTER THREE EXPERIMENTAL WORK

3-4-2 Ultra-High-Performance Concrete (UHPC)
3-4-2-1 Mix Proportion of Ultra-High Performance Concrete

Ultra-high-performance concrete (with a 2% steel fiber by volume) was used to
reinforce the flat slabs. During the early stage of the current study, several experimental
mixes were made and tested at the age of 28 days, as shown in Table (3-12). The
selected mixture ratios were sufficient to give a compressive strength of about (126)

MPa and suitable workability.

Table (3-12): Trail mixes proportion of UHPC.

No. of Mix 1 2 3 (Selected)
Cement (kg/m°) 975 1000 1000
Micro silica fume (kg/m°) 230 245 255
Fine sand (kg/m°) 1050 1050 1050
Steel fiber % by volume 2 2 2
Superplasticizer % by weight of
p chentitious maierialg 425 4 °
water/(cement +silica fume) 0.19 0.17 0.155
fc' (28 days) MPa 85.63 105 126

3-4-2-2 Mixing Procedure of Ultra-High-Performance Concrete

For ultra-high-performance concrete, cement and fine sand were mixed in a dry
state for approximately two minutes to disperse fine sand particles among the cement
particles. Then, silica fume was added and the mixture was mixed for two minutes. The
solution of water and superplasticizer (pre-mixed) was gradually added during the
mixing process, and then the mixture was thoroughly mixed for 5 minutes. The steel

fibers were uniformly distributed in the mixture for 3 minutes. In total, mixing one batch
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involves approximately 14 minutes. An electric handled mixer was used to mix the
UHPC as described in Plate (3-3).

F

Plate (3-3): Drilling Mixer.

3-5 Specimens Preparation for Testing.

This part describes the preparation of reinforcement cages and mold, mixing
procedure, casting and curing of the tested specimens.

All specimens in this study were cast in plywood molds with net dimensions (900
* 900 * 80 mm). Five plywood molds were superimposed to accommodate the
reinforcing cages inside. The mold consists of ten separate parts that can be assembled
in an easy way with special screws (for wood use) and metal pieces to fix the corners.
The mold can be used more than once. It was designed to be easy to assemble or
disassemble without any effect on the molded sample, as shown in panels (3-5a).
A steel mold of different shapes and dimensions is used to separate and isolate the area

to be cast using UHPC and for columns of circular cross-section, as in slab (3-5Db).

R
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Before casting, the mold was oiled and placed in horizontal planes, then the main rebar
was placed in the mold followed by placing the steel mold in the center of the slab to
separate the NSC from the UHPC. The two types of concrete were poured
simultaneously and the mold was filled to the required level. Moreover, the vibration
was applied to both types of concrete at the same time to achieve complete bonding. The
steel mold was removed by steady pulling. The following stages describe the casting
process:

1. Before casting, the plywood and steel molds were prepared by cleaning them and
lubricating the inner surface with oil to prevent sticking to the hardened concrete and
placed on leveled ground.

2. After the formwork was prepared, the previously prepared rebar was placed and
centered with a 15 mm cover in all directions and then the rebar was connected to the
column in the middle of the slab as shown in Plate (3-5).

3. The specimens were cast on three separate dates. One batch of concrete is used to
pour all five slabs. The concrete was mixed in an electric mixer with a horizontal
rotating drum with a capacity of (0.09 m®. Concrete mixing was performed in
accordance with ASTM C192-07 [62]. Before mixing, all quantities were weighed and
filled into a clean container. In all mixtures, first, coarse and fine aggregates were put
into the mixer and mixed in two-thirds of the water required for one minute. Then
cement and remaining water were added and mixed for three minutes. On each casting
day, five slabs (shown in Plate (3-6)), samples from three cylinders with a diameter of
150 mm and a height of 300 mm, and six cubes (150 x 150 x 150) mm for the NSC and
(50 x 50 x) 50), (70 x 70 x 70) and (100 x 100 x 100) mm for UHPC were cast to
determine the mechanical properties of concrete, as shown in Plate (3-7). The high-
performance concrete was mixed as per (3.4.2.2).

4.  After mixing, the concrete was poured into a lightly oiled mold in two layers and

compacted well by a mechanical plunger vibrator (3500 rpm), for 5 seconds per entry.
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While UHPC is compacted using a staple stick. The surface of the concrete was leveled
and finished using a steel trowel, taking due care not to move the rebar of the post. NSC
and UHPC were cast together. Thereafter, the spacers (steel mold) were carefully
removed in a stepwise manner and the other concrete type (UHPC) was poured directly

(at the same time) as shown in Plate (3-8).

T S .

Plate (3-5): Preparing of the mold wood and upload reinforcement steel with plastic spacers.
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5. After (24) hours, the plywood mold was removed and the column was cast using a

square plywood mold with dimensions (100 * 100 * 200 mm in height) and a steel
round mold (113 mm in diameter and 200 mm in height) as shown in Plate (3-10),
column cast with NSC. Then, burlap was placed over the slabs and kept wet until 28
days as shown in Plate (3-10). Cylinders, cubes and prisms were placed in the
curing water tank and kept hydrated according to standard specifications.

6. After (28) days, the specimens were removed from the curing basin and then tested.
On the other hand, the concrete surfaces of the slab samples were painted white,
then their symbols were written and they were prepared for testing as shown in Plate
(3-11).

Plate (3-6): The casting process of the five slabs (per one day).
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Plate (3-7): The casting of the control samples.

Plate(3-8): The pouring of NSC and UHPC together with surface leveling.

B ———————————————
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Plate (3-10): Curing all Specimens.
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Plate (3-11): The coating of slab samples with white color (after curing) and preparing them for
testing.

3-6 Mechanical Properties of Concrete.

3-6-1 Fresh Properties of Concrete.
The slump test of NSC was executed according to ASTM C 143/C 143M-05a as

an indicator of the workability of fresh concrete as presented in Plate (3-13).

Plate (3-12): Slump Test.

——————————————
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3-6-2 Mechanical Properties of Hardened Concrete

All samples (cubes and cylinders) were left in the molds for 24 hours. After that,
they were removed from the molds and placed in a basin filled with clean water. After
28 days, they were taken out from the container and tested with each corresponding flat
slab sample at the same time according to BS1881-116-89 [63] and ASTM-C496-11
[64] to obtain the compressive and splitting tensile strength respectively, using 2000 kN-

capacity universal testing machine.
3-6-2-1 Compressive Strength (fcu)

The concrete cube compressive strength of the control samples (f.) was obtained
according to British Standard BS1881-part 116:1989 [63]. The tests were conducted in
the Structural Laboratory of the University of Babylon. All cubes (150 x 150 x 150) for
NSC mm and (50 x 50 x 50) (70 x 70 x 70) mm for UHPC were tested at 28 days as
shown in Plate (3—13).

3-6-2-2 Tensile Strength (fst)

The splitting tensile strength test was performed as per ASTM C496-11 [64]. A
total of 6 cylinders were tested with (150 x 300) mm for NSC and (100 x 200) mm for
UHPC. Two loaded strips of 3.0 mm thick plywood, 300 mm long, were placed above
and below the sample to provide uniform pressure on the surface of the test cylinder, as
shown in Plate (3—-14). The load was applied continuously without shock until the failure
using a 2000 kN testing machine. The splitting tensile strength was calculated from the

following equation:

2P
fst = oD e (3-1)

Where D and L are the cylinder diameter and length (mm), respectively. P is the

applied load (N) while fst is the splitting tensile strength (MPa).

e
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Plate (3-13): Compressive strength test setup for NSC and UHPC.
3-6-2-3 Modulus of Elasticity (Ec)

The modulus of elasticity of concrete is one of the fundamental factors influencing
the behavior of reinforced concrete slabs because it is directly related to its stiffness. An
automatic universal cylinder compression tester with a capacity of 2000 KN equipment
was utilized to carry out this test. Each of the tested samples was equipped with a
pressure gauge. The test was performed according to ASTM C 469-2010 [65]. The

method includes loading the cylinder with three loading cycles up to 40% of its

——————————————
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compressive strength value, whereby using the average of the last two cycles, the

modulus of elasticity is calculated from the following equation:

Ec=—22>L (3.2)

~ €2-0.00005
Where S1 is stress corresponding to a longitudinal strain (€;) of 50 millionths, S, is
stress corresponding to 40% of the ultimate load, Ec is modulus of elasticity in MPa, and

&, is longitudinal strain produced by stress S,.

Plate (3-14): The splitting tensile test setup.

3-7 Test Procedure and Instrumentations
3-7-1 Testing Machine

A hydraulic testing machine (600 kN of capacity), which is available in the Civil
Engineering Laboratory, Department of the College of Engineering, University of
Babylon, was used to observe the response of the flat slab samples.
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3-7-2 Testing Instruments, Supporting and Loading Conditions

All slabs tested were simply supported along the perimeter of the slab and
centrally loaded by the square or circular column. The structural behavior (load,
deflection, and cracking pattern) of the flat slabs at each stage of loading was detected
using several tools. Through each step, the load deflection and crack width were
recorded. The tests continued until the final load, and the crack width at the first crack,
the final load at the end, and up to complete failure (collapse) were recorded. The

instruments used in the tests, as shown in Plate (3-15), are listed below:

1. A new testing system (load cell) was connected and after calibration, this system
was approved for testing.

2. The test started with a small pre-load cycle of about 5 kN to settle the slab and
maintain the position before the start of the test.

3. The crack width of all slab samples was measured using an optical micrometer

with a resolution of 0.02 mm.

Load control Load control computer data recording | Dial gauges
device old aevice new
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3-7-3 Test Procedure

All samples were painted white. At first, by testing the samples, the main
characteristics of their structural behavior at each step of loading such as cracking load,

cracking width, ultimate load, displacement, as well as failure mode were recorded.

In order to verify the accuracy and validity of the supports and devices used, one
experimental sample was tested. At a loading rate of 0.1 kN/s, the load was applied in
stages and the crack width was recorded at each increment of loading until
approximately 80-85% of the expected final load for safety purposes. After each process
of reading and showing the crack, which takes about two minutes, the loading process
was resumed, and so on, until the sample fails. The signs of crack development on the
concrete slabs were placed using a thick felt-tip pen in order to facilitate the

identification of cracks and their locations during the examination.

The test began with a small preload cycle of about 5 kKN to settle the slab and
preserve its situation before the start of the test. Once the test was completed, the crack
pattern was studied and further photographs were taken. Finally, the slab was removed
from the test frame and the concrete surface was examined at different locations. Plates
(3-16) and (3-17) show the details of the testing machine and the crack width

measurement process.
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Plate (3-17): Marking the cracks.
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CHAPTER FOUR

EXPERIMENTAL RESULT AND DISCUSSIONS

4-1 Introduction

In this chapter, the most relevant results obtained from experimental program
that described in previous chapter are summarized and discussed. First, the
properties of concrete obtained from tests of the control samples (cubes, cylinders)
are displayed. Then, test results obtained of flat slab specimens are presented and
discussed including, Load-deflection response, cracking patterns, ultimate strength,

failure modes, stiffness criteria, and ductility index.
4-2 Mechanical Properties of Concrete

After 28 days, three standard NSC cubes of (150x150%150) mm and three
standard UHPC cubes from (50x50x50)mm and (70x70x70) mm for compressive
strength and three standard concrete cylinders of (150x300) mm for NSC and (100
x 200) mm cylindrical for UHPC used for splitting tensile strength and modulus of
elasticity were taken out of the container and tested according to BS1881-116 [66],
ASTM-C496 [67], and ASTM C469-2010 Standard [68] respectively. The slump
results for NSC are 87mm while, the fresh density for NSC is 23.15 KN/m3.

The mechanical properties of concrete samples are presented in Table (4-1).
In this table, an average of three specimens for each reading is considered. The
added values were deduced from the compressive strength of the cubes using the

equations that follow the table below.
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Table (4-1): Mechanical properties of the concrete (continue).

Cube Cylinder Splitting
) ) ) Modulus of
Slab specimen Compressive Compressive Tensile Elasticity**
Strength Strength* Strength fst

fcu (MPa) fc’ (Mpa) (Mpa) Ec (Mpa)
NSC NC 28.875 23.1 2.54 24682
Sh.RN NC 28.975 23.18 2.47 24461
NC 28.725 22.98 2.48 25482

1d-SC UHPC 125 125 9.375 46286.6
NC 28.8625 23.09 2.53 23983
2d-SC UHPC 123 123 8.854 45915
NC 28.8125 23.05 2.42 25433
3d-SC UHPC 126 126 9.1 46472
NC 28.94 23.15 2.38 25568

1d-SIC

UHPC 127.4 127.4 9.8 46693
NC 28.88 23.11 2.625 25499
2d-SI C UHPC 127 127 9.8 46656
NC 28.775 23.02 2.37 26378

3d-SIC UHPC 125 125 9.5 46286.6
NC 28.7 22.96 241 25325
120-RC UHPC 126.8 126.8 9.6 46619
NC 29 23.2 2.5 25590
180-RC UHPC 122 122 9.15 45728
NC 28.875 23.1 2.51 25460
243-RC UHPC 121.5 1215 9.2 45634
NC 28.75 23 2.53 25310
187-PF UHPC 120.8 120.8 8.7 45352
NC 29.06 23.25 2.45 26400
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Table (4-1): Mechanical properties of the concrete (continued).

NC 29.25 23.4 2.47 25988
400-PC
UHPC 126 126 10.1 46472
NC 29.187 23.35 2.626 26310
400-XC UHPC 126.6 126.6 10 46582
* f¢ (NSC) =0.8 fcu (Mpa) according to (BS8110-1-97 [69])

f¢ (UHPC) =1.0 fcu (Mpa)  according to (Larrard et al., 1994 [70])
** EC (UHPC) = 4140 \/ﬁ (Mpa) according to (Adheem, 2016 [71])

4-3 Load-Deflection Response and Cracking Patterns
4-3-1 General Behaviour

In general, there are three phases of the load-deflection response: elastic
uncracked, cracked elastic and inelastic up to the ultimate stages, where the first
stage ends at the initiation of cracks and are shown in Figures (4-1) to (4-15). In
the uncracked elastic phase, the deflection increased linearly in all samples with
loading, because the materials in the stress and strain regions were elastic. In the
elastic cracking stage, there was a linear relationship between load and deflection
but with a decrease in slope. After this stage, the slope decreased dramatically and
the increases in deflection worsened with a slight increase in the loading level until
failure. The test results obtained for all samples are listed in Table (4-2) and
discussed in the following sections. All the flat panels tested were free of cracks at
the initial loading stages and responded elastically at low loading levels. The
deflection was proportional to the applied loads. Later, as the load increased, more
cracks developed. Generally, there were two types of cracks produced, radial
cracks and tangential cracks. Radial cracks appeared and their width increased, and

in the final stage, tangential cracks appeared and increased with expansion until

72




CHAPTER FOUR

EXPERIMENTAL RESULT AND DISCUSSIONS

collapse occurs. Failure was defined as when the load could not be increased

further.

Table (4-2): Cracking load, ultimate load and ultimate deflection of the tested samples.

) ) Increasing | Increasing
) Deflection ) Ultimate | _
) First ) Ultimate ) in puwith | in Au with
Case Specimen at service Deflection
) _ crack load pu respect to | respect to
study | designation load* Au
KN (KN) control control
(mm) (mm)
% %
NSC 26 2.9 83.5 486 | - | e
1d-SC 43 1.511 116.75 5.7 39.8 17.2
- 2d-SC 47 1.067 154.5 6.77 85 39.3
3d-SC 31 1.556 160 8.3 91 70.7
1d-SIC 33 1.38 137.5 6.44 64.6 325
- 2d-SIC 33 2.94 158 10.03 89.2 106
3d-SIC 30 1.965 166 8.85 98.8 82.1
I 120-RC 36 2.31 151 7.58 80.8 56
- 180-RC 34 131 160.16 7.3 91.8 50.2
243-RC 30 1.72 164 8.236 914 69.46
Sh.RN 35 2.065 98 484 | - | -
187-PF 38 2.32 1515 9.94 54.6 105.3
187-XF 44 1.77 167 9.948 70.4 105.5
IT| G4 400-PC 30 151 124 9.34 26.5 92.97
400-XC 36 1.71 143 7.14 46 47.52

* Assumed service load = Ultimate load of reference slab/ 1.7 [72]
4-3-2 Pilot Flat Slab

This slab has been tested to verify the testing machine, adequacy of
instruments, bearing and loading plates as well as to ensure that punching shear
failure will occur before flexural failure. The failure occurred finally at a load of
about (68 kN).
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4-3-3 Control Flat Slab Specimen without Shear Reinforcement (NSC).

This specimen was made from normal-strength concrete (without shear
reinforcement), which is regarded as a reference specimen for these test groups
(G1, G2, & G3), as shown in Figure (3-4). An early first crack formed at load
about (26 kN) (i.e. 31 % of the ultimate load) at a distance (1.5d) from the center
of the slab approximately (d: represent average effective depth for all slab). After
increasing the load level, as the load is increased to (42 kN), radial cracks are
formed but it does not connect to the edges of the slab, then these cracks began to
increase in width and length towards the edges of the slab. At load level (67 kN),
tangential cracks are formed, then the punching shear failure occurred at the
ultimate load of (83. kN), as shown in Plate (4-1). Figure (4-1), shows the Load-

deflection curve.

Plate (4-1): Cracking pattern specimen NSC at failure.
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Figure (4-1): Load-deflection curve for specimen NSC.
4-3-4 Case Study (1) Groups (G1, G2, and G3):

All the flat slabs are hybrid concrete, ultra-high performance concrete casting
in column-slab connection in different forms (G1: square shape, G2: rhombus
shape and G3: circle shape). Each shape has three specimens (1d, 2d &3d) distance
from the face of the column on each side, forming a strengthening region, with
fixed thickness UHPC (40mm at compression face). The influence of these
variables has been studied through cracking load, ultimate strength and failure

mode and compared the results with those of reference specimen.
Specimen 1d-SC

Specimen 1d-SC is a flat slab with a square UHPC area of 210 * 210 mm.
The first crack formed at a load of about (43 kN) (i.e. 36% of the ultimate load),
and started from the projection angle of the column on the tension face. At the
loading level (58 kN), the radial cracks started to extend from the column face

towards the slab support.
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When the load level was about (80%) of the final load, it was observed that no
new cracks were initiated and the width of existing cracks increased in the NSC
but cracks appeared in the tensile face at the edge of the UHPC region, as shown in
Plate (4-2a). Then punching shear failure occurred at the ultimate load of (116.75
kN) as shown in Plate (4-2b). Figure (4-2) shows the load-deflection curve for this
sample and its comparison with the NSC. It can be seen that the increase in the
ultimate load is due to the presence of reinforcement by UHPC, but this
reinforcement was not a good improvement and the decrease in the curve was

somewhat sudden compared to the reference sample.
Specimen 2d-SC

The specimen 2d-SC (flat slab with square UHPC region of 320*320 mm).
The first crack formed at the load of about (47 kN) (i.e. 30.4 % of the ultimate
load) and started from the corner of the column-projection on the tension face.
When the load increases, cracks began to form, similar to the first crack, radially

from column projection and towards the edges of the slab.
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Plate (4-2): Cracking pattern for 1d-SC at failure, a: compression face b: tension face.
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Figure (4-2): Load-deflection curve for Specimen 1d-SC.

It can be seen as illustrated in Plate (4-3), the cracks are marked in red and the
numbers in green if we follow one of the cracks that started with 50 kN and then
evolve (60, 65, 73, 88, and 91...etc.) towards the edge of the slab.

At load 125 kN cracks stopped generation in the tension face but were
apparent around the area UHPC in the face of compression, as the load increased,
these cracks developed, forming a failure of the punching shear and penetration
deep into the slab at ultimate load (154.5 kN). The area UHPC for this specimen
gave a strengthening ratio of about (85%) for the reference slab. Figure (4-3)
shows the comparison between this specimen and the reference specimen and the

amount of development in resistance by increasing the area of strengthening.
Specimen 3d-SC

The specimen 3d SC (flat slab with square UHPC region 430*430 mm). The
first crack formed at the load of about (31 kN) (i.e. 19.5 % of the ultimate load),
and started from the corner of the column-projection on the tension face, the first

e
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crack was seen early

approximately equivalent to its value in the reference

specimen.
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Plate (4-3): Cracking pattern for specimen 2d-SC at failure.
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Figure (4-3): Load-deflection curve for specimen 2d-SC.

After that cracks

began to form, similar to the first crack, radially from

column projection and towards the edges of the slab.

Cracks developed in this slab similar to the previous two slabs (1d-SC & 2d-

SC) at tension face, but it is completely different at compression face so that when

e
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reaching the ultimate load (160 kN), the slab fails with a punching shear and the
crack is around the perimeter of the column, an unfavorable place to fail, as in
Plate (4-4a), and the failed area is in a semi-circular shape, as in Plate (4-4b).

Plate (4-4): Cracking pattern for specimen 3d-SC at failure. a: compression face b: tension face.
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Figure (4-4): Load-deflection curve for specimen 3d-SC.
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Specimen 1d-SIC

The specimen 1d-SIC (flat slab with rhombus shape UHPC region
210*210mm), the first crack formed at the load of about (33 kN) (i.e. 24 % of the
ultimate load) the first crack appeared early started from the corner of column-

projection on the tension face.

As the load is increased to (65 kN), radial shear cracks were formed and then the
width of these cracks increased and developed extending towards the edges of the
slab as the plate (4-5b), and with the load (108 kN) cracks stopped growing and
cracks began to appear with an edge UHPC in the face of compression forming the
failed space in the punching shear, its occurred at the ultimate load of (137.5 kN)
as in Figure (4-5). As well as a crack through the space parallel to the face of the

column as the plate (4-5a).

Specimen 2d-SIC

The specimen 2d-SIC (flat slab with rhombus shape UHPC region
320*320mm) has details as shown in Figure (3-4). The first crack formed at the
load of about (33 kN) (i.e. 21 % of the ultimate load) the first crack appeared early

and started from the corner of the column-projection on the tension face.

The behavior of the cracks is similar to the specimen 1d-SIC if it is radial
cracks in the tension face up to the failure of the shear at the ultimate load (158
kN) as in Figure (4-6), but this failure of the punching shear occurs in this slab

away from its center close to the edge of the slab as in the Plate (4-6).
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Plate (4-5): Cracking pattern for specimen 1d SIC at failure. a: compression face b: tension face.
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Figure (4-5): Load-deflection curve for specimen 1d SIC.

Specimen 3d-SIC

The specimen 3d-SIC (flat slab with rhombus shape UHPC region
430*430mm), has details as shown in Figure (3-4). The first crack formed at the
load of about (30 kN) (i.e. 18 % of the ultimate load), the resistance of the slab to
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failure up to the ultimate load after the first crack appeared early is due to the

presence of high-performance concrete and the presence of steel fiber in it.
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Figure (4-6): Load-deflection curve for specimen 2d-SIC.
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The behavior of the cracks is similar to the specimens 1d-SIC and 2d-SIC, but
what is noticeable in the crack pattern it is the occurrence of punching shear in the
vicinity of the column in the compression face plate (4-7), and it is similar in its
behavior to the specimen 3d-SC, which is considered equal to it in quantity UHPC.
Because of the large area of UHPC the slab behaves as if it is made of the whole
UHPC.

The similarity between (2d-SIC & 3d-SIC) was not only in the first crack and
failure pattern, but the final load was close. Increasing the amount of UHPC by
about (80%) did not lead to a noticeable increase in the final load, as it failed at
(166 kN) as in Figure (4-7), through which we notice a sudden failure, as is the

descending part of the curve.

Plate (4-7). Cracking pattern for specimen 3d-SIC at failure. a: compression face b: tension face.
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Figure (4-7): Load-deflection curve for specimen 3d-SIC.
Specimen 120-RC

The specimen 120-RC (flat slab with circular shape UHPC region radius
120mm) in a quantity UHPC equal to the quantity used in specimens 1d-SC & 1d-
SIC, have details as shown in Figure (3-4). The first crack formed at a load of
about (36 kN) (i.e. 24 % of the ultimate load) the first crack started from the

column projection on the tension face.

Plate (4-8) shows that there is no difference in the failure pattern from the
previous slabs, the growth of the radial cracks is the same as shown in the previous
specimens, then the round cracks appear, which the specimen fails with the
ultimate load (151 kN) as in Figure (4-8). This quantity of UHPC gives a good

resistance reached (80%) of the reference sample.
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Plate (4-8). Cracking pattern for specimen 120-RC at failure. a: compression face b: tension face.

Specimen 180-RC

The specimen 180-RC (flat slab with circular shape UHPC region radius
180mm) in a quantity UHPC equal to the quantity used in specimens 2d-SC & 2d-
SIC have details as shown in Figure (3-4). The first crack formed at the load of
about (34 kN) (i.e. 21 % of the ultimate load) the first crack started from the

column projection on the tension face.
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Figure (4-8): Load-deflection curve for specimen 120-RC

Plate (4-8) shows that there is no difference in the failure pattern from the
previous groups, the growth of the radial cracks is the same as shown in the
previous specimen, then the round cracks appear in the tension face, which the
specimen fails with the ultimate load (160.16 kN) as in Figure (4-9). There is a
difference in the pattern of cracks in the face of compression as in the plate (4-9a)
that the failure of the punching is not circular and not within the region UHPC it is

observed that the crack goes far.
Specimen 243-RC

The specimen 243-RC (flat slab with circular shape UHPC region radius
243mm) in a quantity UHPC equal to the quantity used in specimens 3d-SC & 3d-
SIC has details as shown in Figure (3-4). The first crack formed at a load of about
(30 kN) (i.e. 19 % of the ultimate load) the first crack started from the column

projection on the tension face.
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Plate (4-9). Cracking pattern for specimen 180-RC at failure. a: compression face b: tension face.

180

160 —

140 - ~

120 7

g
o

™,

—NSC
- p ——180-RC

LOAD (kN)
B
ey
N
A

[

20

Figure (4-9): Load-deflection curve for specimen 180-RC.
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Plate (4-10). Cracking pattern for specimen 243-RC at failure. a: compression face b: tension face.

The failure pattern does not differ from the previous specimens except in the
descending region of the punching failure, as it is small compared to the previous
specimens as in Plate (4-10b). There is a difference in the pattern of cracks in the
compression face as in the plate(4-10a) that the failure of the punching shear was
circular in the circumference of the column, and no other cracks appeared. The
same behavior specimens (3d-SC & 3d-SI C) the equivalent specimen with a

quantity UHPC and this place of failure is unfavorable.
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Figure (4-10): Load-deflection curve for specimen 243-RC.
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4-3-5 Control Flat Slab Specimen with Shear Reinforcement (Sh.RN).

This specimen was made from NSC (with shear reinforcement). This slab was
designed by punching shear reinforcement according to (ACI 318-19) which is
regarded as a reference specimen for this test group (G4), see Figure (3-4). The
first crack formed at a load of about (35 kN) (i.e. 35.7 % of the ultimate load) the
first crack started from the corner of the column-projection on the tension face,

away from punching shear reinforcement, as in Plate (4-11).

After increasing the load level, as the load is increased to (45 KkN),
Longitudinal cracks began to appear along the reinforcement area of the punching
shear, as the load progressed, these cracks increased and similar ones appeared and
then longitudinal cracks also appeared perpendicular to the previous one. At the
load (80 kN) circular cracks appeared in more than one failure circumference until
the slab failed with the ultimate load (98 kN) as in Figure (4-11).

Plate (4-11): Cracking pattern for specimen Sh.RN at failure.
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Figure (4-11): Load-deflection curve for specimen Sh.RN.

4-3-6 Second Test Case Study (1) Groups (G4):

All the flat slabs madding hybrid concrete, (NSC & UHPC) ultra-high
performance concrete casting in column-slab connection, in this case of the study,
the flat slab was strengthened by replacing the punching shear reinforcement with
(UHPC) and because it is an expensive material, so we used the same amount of it
in all specimens with different forms and different thickness. The influence of
these variables has been studied through cracking load, ultimate strength and

failure mode and compared the results with those of the reference slab.
Specimen 187-PF

The specimen 187-PF (flat slab with + shape of UHPC) is 187 mm from all
faces of the column and width equal to section of column (100 mm) and full depth
of slab ( 80mm), the 187 mm equal to 3.4d according to ACI 318-19 code where d:

average effective depth (55mm), as shown in Figure (3-4). The first crack started
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from the corner of column-projection extending into a contact area NSC/UHPC at
load about (38 kN) (i.e. 25 % of the ultimate load) and the first crack in UHPC
started at load (96 kN) (i.e. 63% of the ultimate load) as shown in Plate (4-12).

The radial cracks began to appear after the first crack and progressed in width
and extension toward the edges of the slab with the progression of the load. After
load (128 kN) cracks appeared in the face of tension until the slab failed to load the
ultimate (151.5 kN) as in Figure (4-12), and the area of failure in the punching

shear consists of UHPC plus a part of the normal concrete, as in plate (4-12a).
Specimen 187-XF

Specimen 187-XF (flat slab with X. shape of UHPC) same shape and
dimensions as UHPC in specimen 187-PF but the shape of UHPC rotated at an

angle of 45.
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Plate (4-12).Cracking pattern for specimen 187-PF at failure. a: compression face b: tension face.

The first crack appeared far from the site of the column at the end of the

UHPC area, and this is preferable, which is to move away from the area where the
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column is connected to the slab at a load of about (44 kN) (i.e. 26.3 % of the
ultimate load) and the first crack in UHPC started at load (75 kN) (i.e. 45 % of the
ultimate load) as shown in Plate (4-13): The cracks behave similar to the previous

slab, except that it gave a high resistance as it failed in ultimate load (167 kN) as in

Figure (4-13).
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Plate (4-13): Cracking pattern for specimen 187-XF at failure. a: compression face b: tension

face.
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Figure (4-13): Load-deflection curve for specimen 187-XF.

Specimen 400-PC

The specimen 400-PC (flat slab with +. shape of UHPC) same shape and
amount of UHPC as specimen 187-PF but with half the thickness of the slab (40
mm in compression face), so the dimension becomes (400 mm) from every side.
The first crack started from the corner of the column projection extending into a
contact area NSC/UHPC at load about (30 kN) (i.e. 24 % of the ultimate load) and
the first crack in the bottom UHPC area started at load (80 kN) (i.e. 64% of the

ultimate load) as shown in Plate (4-14).

The radial cracks began to appear (after load 30kN) symmetrically in the four
quadrants of the slab and at each load. The growth of these cracks stopped after
(75%) of the ultimate load, then the cracks appeared in the contact area, the two
types of concrete in the face of the compression of the slab, then the slab failed

with circumferential cracks as indicated in the red Plate (4-14), but they did not
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appear in the tension face. Indeed, the resistance of the slab was not high as in

Figure (4-14), but the type of failure changed to flexural failure.

Plate (4-14).Cracking pattern for specimen 400-PC at failure. a: compression face b: tension

face.
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Figure (4-14) the Load-deflection curve for specimen 400-PC.
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Specimen 400-XC

The specimen 400-XC (flat slab with X. shape of UHPC) same shape and
dimensions as UHPC in specimen 400-PC but the shape of UHPC rotated at an
angle of 45.

The first crack appeared a little away from the column due to the effect of the
shape UHPC at load about (36 kN) (i.e. 25 % of the ultimate load) and the first
crack in the bottom UHPC area started at load (60 kN) (i.e. 42% of the ultimate
load) as shown in Plate (4-15). The development of radial cracks is similar to the
previous slabs, but the failure of the punching occurred at the end of UHPC in the
tension face, but in the face of compression it obtained a distance equal to the

column section from the face of the column.

Plate (4-15).Cracking pattern for specimen 400-XC at failure. a: compression face b: tension

face.
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Figure (4-15): Load-deflection curve for specimen 400-XC.
4-4 Effect of Considered Variables on Structural Response.

A summary of the effect of considered variables (area UHPC, depth UHPC
and its shape) will be discussed and devoted on the main structural response such
as the first cracking loads of shear cracks, ultimate load, deflection at service load,

failure mode as well as the best way to strengthen, as presented in Table (4-2).
4-4-1 Cracking Load

By reviewing the above specimens, we note that the first crack always occurs
in normal concrete and started from the column projection on the tension face and
growth toward the slab edge due to the concentration of stresses except in 187-XF
it appears at the end of the UHPC region, and this may be one of the advantages of
this application UHPC.

From the observation of Table (4-2), the value of the first crack ranges (26-48

KN ) there is a clear discrepancy in the two groups (G1&G4) and convergence in

e
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the two groups (G2&G3). As for the percentage of its appearance from the ultimate
load, it ranged (from 19-36%). With further loading, additional cracks formed from

the column face and moved in parallel to the first crack.
4-4-2 Ultimate Strength

For the results of the first case study (I) the ultimate load capacity (Pu) for
each tested specimen and the comparison with the reference one NSC are listed in
Table (4-2). In general, the ultimate load of the slab increases with the increase in
the area of UHPC we notice this in groups (G1, G2, & G3.), so the percentages of
increase in the group (G1) were 40%, 85%, & 91% for 1d-SC, 2d-SC, & 3d-SC,
respectively. The percentages of increase in group (G2) were 64%, 89%, & 98%
for 1d-SIC, 2d-SIC, & 3d-SIC respectively. The percentages of increase in group
(G3) were 80%, 91%, & 91% for 120-RC, 180-RC, & 243-RC respectively.

We notice the effect of the UHPC shape, so the same quantity of UHPC gave
a ratio (40%, 64%, & 80%) in the group (G1, G2, & G3) respectively, we conclude
from this that the circular application in this quantity UHPC is ideal.

While the effect of the shape is small in the quantities of UHPC the rest in the
three groups, if it ranges (from 85-98%), where was the highest percentage in the

rhombic shape for specimen 3d-SIC.

On the other hand, for the second case study (Il) the ultimate load capacity
(Pu) for each tested specimen and the comparison with the reference one Sh.RN. In
general, the ultimate load of the slab increases with the increase in the depth and
shape of UHPC we notice this in group (G4) so the percentages of increase in this
group were 55%, 70%, 27%, & 46% for 187-PF, 187-XF, 400-PC, & 400-XC
respectively.
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Although the same amount of UHPC was used in these specimens, the
optimal use was in the 187-XF reached 70%, which is the same thickness UHPC in

the specimen 187-PF, but it was rotated at an angle of 45.
4-4-3 Cracking pattern

Plates (4-1) to (4-15) explain the cracking pattern on the tension face for all
specimens after failure. All specimens showed similar behavior in terms of
cracking patterns and it can be summarized as follows. At the first stage of loading,
the applied load was increased by a fixed increment up to the formation of the first
crack. The first crack formed at the tension side of the specimen around the column
according to the control (N.S.C) specimen. The first crack started from the corner
of the column projection on the tension face, in the weaker material (normal
strength concrete), then growth toward the slab corner.

At the second stage of loading, the spread of the cracks, as well as the
corresponding load values on the slab surface detected and marked within each
load increment up to failure. At this stage of loading, radial cracks began to extend
from the face of the column toward the support of the slab. After more loading, this
radial crack began to extend and then additional radial cracks were spread in the
slabs in a different direction.

When the load level was approximately (80%) of the ultimate load, it was
noted that no new cracks were initiated and the width of the cracks existing in NSC
increased.

4-4-4 Deflection Response

Through Table (4-2) and Figure (4-16a), it is possible to know the effect of
the presence of punching shear reinforcement on the ultimate deflection, so the
deflection remains the same approximately (4.85mm) with the increase of the
ultimate load by (14.5 kN).

e
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In general, using UHPC gave an increase, in the central deflection but with
varying proportions. The rate of increase, with respect to the control, for the first
study case (1) ranged from (17 to 106%), and for the second case study (I1) ranged
from (47.5 to 105%) as listed in Table (4-2). This increase in deflection is due to
the high flexural strength of the UHPC that resulted from the presence of steel
fiber and the good bond between fibers and the matrix. Where the fibers work on
bridging the micro cracks growth. Therefore, when the distribution of fiber is good
within the cross-section of the slab the proportion of deflection will be increased.

From the test results, can note that when increasing the area cast with UHPC
as in Figure (4-16b), and can note that when changing the shape of UHPC for the
same quantity changes the ultimate deflection, we notice an increase in the circular
shape (56mm) with an increase in the load as well as in Figure (4-16d).

When comparing the casting of UHPC with all the thickness of the slab or
half of it, the specimen 400-PC gave an ultimate deflection close to the specimen
187-PF despite the difference in the load as in Figure (4-16d), and this indicates the

effectiveness of casting UHPC in the compression face.
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Figure (4-16): Load-deflection curves of the tested flat slabs (contines).
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(a) Effect of the presence or absence of punching shear reinforcement.
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Figure (4-16): Load-deflection curves of the tested flat slabs (b) Effects of the area UHPC zone
(contines).
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Figure (4-16): Load-deflection curves of the tested flat slabs (c) Effects of the shape UHPC area
(contines).
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Figure (4-16): Load-deflection curves of the tested flat slabs (d) Effects of the thickness UHPC

area (contines).
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Figure (4-16): Load-deflection curves of the tested flat slabs (contined).
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4-4-5 Stiffness Criteria

Stiffness is defined as the load required for producing unit deformation in the
member. the stiffness criteria of any member can be determined as the slope of the
secant which is drawn in the load-deflection curve at 0.75 of the ultimate load [73].

The stiffness criteria of the flat slabs are given in Table (4-3).

Table (4-3): Stiffness criteria of the tested flat slabs.

Flat Slab 0.75 Pu. Deflection Stiffness, K
Symbol (kN) ato.75 Pu. (KN/mm)*
(mm)

NSC 62.625 3.62 17.3
1d-SC 87.56 3.477 25.18
2d-SC 115.875 4.277 27.09
3d-SC 120 5.366 22.36
1d-SIC 103.125 4.06 25.4
2d-SIC 1185 7.1493 16.575
3d-SIC 1245 5.83 21.35
120-RC 113.25 5.283 21.436
180-RC 120.12 3.72 32.29
243-RC 118.6 4.197 28.25
Sh.RN 735 2.84 25.88
187-PF 113.625 5.313 21.386
187-XF 125.25 5.518 22.698
400-PC 93 4.88 19.05
400-XC 107.25 4.261 25.17

*Stiffness (K)=0.75Pu/0.75 6u

The stiffness of the flat slabs was enhanced with the use of ultra-high

performance concrete in column-slab connection, because often the use of UHPC
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increases the stiffness of concrete and reduces its damage, but not by a large
percentage and not always, some specimens did not give strong stiffness and
perhaps less than the reference specimen such as 2d-SIC. In the second case study,
the stiffness is lower in all specimens that do not contain shear steel reinforcement,
because the use of internally reinforced steel leads to an increase in the moment of

inertia and thus increases the stiffness.
4-4-6 Ductility Index of the Tested Slabs.

Ductility has an important role in reinforced concrete members, and this
Importance is prominent in those designed for seismic areas. Where these members
are supposed to have the ability to bear high loads to allow people to be evacuated
when earthquakes occur. The ductility, according to [74], can be defined as the
ratio between the displacement corresponding to the final load (Au) and the
displacement corresponding to the first yield of bending reinforcement (y). As for
the ductility of the slabs, it can be calculated using the method developed by [75]
and [76]. This method was also recommended by [77] who considered the
displacement factor as an indicator. Often, the determination of yield displacement
makes it difficult when calculating ductility factors from experimental data
because the load-deflection relationship may not have a well-defined yield point.
This may occur, the deflection at yielding which is the intersection of the tangent
drawn to the beginning of the curve with the horizontal line at the ultimate, when a
vertical line is projected from this point on the curve [78]. Figure (4-17) explains
the considered approach in that determination of the specimens (2d-SC) calculating

procedures of the ductility index from the load-deflection curves.
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Because the yield in a different part of the structure starts at a different
loading level or as a result of the nonlinear behavior of the material. The ductility
of all the tested slabs is illustrated in Table (4-4).

Load - deflection curves
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Figure (4-17): Determination of the ductility index [78].
Table (4-4): Ductility factor (p) for the tested flat slabs.
Ultimate deflection Yielding deflection
Flat Slab designation ou oy Ductility index(p)*
(mm) (mm)

NSC 4.86 3.38 1.44
1d-SC 5.7 24 2.375
2d-SC 6.4 31 2.065
3d-SC 8.3 33 2.51
1d-SIC 6.44 2.38 2.7

2d-SIC 10.03 5 2
3d-SIC 8.85 4.9 1.8
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Table(4-4) continues

120-RC 7.58 5.1 15
180-RC 7.3 3.3 2.2
243-RC 8.236 3.8 2.16
Sh.RN 4.84 2.1 2.3
187-PF 9.94 4.1 2.42
187-XF 9.948 3.6 2.76
400-PC 9.34 3.7 2.54
400-XC 7.14 4.15 1.72

* Ductility index (1) =ou / dy

Through the test result table (4-4), all specimens gave a ductility index greater
than that index of the control slab, because it contains UHPC which is
characterized by high ductility, the reason for this is that it contains steel fibers.
The ductility index is convergent for almost all slabs, and the reason may be due to
the lack of effect of increasing the area of UHPC in addition to its lack of effect on
the shape of UHPC.

4-4-7 Energy Absorption index of the Tested Slabs (Toughness).

Energy absorption capacity can be defined as that area under the load-
deflection curve of the tested slabs. This area was calculated up to the ultimate load
and corresponding displacement. [79] Identified the energy absorption capacity of
reinforced concrete members as a measure of absorbed energy up to its ultimate
state. The authors supposed that the energy absorption capacity up to the final
status of the slabs is the most appropriate index in the structural response against
ground motions. Energy absorption capacity is defined by [80] as the ratio of the
total area under the Load-deflection curve to that under the ascending portion only,
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as explained to the specimen (1d-SCI) in Figure (4-18). According to [80] the
result of the energy absorption capacity was determined for all tested slabs and
tabulated in Table (4-5).
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Figure (4-18): Determination of the energy absorption capacity.

From the test results, the energy absorption capacity for all the specimens
Is increased with a different percentage according to the area cast with UHPC, the
shape of UHPC, and the distribution of UHPC within the cross-section. Also, it
provides additional strengthening advantages for buildings in areas vulnerable to

extreme earthquakes.
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Table(4-5): Energy absorption capacity for the tested flat slabs.

it Sl Area .Under Area l.Jnder Energ?/
Designation Ascending Part | Descending Part Absorption
Al kKN.m A2 KN.m EAI*
NSC 90 118.93 2.32
1d-SC 105.15 447 5.25
2d-SC 202.143 970.28 5.8
3d-SC 129.1141 640.789 5.96
1d-SIC 154.77 811 6.24
2d-SIC 207 652.05 4.15
3d-SIC 310.3 557.11 2.8
120-RC 278.84 468.45 2.18
180-RC 193.81 563.7835 3.9
243-RC 203.9 654 4.2
Sh.RN 67.249 245.6268 4.65
187-PF 197 771.927 491
187-XF 199.95 882.81 5.415
400-PC 244.9 528 3.15
400-XC 250 388 2.55

*Energy Absorption = (A1+A2)/Al

It is also illustrated that UHPC exhibited good values of energy absorption
capacity, this is due to the content of steel fibers in UHPC that significantly

enhances energy absorption.

In general, using steel fiber caused an increase in energy absorption capacity

because that fiber reduces the microcracks firmly and needed additional forces to
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slip it from the matrix or cut off it as in Table (4-5) for groups G1 and G2.
Therefore, when increasing the area that was cast with UHPC led to the need for
more energy to reach the failure. This increase in the energy absorption capacity
difference in percent compared to the control specimen is due to the influence of

the anisotropy nature of UHPC.

Distribution of UHPC in the cross-section of the specimen has an important
effect on improving the energy absorption capacity from the results, we notice that
in group G4 where the two specimens with UHPC each thickness of slab gave
good results compared to the two specimens with half the thickness, although all

specimens are equal in quantity UHPC.
4-4-9 Evaluation of the Best Case of Improvement Punching Shear

Before selecting the perfect method for improving punching shear, the first
set
the limitation that was adopted for selection. Here the author adopted this
parameter to choose the most effective way to improve punching shear (punching

shear strength, deformation capacity, and cost).
4-4-9-1 Case Study (1) Groups (G1, G2, and G3):

The specimens (3d-SC, and 3d-SIC,) give a higher resistance of punching
shear, but the amount of UHPC used in them is more (80%) than the specimens
(2d-SC, and 2d-SIC) so it is considered uneconomical, as for the latter, in the
optimal use of UHPC, the rhombic form of UHPC is considered better, as it gives
good engineering properties in addition to high resistance. As for the circular shape
UHPC in the specimen (120-RC), it gave high shear strength at a lower cost.
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4-4-9-2 Case Study (IT) Group G4:

The specimens in this group are equal in quantity UHPC, we noticed that the
use of UHPC for all thicknesses of the slab gave a high resistance to shear
compared to the specimens with half thickness, the slab 187-XF is considered the
best application of UHPC due to the high strength and other properties such as

ductility, energy absorption.

4-4-10 Discussion and comparison

Strengthening flat slabs using ultra-high performance concrete (UHPC) gives
high resistance to punching shear, and this is what we observed in this practical
study. In the first group of specimens (1d-SC, 2d-SC & 3d-SC), the resistance
increased compared to the reference sample, and the specimens of the second
group (1d-SCI, 2d-SCI & 3d-SCl), developed more resistance than the first. Also
in the third group, the circular shape of the area was used, as well as the circular
shape of the column (which is the area equivalent to the square section column
used in the first and second groups). Despite the stabilization of the amount of
(UHPC) in the coupled specimens, for example, the sample (1d-SC) quantity
(UHPC) is the same for the sample (1d-SCI) from the second group and the sample
(120-RC) from the third group, but the resistance increased and this proves the
importance of the form of strengthening. Where the study proved that the rhombic

and circular shape is better than the square.

In the second case of the study, which is replacing reinforcement steel shear
with (UHPC) it gave great results, and the resistance developed by a greater

percentage than (70%). We also noticed an improvement in other engineering
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properties, especially in the two specimens with a full slab thickness of (187-PF &
187-XF). The results of the sample (187-XF) proved that rotating the figure at an

angle (45) significantly improves the resistance compared to the sample (187-PF).
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CHAPTER FIVE
THEORTICAL AND PARAMETRIC STUDY

5-1 GENERAL

Finite element analysis (FEA) is an economical and effective procedure
that can be used to study the behavior of structural members, principally those
that behave structurally in a nonlinear manner, such as reinforced concrete
structures. Among the most commercially available finite element analysis
software used to perform parametric studies and to understand the structural
response is ABAQUS. In the present study, ABAQUS/CAE 2017 [81] is used to
simulate numerically the behavior of reinforced concrete flat slabs with and
without strengthening made of homogenous or hybrid concrete.
Experimental testing is the most reliable method for studying the behavior of
concrete structures. However, the study of variables in the practical study
remains relatively limited. In addition to the fact that pilot testing is time-
consuming and expensive, its results may be different for many reasons. Thus,
FEM simulation is a method of great interest not only to verify the experimental
results but also to implement a parametric study of many variables that are not
considered in the experimental program [82].

In this chapter, the FEM analysis are validated by comparing the numerical
results with the experimental results for some tested samples. Details of the
developed FEM model are given first, which comprises the material constitutive
model, element types, size of the mesh, and boundary conditions for each
element. Finally, a parametric study of several variables are performed.
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5-2 Element Type and Material Properties
To model the actual behavior of the reinforced concrete slab column
connection, it is recommended to model the concrete with a three-dimensional
linear eight-headed rigid element with low integration (C3D8R) (meaning one
point of integration corresponding to the center of the element) [83] as shown in
Figure (5-1-a). This type of element provides a reliable solution for most
applications. Eight nodes with three degrees of freedom for each node, are
contained in each 3D solid. It can be used for linear analysis as well as for
nonlinear analysis including large deformations and plasticity. On the other
hand, two-headed linear truss elements (T3D2) as indicated in Figure (5-1-b)
were used to model the reinforcement of the steel bars. Similar to the concrete
beam, the 3D steel element (C3D8R) was chosen to model the steel bar which is
used as a simple support (border support).
Among the formative models for simulating the behavior of concrete, the
concrete damaged plasticity (CDP) model offered by ABAQUS was choosen.
Details of the CDP model, including the behavior and properties of concrete and

other materials used in this study are given in Appendix B.

I X N
>
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(a) C3D8R element (b) T3D2 truss element

Figure (5-1).C3D8R, and T3D2 elements used in the present study [83].
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5-3 Model Geometry and Boundary Conditions

This section includes two parts, the first describing the geometry of the
tested samples and the second part explaining the boundary conditions and load
utilized in this study. The boundary conditions and applied geometric load were
simulated to be similar to those in the experimental analysis.
5-3-1 Model Geometry

Generally, three parts were involved in modeling the slab-column
connections. These three parts were the slab and concrete column, reinforcing
slabs, and finally, the simply supported rods along the perimeter of the slab.
These parts were drawn separately and then assembled and combined to form
modeling samples.

Symmetry was used in two directions (X and Z), which greatly minimized
the number of nodes. This has facilitated and accelerated the work of the

program. Figure (5-2) shows the assembly of these three parts.

2 oy

Figure (5-2): The assembly of the model parts.
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After the assembly step, some of the parts must be interacted together to
form a composite system. All elements have been combined to form the model.
An ideal bond between UHPC and normal-strength concrete was assumed to
simulate the experimental work. The combined method was adopted to simulate
the bond between concrete and reinforcement. In this limitation, the concrete
served as the host region while the reinforcing steel bars were chosen as the
embedded region. This constraint mimics the perfect steel-concrete bond. Steel
plates in both loading and supporting positions are connected to the beam

specimen using the ‘‘mechanical fraction’” option, with a frictional coefficient

of 0.3 [84].

5-3-2 Loading and Boundary Conditions

The overall dimensions of the square slab were (900 * 900 * 80 mm). The
cross-section of the column was a square with side lengths (100*100 mm) and a
height of 200 mm. The clear span between supports was (800 mm).

All slabs are simply supported, thus, the slabs are supported by a rod with
a diameter of 25 mm delivered at 50 mm from the outer perimeter. The
constraint is applied at support lines to get a unique result. Boundary conditions
must be chosen carefully as similar to that in the experimental test set-up.

The FE model was loaded at similar locations in the experimental test for
all slabs. The RC flat slabs had been analyzed using static analysis in
ABAQUS/Standard. In the static analysis, the load was applied as a
displacement along the width of the beam on the centerline of the upper plates.
The applied displacement was 12 mm for the specimens. Figure (5-3) presents
details of the typical boundary conditions for the samples employed in the

simulations.
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Figure (5-3): The boundary conditions of the modeled slabs.
5-4 Convergence Study

Choosing a mesh size is an important step in finite element modeling
before starting the analysis. An appropriate pre-analysis was carried out for
different mesh densities to determine the best density that gives the necessary
accuracy according to the degree of complexity of the analysis. When the slab is
divided into a satisfactory number of elements, a good convergence of results is
achieved. This is realized when a decrease in the mesh size has a slight effect on
the result. Therefore, in the present FEM, a convergence analysis was
performed on the slab-column connection model to secure the suitable mesh
size.

The main objective of the convergence survey is to determine the
convenient mesh size for the model with a minimum number of elements and
maximum convergence with the experimental test results.

The convergence study was made by decreasing the element size of the
model (NSC) from 80, 40, 26.6, 20, 16, 13.3, and 11.4 to 10 mm. The mid-span
deflection for the mentioned specimen with different mesh sizes was observed
at the same applied load level of 70 KN. As shown in Figure (5-4) convergence
study, shows the accuracy of adopting 4077 elements (mesh size of 16 mm),

therefore; the 16 mm model is adopted for all tested specimens as shown in

e
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Figure (5-5). [5] stated that the chosen mesh size should be greater than the

maximum aggregate size (10 mm in the current study).

N

4.5

Deflection (mm)

3.5
85 75 65 55 45 35 25 15 5

Figure (5-4): Convergence analysis, imposed load equal to 100 kN

Figure (5-5): Typical mesh applied for the (N.S.C) specimen.
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5-5 Comparison Between Finite Element and Experimental

Results
In this part, the finite element analysis results were compared with the

experimental results. This comparison was made in terms of final load, and load

deflection curve behavior.

5-5-1 Ultimate Load and Central Deflection

The comparison between the ultimate loads and the central deflection
(ultimate loads) obtain from the numerical FE models and the experimental tests
are listed in Table (5-1). A good agreement was observed between the result of
FEA and that of experimental data. Therefore, the model proposed is accurate
and can be used confidently. It is noticed from the results in Table (5-1) that all
the numerical data of punching load of the tested slabs were convergent with the
experimental values, and the rate of difference ranged between (1 to 6 %).
Whereas the maximum difference in the central deflection ranged between 1.5
% (increase) to 14 % (redaction). And the maximum difference in the ultimate
load ranged between 6% (increasing) and 6.8 % (reduction) is about 1.3%. An

average of 5% decrease in first cracking loads was observed.

Table (5-1): Summary of comparison of FEM and experimental results.

Crla(ljc;lgng pp* | Ultimate Deflection
P.D i P.D
Specimen | Per (KN) of | load (KN) y at ultimate e
designation Pcr Pu load (mm)
Pu% o, %
Exp| FEM | % | Exp [FEM Exp | FEM
NSC 26 | 283 | +8 | 835 | 87 +4 | 486 | 4.6 5
2d-SC 47 | 408 | -13 | 1545 | 144 | -68 | 677 | 615 | -9
2d-SIC 33 | 34 +3 | 158 | 156 | -1 | 10.03 | 861 | -14
180-RC | 34 32 58 | 160 | 170 | +6 | 73 | 712 | -25
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Table (5-1): continues.

Sh.RN 35 32 85 | 98 103 | +5 | 484 | 491 | +15

187-PF 38 34 | -105 | 1515 | 150 | -0.99 | 9.94 | 949 | -45

187-XF 44 | 40 -9 167 | 172 | +3 | 9.948 | 9.05 -9

Average ~ -5% ~1.3% =~ -6%

*P.D is Percentage difference % = % * 100%

5-5-2 Load-Deflection Curves

The comparison between the numerical and the experimental results in
terms of load-deflection curves for all samples are shown in Figures (5-6) to (5-
12). The analytical results of the tested samples (NSC, 2d-SC, 2d-SIC, 180-RC,
Sh.RN, 187-PF and 187-XF) are in good agreement with the experimental
results as in the central deflection and the final punching shear capacity. The
FEA results also show a good agrement compared to the experimental load-
deflection curves for the non-cracked stage and nearly the same behavior in the
cracked stage, but with a lower difference.

In finite element analysis, there are many factors represented the reasons
for the varying in the results between the numerical finite element models and
the experimental tests. Some of these factors have been found:

1. In the simulations, FEM does not include the development of micro-cracks
caused due to concrete curing, environmental influences, dry shrinkage, etc., in
the experimental cases.

2. It has been assumed that concrete is a homogeneous material in the FEA, but
the fact is that it is a heterogeneous material.

3. The embedded area constraints that were utilized in (ABAQUS) program to
model the interaction of concrete with reinforcing steel assumed a ideal bond.
While the actual bond is not perfect in real practice.
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4. The equilibrium and model level as well as the application of the load where
all these variables are ideally applied in FEM differ from the experimental

work.
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Figure (5-6): Experimental and numerical load-center slab deflection curves for NSC.
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Figure (5-7): Experimental and numerical load-center slab deflection curves for 2d-SC.

119




CHAPTER FIVE FINITE ELEMENT RESULTS AND PARAMETRIC STUDY

180

——EXP
160

y y 7<& =t FEM

120 /// \\
100 /

=
=
‘O, 80
_g_ /
=, 60 //

40 7

20 /

o/

0 2 4 6 8 10 12 14 16

Figure (5-8): Experimental and numerical load-center slab deflection curves for 2d-SIC.
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Figure (5-9): Experimental and numerical load-center slab deflection curves for 180-RC.
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Figure (5-10): Experimental and numerical load-center slab deflection curves for Sh.RN.
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Figure (5-11): Experimental and numerical load-center slab deflection curves for 187-PF.
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Figure (5-12): Experimental and numerical load-center slab deflection curves for 187-XF.

5-6 PARAMETRIC STUDY

Parameters examined in the pilot study include UHPC area, UHPC shape,
UHPC thickness, and replacement of shear reinforcement with UHPC. The use
of the FEA model developed in the current study is in reasonable agreement in
predicting fracturing load, ultimate load, ultimate deflection and damage states.
Therefore, a parametric study was performed to form a more accurate and
detailed understanding of the behavior of the hybrid flat plate slab-column
connections with UHPC. In the parametric study, there is no change in the load
location, support condition, and reinforcement ratio. The parameters that were
varied to search their possible impacts were as follows: column dimensions,
UHPC compressive strength, NSC and UHPC area dimensions. The thickness
of the slab for the above cases was 80 mm, except for the column dimensions
cases, where a thickness of 120 mm was selected to represent more practical

dimensions.
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5-6-1 Impact of the zone dimensions of UHPC

In the practical part of this research, three dimensions of UHPC area were
tested with UHPC area of equal effective depth (UHPC perimeter equal to 1d
(210*210 mm) from the column face) where d: average effective depth of the
slab and other reinforcement areas by UHPC equal to 2d (320 * 320mm), and
3D (430*430mm). When other factors remain constant, the dimensions of the
different auxiliary UHPC areas are 4d and 5d, that is, the UHPC area is
540*540, and 650*650mm respectively. Figure (5-13) shows the deflection
curves between load and average span acquired from the FEA model, and the
ultimate load and first cracking load for each case gained from the FEA model

are summarized in Table (5-2).
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Figure (5-13): The load-deflection curve of FEM for different UHPC zones.
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Table (5-2). Comparison between the UHPC zone effects by the FEA analysis.

Cracking Increasing Increasing
load Pcr the . in the
UHPC area (kN) Cracking Nuljl?;lrigfsl ultimate
FEA model dimension load relative load load relative
(mm*mm) FEM to the to the
Pu (kN)
reference reference
(%) (%)
NSC 26 87
4d-SC 540 46 77 188 116
5d-SC 650 54 108 212 143

From Figure (5-13) and Table (5-2), it is cleared that the ultimate load
growes with increasing UHPC area, as well as the first crack. It is also noticed
that by increasing the area UHPC cracks appear within the UHPC zone forming
a mixed failure punching and flexural. The reason for the increase in slab
resistance and the appearance of cracks in the area UHPC and also the
transformation of failure into a composite failure may be caused by the increase
in the area of UHPC and UHPC engineering properties, including high

resistance to tensile stress because it contains steel fiber.

5-6-2 Influence of the compressive strength of concrete

The compressive strength value used in the practical samples fu/fc = 5.6
(22.5 MPa for NSC and 126 MPa for UHPC), where, fu: compressive strength
of ultra-high-performance concrete and fc: compressive strength of normal
concrete. To realize the compressive strength effects of NSC (fc) and UHPC
(fu), another compressive strength amount is proposed for each type of
concrete, that is fu/fc = 2.8 (45 MPa for NSC and 126 MPa for UHPC) and fu

s
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[fc = 4 (45 MPa for NSC and 180 MPa for UHPC). The above values were
tested for hybrid flat slabs with the same UHPC area dimensions (430 * 430
mm) provided in the 3d-SC specimen.

Boosting the ratio of fu/fc arising the bearing capacity of the slab for
punching shear as in Figure (5-14) and it is noted through it that the lower the
ratio, the more common failure of shear and flexure occurs, and it can be noted

through it the increased fu/fc ratio, which is a common failure in punching

shear.
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Figure (5-14): The load-deflection curve of FEM for different fu/fc ratios.
Where fu/fc: The ratio of compressive strength of UHPC to NSC.

5-6-3 influence of the column dimensions

The coefficient of the effect of column section dimensions on slab
resistance to punching shear failure is one of the many studies of slabs made of
normal concrete. But few have studied the effect of this modulus on slabs made
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of hybrid concrete. In the current experimental study, the dimensions of the

column section of (100*100 mm) are used.

In this section of the study, two different sections were selected, one of
them with dimensions (80*80 mm) smaller than the section used in the practical
specimens, and the other with dimensions (120*120 mm) which is larger than

the one used in the practical specimens.
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Figure (5-15): The load-deflection curve of FEM for different dimension sections of the

column.

One can notice in the deflection versus load diagram that the slab’s
resistance to shear failure increases with the increase in the column section
(c=120 mm), the reason for this is due to the increase in the cross-sectional area
of the column where it supports the slab and also gives a longer path to failure
by increasing the failure cone. It gives an increase in deflection capacity before

failure occurs. And resistance to shear failure decreases with the decrease in the
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column dimensions (c=80 mm). Also noted is that the load-deflection curve has

a sudden failure whenever the dimensions of the column section decrease.
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

6-1 Summary

In the previous chapters, experimental work with finite element analysis and a
parametric study of the RC flat slab with reinforcement against shear failure using
hybrid concrete (normal and ultra-high-performance concrete) explained and
reached the optimal use of (UHPC) in terms of depth, location and shapes. Both
experimental and numerical results using ABAQUS software showed that
providing RC slabs Reinforced panels have a varying effect on overall behavior
and the ultimate strength depends on many parameters. From the experimental and
numerical results, many conclusions can be drawn in this field as well as some

suggestions for future works are presented.
6-2 Conclusions from Experimental Work

1. Ordinary concrete is weak to resist punching shear failure despite the slab
being reinforced with the highest percentage of flexure reinforcement.

2. The slab resistance increases to the failure of the punching shear using
hybrid concrete, and UHPC has good engineering properties, including its
tensile resistance because it contains steel fiber.

3. The increaser the strengthing area, the increased the model's susceptibility to
shear failure, down to twice the resistance in the reference model.

4. Ultra-high-performance concrete increases the ultimate deflection, thus
increasing the area under the curve, which in turn absorbs energy and

plasticity.
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5. Rotating the stiffening shape at an angle of 45 is the optimal use for the
square shape of the same amount (UHPC).

6. The slabs with UHPC total depth (replacing the reinforcement shear by
UHPC) imparted a high punching shear bearing capacity which amounted to
70% of the specimen containing the punching shear reinforcement.

7. Post-punching capacity is the remaining strength of the slab which can be
measured as the load after the punching failure at which the load-deflection
response tends to flatten and grows in UHPC with the rising of steel fiber
percentage.

8. The experimental results conclude that the energy absorption index of the
specimens with UHPC increased from (20 to 168 %) compared with the
control specimens.

9. The experimental findings conclude that the ductility index of the specimens
with  UHPC increased from (4 to 91%) compared with the control
specimens.

10. Slabs made of Hybrid NSC and UHPC often fail in punching and flexural
composite as a result of the higher initial ductility and stiffness of UHPC.
11.The technique of replacing the shear reinforcement with another suitable
strengthening is considered an important matter that designers may resort to

in the rebar engagement areas.

12.Using UHPC led to changing the failure mode from sudden to gradual
failure.

13. From the test results can be concluded that the distribution of UHPC around
the column instead of the punching shear reinforcement provided a good
ability to control the spread of the diagonal shear cracks, which improved

the whole behavior of the specimen as compared with the control specimen.
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6-3 Conclusions from Finite Element Analysis

The following conclusions are derived from the 3D Finite Element
Analysis based on the CDP model of the ABAQUS package as follows:

1. The constructed model by the ABAQUS program predicts a good simulation
for the real behavior of the slab-column connections in terms of punching
capacity, and load-deflection curves with reasonable accuracy.

2. A high agreement was observed between the analysis result and
experimental data; therefore, the model suggested is reliable and can be
used with dependability. All the numerical data of the punching load of
tested slabs have a good agreement with the experimental values.

3. The results obtained from the ABAQUS program explain that the increase in
the area cast with UHPC led to an increase in the ultimate load.

4. Increasing the dimensions of the column section increases the shear
resistance due to the large failure path.

5. Increasing the compressive strength of the two types of concrete increases
the shear resistance, but the economy must be taken into account in the

quality of special concrete because it is very expensive.

6-4 RECOMMENDATIONS FOR FUTURE WORKS

Based on the findings of this study, several suggestions for future
research are listed below. These suggestions may lead to more understanding

of the performance of flat slabs:
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1. The present study focuses on the inner slab-column connections.
Therefore, it is suggested to investigate (experimentally and numerically)
the behavior of corner or edge slab-column connections.

2. The numerical and experimental studies were performed, in the current
research, taking into account the static loads only. Thus, the influence of
cyclic load must also be examined in order to better understand the
punching shear behavior of the slab-column connections.

3. More parameters are necessary to be investigated such as the effect of
different ratio (p) of flexural reinforcement, openings, slab thickness,
column aspect ratio, and different compression strength for the normal
strength concrete and replace the normal strength concrete with other
types of concrete like high-strength and reactive powder concrete.

4. Proposal to replace the reinforcing steel with a punching sheer and make
it inclined at an angle other than 45, after proving in this study that its

effectiveness is more than that in the code.
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Appendix-A

SLAB DESIGN

By using ACI code 318-2019:

Design of Flexural Reinforcement:-

Material and section properties:

fy =460 MPa fc'=22.5 MPa

Es = 200 GPa ecu=0.003
£s=0.0023 b =900 mm
t =80 mm da = 55 mm

ECu

Using p = pmax=0.85xB1x x

fy ecu+0.004

fc'<28 MPa — (£1=0.85

pmax=0.85 x 0.85 x (225 x [—-2__] = 0.0152

460 0.003+0.004] B

As= pxbxd =0.0152 x 900 x 55 = 750 mm®

A-1



Using 010mm  As) bar= /4 x102 = 78.54mm2

No. of bars = £2reauired _ 750 _ g 58 hars
As) one bar 78.54

In this study (10010) bars will be used in two directions.

As) provided__10Xx78.54__
bxd 900x55

0.0158

p) provided =

Spacing (S) =22 =90 mm

10

S).=78.54

1450 X900 =48.75mm using S=50 mm in each direction

Check length of development:-
Bar in tension:-
For d» <935mm

10 =0.02A4b(fy/\Nf =) x factor 20.06dbfy x factor 2300mm

Cases of factor:-

As)reqlAs)pro.< 1=1450/1492= 0.972<1
la =(0.02x78.54x422/\28.5) X0.972= 120.7mm
0.06x10%x422x0.972=246mm

= ld = 300mm <430mm -. o.k.
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Design of column:-

Distance between two vertical bars = Smax = max(40mm or 1.5 db)
~ Smax = 40mm (pure compression for tied column)
Ac=150%x150 =22500mma2

~using 4910mm

Design of ties:-

dtie 2 1/50 (max.destance of the section = 150 Xx150=3mm

Or dtie=10mm if db<32mm and dtie =12mm if dp» >32mm

s using dtie =4mm

Spacing (S)ween two ties=min (48dtieor 16dbror0.5(small length of the
section))

S=48x4=192mm

S =16x10 = 160mm

S = 0.5x150 = 75mm

~S§=75mm
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Appendix B
MODELING OF MATERIAL PROPERTIES IN FINITE
ELEMENT ANALYSIS

B.1 INTRODUCTION

There are three material models for analyzing concrete in ABAQUS:
(1) Smeared crack concrete model, (2) Brittle crack concrete model, and (3)
Concrete damaged plasticity (CDP) model. Out of the three concrete models,
the concrete damaged plasticity model is selected in the present study. Details
of the CDP model used in ABAQUS, in addition to the behavior and properties

of the concrete and the other material used in this study are described below.
B.2 CONCRETE DAMAGED PLASTICITY IN ABAQUS

Concrete damaged plasticity is capable of modelling all structural
types of reinforced or unreinforced concrete or other quasi-brittle materials
subjected to monotonic, cyclic, or dynamic loads, this model is based on a
coupled damage plasticity theory and the multi-axial behavior of concrete in
damaged plasticity model governs by a yield surface, which proposed by
(Lubliner et al.) [85]. Tensile cracking and compressive crushing of concrete
are two assumed main failure mechanisms in this model. Furthermore, the
degradation of material for both tension and compression behavior have been
considered in this model. Degradation of concrete in cyclic and dynamic
loadings is taken into account by defining two scalar parameters; tensile

damage parameter (dt) and compressive damage parameter (dc).
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B.2.1 Concrete Damaged Plasticity Parameters in Triaxial Loading State

In order to describe strength with the equation for triaxial stress as input to the
finite element program ABAQUS, a set of five parameters are required to

completely describe the plastic behavior of concrete;

¥, Dilation angle: The angle of inclination of the failure surface toward the
hydrostatic axis, measured in the meridional plane. Physically, dilation angle ¥
Is interpreted as a concrete internal friction angle. Maximum value of it equal
(56.3°) and minimum value is close to (zero) [86].Through many trials of
geometry with the aim of achieving proper failure to be compatible with the
observed experimental failure mechanism, the value of dilation angle was taken
as (45°)for NSC and (50°) for UHPC.

e: Plastic potential eccentricity, it is a small positive value which expresses the
rate of approach of the plastic potential hyperbola to its asymptote. It is

recommended to assume € = 0.1 in the CDP model [86].

Foo/feo: 1S the proportion of initial uniaxial compressive yield stress and initial
uniaxial compressive yield stress [86]. The default value in ABAQUS is (1.16)
for NSC and UHPC.

K: is the ratio of the second stress invariant in the tensile meridian to
compressive meridian for any defined value of the pressure invariant at initial
yield. It is used to define the multi-axial behavior of concrete and is
(0.5<Kc<1) [86].The default value in ABAQUS is (0.667) for NSC and UHPC.

w: is the viscosity parameter. It does not affect the ABAQUS/Explicit analysis
but contribute to converge in an ABAQUS/Standard analysis. According to
(Malm) [87] p=10® for NSC and UHPC is recommended because in

comparison with characteristic time increment it should be small.

B-2



B.3 UNIAXIAL BEHAVIOR OF CONCRETE
B.3.1 Uniaxial Behavior of normal strength Concrete
B.3.1.1 Uniaxial Tensile Behavior for normal strength Concrete

Under uniaxial tension, as can be seen in Figure B-1, the stress increases
with a linear elastic relationship with strain up to the ultimate tensile strength,
and then micro-cracks form microscopically with a tension softening response.
There are three different methods to define tension softening response in
ABAQUS; stress-strain, stress-displacement or by use of fracture energy, Gf
[88].
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Figure (B-1). Uniaxial tensile behavior of concrete [96].

To define the tensile stress-strain relation of concrete in ABAQUS, user
should input young’s modulus (Eg), stress (o), cracking strain (e5*) values
and the damage parameter values (dt) for the relevant grade of concrete. The
cracking strain ( £7°F ) should be calculated from the total strain using Eq. (B-
1) below:

e =€ — el (B-1)
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Where, c—:§1t=6t/E , the elastic strain corresponding to the undamaged
(0]

material, and €, = total tensile strain
B.3.1.2 Uniaxial Compression Behavior for normal strength Concrete

Under uniaxial compression, there is a linear elastic relationship
between stress - strain until initial yield. After losing stiffness due to bond
failure between the aggregates and the cement paste, the behavior becomes
non-linear. In stresses greater than ultimate strength, stress hardening and strain
softening define plastic response. In other words, compressive stress decreases
while the corresponding strain increases. The uniaxial compressive behavior of

concrete is depicted in Figure (B-2).
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Figure (B-2) Uniaxial compressive behavior of concrete [87].

To define the compression stress-strain relation of concrete in ABAQUS,
user needs to enter the stresses (oc), inelastic strains ( €2™) corresponds to
stress values, and damage properties (dc) with inelastic strains in tabular
format. Therefore, total strain values should be converted to the inelastic strains
using Eq. (B-2):




e =€ — ek (B-2)

Where, €Sl = cyc/EO, the elastic compression strain corresponding to the

undamaged material, and . = total compression strain

Compression and tension damage parameters describing crushing and
cracking behavior were defined as tables within CDPM. The following
equations developed by (Birtel and Mark) [90] were successfully used in
obtaining the compression and damage parameters. Damage parameters take

values ranging from 0 (no damage) to 1 (fully damaged), representing the level

of damage.
de =1 — -2k (B-3)
sgl(&—l)ﬂrc E:?
otEg?
el = b e (B-5)
el = by g7 (B-6)

The coefficients b, and b, take values between 0 and 1. Birtel and Mark
suggested bc=0.7 and bt=0.1.

Further, corrective measures should be taken to ensure that the plastic

strain values (s‘c31 and sfl) calculated using (eq. B-5 and eq. B-6) are neither

negative nor decreasing with increased stresses [88].

C.3.2 Uniaxial Behavior of Ultra High Performance Concrete.
C.3.2.1 Uniaxial Compression Behavior for Ultra High Performance

Behavior of normal concrete and high compressive strength concrete
under loads is different from behavior of UHPC because of its ductility and its
high strength against compressive load as well as tensile load for UHPC. Many
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studies about mechanical properties of UHPC, were conducted but there are

very few studies described the behavior of UHPC .

Zheng et al. [91] found that for UHPC, the strain at peak stress (€,) ranges
from 0.004 to 0.005, while ultimate strain( e,) ranges from 0.006 to 0.0075.
In the present study, the compression stress-strain relationship for UHPC

can be idealized by a multilinear isotropic stress-strain curve Figure (B-3) uses
the following equations:

fc=€Ec for0<e <¢ (B-7)

fc=0.7fllc+ Oe'3f€u (e —€1) fore;, <e <¢ (B-8)
0—F1

fc=flc foreg <e <e (B-9)

Where; €, =strain corresponding to 0.7 f[Ic defined by :

0.7 fllc
Ec

€ = (Hookes law)

Values of €, and €., found by (Hannawayya) [92] for UHPC are adopted in
the present finite element analysis, (e,=0.0044, €., =0.0063).

» C

e I 20 & '

Figure(B-3) Typical Stress-Strain Diagram for UHPC under Uniaxial Compression [92].
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B.3.2.2 Uniaxial Tensile Behavior for UHPC

Stress-strain relationship of UHPC with strain rate effects in tension as
shown in Figure (B-4), calculated using the tensile stress-crack opening

relationship of UHPC, which proposed by Fujikake et al. [93] as follows:

Tensile stress

(9} A frf.s:

Dynamic loading
w, =0.4 mm

frf__a' | Static loading o, =4.8 MPa
frtﬁs w, =2.0 mm
w, =4.4mm
0-2 ----- B S =
| 5 -
w, w, w, Crack opening W_

Figure (B-4): Tensile stress-strain relationship for UHPC reproduced from [93].

Wec = crack opening, o2 = 4.8 MPa; wi= 0.4 mm, w2 = 2.0 mm, w3 = 4.4

mm, firs = static tensile strength = 8.23 MPa,

B.4 Material Properties for FEM
B.4.1 Concrete Model Properties

The concrete material parameters in the concrete damaged plasticity model that
should be used are: the modulus of elasticity Ey, the Poisson’s ratio v and the
compressive and tensile strengths of concrete In order to simulate concrete with
normal compressive strength, the unconfined stress—strain relationship model
for concrete as proposed by (Popovics) [94] was used. This relationship based

on the concrete cylinder strength, as described in equations (B-10) and (B-11).

B-7
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fC (n_1)+[£i_co] ( )
n=(0.4x 1073 x f.(psi)) + 1.0 (B-11)
Where:

fc'= the compressive strength of cylinder at maximum stress.
o= Strain of concrete at maximum stress, n = a curve-fitting factor.

On the other hand, tensile stress-strain (c-¢) relationship was assumed
linear up to the uniaxial tensile strength and then determined using the

exponential function in the equation (B-12) [95].

0=ft><[3

(0.7+1000¢)
|

g = -t (B-12)

t E,
B.4.2 Steel Reinforcement Model Properties

The required input parameters for material definition of steel bars, includes
density, elastic and plastic behavior. Elastic behavior of steel material is
defined by specifying Young’s modulus (Es) and Poisson’s ratio (v) of which
typical values are 200000 MPa and 0.3, respectively. Plastic behavior is defined
in a tabular form, included yield stress and corresponding plastic strain.
According to (Hibbit et al.) [88].true stress and logarithmic strain should be
defined. Input values of stress in each point for an isotropic material are
calculated according to Egs. (B-13) and (B-14). A higher number of input
points lead to results that are more accurate.

Otrue = Onominal (1 + €nominal) (B'13)
l rue
an = In(1 — €nominal) — (GtES ) (B-14)
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C.4.3 Steel Plate Model Properties

The steel plates were modelled using an isotropic linear elastic material model
by Eq. (B-15) with solid elements for all models. The assumption for the
material of loading and supporting plates is to avoid problems in solution due
to the large deformations that will be developed or stress singularity in the

plates.

fs = Eses (MPa), & < ¢y (B-15)
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