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In the name of Allah, Most Gracious, Most Merciful

They said: "Glory to Thee, of knowledge we have none, save what Thou Hast

taught us: In truth, it is Thou Who art perfect in Knowledge and wisdom."

Surat al-Bagarah, Ayat (32).
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ABSTRACT

ABSTRACT

Concrete it is very important in construction materials, for high rise building and
bridge using high-strength concrete, to reduce the cost of high strength and the size of
the beams can be used two-layer beams. This study investigates the bending and shear
behavior of reinforced concrete beams consisting of two layers with different concrete
strengths (grades), for beams with and without shear reinforcement (stirrups),
considering the effect of layer compressive strength, the overlap casting time of the
two layers, layer thickness, and the shear-span ratio. The experimental program
consists of a total of nineteen reinforced concrete beams of dimension (125 mm x 250
mm) with a total length of 1200 mm, the beams are reinforced with longitudinal
reinforcement (4@12mm) and using (@8mm) bar as transverse reinforcement (stirrups).
The experimental results show that the crack pattern of the two-layer reinforced
concrete is similar to the crack pattern of the control beam with one layer. Increasing
the compressive strength of concrete of the top layer, the ultimate failure load
increased by (8.35%, 15.6%, and 18.85%), with respect to the (control beam) with the
full depth of normal concrete. By increasing the high-strength layer thickness, the
value of cracking shear strength (Vc) and ultimate shear strength (Vu) increased
linearly. The overlap casting time of up to (30min) can be used for casting two-layered
reinforced concrete beams, which is recommended, beyond this time the cracking shear
strength (\VVc) and, ultimate shear strength (Vu) decrease. With increasing the shear
span ratio (a/d) from (1 to 1.5 and 2) the ultimate load failure decreased by (33% and
50%). The shear strength capacity decreases with increasing stirrup spacing. Different
equations are proposed to modify the ACI Code-2019 for two-layer beams to predict
the shear strength of the beams in terms of the considered in this study. General
equations are proposed using multi-linear analysis regression to predict cracking shear
and flexural first cracking shear of two-layer beams in terms of the variables of this

study.

Vil



LIST OF CONTENTS

LIST OF CONTENTS

Content Page

DECLARATION ..ot Error! Bookmark not defined.
SUPERVISOR CERTIFICATE ..ottt i
EXAMINING COMMITTEE CERTIFICATION......ooiiiie e ii
LINGUISTIC REVIEW. .. ..ot Vv
DEDICATION ..ottt sttt snene s iv
ACKNOWLEDGMENT ...t e e e s e e snne e vi
ABSTRACT e e e e e e e e e e e e arre e e nraee s vii
LIST OF CONTENTS ..ottt viii
LIST OF TABLES ...ttt e e e e e et e e nnnne e Xii
LIST OF FIGURES. ..ottt Xiv
LIST OF MAIN NOTATIONS ...ttt XX
1. CHAPTER ONE-......ctiiiiiiiieeisee ettt 1
R = - T 1 | (0 o TS USURTSPS 1
1.2 High-Strength CONCIete........c.oiiiiiiice e 2

1.3 Two-layer composite reinforced concrete beam consisting of NSC and HSC...3

1.4 Problem STAateMENT ........cccveiieiie et re s 3
1.5 The benefits of Two-layers Reinforced Concrete Beams...........cccccevveviiveiinennen, 4
1.6 The AIm Of the STUAY .......ooiii e 4
1.7 The 0bjectives OF the STUAY .......ccoiiiiiiiee e 5
1.8 The structure 0f the theSIS........cciiiiieiiece s 5

viii



LIST OF CONTENTS

2. CHAPTER TWO.... ettt nae e e 7
2.1 INTrOAUCTION ...ttt bbbttt nn e e 7
2.2 Two-layer RC beams made of NSC and lightweight concrete............cccccovevvennee. 7
2.3 Two-layer RC beams made of NSC and steel fiber RC beam.............c.cc.......... 14
2.4 Bond strength and cold joint of two-layers reinforced concrete beam.............. 18
2.5 Bending and shear behavior of two-layer different types of concrete............... 25
2.6 SUMIMAIY .. .teiiiiitiie ittt st e e e et e s st e e e sbb e e s b b e e e aab e e e snba e e e asbeeeannbeeeensteeeanes 29
3. CHAPTER THREE ...t 30
L INEFOAUCTION ...t bbbt e 30
3.2 Description Of the teSt SPECIMENS.........cciiviiiiiiece e e 30
3.3 Material PrOPEITIES ......ccuveiiieiiieiie ettt e re e e e anee e 31

3.3 L CBMENT....ceie e e e 31

3.3.2 Fine Aggregate (Sand).........c.eeeecieeeiiiieeciiee e 31

3.3.3 C0arSe AQQIEUALE .....ceeeeeeeeeeecireetieee e e e e e e eescirrrrrrrreeeeeeeeerrrrrarrrreeaaeeeaaanns 31

BB WALET ... 31

3.3.5 SHHCA FUME ..o e 35

3.3.6 SUPEIPIASTICIZEN ...ttt e e e e 36

3.3.7 ReINfOrCiNg STEEN......ccoeeeeee e 36
3.4 Mixing and MiX PrOPOItIONS ........ccveieeiieiie et s eve e sae et 38
3.5 BEAM FOIMWOIKS ..ottt 39
3.6 Cages and Reinforced PlaCEMENL.........cccooveieiieiiiieiiee e 40
3.7 Casting OF CONCIELE ......cueiei et 41
3.8 VIDbrating Table........coviiiie e 42
B9 CUNING ..ttt bbbt bbbt e ettt e e b e 43



LIST OF CONTENTS

3.10 Concrete Mechanical PrOPerties.........cccvviviieiieeiiesie e 44
3.10.1 Compressive SIIENGLN ........cccveiieiie e 44
3.10.2 Splitting Tensile Strength..........c.cccviieiieiec e 46
3.10.3 SIUMP TESE....eieieeiiie ittt sttt e et nreeanes 47

3.11 EXperimental PrOgram ........cccooveieiieiie e 48

3.12 LOAMING SELUD .vevveeiteeiteesiee ettt te ettt be e b e rae et e e e e reennaesneeaneeens 54

4. CHAPTER FOUR ...t 56

ot 1o oo [0 Tox o] o ISR 56

4.2 Properties Of CONCIete SPECIMENS ......ccueiieiiecieeie e s see e te et eeenneas 56
4.2.1 Concrete Compressive Strength........ccceveiiieeceecc e 56
4.2.2 Splitting Tensile Strength........c.cccvoieeiieic e 57

4.3 Results and Behavior of Tested BEams.........ccccvevveveriiniiesie e see e 60

4.4 Cracking pattern and failure mode of the specimens...........ccccccevveiieiiiiinenen, 63
4.4.1 Effect of compressive strength of layer on the crack pattern ................... 63
4.4.2 Effect of overlap time casting between layers on the crack pattern ......... 64
4.4.3 Effect of high-strength layer thickness on crack pattern ..............c........... 66
4.4.4 Effect of shear span ratio (a/d) on crack pattern..........cccoecvvvveveeieenenne 67

4.4.5 Effect of compressive strength of layer without stirrups on the crack

[OL2 L =T T OO .68
4.4.6 Effect of stirrup spacing on the crack pattern ...........ccocvvvereiienivsiesnennn, 70
4.5 Measured Load-Deflection CUIVES .........ccccviiiiiierie e 71

4.6 Effect of the layer compressive strength on the shear capacity of the beams. .. 76

4.7 Effect of the overlap casting time on the shear capacity of the beams.............. 78



LIST OF CONTENTS

4.8 Effect of concrete layer thickness on the shear capacity of the specimens ....... 79

4.9 Effect of shear span ratio (a/d ) on the shear capacity of the beams............... 81

4.10 Effect of the layer compressive strength on the shear capacity of the beams

WIENOUL SEITTUPDS. ..ttt sttt et e b e sneeenaeenseennees 82

4.11 Effect of stirrup spacing (amount of reinforcement) on the shear capacity

OF T8 DBAMS. ...t 84
S. CHAPTER FIVE ... 86
5.1 Shear strength calculation ..o 86
5.1.1 ACI Code 318-19 ACI (American Concrete Institute) (2019) ................. 86
5.1.2 EC2 Code CEN Eurocode (2004) .......cccecouereeiieeieeieesee e e sie e 87
5.1.3 BS 8110-1: British Standards Institution. (1985) ........cccccccevveiveeiieeninene 87
5.1.4 Canadian Code CSA Committee A23.3 (2004)......ccccevvevriveiieeieeneesiennns 88
5.2 Modified shear strength eqUatioNS ...........cccvevieiie i 101
5.3 Flexural calCulations ..o 111
6. CHAPTER SIX. .ot 118
6.1 CONCIUSIONS ...t 118
6.2 RECOMMENTALIONS .......eiieiieiiiieeeee et 121

Xi



LIST OF TABLES

LIST OF TABLES

Table Title Page
Table 2-2 Beams details (Jamal et al. 2019) ........cccoeiviiiviieiiecececce e, 10
Table 2-3 Concrete types and codes for the strength experiments (Bekem Kara.
2021 1ttt bR re ettt nrennas 22
Table 3-1 Physical properties of the cement...........ccccooeeiii i, 32
Table 3-2 Chemical tests for cement investigated by Directorate of Erbil
CoNStruction LabOratory .......ccveiveiieiie et 32
Table 3-3 Grading of the Fine Aggregates (Sand)..........cccveververievienniiesieereeneens 33
Table 3-4 Grading of the Coarse AgQregates. .......ccccvvvevieiireeieeseesee e e eve e 34
Table 3-5 Silica fume physical Properties.........cccccverieiievie i 35
Table 3-6 Chemical Analysis of Silica fume ..........cccco e, 35
Table 3-7 Properties of reinforcing steel for the experiment..............cccccceeveenen, 37
Table 3-8 Trial Mixes (DY WEIGNT) ......cccooiiiieiieeeee e 38
Table 3-9 Selected concrete mixes per one meter cube of concrete.................... 39
Table 3-10 Compressive Strength of Control Mixes (MPa)...........cccccceevveiieennen, 45
Table 3-11 Experimental program of beam SPecimens ..........cccccvevevrvviiesrieenenn, 49
Table 4-1 Concrete compressive strength of control specimens ............c.ccce..... 56
Table 4-2 Splitting Tensile Strength of control specimens.........c.ccccoeevevveieennen, 58
Table 4-3 experimental result of all SPECIMENS ........ccoevvvviiviiiiiicec e, 61
Table 4- 4 Experimental data of (V¢ & VU) group (A) ..cocveeeveeienvnieceeie e 76
Table 4-5 Experimental data of (V¢ & VUu) group (B).....cccooeevernniniinniccnnn 78
Table 4-6 Experimental data of (V¢ & VUu) group (C)...cccocvvveevviinvvnieneeecieen 79
Table 4-7 Experimental data of (V¢ & VUu) group (D) ....cocovvvvinnniiiniicicnn 81
Table 4-8 Experimental data of (V¢ & VUu) group(E) .....ccccvevviiinininiiiicin 82

xii



LIST OF TABLES

Table 4-9 Experimental data of (V¢ & VUu) group (F) ...cccoovveeiiiiieieeeceeen,s 84

Table 5-1 The experimental shear force and that calculated from the available

(0100 SRS 89
Table 5-2 Summary of the statistical data and proposed equations values of (V¢
EXPIVC CAI) oo 105

Table 5-3 Experimental and calculated moment ratio with cracking moment..113

Table 5-4 Relation between first flexural and diagonal shear crack............. 116

Xiii



LIST OF FIGURES

LIST OF FIGURES

Figure Title page
Fig.1-1 Bending of the beam (Adnan, 2018) ..........ccccoveiieiii i 1
Fig.1-2 Two-layer COMpOSIte DEAMS. ........ccviiiiiiiiie e 4

Fig. 2-1 layout of beam and distribution of reinforcement (Adnan et al. 2021)....9

Fig. 2-2 Loaded simply supported beam (Jamal et al. 2019)..........ccccevvevvennnnne 10
Fig. 2-3 Load-displacement relation for HRC beam and layered beams of LWC
with limestone (Jamal et al. 2019) .......ccooiiiiiiii e 11
Fig. 2-4 Failure load and crack result of the beams (Jamal et al. 2019) .............. 12
Fig. 2-5 The concept of design for hybrid concrete and cross-section (Nes and
(@ Y=Y o TR0 ) SRS 12
Fig. 2-6 Crack pattern and failure mode for beams 1, 3, and 7 failing in shear,
and beams 9 and 11 failing in bending (Nes and Overli, 2015) ........c.cccevvrneen. 13
Fig. 2-7 A four-point loading test setup: NSC and SFHSC (Iskhakov et al. 2014)
.............................................................................................................................. 14

Fig. 2-8 A general view of the tested two-layer beam (Iskhakov et al. 2014).....14

Fig. 2-9 Cross-section and reinforced of the tested beams (Martinez-Pérez et al.

2007 ettt et et bt e b e bt re et et st e e beereteneas 16
Fig. 2-10 Comparison of moments and deflections of all beam types tested
(Martinez-Perez et al. 2017)......ccocveiiiiiiieieeere e 16
Fig. 2-11 Cross-section details of steel bar distribution (Li et al. 2022) ............. 17

Fig. 2-12 Mid-span load-deflection curves of tested beams (Li et al. 2022)....... 18
Fig. 2-13 Model of specimen used in tests of tensile bond strength and substrate
surface prepared with (Dybel and Watach. 2017).......ccccooviiiiiiiiiie 19
Fig. 2-14 Sample three-layer concrete for shear test (Korol and Vu. 2020)........ 20

Xiv



LIST OF FIGURES

Fig. 2-15 Shear strength - breaking time for samples with three layers obtained

from tests (Korol and Vu. 2020) .........ccoeiiiiiiieee e 21
Fig. 2-16 Cold joint formation line in the concrete specimens and loading
situations (Bekem Kara. 2021).......ccccuiieiieiieiiieeesee s sie et sree e 22
Fig.2- 17 Strength losses of CJ1, CJ2, and CJ3 compared to CJO (Bekem Kara.
2021 ettt e re e re e et et et e nrenrears 23
Fig. 2-18 Details of specimens (Yehia, 2020) ........cccccovevvevieeiic v 24
Fig. 2-19 Compressive strength test (a) Vertical direction (b) horizontal direction
[ =] (1T W2 022 0 ) TSRS 24
Fig. 2-20 Flexural strength at 28 days (a) Vertical direction (b) Horizontal
direction (Yehia, 2020) ......ccoecieiiiiieeecee e 25
Fig. 2-21 The failure patterns in bending of the beams (Ataria and Wang, 2019)
.............................................................................................................................. 26
Fig. 2-22 The failure patterns in shear of the investigated beams (Ataria and
WaNG, 2019) ..ot reenreas 26
Fig. 2-23 Curves of load verses displacements for the tested beam in bending
(Ataria and Wang, 2019) ......cccveiieiieriieieee e 27
Fig. 2-24 Load deflection curve of CB1-1 and CB1-2 (Butean and Heghes, 2020)
.............................................................................................................................. 28
Fig. 2-25 Casting configuration of (a) GBA and (b) GBAB (Pratama et al. 2019)
.............................................................................................................................. 29
Fig. 3-1 The fine aggregate curve of grading is falling with in ASTM limits.....33
Fig. 3-2 Grading curve for coarse aggregate with ASTM limits..........cccccevvrnen, 34
Fig. 3-3 Tensile testing machine for steel bar...........ccoeviiiiiiie e, 37
Fig. 3-4 Molds of the tested SPECIMENS.........ccviveriiiierieiie e 40
Fig. 3-5 Reinforcement cages and MOIdS..........ccovviieriiiniieie e 41

XV



LIST OF FIGURES

Fig. 3-6 Casting of specimens and Mechanical Rotary Drum Mixer .................. 42
Fig. 3-7 Electrical vibration of SPECIMENS ........ccvviiiiiiieiieiee e 43
Fig. 3-8 CUring Of SPECIMENS ......cciviiiieiieiieecee e 44
Fig. 3-9 Compressive strength of SPECIMENS .......ccovviiviiiiiieie e 46
Fig. 3-10 Splitting test Of SPECIMENS........cccveiieiiecie e 47
Fig. 3-11 SIUMP Of CONCIEt....ccveeiie et 48
Fig. 3-12 Longitudinal and transverse Cross Section VIEW ...........cccccveveeiveesreennn 51
Fig. 3-13 Details of beams for groups (A, B) ..ccoevvviiiiiieiie e 51
Fig. 3-14 Cross-section details of distribution concrete layers group (C)........... 51
Fig. 3-15 Details of beams for group (D)......ccoeveevieiiiiiieiee e 52
Fig. 3-16 Details of beams for group (E) ......ccocevvvvviiiiiiieie e 53
Fig. 3-17 Details of beams for group (F) .....ccoveveeiieieeeecee e 53
Fig. 3-18 Beam specimens painted with a white color ............ccccccevvviiieiiecnenn 54
Fig. 3-19 Setup specimens with the loading frame..........ccccccevvvvieiie v 55

Fig. 4-1 Group (A) Cracking pattern of the test specimens (B1, B2, B3, and B8)

Fig. 4-4 Group (D) Cracking pattern of the test specimens (B12, B13, and B2) 68
Fig. 4-5 Group (E) Cracking pattern of the test specimens (B14, B15, B16, and

B L) bbb e e 69
Fig. 4-6 Group (F) Cracking pattern of the test specimens (B2, B16, B18, and
B0 bbb e e 70

XVi



LIST OF FIGURES

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

4-7 Deflection at mid-span group (A) ...cccceveienieenee e 71
4-8 Deflection at mid-span group (B)......ccccovvviiiiieiieiie e, 72
4-9 Deflection at mid-span group (C).....ccccevvrieiiieniiesiese e 73
4-10 Deflection at mid-span group (D) ...cccevevvieiiieiienie e 74
4-11 Deflection at mid-span group (E) .....cccvvvvvieeieeiieiie e, 75
4-12 Deflection at mid-span group (F) ...ccccevvrenienienee e 76
4-13 Effect of concrete compressive strength ratio on (V¢ & Vu)............... 77
5- 1 BRAIM SECLION.....eiiiiiieiee e ctie ettt sree et eenreenreennes 87
5-2 Experimental/calculated shear force ACI Code (2019) .....c.cccvevvvevvennee 91
5-3 Experimental/calculated shear force ACI Code (2019) ........ccoeevvvenennee 91
5-4 Experimental/calculated shear force ACI Code (2019) .....c.cccvevvvevvennee 92
5-5 Experimental/calculated shear force ACI Code (2019) ........ccoeevvvevennee 92
5-6 Experimental/calculated shear force ACI Code (2019) ........ccoeevvveveenee. 93
5-7 Experimental/calculated shear force EC2 (2004).......c.ccccvvvevverveninnnne 93
5-8 Experimental/calculated shear force EC2 (2004).........cccceevveieeviveninene 94
5-9 Experimental/calculated shear force EC2 (2004).........ccccvvvevverveninnnne 94
5-10 Experimental/calculated shear force EC2 (2004).........ccccccvevvveviveiinenne 95
5-11 Experimental/calculated shear force (EC2 (2004) .......c.cccovevvevvvevrnenne. 95
5-12 Experimental/calculated shear force BS8110-(1985) ......ccccccvevvveriennee 96
5-13 Experimental/calculated shear force BS8110-(1985) .........cccevvveveenne. 96
5-14 Experimental/calculated shear force BS8110-(1985) ......ccccccvevvvevvennee. 97
5-15 Experimental/calculated shear force BS8110-(1985) .......cccevvvvvvrienne 97
5-16 Experimental/calculated shear force BS8110-(1985) ........ccceevvvvvrennne 98
5-17 Experimental/calculated shear force CSA Committee A23.3 (2004)..98

5-18 Experimental/calculated shear force CSA Committee A23.3 (2004)..99
5-19 Experimental/calculated shear force CSA Committee A23.3 (2004)..99

XVii



LIST OF FIGURES

Fig. 5-20 Experimental/calculated shear force CSA Committee A23.3 (2004) 100
Fig. 5-21 Experimental/calculated shear force CSA Committee A23.3 (2004) 100

Fig. 5-22 plot of (fc'usc/fc'nsc) versus (Vcexp/Veaci) for beams with stirrups and

the best fit EQ. (5.17) (QrOUP A) .eoeeeiiiiieiee et 102
Fig. 5-23 Plot of (fc'usc/fc'nsc) versus (Veexp/VCaci) for beams without stirrups
and the best fit EQ. (5.18) (QroUP E)..covvevieiieeeeceece e 102
Fig. 5-24 Plot of (t/to) versus (Vcexp/VCaci) and the best fit Eq. (5.19) (group B)
............................................................................................................................ 103
Fig. 5- 25 Plot of (husc/hiota) Versus (Vcexp/Veaci) and the best fit Eq. (5.20)
(00101 o I3 ISP SORSPRSSIN 103
Fig. 5-26 Plot of (a/d) versus (Vcexp/VCaci) and the best fit Eq. (5.21) (group D)
............................................................................................................................ 104
Fig. 5-27 Plot of (pt) versus (Vcexp/VCaci) and the best fit Eq. (5.22) (group F)
............................................................................................................................ 104
Fig. 5-28 Calculated shear force versus experimental shear force (group A) from
PrOPOSEA €. (5.17) uiiiieiie ettt ne s 106
Fig. 5-29 Calculated shear force versus experimental shear force (group E) from
PropoSed €. (5.18) ...cui e 106
Fig. 5-30 Calculated shear force versus experimental shear force (group B) from
PropPoSed €0. (5.19) ..iciiiiie e 107
Fig. 5-31 Calculated shear force versus experimental shear force (group C) from
PropPOSEd €0. (5.20) ...t 107
Fig. 5-32 Calculated shear force versus experimental shear force (group D) from
PrOPOSEA 0. (5.21) ettt 108
Fig. 5-33 Calculated shear force versus experimental shear force (group F) from
PrOPOSEA €0. (5.22) ...viiiiiiiieie ettt sttt aeene s 108

XViil



LIST OF FIGURES

Fig. 5-34 Experimental versus calculated shear force from proposed eq. (5.23)

............................................................................................................................ 110
Fig. 5-35 Singly reinforced concrete beam (Nilson et al., 2009).............c......... 111
Fig. 5-36 Uncracked transformed beam Section ..........cccccvvvvvviveeicin e e, 115

Fig. 5-37 Experimental versus calculated first shear force from proposed eq.

XIX



LIST OF MAIN NOTATIONS

LIST OF MAIN NOTATIONS

Symbols Meaning
ay Shear span (mm)
a/d Shear span ratio
As Area of reinforcement in tension zone (mm?)
As' Area of reinforcement in tension zone
bw Width of the beam (mm)
C Cement
CZ Compression zone
Cov Coefficient of various
d Effective depth of the beam (mm)
d' Longitudinal compression steel cover
Ec Elasticity modulus of concrete
Es Young's modulus of steel reinforcement
fc' Cylindrical compressive strength of concrete (MPa)
fou Cube compressive strength of concrete (MPa)
fsp Splitting tensile strength (MPa)
fr Modulus of rupture of the concrete (MPa)
fy Tensile yielding stress of steel reinforcement (MPa)
f, Ultimate Strength of steel (MPa)
FRLWC Fiber-reinforced lightweight concrete
G Aggregate
h Height of the beam (mm)
HSC High strength concrete
HPC High-performance concrete
husc Depth of the layer (top layer) mm.
hnsc Depth of the layer (bottom layer) mm
¢ Effective length
Ig Moment of inertia of the transformed section
L Total length of the beam (mm)
LWAC Lightweight aggregate concrete
LWC Lightweight concrete
NSC Normal strength concrete
Pu Ultimate failure load (N)

XX




LIST OF MAIN NOTATIONS

Per Cracking load (N)
R The average ratio of (R) experimental shear force divided
by theoretical shear force
R (max) Maximum shear force ratio
R (min) Minimum shear ratio
r Coefficient of correlation
SP Super plasticizer
SF Silica Fume
S Spacing of the stirrups (mm)
S Sand
SHSC Steel fiber high strength concrete
t Time (min)
to Initial setting time of cement (min)
TZ Tension zone
Vc Shear strength of the beam (kN)
Ve, Flexural first cracking shear (kN)
Vu Ultimate shear strength (kN)
Ve Coefficient=1.4
¥m Concrete partial factor of safety
Ve Distance from the neutral axes to the tension face (mm)
o Standard deviation
o) Percentage of longitudinal reinforcement
Dt Percentage of transverse reinforcement
ACI American Concrete Institute
ASTM American Society for Testing and Materials

XXI




CHAPTER ONE

CHAPTER ONE
INTRODUCTION

1.1 Background

Concrete is one of the most widely used construction materials in the world, it
has many advantages such as cost-benefit, stable material supply, and a high
level of durability (Choi et al., 2015). However, concrete also has a weak tensile
strength, therefore cracking occurs quickly due to tensile stress and, it is strong
in compression (Yang et al.,, 2018). Combination of concrete with steel
reinforcement can become a highly durable material. Concrete is used in all
kinds of structures to a large extend. Reinforced concrete structural components
such as beams, columns, walls, slabs, etc. are designed to resist the external
horizontal and vertical loads. Shear force and bending moments are developed in
the beams shown in Fig. (1-1). Additionally, beams are characterized by cross-
sectional shape, dimensions, and length of the beam, material used to make the
beam, and support conditions. Beams made only from concrete cannot resist
tension and it fails because of its brittle nature. The reinforcement is introduced
into beams to carry the tension stresses and bending stress. While concrete

would carry the compression stresses. ®

el
1 ]

Moment Moment

Deflection

-
-
-

— -

Cracks Neutral axis

Fig.1-1 Bending of the beam (Adnan, 2018)
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For the beam to be designed, flexural strength and shear strength need to be
evaluated and then need to be checked for serviceability. The internal shear
forces and bending moment forces carry major loads. The size of the concrete
beam section and arrangement of the reinforcement is providing the required
resistance for moments and shears developed in the element. High-strength
concrete (HSC) provides a better solution for reducing the sizes and weights of
the concrete structural element (Nilson, 1985, Swamy, 1985 , Wafa and Ashor,
1992).

1.2 High-strength concrete

In the construction of high-rise buildings and bridges, high-strength concrete
has lots of advantages. In many areas in the world, concrete with the strength of
40 MPa and higher is produced commercially, in which normal coarse and fine
aggregates are used along with the cement. Admixtures such as minerals and

chemicals are used to have concrete with higher strength available.

The definition of high-strength concrete changes over time and place, based on
building industry developments. (ACI Committee 363, 2005) high-strength
concrete is defined as concrete with a specified compressive strength of 55 MPa
(8000 psi) or higher.

High-strength concrete is more complicated to design than normal concrete, and
it needs a careful mix of proportion, and high-quality materials, as well as a low
water/cement ratio and high cement content. Of these, the use of a low w/c ratio
(between 0.25 to 0.35) is essential, and this will invariably result in unworkable
dry mixes unless admixtures are used. Chemical admixtures such as super-
plasticizers, as well as mineral admixtures such as silica fume, slag, fly-ash and
many more, different admixtures are added to help concrete to reach higher

strengths.
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1.3 Two-layer composite reinforced concrete beam consisting of NSC
and HSC

The behavior of beams made of two layers of two different materials has been
the subject of numerous investigations in recent years. Recently, researches was
conducted on a continuous two-layer beam and a full-scale two-layer beam that
used high strength concrete with steel fibre in the compression zone and normal
strength concrete in the tensile zone (Iskhakov et al., 2014, Iskhakov et al.,
2017). Other researchers have been focused on replacing the tension zone with
Engineered Cementitious Composite (ECC) to improve the tensile strength of the
concrete around the main steel reinforcement (Krishnaraja and Kandasamy,
2018, Ge et al., 2018). The essential objective of this study is to evaluate the
strength and behavior of two-layer beams consisting of normal strength concrete
in the tension zone and high-strength concrete in the compression zone shown in
Fig. (1-2), the different variables have been chosen to study. The depth of each
layer and compressive strength of normal and high-strength concrete were

variables of this study.

1.4 Problem Statement

High-strength concrete is used to reduce the size of the beams in addition to
enhancing the strength, this leads to overestimated cost in comparison with
normal strength concrete while using normal strength concrete leads to the
overestimated amount of concrete (layer size) of the beam section. For balancing
the condition between the cost and size of beams, the benefit of both materials is
used, by using beams in two layers, high-strength concrete in the compression
zone (top layer), which is more beneficial for beam strength, and normal strength
concrete in tension zone (bottom layer), which is no need to use high strength

concrete in the tension zone.
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1.5 The benefits of Two-layers Reinforced Concrete Beams
1. To provide an economic from of a reinforced concrete beam by replacing
normal strength concrete instead high strength concrete in tension zone

2. To enhance the strength in compression zone

hH

| NSC
i i

hHSCI %
BN, 77/77/7/%% 1 14

NSC
o 7

Fig.1-2 Two-layer composite beams

1.6 The Aim of the study

The main aim of the thesis is: -

1. Study the flexural and shear behavior of reinforced concrete beams
consisting of two layers with different concrete strength (grades), for
beams with and without shear reinforced (stirrups), considering the effect
of shear-span ratio, layer thickness, layer compressive strength, and the

overlap casting time of the two layers.
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2. Propose empirical equations to predict the shear capacity and flexural of
the concrete beams including the effect of the study variables and
comparing the theoretical results with the data obtained in the lab by

experimental.

1.7 The objectives of the study

Study of flexural and shear behavior of two-layer reinforced concrete beams,
considering the following variables for beams with and without stirrups, using
normal strength in the location that is subjected to tension and, in the location of

compression that has a high strength, the following objective were focused on

1. To study effect of concrete compressive strength ratio of the two layers

fc'HSC
fc' NSC

To evaluate effect of overlap casting time of the two layers.

To Calculate effect of layer thickness normal and high strength concrete.

To investigate effect of shear span ratio %-

ok~ LD

Effect of spacings stirrups.

1.8 The structure of the thesis

This thesis is consisting of six chapters:

Chapter One gives a brief introduction to the topics. While Chapter Two is an
extensive review of the literature on the behavior of flexural bending and shear
of two-layer reinforced concrete beams. In addition, Chapter Three gives
detailed information on the materials, testing instrument, testing procedures, and
experimental program. Later, in Chapter Four, the experimental work results are
discussed, and the experimental results are compared with the theoretical results
obtained from the different available equations from literature and codes. Then



CHAPTER ONE

Chapter Five presents a theoretical study to predict the bending moment and
shear capacity of the beams and purpose an empirical equation and compares the
results with the experimental data. Finally, the conclusions of the research are
presented in Chapter Six precisely, the chapter also suggests recommendations
for the fellow researchers in the future.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

In this chapter a review of the previous theoretical and experimental works
has been conducted. Several recent studies focused on the flexural behavior of
two-layer reinforced concrete consisting of normal strength NSC in tension zone
and steel fiber high strength in locations that are subjected to compression SHSC
or NSC with steel fiber lightweight concrete. While this current investigation
concentrated on the flexural behavior of two-layer reinforced concrete consisting
of normal strength concrete NSC in the tension zone and high strength concrete
HSC in the compression zone. The flexural behavior of the reinforced concrete
beam is affected by several factors, including the concrete compressive strength,
the amount of rebar, layer thickness, shear span ratio, and the cross-section area

of the member.

2.2 Two-layer RC beams made of NSC and lightweight concrete

Adnan et al. (2021) were tested twelve concrete beams with two different
concrete layers were tested as simply supported beams under four-point loads.
The beams were made using two different types of concrete layers: normal-

weight concrete (NWC) and lightweight aggregate concrete (LWAC). The

thickness of lightweight concrete to a total depth of beams (hLTW), was examined.

All the beams have a 140 x 200 mm cross-section and a total length of 1700 mm

in four different sets. The first set was categorized according to the thickness of
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the LWAC layer about the overall depth of the beam (hLTW): 0, 25, 50, 75, and

100 percent, with the LWAC in the tension zone (TZ). The second and third
groups investigate the effect of NWC and LWAC on compressive strength in the
compression zone (CZ), while the fourth group investigates the compressive
strength of LWAC in the tension zone (TZ). The specifications of tested beams
are summarized in Fig. (2-1) and Table (2-1).

Table 2-1 Specification of beams (Adnan et al. 2021)

Layer thickness of Type of concrete
Beam hiwih
NWC (mm) LWAC (mm) Top layer Bottom layer
BIN - - 0% NWC -
BIN-1L25 150 30 25% NWC LWAC
BIN-1L50 100 100 50% NWC LWAC
BIN-1L75 50 150 75% NWC LWAC
BIL - - 100% - LWAC
BIL-IN50 100 100 50% LWAC NWAC
B2L-IN50 100 100 50% LWAC NWAC
B3L-IN50 100 100 50% LWAC NWAC
BIN-2L50 100 100 50% NWC LWAC
BIN-3L50 100 100 50% NWC LWAC
B2N-1L50 100 100 50% NWC LWAC
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Fig. 2-1 layout of beam and distribution of reinforcement (Adnan et al. 2021)
Based on this study results the following conclusions were obtained:
* Except for crack spacing, the behavior of both control and two-layer beams was
the same. The cracks of two-layer beams were closer to each other than the

cracks of control beams, and all the beams failed in flexure.

* Flexural strength: increasing the lightweight aggregate layer thickness in the
tension zone from 0% to 25%, 50%, 75%, and 100% reduces the ultimate load

capacity of beams by 0.13 %, 0.44 %, 3.4 %, and 8.65 %, respectively.

Jamal et al. (2019) the research by Jamal et al. presents an experimental
investigation of the layered beam to study the possibility of using the weak effect
of concrete at the tension zone of a simply supported concrete beam that
places at this zone practically by using lightweight concrete as a part of this
region to produce a beam that is lighter than a homogeneous RC beam. Eight

beams’ specimens with dimensions of (150 * 200 * 1000) mm was cast, with
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longitudinal reinforcement of 3 ®10 mm at tension zone and 2 ®6 mm at
compression zone and shear reinforcement stirrups of ®6mm @50mm. Table (2-
2) and Fig. (2-2) illustrate the specifications of each beam specimen. Where the
section of rectangular beams (150*200*1000) mm is cast with Light-weight
concrete (LWC) (produced by replacing the coarse aggregate of the main normal
concrete mix with a crash limestone once and another time by replacing half of
the normal coarse aggregate with chopped rubber tire) in the tension zone and
normal strength concrete in the rest of the section and compared to control
beams. Three different levels of lightweight layers (1/3,1/2, and 2/3 of beam
thickness) were investigated, and all beams were tested under a two-point load

until it breaks.

Table 2-1 Beams details (Jamal et al. 2019)

Beam type The thickness of | The thickness of No. of
LWC mix mm NSC mix mm specimen
HRC - 200 2
LRC1 67.7 133.3 2
LRC2 100 100 2
LRC3 1333 67.7 2
load Demm
(@) 30mm
3 <
i i y
. a J @
< = % : > 3®1ﬁ S
1000mm » Dial gnge
NSC A Section a-a

133

>

‘\
150 mm

LWC
(b)LRC1

150 mumn

(c)LRC2

(@a)HRC

{25

1333 67.6

120 num

(d)LRC3

Fig. 2-2 Loaded simply supported beam (Jamal et al. 2019)
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The results of this investigation (for all different thickness that are replaced)
showed that the load-deflection curve of the layered beams (LWC) and (HRC)
beam are similar, the slope of the curve of the (LWC) beams is stepper than the
(HRC), this means that (LWC) beams, with limestone crushed aggregate has a
higher stiffness than the (HRC) beam with normal concrete as shown in Fig. (2-
3).

200
150 —
LR1
=
O-LR2 =100
s
——IR3 S
—¥— HRC 50 -
0 ,

Fig. 2-3 Load-displacement relation for HRC beam and layered beams of LWC
with limestone (Jamal et al. 2019)

Fig. (2-4) shows the cracking and failure load of the tested beam, the crack load
of the LR1, LR2, and LR3 beams is smaller than that of the HRC beams by
18.03 %, 11.50 %, and 3.13 %, respectively. Furthermore, the breaking was
18.96%, 8.39%, and 7.70% less than HRC beams, respectively.

11
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Fig. 2-4 Failure load and crack result of the beams (Jamal et al. 2019)

Nes and Overli, (2015) the research by Nes and Overli. made of two layers of
various types of concrete beams. In the top layer, normal density concrete (NC)
was mixed with a layer of fiber-reinforced lightweight concrete (FRLWC). The
experimental program included 16 simply supported concrete beams with similar
cross-sections. Eight beams were developed for shear failure, and eight beams
were developed for bending failure. The beams were made up of a 50 mm top
layer of NC and a 200 mm bottom layer of fiber-reinforced lightweight concrete
(FRLWC), as illustrated in Fig. (2-5). A four-point loading system was used to

test the beams in flexure.

F/2 QT
308 208\ 308 Aﬁ w190 o
|

o
Ll aal] A0
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' ! N
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' © Y
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— 2@12/ Aéj' Ll [

300 773,5 426,5
1200

Fig. 2-5 The concept of design for hybrid concrete and cross-section (Nes and
Overli, 2015)
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This study found that steel fiber reinforcing of lightweight concrete increased the
ductility in tension and decreased the amount of normal shear reinforcement.
Additionally, compared to a normal reinforced concrete beam, these composite
beams' bending failure is less ductile. The shear capacity increased with the
amount of fiber, though the distribution and orientation of the fibers greatly
influence the results. Fig. (2-6) illustrates the crack patterns for beams that failed
in bending with 0.5% and 1.0% fiber reinforcement. The number of cracks in

0.5 % fiber beams was significantly higher than in 1 % fiber beams.

=

A

{/

e Y | ffl'i\itt.?’i T

|

Fig. 2-6 Crack pattern and failure mode for beams 1, 3, and 7 failing in shear,
and beams 9 and 11 failing in bending (Nes and Overli, 2015)
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2.3 Two-layer RC beams made of NSC and steel fiber RC beam

Iskhakov et al. (2014) the experimental study of two-layer beams (TLB) using
steel fibered high strength concrete (SFHSC) in the compression zone and
normal strength concrete (NSC) in the tensile zone. The dimensions of the TLB
tested in this study were 15 x 30 x 300 cm. Fig. (2-7) shows a beam construction
technique. The NSC layer was 21 cm deep, while the SFHSC layer was 9 cm

deep. Fig. (2-8) shows a general overview of the TLB that was tested.

L e3cm 94 cm 93 cin s,
il 7 1 il
SFHSC o~ &
S
NSC =le
—
N N
10
HF—F - 4&)‘
300 cmM

Fig. 2-7 A four-point loading test setup: NSC and SFHSC (Iskhakov et al. 2014)

Fig. 2-8 A general view of the tested two-layer beam (Iskhakov et al. 2014)

14
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For the concrete that has normal strength class C25/30 of concrete was chosen
and, the C70/85 concrete class was selected for SFHSC. After the NSC
hardening, the SFHSC layer was cast. The force-deflection curves obtained
experimentally were smooth until failure. A horizontal crack occurred at the
failure stage due to de-bonding between the SFHSC and NSC layers. TLB has
been improved to be more effective, and it has been shown that using the
optimum steel fiber weight ratio in HSC allows for high-performance bending
elements with similar elastic-plastic behavior to regular NSC bending elements.
Two-layer beams have the same bearing capacity as HSC-only beams and are
less expensive because high-strength concrete and steel fibers are only used in

the compression zone of the concrete.

Martinez-Pérez et al. (2017) studied the flexural behavior of layered beams
with steel fiber reinforced concrete (SFRC) external layers and RC internal
layers. The behavior of these beams is compared to SFRC and normal RC
beams. The testing program consisted of eight beams with the dimensions of 300
cm, 150 cm, and 30cm of length, width, and height respectively. Two reinforced
concrete beams, beams 1 and 2 are identified as RC, and two kinds of beams
with different layer heights - beams has 5 cm and 10 cm of external steel fiber
reinforced concrete layers were created, beams 3 and beams 4, identified as
MC1. For beams 5 and 6, they are identified as MC2. The final group is made of
monolithic beams that is concrete and has reinforcement in then with steel fiber,
locations 7 and locations 8 are identified as SFRC. This is illustrated in Fig. (2-
9).

15
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Fig. 2-9 Cross-section and reinforced of the tested beams (Martinez-Pérez et al.

2017)
The study showed that there is a significant difference in deflection between the
control beam and the layered beam, the deflection layered beam was (42%)
higher than the control beam, control beam showed less cracking than the
layered beam. The deflection monolithic reinforced concrete beam was (0.7%)
larger than the monolithic SFRC beam. The comparison of the moment and

deflection of all beams are shown in Fig. (2-10).
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Fig. 2-10 Comparison of moments and deflections of all beam types tested
(Martinez-Pérez et al. 2017)
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Li et al. (2022) have investigated the flexural behavior of concrete beams hybrid
reinforced by continuous basalt fiber reinforced polymer (BFRP) bars and
discrete steel fibers. Eleven beams were prepared and tested using four-point
bending. With a clear span of 1800 mm and a shear span of 600 mm, all beams
had the same size of 150 x 300 x 2100 mm. The concrete cover was 15 mm
thick. The beams were also reinforced with longitudinal bars with a diameter of
2 @ 14 mm and transverse bars with a diameter of @10 mm. Fig. (2-11) is
showing the cross-section details of the beam series with different SFRC layer

thicknesses.
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Fig. 2-11 Cross-section details of steel bar distribution (Li et al. 2022)

According to this study, an increased amount of steel fiber reduced deflection
and crack width. At the service stage, increasing the steel fiber volume ratio had
a larger effect than at the final stage. The displacement and cracking response of
the beam with a 2.0 % steel fiber volume ratio were like those of the beam with a
1.5 % steel fiber volume ratio. The maximum steel fiber volume ratio for SFRC
in FRP bar reinforced concrete is suggested to be 1.5 %. As shown in Fig. (2-
12), the deflections and cracking widths of the BFRP were significantly reduced
when the BFRP reinforcement ratio was increased. The flexural strength

increased by 6% using the larger amount of reinforcement of BFRP by 63%.

17
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Fig. 2-12 Mid-span load-deflection curves of tested beams (Li et al. 2022)

2.4 Bond strength and cold joint of two-layers reinforced concrete beam

Dybel and Walach. (2017) investigated the development of bond strength in
concrete-to-concrete composite elements. The work was done to note the bond
improvement when having two layers of concrete. For this purpose, two kinds of
concrete used. The first type was the concrete of normal strength, and the other
type was the concrete of high strength performance. NC-HPC and HPC-HPC
substrate and overlay composite specimens, as well as reference NC-NC
specimens, were produced. The bond strength was evaluated using 150x150x150
mm composite cubes that were submitted to splitting tension tests after 3, 7, 14,

and 28 days of concrete overlay curing. As shown in Fig. (2.13).

18
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Direction of concreting

Substrate-

Fig. 2-13 Model of specimen used in tests of tensile bond strength and substrate
surface prepared with (Dybet and Watach. 2017)

the study's results demonstrated that adhesion between concrete layers, which
develops with the curing of the concrete overlay, is the fundamental
phenomenon that affects bond strength. The composite specimens showed the
highest increase in tensile bond strength during the first three days of curing.
During this time, the NC-NC composite reaches 53% of its 28-day tensile bond
strength, the NC-HPC specimen 67 %, and the HPC-HPC 74 %. The lab work
showed that the failure in the interface had different patterns and that is affected
by class of the concrete in the specimens that are composite. In the case of
composite specimens NC-NC and HPC-HPC the observed dominant interface
failure mode occurred within the overlay transition zone. For the NC-HPC
specimens, the interface failure mode was observed both in the overlay transition

zone and in the substrate made of NC.
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Korol and Vu. (2020) developed shear bond strength between two concrete
layers in a three-layer sandwich concrete developed. Two types of concrete were
employed in this research: normal concrete (NC) and lightweight concrete
(LWC) - polystyrene concrete. The test was carried out using 200x200x200 mm
composite cubic specimens. Normal concrete with a thickness of 40mm was first
placed, after that lightweight concrete with a Thickness of 120mm was placed.
Finally, construct the external layer of normal concrete with a Thickness of
40mm shown in Fig. (2-14). with varying time intervals between laying layers of
concrete of different densities from 30 minutes to 4 hours in steps of 30 minutes,
this method was taken to create an inventory of samples. A total of 27 samples
were examined over 28 days to determine the shear bond strength. All tests can
be classified into 9 groups based on the time spent between concreting two
adjacent layers, ranging from 0 to 4 hours. Fig. (2-15) shows the results of the

experiments.

Normal concrele loyer i

Lightweight concrete loyer ,3,

Normal concrete loyer

120
200 mm

40

Fig. 2-14 Sample three-layer concrete for shear test (Korol and Vu. 2020)
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Fig. 2-15 Shear strength - breaking time for samples with three layers obtained
from tests (Korol and Vu. 2020)

Bekem Kara, (2021) searched the cold joint's effects on the properties of
concrete in terms of durability and strength. The horizontal cold joint was made
by casting concrete to mid-height of the mold, and then additional concrete was
poured on top of the molds after 0, 60, 120, and 180 minutes. Compressive,
flexural, splitting tensile, and concrete—steel rebar pullout tests were performed
on the specimens. Two types of concrete were created in the second part of the
investigation to conduct durability tests. 15 x 15 x 15 cm cubic, 10 x 10 x 40 cm
prisms, and cylinders with 15 cm of diameter and 30 cm of height were preferred
for the strength tests. The specimen dimensions, cold joint formation periods,

and loading circumstances are shown in Fig. (2-16) and Table (2-3).
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Fig. 2-16 Cold joint formation line in the concrete specimens and loading
situations (Bekem Kara. 2021)

Table 2-2 Concrete types and codes for the strength experiments (Bekem Kara.

2021)
Concrete pouring details Code
First layer after 0 min, followed by second layer (concrete without cold joint) CJo
First layer after 60 min, followed by second layer (concrete has a cold joint) Cl1
First layer after 120 min, followed by second layer (concrete has a cold joint) CJ2
First layer after 180 min, followed by second layer (concrete has a cold joint) CJ3

The compressive, splitting, tensile, and flexural strengths of concrete decreased
as the time between casting two layers of concrete increased, as shown in Fig.
(2-17). While the concrete without cold joints had a compressive strength of
30.28 MPa, the concrete with cold joint pouring delays of 60, 120, and 180 had
compressive strengths of 29.96, 29.65, and 29.60 MPa, respectively.
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Fig.2- 17 Strength losses of CJ1, CJ2, and CJ3 compared to CJO (Bekem Kara.
2021)

Yehia, (2020) investigated the flexural behavior of slab consisting of two-layers
reinforced concrete that is high in strength in the locations of compression and
concrete that is normal in strength in the locations of tension by effecting delay
overlap time between two-layer concrete (15 minutes and 60 minutes). Two slab
specimens with dimensions (500 * 150 * 3200) mm were cast shown in Fig. (2-
18) after 15 minutes second layer of HSC was placed over the first layer of NSC
for the first slab (S1), and for the second slab (S2) after 60 minutes second layer
HSC was placed over first layer NSC. With increasing overlap time from 15
minutes for S1 to 60 minutes for S2 the ultimate load increased by 53.3%. Also,
the yielding load increased by 36.6% for S2 than S1. Before slab S2 reached the
yielding load, slab S1 reached the maximum load (70.15 kN) (78.66 kN).
Therefore, using the HSC at the compression zone with a 60-minute time overlap

between casting the two layers indicates a significant improvement.
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Fig. 2-18 Details of specimens (Yehia, 2020)
Zega et al. (2021) studied the compressive and flexural strength of the cold joint
in concrete. The waiting time between first concrete and the second concrete
(cold joints) was two hours to four hours, respectively. Cold joints were tested
for the strength in compression and flexural strength in both the vertical and
horizontal directions shown in Fig. (2-19). the dimension of the cube specimens
was 100 x 100 x 100 mm and used for strength in compression testing was
performed. Normal concrete with a compressive strength of 35 MPa, concrete
with a strength that is high in compression using the superplasticizer, and
concrete containing polypropylene fiber as an additional material also were used
in this investigation. At 3, 7, 14, and 28 days, compressive and flexural strength

testing was conducted.

(o il ()<

Fig. 2-19 Compressive strength test (a) Vertical direction (b) horizontal direction
(Yehia, 2020)
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The results from the lab work indicated that specimens with a cold joint
connection in normal concrete, as well as concrete with a superplasticizer (high
early compressive strength), have lower quality (flexural and compressive),
although concrete with fiber has a higher strength than concrete that is normal

and has no joints (cold joint connection), shown in Fig. (2-20).

10 10
: m 120 Minutes m 240 Minutes % B 120 Minutes B240 Minutes

: :
a 38 o 9
) o
o 3
g 6 =356
== EP'E
D 52
82y A 4
g 3
__g P E 2
0 0

NC without NC with HES Fiber NC without NC with HES Fiber
Cold Joint Cold Joint Concrete  Concrete Cold Joint Cold Joint Concrete Concrete
(@ (b)

Fig. 2-20 Flexural strength at 28 days (a) Vertical direction (b) Horizontal
direction (Yehia, 2020)

2.5 Bending and shear behavior of two-layer different types of concrete

The research by Ataria and Wand (2019) shows the results from a lab work,
investigates the behavior of a reinforced concrete beam that has a simple support
in shear and bending moment, which made with two layers of concrete, each
concrete has different concretes in strength. The top (1/3) of total section depth
layer of concrete is of higher grade, and the bottom (2/3) layer of rubber recycled
aggregate concrete is of low grade, in tension. A total of eight simply supported
reinforced concrete beams were examined, with six bending resistance (bending
tests) and two of them for shear resistance (shear test). The beam has dimensions
of 150 mm x 150 mm x 1500 mm. The results show that the two-layer beam has
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the same bending resistance the control reinforced concrete beam made entirely
of higher-grade concrete compared with two-layer beam has lower shear
resistance than the control beam in beams without shear reinforcement, Figs. (2-
21) and (2-22) showed the failure mode of the bending and shear respectively.

Fig. (2-23) shows the load-deflection curves of bending test beams.

Control beam

Two layver beam

Fig. 2-21 The failure patterns in bending of the beams (Ataria and Wang, 2019)

(a) Control beam

(1) Two laver beam

Fig. 2-22 The failure patterns in shear of the investigated beams (Ataria and
Wang, 2019)
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Fig. 2-23 Curves of load verses displacements for the tested beam in bending
(Ataria and Wang, 2019)

Butean and Heghes, (2020) compared the flexural behavior of a two-layer high-
strength reinforced concrete beam with a single-layer high-strength reinforced
concrete beam. The experimental program consisted of a reinforced concrete
beam with two different concrete grades, as well as constructing a reinforced
concrete beam of the high concrete grade to compare the flexural of the two-
layer beam with the single-layer beam. The single-layer beam (CB 1-1) had a
mean compressive strength of approximately 110 MPa, whereas the two-layer
beam (CB 1-2) had a mean compressive strength of 80 MPa for the tension zone
and 110 MPa for the compression zone. Both beams have a section of
120x240mm and a constant length of L=2000mm. The transversal reinforcement
was the same for both beams, with stirrups ®6mm @100mm at the ends and
®6mm@150mm at the middle. The behavior was similar for both beams as a
braking force: 137 kN for beam CB 1-1 and 139 kN for beam CB 1-2, as well as
the deflections. Working beam stages were similar, the first visible crack

appeared on the same loading (25 kN), and the recommended deflection limit
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1/250 appeared between 100-110 kN load, representing approximately 75% of

the maximum load. As shown in Fig. (2-24).
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0] 23 5 73 10 rs3 15 1753 20 225 23 213 30. 323 33

Deflection [mm]

Fig. 2-24 Load deflection curve of CB1-1 and CB1-2 (Butean and Heghes, 2020)

Pratama et al. (2019) study the behavior of the functionally graded (FGC). Four
beams with 120 x 240 x 2200 mm were produced with concrete strengths of 25
MPa one layer configuration (NA), 30 MPa (NB), 30-20 MPa two-layer
configuration (GBA), and 30-20-30 MPa three-layer configuration (GBAB). A
four-point bending method was used in the lab to evaluate the specimens. The
illustration of the concrete casting configuration for GBA and GBAB is
displayed in Figure (2.25). The results show that the GBAB had 0.83 % higher
maximum loads than the GBA; the GBAB deflected 29.52 % less than the GBA;
the GBAB had stiffness 12.03 % higher than the GBA; the GBAB had higher
resulting yield points and ultimate state than the GBA at the moment-curvature
relationship; and the GBAB was 20.06 % less ductile than the GBA.
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| Il 30 MPa
l fr— 25 MPa
8]
2200
(a) GBA
I O O O O - ] - 30 MPa
O T O O O A l {— 25 MPa
: 30 MPa
AN [}
200
(b) GBAB

Fig. 2-25 Casting configuration of (a) GBA and (b) GBAB (Pratama et al. 2019)

2.6 Summary
Based on the previous literature review, the following points can be made:

1. Previous studies focused on the behavior of crack pattern and deflection of
two-layer beams consisting of two-layer reinforced concrete beams made
of normal strength concrete and lightweight concrete, or two-layer
reinforced concrete beams using steel fiber high strength concrete in
compression zone and normal concrete in tension zone without analysis or
improved new equations of bending moment and shear strength and some
study investigate the bond strength and cold joint of tow-layers reinforced
concrete beams.

2. There is not cover properly of literature on the flexural of beams made of
two layers of concrete, one of the layers is using normal strength concrete

in tension zone and using high strength concrete in compression zone.
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CHAPTER THREE

EXPERIMENTAL WORK

3.1 Introduction

The main purpose of this chapter is to present a comprehensive description
of the experimental program carried out in the present thesis. This chapter
describes the dimensions and reinforcement details of all groups of the test
specimens. The proportions of mix design of concrete which were used herein
have been conducted. In addition, the characteristics of the materials such as
cement, mixing water, coarse and fine aggregates, silica fume, Superplasticizer,
and reinforcement are evaluated. Moreover, the loading setup, the measuring

apparatus, and the testing procedures are also described in this chapter.

3.2 Description of the test specimens

The experimental work is planned and carried out to achieve the study
objectives. The focus of the experiments was the bending and shear behavior of
two layers of reinforced concrete beams. The experimental program consists of
nineteen beams in total, the beams are rectangular in shape with the cross-section
dimensions of (125 x 250) mm and the length of the beam is 1200 mm, all
prepared for this work, which was sorted into six groups, the beams are
reinforced with (4@12mm) longitudinal reinforcement, and (d8mm) bar used for

transverse reinforcement (stirrups).
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3.3 Material Properties

3.3.1 Cement

Mass's Ordinary Portland Cement is used to design mixes of concrete for
both concretes, first is normal strength and the second is high strength. The
properties of cement were tested physically and chemically and verified
according to the specifications of (ASTM - C150). As shown in Table (3-1 and
3-2).

3.3.2 Fine Aggregate (Sand)

Locally available sand from Aski-Kalak source was used. The sand is
cleaned, and the nominal particle size was (4.75 mm), specific gravity of fine
aggregate was (2.55), and the grading curve of the fine aggregate is shown in
Fig. (3-1). Also tested within the upper and lower limits of the (ASTM - C33)
specification. Which are displayed in Table (3-3).

3.3.3 Coarse Aggregate

The coarse aggregate used in the present experimental program was
rounded river coarse aggregate, the locally available gravel was utilized, the
specific gravity of coarse aggregate was (2.69), and the bulk density of coarse
aggregate was (1695 kg/md), the sieve analysis of the aggregate of maximum
nominal size (12.5 mm) is shown in Fig. (3-2), and the test result within the
allowable limits of the specification of (ASTM-C33). As shown in Tables (3-4).

3.3.4 Water

The water used during the experimental program in producing concrete
and in curing all beams specimens, was tap clean drinking fresh water free from

impurities.
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Table 3-1 Physical properties of the cement

Physical Tests Results ASTM C150-10
Initial setting time 120 min. At least to be 45min.
Final setting time 305 min. Not more than 600min.

Compressive strength .
22.68 14.7 MPa, a lower limit
3 days age
Compressive strength o
32.25 22.5 MPa, a lower limit
28 days age
Specific gravity 3.15
Density 1400 kg/m?

Table 3-2 Chemical tests for cement investigated by Directorate of Erbil

Construction Laboratory

Chemical tests Results Specification
Lost in ignition 2.22% 4% Max.
Insoluble material 0.5% 1.5 Max.
Sio2 20%
Cao 63.5%
AL203 4%
Fe202 4.5%
MgO 2.15% 5% Max.
S03 2.1% 28% Max.
C3A 3%
L.S.F 0.97% (0.66 — 1.02)
C3S 67.2%
C2S 6.9%
CAAF 13.7%
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Table 3-3 Grading of the Fine Aggregates (sand)

. . ASTM Limits
Sieve size Passing %
(mm) Lower Upper
9.5 100 100 100
4.75 o5 334 95 100
2.36 82 334 80 100
1.18 68.087 50 85
0.6 50,536 25 60
0s 19.207 ) -
0.15 3343 0 10
120
100
80
% ASTM Lower Limits
@ 60
< ASTM Upper Limits
40 %passing
20
0
0 1 2 3 4 5 6 7 8 9 10

Sieve size (mm)

Fig.3-1 The fine aggregate curve of grading is falling with in ASTM limits
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Table 3-4 Grading of the Coarse Aggregates

ASTM Limits
Sieve size (mm) Passing %
Lower Upper

19 100 100 100
12.5 91.64 90 100
9.5 52.37 40 70
4.75 3.02 0 15
2.36 0.18 0 5

120

105

90

75

60

%passin

45

30

15

0 1 2 3 4 5 6 7 8

—8®— %passing
ASTM Lower
Limits

ASTM Upper
Limits

9 10 11 12 13 14 15 16 17 18 19

Sieve size (mm)

Fig. 3-2 Grading curve for coarse aggregate with ASTM limits
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3.3.5 Silica Fume

Silica Fume is a binder material that can be added directly to concrete or

combined with cement. It is used to enhance concrete properties. The silica fume
used in the present study is in the production of ECA MICRO SILICA-D which

has the properties of increasing compressive and flexural strength, reducing

permeability, and increasing durability. The physical and chemical properties of

the silica fume are tested and checked according to the specification of (ASTM-

C1240). The physical and chemical properties are shown in Tables (3-5) and

(3.6).
Table 3-5 Silica fume physical properties
Physic_al Results ASTM C1240
properties (2017)
Appearance UItra—férrlgya}rgglrgrk:a%usol\iggé:o dark Light to dark gray
Specific Gravity 2.25+15 % at 20°C Approximately 2.2
Bulk Density >650 kg/m3 (130-430) kg/m?
Freezing Point N.A
Air Entrainment Nil.

Table 3-6 Chemical Analysis of Silica fume

Cement contents % Results ASTM C1240 (2017)
SiO; 90 % min 85 min.
Sulphate Content <1.0% as S03
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3.3.6 Superplasticizer

Superplasticizer is the most popular admixture to the concrete mix. It is available
generally in a liquid. The superplasticizer used in the present study is in the
production of Sika ® ViscoCrete ® -1316 Hi-Tech meets the requirements of (
ASTM C-494). It is a high-range water-reducing, retarding, and slump retaining
admixture. It is added to the mix with a ratio of about (0.1% to 2%) of cement
weight. Superplasticizer was added to the mix on-site to bring the workability to
the desired level, increase the liquidity of the mix while no change in (W/C)
ratio, highly improve the strength of the fresh concrete, and enhance the
properties of hardened concrete to have the required High Strength Concrete
(HSC). The main role of a Superplasticizer in the concrete mix is to separate any
accumulative cement particles from each other and so make a homogenous
distribution of water in the mix and make good contact between the water and

the cement particles to increase the workability of the concrete mix.

3.3.7 Reinforcing Steel

Deformed steel bars of 12mm and 8mm diameter were used. 12 mm diameter
bars are used for the main reinforcement, and 8 mm bars are used for stirrups.
The strength properties of the steel bars have been determined boom testing three
samples of each type by hydraulic machine to test tensile (600 kN), as shown in

Fig. (3-3). The testing results are shown in Table (3-7)
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Fig. 3-3 Tensile testing machine for steel bar

Table 3-7 Properties of reinforcing steel for the experiment

Diameter | Lo L, fy £ U Al Elongation
No. mm) | (mm) | (mm) (yield) | (fy) (ult) (Fu) %
(MPa) | MPa | (MPa) | (MPa)
8 202 | 224 | 445.9 640.92 22
1 8 202 | 226 | 441.9 | 443.87 |634.95 | 637.47 24
8 202 | 225 | 443.8 636.56 23
12 202 | 222 | 555.6 703.29 20
2 12 202 | 225 | 548.5 | 568.27 | 714.79 | 736.02 23
12 202 | 221 | 600.7 789.99 19
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3.4 Mixing and Mix Proportions

According to the American Concrete Institute Code (ACI) 318M-19, several
mixes were tried to design the concrete with the nominal size of coarse aggregate
(12.5mm) to obtain the concrete compressive strength, thirteen trial mixes were
done to get different classes of strengths, for each concrete mix, six 150 mm3
cubes were cast three of them were tested at age of 7 and 28 days. The cubes
were subjected to a standard curing regime at 20° C, and then normally cured in
the laboratory temperature and humidity until 28 days. The marked mix
proportions from Table (3-8) and were selected to obtain the required different
concrete compressive strength and compositions for a series of remaining tests in
the planned schedule; the amounts of materials required for (1 m?) of concrete in
each mix, are listed in Table (3-9). For determining the HSC compressive

strength 150 mm?3 cubes were used according to BS 1881 part 116.

Table 3-8 Trial Mixes (by Weight)

fc Binders Aggregate Water
Trail No. % SP
(MPa) | ¢ SF S G wic | wib

1 1 - 1.65 2 - 0.45
2 1 - 1.8 2.2 - 0.48

30
3 1 - 2.35 2.75 - 0.51
4 1 - 2.5 3 - 0.53
5 1 - 1.25 1.75 - 0.4
6 45 1 - 1.22 1.58 - 0.38
7" 1 - 1.2 1.7 - 0.36
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8 0.90 0.1 1.35 2 0.4 0.34
9 60 1 - 1 1.6 0.6 0.3
10 1 - 1 1.65 0.42 0.32
11 0.89 | 0.11 1.18 1.78 0.7 0.27
12 75 0.88 | 0.12 0.75 1.34 0.9 0.24
13" 0.9 0.1 0.8 1.5 0.62 0.25

* Mix proportions selected for a series of planned tests.

C: Cement, SF: Silica Fume, G: Gravel, S: Sand, SP: Super-Plasticizer, W:

Water, b: Binders (cementations materials).

Table 3-9 Selected concrete mixes per one meter cube of concrete

fc' C SF S G SP Water
Trail No.
(MPa) Kg Liter/m?
4 30 325 - 812 975 - 172
7 45 550 - 655 940 - 198
10 60 600 - 600 990 2.52 192
13 75 650 65 572 1072 4.03 178

3.5 Beam Formworks

The formwork was made of plywood block sheets of dimensions (1220x440x18)

mm. Later, molds were created from these plywood block sheets, and the size of

the beam formworks are (125 x 250 x1200mm). Before putting the

reinforcement cage and casting, the mold was cleaned and oiled. Fig. (3-4)

depicts the formwork for beam specimens.
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Fig. 3-4 Molds of the tested specimens

3.6 Cages and Reinforced Placement

All specimens are provided with steel reinforcement with different diameters and
types. High tensile steel bars with 4®12 mm diameter was used for the
longitudinal top and bottom bars, respectively, two at the bottom and two at the
top. Steel bars of 8 mm diameter were used for stirrups. Thirteen beams with
stirrup spacing of 150 mm were designed, one beam with stirrup spacings of 100
mm was designed, and one beam had 200 mm stirrup spacings. This is in
addition to another four of the beams that had no stirrups. Stirrups are shown in
Fig (3-5). The properties of reinforcing steel bars obtained from results of
tension tests carried out for three samples of bars for each diameter are shown in
Table (3-7). Bottom longitudinal steel reinforcement consisted of straight bars

with a 90- degree hook to provide adequate anchorage.
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Fig. 3-5 Reinforcement cages and molds

3.7 Casting of Concrete

All beams were mixed by Mechanical Rotary Drum Mixer. The molds were
cleaned and then brush oiled to avoid sticking concrete to the inside face of the
mold. The steel cage was set carefully inside the mold, and the dimensions of the
two-layer beams were 125 x 150 x 1200 mm shown in Fig (3-6). The beams’
production included two stages. In the first stage, normal strength concrete
(NSC) was made and the lower layer (tensile zone) of the beams was cast. After
casting, the first layer of the beams was vibrated for 15 sec on a vibrating table.
The second stage included making high-strength concrete (HSC) and casting the

upper layer of the beams (compressed zone) and the overlap time arrange
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between 15 minutes till 100 minutes. After casting the second layer the beams
were again vibrated for 10 sec. Three cubes of (150 x 150 x 150) mm, were cast

to determine compressive strength at the age 28 days was determined.

Fig. 3-6 Casting of specimens and Mechanical Rotary Drum Mixer

3.8 Vibrating Table

Concrete Vibrating Table is used for consolidating fresh concrete when forming
a cylinder, cube, and beam molds, according to the ASTM C192/C192M. Using
the electrical vibrator, shown in Fig (3-7), the first layer and second layers of
fresh concrete were subjected to 15 seconds and 10 seconds of vibration,

respectively.
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Fig. 3-7 Electrical vibration of specimens

3.9 Curing

After casting, the samples were kept in the molds for 24 hours before removing
the molds and keeping the samples for curing. ASTM-C31(2007) instructions
applied for curing by covering the samples and specimens with moist burlap.
This is shown in Fig (3-8).
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Fig. 3-8 Curing of specimens

3.10 Concrete Mechanical Properties

3.10.1 Compressive Strength

Compressive strength is the capacity of a material or structure to resist or
withstand compression. The compressive strength of concrete is given in terms
of the characteristic compressive strength of 150 mm size cubes tested at 28 days
(fex)- as per British Standards, (ACI standards use a cylinder of a diameter of 150
mm and height of 300 mm). Three cubes with dimensions of (150 X 150 X 150)
mm casted with concrete. These cubes were tested at 28 days. This process
included the beams. Shown in Fig. (3-9). The results of trial mixes of
compressive strength for normal and high strength concrete are shown in Table
(3-10).
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Table 3-10 Compressive Strength of Control Mixes (MPa)

| S fou (MPQ) fc' (MPa)
UELTE: - o (L01PEY (mm) 7 days 28 days 7 days | 28 days
1 4414 53.62 35.312 42.9
2 40.76 48.73 32.61 39
C 30

3 36.41 44.29 29.128 35.432
4 110 33.52 40.95 26.816 32.76
5 37.2 49.73 31.62 42.27
6 C 45 43.03 53.16 36.575 45.186
7 95 46.74 57.53 39.729 48.9
8 53.34 62.73 45.339 53.320
9 C 60 65.9 73.64 56.015 62.59
10" 240 60.68 68.56 51.578 58.276
11 68.32 77.95 58.072 66.257
12 C75 82.64 91.57 70.244 77.834
13" 250 74.38 83.97 63.223 71.374

fc' = compressive strength of cylinder specimen

fou = compressive strength of cubes specimen

fc' =f,, X 0.80 for normal strength concrete (Elwell and Fu, 1995)
fc' = fou X 0.85 for high strength concrete (Elwell and Fu, 1995)

45




CHAPTER THREE

Fig. 3-9 Compressive strength of specimens

3.10.2 Splitting Tensile Strength

For each sample beam, three cylinders casted for testing tensile strength. These
cylinders were @10 mm diameter and 200 mm height. The tests were performed
according to ASTM (ASTM-C469). Moreover, the YKSEL material testing
equipment with the capacity of 2000 kN was used for the performance of the

splitting tensile test, as shown in Fig (3-10).
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Fig. 3-10 Splitting test of specimens

3.10.3 Slump Test

Generally, the concrete slump value is used to determine workability, which
reflects the water-cement ratio. However, the concrete slump value is affected by
a variety of elements such as material qualities, mixing methods, dosage, and
admixtures, among others. According to ASTM C 143 (2007), the purpose of a
concrete slump test, also known as a slump cone test, is to measure the
workability or consistency of a concrete mix made in the laboratory is presented

in Table (3-10). Fig (3-11) shows the experimental slump.
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Fig. 3-11 Slump of concrete

3.11 Experimental Program

The experimental program consists of nineteen beams that are rectangular in the
cross-section, beams are supported simply and tested under a four-point loads.
The beams are divided into groups, some groups have transverse reinforcement
(stirrups), and some beams are with no transverse reinforcement. The beams are
made of concrete with different compressive strengths. All the beams are made
with same dimensions of (125*250*1200) mm shown in Fig (3-12), with
maximum nominal aggregate sizes of (12.5) used in the concrete mixes. The
specimen beams were divided into six groups shown in Table (3-11), the beams
are reinforced with longitudinal reinforcement (4@12mm), and the reinforcement

used for stirrups was (@8mm). In beams B1 to B3, the beams were subjected to
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the effect of the ratio of compressive strength of high strength to normal strength
with stirrups, group (A) as shown in Fig. (3-13). Beams B4 to B7 are subjected
to the effect of overlap time, group (B) as shown in Fig (3-13). Beams B8 to B11
are subjected to the effect of layer thickness group (C) shown in Fig (3-14).
Group (D) consist of beams (B12, B13, and B2) to study the effect of shear span
ratio (a/d), shown in Fig. (3-15). Beams B15 to B 17 are subjected to the effect
of the concrete compressive strength ratio without stirrups group (E). The last
beams, B18 and B19 are subjected to the effect of stirrups space group (F)
shown in Fig. (3-16). The loading process for all the beams was videoed for

recording the crack behavior of the beams.

Table 3-11 Experimental program of beam specimens

Groups Beam | fc'nsc | fo'wse | fHSC | hyse | hyse | huse O}[/i(:T:Ieap a Note
No (MPa) | (MPa) | fc’'NSC | (mm) (mm) | htora (min) d
1 30 45 15 125 125 0.5 30 2
A Effect of
2 30 60 2 125 125 0.5 30 2 fersc
fense
3 30 75 2.5 125 125 0.5 30 2
4 30 60 2 125 125 0.5 15 2
2 30 60 2 125 125 0.5 30 2
Effect of
B 5 30 60 2 125 125 0.5 60 2 overlap
time
6 30 60 2 125 125 0.5 80 2
7 30 60 2 125 125 0.5 100 2

49




CHAPTER THREE

8 30 - - - 250 - 2 Full NSC
9 30 60 2 62.5 1875 | 0.25 30 2
Effect of
C 2 30 60 2 125 125 0.5 30 2 layer
thickness
10 30 60 2 187.5 62.5 0.75 30 2
11 30 60 2 250 - 1 - 2 Full HSc
12 30 60 2 125 125 0.5 30 1
Effect of
D 13 30 60 2 125 125 0.5 30 15 ratio %
2 30 60 2 125 125 0.5 30 2
14 30 ; i ; 250 | - ; p | Control
beam
15 30 45 15 125 125 0.5 30 2
E Effect of
16 30 60 2 125 125 0.5 30 2 fehse
fCI\_ISc
17 30 75 2.5 125 125 0.5 30 2
@8 mm
stirrups
spacing
16 30 60 2 125 125 0.5 30 2 0
= 18 30 60 2 125 125 0.5 30 2 100
2 30 60 2 125 125 0.5 30 2 150
19 30 60 2 125 125 0.5 30 2 200
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Load Cell

Loading distribution steel I-beam j
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3.12 Loading setup

The beams were tested in the College of Engineering at Salahaddin University
(Civil Engineering Laboratory). All the beams were tested at the same age. when
curing was completed. The specimens were placed at the laboratory temperature
and were painted white with gridlines so that the cracks could be seen quickly
and clearly, and the crack pattern could be marked, as shown in Fig. (3-18). The
specimens were tested up to failure using a compression-testing machine of 2000
kN capacity and 0.10 kN accuracy. A 2000 kN load cell was used to calibrate the
machine. The Load was applied to the center of the distribution steel I-beam
which is also divided into two-point loads as shown in Fig. (3-19). The dial
gauge had an accurate count of 0.01lmm for measuring displacements placed

under the center of the beams.

Fig. 3-18 Beam specimens painted with a white color
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Loading distribution

' steel, I-Beam
0,

Dial gauge

Load Cell

Roller support

specimens

Fig. 3-19 Setup specimens with the loading frame
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Introduction

In this chapter, the experimental results of nineteen reinforced concrete beams
are included. The beams were subjected to two equal point loads. The primary
hypothesis of this study is on the flexural and shear behavior of reinforced
concrete beams consisting of two layers with different concrete strengths
(grades). First, flexural cracking shear (\Vc;), diagonal shear force (\Vc), ultimate
shear strength (Vu), bending moment, and maximum deflection at the failure of

each beam are described in this chapter.

4.2 Properties of concrete specimens

4.2.1 Concrete Compressive Strength

According to (BS 1881 116 1983 Testing Concrete. Method for Determination of
Compressive Strength of Concrete Cubes) three cubes (150 * 150 * 150) mm
were tested for each beam and taken an average compressive strength. Table (4-

1) shows the result of the concrete compressive strength of all beams.

Table 4-1 Concrete compressive strength of control specimens

Target fey Average f, fc'

Beam No. (MPa) (MPa) (MPa)

C45 59.12 47.3
Bl & B15

C30 43.18 34.54

C60 74.57 63.38
B2 & B16

C30 41.88 33.50
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C75 85.89 73
B3 & B17

C30 44.58 35.66

C60 71.44 60.73

B4 & B8
C30 42.34 33.87
C60 69.98 59.48
B5

C30 43.41 34.73

C60 73.82 62.75
B6 & B14

C30 44.41 35.52

C60 73.8 62.47
B7 & B11

C30 43.40 34.72

C60 72.65 61.75
B9 & B10

C30 42.71 34.16

C60 71.17 60.49
B12 & B13

C30 43.35 34.68

C60 73.58 62.54
B18 & B19

C30 42.68 34.14

4.2.2 Splitting Tensile Strength

According to ASTM (ASTM-C496), for each beam, three (100x200) mm

cylinders were tested to determine tensile splitting strength, the results of the

splitting tensile strength of concrete are shown in Table (4-2).

fsp= (2*P)/(nLd)

Where: fs, = splitting tensile strength (MPa)

L = length (mm)

S7

P = maximum applied load (kN)

d = depth (mm)
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Table 4-2 Splitting Tensile Strength of control specimens

: Average L D f
Loa sp
(kN) (MPa)
(kN) (mm) | (mm)
110.27 200 100
C 45 104.33 110.27 200 100 3.51
116.20 200 100
Bl1&B 15
107.63 200 100
C 30 91.70 100.27 200 100 3.19
101.80 200 100
132.42 200 100
C 60 115.75 122.94 200 100 3.91
120.65 1200 100
B2 & B 16
98.60 200 100
C30 112.35 105.90 200 100 3.37
106.75 200 100
145.72 200 100
C75 152.30 145.04 200 100 4.61
137.10 200 100
B3&B 17
97.30 200 100
C 30 121.30 111.40 200 100 3.54
115.6 200 100
118.22 200 100
C 60 125.43 124.79 200 100 3.97
B4 & B8 130.73 200 100
110.63 200 100
C30 102.56 3.26
95.83 200 100
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101.22 200 100
118.30 200 100
C60 125.72 119.82 200 100 3.81
115.45 200 100
B5
115.80 200 100
C30 99.82 107.02 200 100 3.40
105.46 200 100
132.14 200 100
C60 115.85 125.37 200 100 3.99
B6 & Bl4 128.12 200 100
112.20 200 100
C30 102.50 103.85 200 100 3.30
96.85 200 100
119.20 200 100
C60 113.42 122.24 200 100 3.89
134.12 200 100
B7 & B11
100.40 200 100
C30 106.20 101.78 200 100 3.23
98.72 200 100
117.63 200 100
C60 108.12 113.05 200 100 3.59
113.42 200 100
B9 & B10
95.68 200 100
C30 103.12 102 200 100 3.24
107.43 200 100
119.43 200 100
B12 & B13 C60 121.87 3.87
113.32 200 100
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132.85 200 100
105.42 200 100
C30 98.83 98.89 200 100 3.14
92.42 200 100
113.62 200 100
C60 120.42 115.12 200 100 3.66
B18 & B19 111.34 200 100
91.63 200 100
105.82 200 100
C30 103.52 200 100 3.29
113.12

4.3 Results and Behavior of Tested Beams

The nineteen specimens were classified into six groups (A, B, C, D, E,and F). A

detailed description of the tested beams and testing procedure is given in the

Table (3-11) in the previous chapter. Generally, each specimen was tested as a
simply supported beam under two equal concentrated loads. The measured loads

at failure (Pu), the formation of the first diagonal cracks, and other parametric

studies are given in Table (4-3).
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Table 4-3 experimental result of all specimens

Overlap . . N fsp fsp
Beam hHSC o a fc NSC fc HSC fc HSC PC PU Vcl VC VU max 6
Groups time - ———| (Nso) | (Hso) Remark
No. . MPa MPa ) mm
heotat| (miny | 4 | (MPa) | (MPa) | fcnsc P il OB IO IO OB O (mm)
Bl 0.5 30 2 34.54 47.3 3.2 351 | 636 |136.2| 178 31.8 68.1 4.01
1.37 Effect of
B2 0.5 30 2 335 63.38 1.89 3.37 391 | 726 | 1453 | 174 36.3 72.65 3.64 fc usc
A B3 | 05 30 2 | 3314 | 74.65 | 505 | 354 | 461 |75.6 |149.4| 18.05 | 37.8 | 747 | 6.66 fcse
B8 - 30 2 33.87 - 1 3.26 3.97 | 55.7 | 125.7 | 25.2 | 27.85 | 62.85 3.32 Full NSC
control beam
B8 - 30 2 33.87 - 1 3.26 3.97 | 55.7 | 125.7 | 25.2 | 27.85 | 62.85 3.32 Full NSC
control beam
B4 0.5 15 2 33.87 60.73 1.8 3.26 3.97 | 743 | 1458 | 215 | 37.15 72.9 4.68
B B2 0.5 30 2 335 63.38 1.89 3.37 391 | 726 | 1453 | 174 36.3 72.65 3.64
B5 | 05 60 2 | 3473 | 5948 | 1.72 | 326 | 381 |73.4|1438| 187 | 367 | 71.9 | 3.5 Effect of
overlap time
B6 0.5 80 2 35.52 62.75 1.77 3.3 399 | 705 | 143 18.55 | 35.25 715 7.54
B7 0.5 100 2 34.72 62.47 1.8 3.24 3.80 | 83.2 1428 | 19.7 41.6 71.4 4.93
B8 - 30 2 33.87 - 1 3.26 3.97 | 55.7 | 125.7 | 25.2 | 27.85| 62.85 3.32 Full NSC
control beam
¢ B9 | 025 | 30 2 | 3416 | 6175 | 18 | 324 | 359 | 695 |127.2| 193 |3475| 636 | 403 | Effect of layer
B2 0.5 30 2 335 63.38 1.89 3.37 391 | 726 | 1453 | 174 36.3 72.65 3.64 thickness
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B10 | 0.75 30 2 34.16 61.75 1.8 3.24 359 | 723 | 139 | 17.35 | 36.15| 69.5 7.39

B11 | 1 0 | 2 i 6247 | 1 | 324 | 3.89 | 82.4 | 1504 | 18.95 | 41.2 | 752 | 8.04 Full HSC
B12 | 05 30 | 1 | 3468 | 6049 | 175 | 314 | 3.87 | 138 | 2899 | 447 | 69 | 14495 | 41 Eftect of
B13 | 05 30 | 15| 3468 | 6049 | 1.75 | 314 | 3.87 1%,)7' 1046 | 518 |5875| 973 | 3.84 %

B2 0.5 30 2 33.5 63.38 | 1.89 3.37 391 | 726 | 1453 | 174 | 36.3 | 72.65 3.64

B14 30 2 35.52 - 1.77 3.3 399 |56.7 1115 | 16.15 | 28.35 | 55.75 3.71 Full NSC
control beam
B15 0.5 30 2 34.54 47.3 1.37 3.2 351 (654 | 114 24.8 32.7 57 3.12
Effect of
B16 0.5 30 2 335 63.38 1.89 3.37 391 | 6751|1153 | 19.6 | 33.75 | 57.65 3.82 fc usc
B17 | 05 30 2 | 3314 | 7465 | 225 | 354 | 461 | 724 | 1186 | 202 | 362 | 593 | 3.32 fcnsc
®8 mm
stirrups
spacing

B16 05 30
B18 05 30
B2 05 30
B19 0.5 30

335 | 6338 | 1.89 | 337 | 391 | 6751153 | 19.6 |33.75| 57.65 | 3.82 0
Effect
3414 | 6254 | 184 | 329 | 3.66 | 79.6 | 1485 | 17.55 | 39.8 | 7425 | 4.43 | 100 of
335 | 6338 | 1.89 | 337 | 391 | 7261453 | 17.4 | 363 | 72.65 | 3.64 | 150 | stirrups
spacing
3414 | 6254 | 1.84 | 329 | 366 | 71.2|137.4| 197 | 356 | 687 | 515 | 200

N IN[IDNDN

where: - Pc: cracking Load, Pu: ultimate failure load, Vc: first flexural shear crack, Vc: shear strength, Vu: ultimate shear strength
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4.4 Cracking pattern and failure mode of the specimens

In terms of crack propagation, the behavior of both control and two-layer beams
is similar except for crack spacing, compared to the cracks of the control beam,
the cracks of the two-layer beams were closer to each other. The longitudinal
tension-steel yielded first in all the beams, followed by concrete crushing at

moment zone, which is a ductile failure mode.

4.4.1 Effect of compressive strength of layer on the crack pattern

Several crack patterns and failure modes were observed in the experiments.
Beams of the group (A) are affected by layer concrete compressive strength. The
first flexural crack appeared at the center of the beams at a load level between
(17.4 to 25.7 kN) for the specimens, it was followed by the first diagonal shear
crack level between (27.85 to 37.8 kN). When the loading was increased,
additional diagonal shear and flexural cracks developed, spreading throughout
the span. From the internal edge of the supports to the center of the load-bearing
plate, the diagonal shear cracks developed gradually. The flexural cracks also
spread toward the top of the beam, and a few additional small diagonal cracks
were seen. With increasing the layer of the compressive strength, the ultimate
failure load increased (8.35%, 15.6%, 18.85%) of beams (B1, B2, and B3) with
respect to B8 (control) beam with the full depth normal concrete. All beams in
this group failed in flexural at the load level (125.7, 136.2, 145.3, 149.4 kN). The

final crack pattern of the beams was shown in Fig. (4-1).
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Fig. 4 -1 Group (A) Cracking pattern of the test specimens (B1, B2, B3, and B8)

NS

4.4.2 Effect of overlap time casting between layers on the crack pattern

The specimens of this group were affected by the overlap time of layer casting.
During the testing of the specimens, several crack patterns and failure modes
were observed. The first flexural crack appeared at the mid-span at a load level
of between (17.4 to 25.7 kN), while the first diagonal shear crack appeared close
to the left support at a load level of between (27.85 to 41.6 kN). When the
loading was increased, additional diagonal shear and flexural cracks developed,
spreading throughout the span. From the internal edge of the supports to the
center of the load-bearing plate, the diagonal shear cracks developed gradually.
The flexural cracks also spread toward the top of the beam, and a few additional
small diagonal cracks were seen. The flexural cracks grew corresponding to the

yielding of steel bars with the increase of loads. Up to (15 min) ultimate load
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greater than the (60 to 100 min). all specimens in this group failed in flexural at
the level of load (125.7, 145.8, 145.3, 143.8, 143, 142.8 kN) for beams (B8, B4,
B2, B5, B6, and B7) respectively. The ultimate load increased by (16%, 15.6%,
14.4%, 13.8%, and 13.6%) for beams (B4, B2, B5, B6, and B7) with respect to
the control beam with full depth normal concrete (B8). The final crack of the
specimens was given in Fig. (4-2).

& .
.

i eils= /, V i k 37 \l\

S P

Fig. 4-2 Group (B) Cracking pattern of the test specimens (B2, B4, B5, B6, B7, and
B8)
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4.4.3 Effect of high-strength layer thickness on crack pattern

This group was subjected to a different layer thickness of NSC and HSC. Several
crack patterns and failure modes were observed in the experiments. It was
observed that the first flexural crack appeared at the center of the specimens.
Specimen (B2) consists of (50%) of HSC and had an earlier appearance of
flexural crack at (17.4 kN), and in other specimens (B8, B9, B2, B10, B11) the
flexural crack seen at level load of (25.2, 19.3, 17,4, 17.35, 18.95 kN)
respectively, the diagonal shear crack occurred at (27.85, 34.75, 36.3, 36.15,
41.2 kN) respectively. When the loading was increased, additional diagonal
shear and flexural cracks developed, spreading throughout the span. From the
internal edge of the supports to the center of the load-bearing plate, the diagonal
shear cracks developed gradually. The flexural cracks also spread toward the top
of the beam, and a few additional small diagonal cracks were seen. With
increasing loads, the flexural cracks increased in proportion to the yielding of
steel bars. The ultimate load for specimens was (125.7, 127.2, 145.3, 139, and
150.4 kN) for (B8, B9, B2, B10, and B11) respectively. The ultimate load
increased by (1.6%, 15.6%, 10.6%, and 19.65%) with respect to control beam
(B8). All beams in this group failed in flexural. The final crack pattern is shown
in Fig. (4-3).
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Fig. 4-3 Group (C) Cracking pattern of the test specimens (B2, B8, B9, Band
B11)

4.4.4 Effect of shear span ratio (a/d) on crack pattern

In this group the difference in the shear span ratio was study span ratio (a/d),
several cracks, and modes of failure was recorded for all specimens. the first
flexural crack appeared at the mid-span at load levels of (44.7, 51.8, and 17.4
kN) followed by the first diagonal shear crack at a load level of (69, 58.75, and
36.3 kN) for (B12, B13, and B2) respectively. With the increase of loading, more
diagonal shear and flexural cracks were propagated over the whole span of the
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beams, also It was found that the cracks developed an angle of (40°-50°) near the
ends of both specimens (B12, and B13). These cracks dispersed throughout both
sides of the beam. The flexural cracks grew corresponding to the yielding of
steel bars with the increase of loads. With decreasing the shear span ratio (a/d)
from (2 to 1.5 and 1) the ultimate load failure increased by (99% and 34%) for
beams (B12, and B13) with respect to (B2) All specimens failed in flexural at
load (289.9, 194.6, 145.3 kN) respectively. The final crack pattern was given in
Fig. (3-4).
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Fig. 4-4 Group (D) Cracking pattern of the test specimens (B12, B13, and B2)

4.4.5 Effect of compressive strength of layer without stirrups on the crack

pattern

This group is like group (A) different compressive strength layers were use while
no stirrups were used for the beams. This group had more diagonal shear cracks.

The flexural cracks also spread but don’t toward the top of the beam for all
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specimens in this group as shown in Fig. (4-5). The first flexural crack was seen
at load (16.15, 24.8, 19.6, and 20.2 kN). Also, the first diagonal shear appeared
at load (28.35, 32.7, 33.75, and 36.2) for specimens (B14, B15, B16, and B17)
respectively. With applying more load, the cracks diagonally start at the interior
face of the support and propagate approximately (45) degrees toward the neutral
axis of the beam. By increasing the layer of HSC ratio, the ultimate load was
raised by (2.24%, 3.4%, and 6.37%) for beams (B15, B16, and B17) with respect
to beam (B14) consisting full depth normal concrete without stirrups
respectively. The ultimate load failure of the specimens was (111.5, 114, 115.3,
and 118.6 kN).
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Fig. 4-5 Group (E) Cracking pattern of the test specimens (B14, B15, B16, and
B17)
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4.4.6 Effect of stirrup spacing on the crack pattern

In this group, the effect of spacing between stirrups was study. The first flexural
crack was noticed at the mid-span at a load level of (19.6, 17.55, 17.4, and 19.7
kN) and complied with the first diagonal shear crack at a load level of (33.75,
39.8, 36.3, and 35.6 kN) also, the failure load is recorded at a load level of
(115.3, 148.4, 145.3 137.4 kKN) for beams (B16, B18, B2, and B19). The mode of
failure depended on the stirrup spacing, with decreasing the space between
stirrups of the two-layer reinforced concrete the ultimate failure load was
increase by (28.7, 26, and 19.17%), for beams (B18, B2, and B19) with respect
to (B16) without stirrups, respectively. as shown in Fig. (4-6).
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Fig. 4-6 Group (F) Cracking pattern of the test specimens (B2, B16, B18, and
B19)
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4.5 Measured Load-Deflection Curves

For all specimens, were displacements measured in the experiment at the span's
mid-location of the beam. When the load increased gradually, the mid-span
deflection of each beam showed a similar crack pattern. The deformation of
deflection of all the specimens shows with the previous figures of the crack

pattern.

Group (A) is affected by the layer concrete compressive strength ratio, Figure
(4.7) shows the measured load-deflection curves for beams (B1, B2, B3, and
B8). The elastic region was represented by the linear rising limb which has a
greater angle until it reaches the linear limit value of (130, 140, 120, and 125.7
kN) with a corresponding deflection of (3.08, 3.38, 2.97, and 3.32 mm)
respectively but (B2, and B8) has a small plastic region range. By increasing the
layer compressive strength, the ultimate load was increase, and the maximum
applied load over the plastic region was (136.2, 145.3, 149.94, and 125.7 kN)
with a maximum deflection at the mid-span of specimens (4.01, 3.64, 6.66, and

3.32 mm) respectively.

Effect layer compressive strength ratio (fc' ygc / €' nsc)

160
140
120

100
—a—(1.37) B1
80

1.89) B2

Load (KN)

60
2.25) B3
40

—~ e~ —

-)B8
20

Deflection (mm)

Fig. 4-7 Deflection at mid-span group (A)
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Group (B) was affected by the overlap time of the casting of two layers of
specimens. The elastic region is represented by the linear rising limb which has a
greater angle until it reaches the linear limit value of (125.7, 125, 140, 140, 125,
and 135 kN) with a corresponding deflection of (3.32, 2.79, 3.38, 2.89, 3.44, and
3.88mm) for specimens (B8, B4, B2, B5, B6, and B7) respectively. The
maximum applied load over the plastic region was (125.7, 145.8, 145.3, 143, and
142.8 kN) with a maximum deflection at the mid-span of specimens (3.32, 4.68,
3.15, 7.54, and 4.93 mm). this is given in Fig. (4-8).

Effect of overlap time of casting

160

140 bl

120

100 —=—(-) B8
(15) B4

80

—o—(30) B2

Load (KN)

60 (60) B5

(80) B6
40
(100) B7

20

0 1 2 3 4 5 6 7 8 9

Deflection (mm)

Fig. 4-8 Deflection at mid-span group (B)

Group (C) was affected by the concrete layer thickness, the measured deflection
was increased linearly until the applied load reached (125.7, 120, 140, 115, and
135 kN) with a corresponding deflection of (3.32, 3.44, 3.38, 3.15, and 3.69 mm)
for specimens of (B8, B9, B2, B10, and B11) respectively. The maximum
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applied load over the plastic region was (125.7, 127.2, 145.3,139, and 150.4 kN)
with the deflection at the mid-span of specimens (3.32, 4.03, 3.64, 7.39, and 8.04
mm). this is illustrated in Fig. (4-9).

Load (kN)

160

140

120

100

Effect of layer concrete thickness (hysc /heorar)

—8—(-) B8
(0.25) B9
(0.5) B2
(0.75) B10
(1) B11

2 3 4 5 6 7 8 9 10 11 12

Deflection (mm)

Fig. 4-9 Deflection at mid-span group (C)

Group (D) is affected by shear span ratio (a/d). The elastic region was

represented by the linear rising limb which has a greater angle until it reaches a
peak value of (280, 190, and 140 KN) with a corresponding deflection of (3.72,
3.69, and 3.38 mm) for specimens of (B12, B13, and B2) respectively. By
decreasing the ratio of (a/d) from (2 to 1.5, and 1) the measured deflection at

mid-span was increase by (5, and 12%) for specimens (B13 and, B12). The

maximum applied load over the plastic region was (289.9, 194.5, and 145.3 kN)

with a maximum deflection at the mid-span of the specimens (4.1, 3.84, and 3.64

mm), as shown in Fig. (4-10).
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Effect of shear-span ratio a/d

350
300
250

200
(1) B12

Load (kN)

150 (1.5) B13

—e—(2) B2
100

50

0 1 2 3 4 5 6

Deflection (mm)

Fig. 4-10 Deflection at mid-span group (D)

Group (E) is affected by layer compressive strength without stirrups, the
deflection of the control beam with full normal strength greater than other beams
consisting of two layers. The elastic region was represented by the linear rising
limb which has a greater angle until it reaches a peak value of (110, 115, 115,3,
and 118.6 kN) with a corresponding maximum deflection at mid-span (3.71,
3.12, 3.82, and 3.32 mm). for specimens of (B14, B15, B16, and B17). The
ultimate load was (111.5, 115, 115.3, and 118.6 kN). The applied load was
discontinuous at the plastic region because the beams were without stirrups. It is

given in Fig. (4-11).
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Effect of layer compresive strength without stirrups

(fc usc s f€'nse)
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Fig. 4-11 Deflection at mid-span group (E)

Group (F) is affected by stirrup spacings. The elastic region is represented by the
linear rising limb which has a greater angle until it reaches a peak value of
(115,3, 135, 140, and 125 kN) with a corresponding deflection of (3.82, 3.52,
3.38, and 3.58 mm) for specimens of (B16, B18, B2, and B19) respectively. The
maximum applied load over the plastic region was (148.4, 145.3, and 137.2 kN)
with a maximum deflection at the mid-span of the specimens (4.43, 3.64, and
5.15mm) for beams (B18, B2, and B19), as illustrated in Fig. (4-12).
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Fig. 4-12 Deflection at mid-span group (F)

4.6 Effect of the layer compressive strength on the shear capacity of the

beams.

Table (4-4) shows the experimental value of shear strength (\Vc) and ultimate

shear strength (Vu) of the specimens with different compressive strength ratios.

Table 4-4 Experimental data of (V¢ & Vu) group (A)

Elele Bﬁzr.n fe'nse | f¢ hsc ((ff(:c:ZCc))/ (\k/NC) Inccryc(e)ase (L/lilj) Inc(;/gase
8 33.87 1 27.85 - 62.85 -
1 3454 | 47.3 1.37 31.8 14.2 68.1 8.4
A 2 33,5 | 63.38 1.89 36.3 30.3 72.65 15.6
3 33.14 | 74.65 2.25 37.8 35.7 14.2 18.9
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The cracking shear force (Vc) and ultimate shear strength (Vu) of the two-layer
beams increased linearly with an increasing compressive strength ratio between
the two layers (37%, 89%, 125%), the value of shear strength (\/c) increased by
(14.2%, 30.3%, and 35.7%) respectively also the value of ultimate shear strength
(Vu) increased by (8.4%, 15.6%, and 18.9%) respectively with respect to the
control beam (B8) as shown in Fig. (4-13). The effect of the layer compressive
strength ratio (fc'psc)/(fc'nsc) on (Vc) is greater than (Vu) by (50 to 70%). So,
the compressive strength of concrete layers has a direct effect on the shear

strength of concrete.
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Fig. 4-13 Effect of concrete compressive strength ratio on (V¢ & Vu)
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4.7 Effect of the overlap casting time on the shear capacity of the beams

Table (4-5) present the experimental value of shear strength (\Vc) and ultimate

strength of shear of the specimens at different time of casting two-layer of

concrete.
Table 4-5 Experimental data of (V¢ & Vu) group (B)
Group Beam Overla_p time Vc % Vu % Increase
No. (min) (kN) Increase (kN)

8 0 27.85 - 62.85 -
4 15 37.15 334 72.9 0.16
2 30 36.3 30.3 72.65 0.156

5 5 60 36.7 31.8 71.9 14.4
6 80 35.25 26.6 715 13.8
7 100 41.6 49.4 71.4 13.6

According to Table (4-5) when the overlap time is zero the value of the shear
strength (\VVc) and ultimate shear strength (\VVu) control beam is lower than other
beams consisting of two-layer reinforced concrete beams with different overlap
times. Up to 30 overlap time concrete shear strength (Vc) increases (33 %).
Likewise, ultimate shear strength (Vu) rises by (15.6%) up to 30 min then the
strength decreased by (13.6%) at an overlap time of 100 min, as shown in Fig.
(4.14). It can be concluded that the casting overlap time of up to (15 min) can be
used for casting two-layered reinforced concrete beams, which is recommended,

beyond this time the strength of the beam (V¢ &Vu) decreases.
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Fig. 4-14 Value of (V¢ & Vu) with different overlap time

4.8 Effect of concrete layer thickness on the shear capacity of the specimens

Table (4-6) shows the experimental results of shear strength (\Vc¢) and ultimate

shear strength (Vu) of the beams with a different layer thickness of concrete.

Table 4-6 Experimental data of (V¢ & Vu) group (C)

Group Beam | husc | Nt | hyge Ve % Vu %
No. | (mm) | (mm) | Reotar | (kN) | Increase | (kN) | Increase
8 0 250 0 27.85 - 62.85 -
9 62.5 | 250 0.25 | 34.75 24.8 63.6 1.2
C 2 125 | 250 0.5 36.3 303 |7265| 156
10 | 1875 | 250 | 0.75 | 36.15| 29.8 69.5 10.6
11 250 250 1 41.2 41.2 75.2 19.65
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The shear strength and the ultimate strength of the control beam are lower than
the beams consisting of two-layer with a different layer thickness of high-
strength concrete, for the beam consisting of (0.25h) of high strength layer ratio,
the concrete shear strength increased by (24.2%), and ultimate shear strength
(Vu) increased by (1.2%). When the high strength layer rises to (0.5h), (\Vc) and
(Vu) increase by (30.3 and 15.6%) respectively. For the high strength layer of
(0.75h), (\Vc) increased by (29.8%) and (Vu) by (10.6%). When the high strength
layer ratio reaches (1), means the beam consisting of full high strength concrete
(Vc) increased by (48%), and (Vu) by (19.65%). This means that by increasing
the high strength layer ratio the value of (Vc and Vu) increased linearly as
demonstrated in Fig. (4.15). Also, the effect of the high strength concrete layer
thickness on (V¢) is greater than (Vu).
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a
4.9 Effect of shear span ratio ( P ) on the shear capacity of the beams

Table (4-7) shows the experimental results of shear strength (\Vc) and ultimate

shear strength (Vu) of the beams with different shear span ratios a/d.

Table 4-7 Experimental data of (V¢ & Vu) group (D)

Beam a d a Ve % Vu %
Group — ) _
No. [(mm)|(mm)| @ | (KN) | Reduction| (KN) | Reduction
12 220 | 220 1 69 - 144.95 -
D 13 330 | 220 | 1.5 | 58.75 %15 97.3 33%
2 440 | 220 2 36.3 47.4 72.65 50%

Table (4-7) presented the value of (Vc & Vu) by affecting the shear span ratio

(a/d). With increased the shear span ratio (a/d), the shear capacity of the two-

layer concrete beams decreases gradually. Fig. (4-16) shows the influence of the

shear span- ratio (a/d) on the shear capacity. With a smaller shear span ratio, the
amount of (V¢ & Vu) is increased, for (a/d = 1.5) (Vc) decreased by (15%), and
(Vu) by (33%). While (a/d = 2) (\Vc) decreased by (47.4%) and (Vu) decreased
by (50%). The effect of (a/d) on the ultimate shear strength (\Vu) is greater than

(Vc).
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4.10 Effect of the layer compressive strength on the shear capacity of the

beams without stirrups.

Table (4-8) shows the experimental value of shear strength (\Vc) and ultimate

shear strength of the specimens with different compressive strength ratios of the

beams without stirrups.

Table 4-8 Experimental data of (V¢ & Vu) group(E)

Group | Beam fo'nse | s (fc“HSC)/ Vc % Vu %
No. (fc'nsc) | (KN) | Increase | (KN) | Increase
14 35,52 | 62.75 | 1.77 | 28.35 - 55.75 -
c 15 3454 | 47.3 1.37 32.7 15.3 57 2.24
16 335 | 6338 189 | 33.75 19 57.65 3.4
17 33.14 | 7465 | 2.25 36.2 27.7 59.3 6.4
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The above table presented the experimental value of (Vc & Vu) two-layer
reinforced concrete beams without stirrups. The capacity of shear strength and
ultimate shear strength of the control beam is less than the other beam consisting
of two-layer of concrete beams. The beams have a concrete compressive strength
ratio (1.37) the amount of (Vc and Vu) is increased by (15.3 and 2.24%)
respectively. When the compressive strength ratio is (1.89) the value of (Vc &
Vu) rises to (19 and 3.4%). For the last beam which is the compressive strength
ratio is (2.25) also, the value of (\Vc) is rising to (27.7%) and (Vu) to (6.4%).
With increasing the layer of high compressive strength ratio, the value of (Vc
and Vu) is increased as shown in Fig. (4.17), the effect of strength ratio (fc'nsc
/fc'nse) on (V) is much greater than the (Vu). The behavior of the beams

without stirrups are same as the beams with stirrups.
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Fig. 4-17 Effect of (fc nsc)/(fe'nsc) without stirrups on (Ve & Vu)
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4.11Effect of stirrup spacing (amount of reinforcement) on the shear
capacity of the beams

Table (4-9) present the experimental value of shear strength (\Vc) and ultimate
shear strength of the specimens with different amount of transverse

reinforcement (spacing of stirrups).

Table 4-9 Experimental data of (V¢ & Vu) group (F)

Vc Vu
Group | Beam No.| S (mm) % Increase % Increase
(kN) (kN)
16 0 33.75 - 57.65 -
- 18 100 39.8 18 74.75 29.7
2 150 36.3 7.56 72.65 26
19 200 35.6 5.5 68.7 19.2

Table (4-9) demonstrates the influence of different stirrup spacing on the result
of cracking shear and ultimate shear force (V¢ & Vu) in the group (F). stirrup
spacing has played a significant role in the capacity of shear strength. When the
stirrup spacing is (200 mm) the amount of (\/¢) increased by (5.5%) and (Vu) by
(19.2%). For beams with stirrup, spacing is (150 mm) the value of (V¢ &Vu)
again rises to (7.56 and 26%) respectively. When reducing the space of stirrups
to (100 mm) the amount of (\V/c) is going up to (18 %) and (Vu) to (29.7%). With
decreasing the spacing of stirrups, the capacity of shear strength is increased and
that is illustrated in Fig. (4.18). Also, the effect of stirrup spacing on (Vu) is

much greater than on (\Vc).
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CHAPTER FIVE
THEORETICAL CALCULATION

5.1 Shear strength calculation

The shear strength was calculated using theoretical and empirical methods found
in codes and literature. For the two-layer beam shown in Fig. (5.1), the total
shear strength is the sum of the shear strength of two layers. The methods used to

calculate the shear strength of concrete beams are described below:

5.1.1 ACI Code 318-19 ACI (American Concrete Institute) (2019)

2
Ve = gw/fC' b, d (5.1)
For two-layer beam equation (5.1) can be written as:
A !
Vclayerl = g[ fC HSC X bwhHSC] (5-2)
A !
VClayerZ ~ 8 [\/ fc nsc X by (d — hHSC)] (5.3)
Ve =Vcgyers + Veiayers (5.4)
Where:

V¢ = Shear strength of the beam (N), fc' = Cylinder compressive strength of the
beam (MPa), b, = Width of the beam (mm), d = effective depth of the beam
(mm), husc = depth of the layer (top layer) mm.

A = lightweight concrete modification factor
A =1 fornormal concrete
A = 0.85 for the concrete with sand's weight is light

A= 0.75 for all types of concrete that has light weight
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Fig. 5- 1 Beam section

5.1.2 EC2 Code CEN Eurocode (2004)

Vc=[0yC <1+\/7)(100plfc)]

For two-layer beam equation (5.5) can be written as:

VCiayer1 = y_ <1 + ’ ) (100 p, f¢' HSC)3 by, hysc

VCiayers = y_ <1 + / ) (100 p, f¢' NSC)3 by, (d — hysc)

Ve = VClayerl + VClayerZ
p; = Percentage of longitudinal reinforcement

y. = coefficient of material = 1.4

5.1.3 BS 8110-1: British Standards Institution. (1985)

1 1 1
() |bud

_lo79 As \3 (400\z%
Ve= Ym (100b d) (d)
For two-layer beam equation (5.9) can be written as:
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1 1 1
— 07 AS )3 (400)s | (fcu)s
Veiayers = - (100 bwd) ( : ) x (25)  buhnsc (5.10)
1 1 1
— 07 AS )3 (400)s | (fcu)s _
Veayerz = 7 (100 22" (57)" % (5 o bw(@ = hisc) (5.11)
Ve = Vclayerl + VClayerZ (5.12)
Where:

¥m = concrete partial factor of safety = 1.25, As = Area of the longitudinal

reinforcement (mm?), fo, = cube compressive strength of concrete (MPa).

5.1.4 Canadian Code CSA Committee A23.3 (2004)

Ve =0.2./fc byd (5.13)
For two-layer beam equation (5.13) can be written as:

Veiayers = 0.2 \/F¢ e bw husc (5.14)
Veiayers = 0.2 /"y oo bw (d = hyse) (5.15)
Ve =Vegyerr + Veayera (5.16)

The available models and theoretical equations (5.1 to 5.16) are applied on the
tested beams of this study (19 beams), the theoretical results of the shear force
are compared with the experimental results. Moreover, Statistical parameters are
calculated and displayed in the Table (5-1), such as the average ratio of (R)
experimental shear force divided by theoretical shear force, standard deviation,
(o), varians, and coefficient of correlation between the experimental and

theoretical results.
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Table 5-1 The experimental shear force and that calculated from the available

code

Beam | VCexp Vc Vc Vc Vc Vs | Ve | Ve | Ve
No. (kN) ACI EC2 BS8110 CAN Veacr | Vegez | Veps | Vecan
1 31.8 | 2954 | 22,398 | 23.824 | 35450 | 1.077 | 1.420 | 1.335 | 0.897
2 36.3 | 3219 | 23.668 | 25.162 | 38.624 | 1.128 | 1.534 | 1.443 | 0.940
3 37.8 33.89 | 24.457 | 25.994 | 40.672 1.115 | 1.546 | 1.454 | 0.929
4 37.15 | 31.81 | 23.494 | 24979 | 38.175 | 1.168 | 1.581 | 1.487 | 0.973
5 36.7 | 31.75 | 23.470 | 24955 | 38.097 | 1.156 | 1.564 | 1.471 | 0.963
6 3525 | 3242 | 23.797 | 25.302 | 38.909 | 1.087 | 1.481 | 1.393 | 0.906
7 416 | 3224 | 23.705 | 25.204 | 38.693 | 1.290 | 1.755 | 1.651 | 1.075
8 27.85 | 26.674 | 20.937 | 22,538 | 32.008 | 1.044 | 1.330 | 1.236 | 0.870
9 3475 | 29.41 | 22298 | 23.847 | 35291 | 1.182 | 1.558 | 1.457 | 0.985
10 36.15 | 34.65 | 24901 | 26.336 | 41.583 | 1.043 | 1.452 | 1.373 | 0.869
11 412 | 36.23 | 25.677 | 27.087 | 43.470 | 1.137 | 1.605 | 1.521 | 0.948
12 69 31.91 | 23,546 | 25.036 | 38.291 | 2.162 | 2.930 | 2.756 | 1.802
13 58.75 | 31.91 | 23546 | 25.036 | 38.291 | 1.841 | 2.495 | 2.347 | 1.534
14 28.35 | 27.316 | 21.272 | 22.638 | 32.779 | 1.038 | 1.333 | 1.252 | 0.865
15 32.7 | 2954 | 22.398 | 23.824 | 35450 | 1.107 | 1.460 | 1.373 | 0.922
16 33.75 | 32.187 | 23.668 | 25.162 | 38.624 | 1.049 | 1.426 | 1.341 | 0.874
17 36.2 | 33.89 | 24457 | 25994 | 40.672 | 1.068 | 1.480 | 1.393 | 0.890
18 39.8 | 32.16 | 23.660 | 25.155 | 38590 | 1.238 | 1.682 | 1.582 | 1.031
19 356 | 32.16 | 23.660 | 25.155 | 38.590 | 1.107 | 1.505 | 1.415 | 0.923
Rwmin 1.038 | 1.330 | 1.236 | 0.865
Rmax 2.162 | 2.930 | 2.756 | 1.802
Ravg 1.212 | 1.639 | 1.541 | 1.010
S.D 0.290 | 0.399 | 0.376 | 0.242
Var 0.84 | 0.159 | 0.141 | 0.059
Corr.(r) 0.332 | 0.335 | 0.338 | 0.331
r? 0.110 | 0.112 | 0.114 | 0.110
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As shown in Table (5-1) the correlation between the experimental and theoretical
results obtained from the available codes, EC2 and BS8110 equation give
underestimate results, the main ratio of (R= VCep/VCea) are 1.639 and 1.541
respectively, ACI code equation gives more reasonable results and still
underestimate results, the mean ratio (R) is (1.212). Figs. (5-2, 5-16) show that
all the plotted points are over the unity line, underestimate, while the results
obtained from the Canadian Code (CAN Code) most of points under the unity
line, overestimate, and mean value of (R) is (1.01) as shown in Figs.(5-17, 5-21).
Because there is a low correlation between the experimental data and theoretical
results that calculated from the available Code equations, new equations are

proposed to calculate shear strength for two-layer beams including the variables
of this study (the compressive strength ratio ( ”SC) of the two layers for beams
with and without stirrups, overlap casting time as a ratio to the cement initial
setting time (—) layer thickness ratio (f ”SC) shear span ratio (—) and

total

spacing of stirrups which is represented by the ratio of transverse reinforcement

index divided by the longitudinal index (Z—) ).
l
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5.2 Modified shear strength equations

The ACI code-19 equation (5.1) for beams with one layer is modified for two

layer beams as a function of the variables taken into consideration in this study:

The compressive strength ratio ( HSC) of the two layers for beams with and
C'Ns

without stirrups, overlap casting time as a ratio to the cement initial setting time

(—) layer thickness ratio (f HSC) shear span ratio (—) and spacing of stirrups

¢ total

which is represented by the ratio of transverse reinforcement index divided by
the longitudinal index ( ) The best fit curve is determined using linear
regression analysis and applied to the experimental data, the following equations

are proposed to predict the shear strength of the two-layer beams in terms of

different variables:

Vc—(1+0063 fc”SC)[Jf_Cb d] (5.17)

NSC

For beams without stirrups:

Ve = (1 06 + 0.004 £ HSC) [‘/f—clbwd] (5.18)
¢'Nsc 6
Ve =(1.08+0.162 ti) [‘/]?bwd] (5.19)
Where: t = overlap casting time (min)  t, = initial setting time of cement
Ve = (1.097 + o.ozﬂ) [wad ] (5.20)
total 6
Ve = (3.263 —1.035 3) [wad] (5.21)
d 6
ve = (092 +0.3038 %) [J?bwd] (5.22)
l
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Figs. (5-22, 5-27) shows the plot of the shear force ratio (Vc/VC aci) and the

variables.
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V
=
o
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1.02 ~

1.00

1 12 1.4 16 18 2 2.2 24
fc"HSC/ fc'NSC

Fig. 5-22 plot of (fc'nsc/fc'nsc) versus (VCexp/Veac) for beams with stirrups and
the best fit Eq. (5.17) (group A)
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Fig. 5-23 Plot of (fc'usc/fc'nsc) versus (Veexp/VCaci) for beams without stirrups
and the best fit Eq. (5.18) (group E)
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Fig. 5-24 Plot of (t/to) versus (Vcexp/VCaci) and the best fit Eq. (5.19) (group B)
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Fig. 5- 25 Plot of (hnsc/hiotal) Versus (Vcexp/Veaci) and the best fit Eq. (5.20)
(group C)
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Fig. 5-26 Plot of (a/d) versus (Vcexp/VCaci) and the best fit Eqg. (5.21) (group D)
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Fig. 5-27 Plot of (pt) versus (Vcexp/VCaci) and the best fit Eq. (5.22) (group F)
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As shown the first term of the modified equations represent the modification
factor on the ACI 318-19 equation for two-layer beams. The predicted shear
strength of the beams from these equations shows excellent correlation with the
experimental data, because the maximum and minimum average ratio close to
each other and the average ratio (Vcexp/VCca) Of all these equations are near unity
and the coefficient of correction values are acceptable, all statistical data are
shown in Table (5-2).

Table 5-2 Summary of the statistical data and proposed equations values of (V¢

exp/Vc cal)
m I @) 8 o
S| 8 £ 3 g §<§’ S 1€ g S |z 32 %
with stirrups
5.17 ¢ [For 0.989 | 1.007 | 0.976 | 0.0134 | 0.00018 |  0.994
Ve = (1 +0.063 fﬂ) [wad]
fC NSC 6
without stirrups
E | 518 ¢ N[JFe 0.999 | 1.038 | 0.975 | 0.028 | 0.00081 | 0.962
Ve = (1.06 +0.004 fﬂ) [ibwd]
fC NSC 6
B | 5.19 VC=(1.08+0.162 ti)[”: bwd] 1 | 1.060 | 0.914 | 0.0564 | 0.00319 | 0.883
o
c | 5.0 Vc:(1.097+o.oz}i”’i)["£c bwd] 0.997 | 1.069 | 0.935 | 0.0547 | 0.00209 |  0.92
total
D | 521 | ve=(3263-1035 g)[—"’:bwd] 0.998 | 1.076 | 0.945 | 0.069 | 0.00484 | 0.976
F | 522 Vc=<0.92+0.3038 &)[VZC bwd] 1 | 1.036 | 0937 | 0.0428 | 0.00184 | 0.795
P

The plot of calculated shear strength from these proposed equations versus the

experimental shear strength is shown in Fig. (5.28 — 5.33).
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Fig. 5-28 Calculated shear force versus experimental shear force (group A) from
proposed eq. (5.17)
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Fig. 5-29 Calculated shear force versus experimental shear force (group E) from
proposed eg. (5.18)
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Fig. 5-30 Calculated shear force versus experimental shear force (group B) from
proposed eg. (5.19)
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Fig. 5-31 Calculated shear force versus experimental shear force (group C) from
proposed eq. (5.20)
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Fig. 5-32 Calculated shear force versus experimental shear force (group D) from
proposed eqg. (5.21)
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Fig. 5-33 Calculated shear force versus experimental shear force (group F) from
proposed eq. (5.22)
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Finally, the multi-linear regression analysis method is used to propose a general

equation to predict the shear strength of two-layer beams in terms of the
variables of this study: the compressive strength ratio (%) of the two layers
NSC

of beams with and without stirrups, overlap casting time as a ratio to the cement

husc
hto tal

setting time (ti), layer thickness ratio ( ), shear span ratio (g), and spacing

of stirrups which are represented by the ratio of transverse reinforcement index

divided by the longitudinal index (% .
l

Ve = [1.77 +0.072 (%) +0.035 (ti) +0.0188 (M) — 0.4384 (g) +

!
C Nsc total

0.2173 (Z—Z)] [@bwd ] (5.23)
Where:

p; = Percentage of transverse reinforcement

p; = Percentage of longitudinal reinforcement

The average ratio of (R = VCexp/VCca) is (1.017) and coefficient of correlation (r
= 0.965). The plot of calculated shear strength verse experimental data is shown
in Fig. (5-34).
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Fig. 5-34 Experimental versus calculated shear force from proposed eqg. (5.23)
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5.3 Flexural calculations

Nominal bending moment of rectangular section shown in Fig. (5-35), can be

calculated from the following equation for under reinforcement concrete beam

. 0.85f,,
I — v D
- r 7 B
= j=ﬁ1c
v L ,
Ac—+o0-—o0—@}-t— /L 1 . —_— -t —
T= A,

Fig. 5-35 Singly reinforced concrete beam (Nilson et al., 2009)

Mn = As fy(d — g) (Nilson et al., 2009) (5.24)
= % (5.25)

If a < hyge

Mn = pbd?fy (1 - o.59fcfzsc) (Nilson et al., 2009) (5.26)

If a > hyge

¢, = 0.85fc’ ;o (husc X by) (5.27)

c; = 085 fc' o (@ — hysc)by (5.28)

T = Asfy (5.29)

C=C +C, (5.30)
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Where: -

@ = BLp R Cascluse i) oy, (5.31)
Mn, = 0.85fc’, .. hysc bw( - %) (5.32)
Mn, = 0.85fc’ (@ = husc)by, |d — (F225))] (5.33)
Mn = Mn; + Mn, (5.34)

Experimental bending moment for beam subjected to two equal point loads can

be determined as the following:

Mugy, = Pu;"p X a (5.35)
Where:

Pu = ultimate failure load (N)

a = Shear span (mm)

Also cracking bending moment is:

M, =—"Xa (5.36)

Where:
P.. = Cracking load (N)

The theoretical and experimental cracking and ultimate bending moments of all
beams are shown in Table (5-3), generally the experimental ultimate bending
moment is greater than theoretical values, and the ratio of (Muex, /Mu ¢4) Of all

beams is greater than one, the average ratio (1.2364).
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Table 5-3 Experimental and calculated moment ratio with cracking moment

Groups seam a (m) Mer Muerp M MuUexp /MU cai

No. (KN.m) (KN.m) (KN.m)

1 0.44 5.492 29.964 23.966 1.2503

A 2 0.44 5.391 31.966 24.342 1.3132

3 0.44 5.351 32.868 24.51 1.3410

4 0.44 5.421 32.076 24.294 1.3203

5 0.44 5.483 31.636 24.27 1.3035

® 6 0.44 5.533 31.46 24.33 1.2931

7 0.44 5.478 31.416 24.326 1.2915

8 0.44 5.481 27.641 23.278 1.1874

9 0.44 5.440 27.984 24.313 1.1510

¢ 10 0.44 5.440 30.58 24.313 1.2578

11 0.44 7.134 33.088 24.326 1.3602

12 0.22 5.478 31.889 24.29 1.3128

P 13 0.33 5.478 32.109 24.29 1.3219

14 0.44 5.592 24.53 23.474 1.0450

15 0.44 5.492 25.08 23.966 1.0465

: 16 0.44 5.391 25.366 24.342 1.0421

17 0.44 5.351 26.092 24.51 1.0645

18 0.44 5.437 32.76 24.328 1.3466

" 19 0.44 5.437 30.228 24.328 1.2425

Average 1.2364
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The first flexural cracking shear force occurred before the diagonal cracking
shear force, the experimental flexural first cracking load (\c;) and the diagonal
shear force (\Vc) of all beams are shown in Table (5-4), the ratio of (\VVci/Vc) of
all beams is less than one, and the average ratio is about (0.578), that is the
flexural first cracking shear is about (57.8 %) of the diagonal cracking shear, and
the diagonal cracking shear is greater than the flexural first cracking shear by
about (73%).

The flexural first cracking shear force can be calculated from the transformed
uncracked section of two-layer reinforced concrete beam shown in Fig. (5-36).
b"‘;—hz+(n—1)As d+(n'-1)As'dr

y' = (5.37)

byd+(n—-1)As+(n’'—1)Ass

Where:

Es

Ecnsc

Echsc
Ec = 4730./fc'

Where:

As = area of reinforcement in tension zone (NSC) mm?
As' = area of reinforcement in compression zone (HSC) mm?

Moment of inertia of the transformed section (1g)

I, = % +b,h (v — g)z +(n—DAs(d—-y)?+ @ - DAs'(y' —d')*> (5.38)
M, =l (5.39)

Yt
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Where:  f, = modulus of rupture of the concrete = 0.625,/fc’ (MPa)

y: = h —y' distance from the neutral axes to the tension face (mm)

Ve = = (5.40)

NSC

® T |
As (n-1)As

l—— bW ——

q—ﬁm—vqm

Fig. 5-36 Uncracked transformed beam section

The theoretical results of the flexural first cracking shear for all beams are less
than the experimental values as shown in Table (5-4), the ratio of experimental
cracking shear to predicted value (V1 exp/VCi car) IS greater than one for all beams

and the average value is (1.644).
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Table 5-4 Relation between first flexural and diagonal shear crack

Groups Beam No. VC1Exp V€1 cal Veeo Veieo VC1 exp IV Cexp
(kN) IVC cal

1 17.8 12.482 31.8 1.4261 0.5597

A 2 17.4 12.252 36.3 1.4202 0.4793
3 18.05 12.162 37.8 1.4841 0.4775

4 21.5 12.320 37.15 1.7451 0.5787

5 18.7 12.462 36.7 1.5006 0.5095

° 6 18.55 12.576 35.25 1.4751 0.5262
7 19.7 12.450 41.6 1.5823 0.4736

8 25.2 12.456 27.85 2.0232 0.9048

9 19.3 12.363 34.75 1.5611 0.5554

¢ 10 17.35 12.363 36.15 1.4034 0.4799
11 18.95 16.214 41.2 1.1688 0.4600

12 44.7 24.901 69 1.7951 0.6478

P 13 51.8 16.601 58.75 3.1204 0.8817
14 16.15 12.708 28.35 1.2708 0.5697

15 24.8 12.482 32.7 1.9869 0.7584

- 16 19.6 12.252 33.75 1.5998 0.5807
17 20.2 12.162 36.2 1.6609 0.5580

18 17.55 12.357 39.8 1.4202 0.4410

i 19 19.7 12.357 35.6 1.5942 0.5534
Average 1.644 0.578

Depending on the experimental data of the flexural first cracking shear (\Vc1) and
the variables taken in this study, equation (5.40) is modified using multi-linear
regression analysis to predict flexural first cracking shear in terms of the

variables of the study.
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The proposed equation:

Ve, = [1.55 + 0.076258s¢ 027 L 4+ 073 285¢ _ 0172 4 0024229  (5.41)
f to d pl' “yra

C'Nsc total

The average ratio of experimental flexural first cracking shear divided by the
calculated value (VCy exp/VC1 cal) 1S (1.011) and the coefficient of correlation is
(0.67). The plot of calculated versus experimental flexural first cracking shear
data shown in Fig. (5-37).
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Fig. 5-37 Experimental versus calculated first shear force from proposed eq.
(5.41)
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The following conclusions can be drawn from the experimental results obtained

from the tested beams:

1. The mid-span deflection and the crack pattern of the two-layer reinforced
concrete beams are similar and closer to the crack pattern and behavior of the

control beam (one layer of normal strength concrete)

2. Increasing the compressive strength of the top layer, the ultimate failure load
increased by (8.35%, 15.6%, and 18.85%), with respect to the (control beam)

which has a full depth of normal concrete.

3. In general, the cracking and the value of ultimate shear strength increased
when the waiting time (overlap time) was 15 minutes between the casting of the
two layers. This value decreased when the waiting time was extended to 100
minutes. Therefore 30 minutes or less of waiting time (overlap time) between the

layers is recommended.

4. The increase in the depth of the layer high strength concrete (top layer),
resulted in the increase of ultimate load by (1.2%, 15.6%, 10.6%, and 19.65%)
comparing the control beam, with the thickness ratio of each layer (0.25, 0.5,
0.75, and 1) respectively.

5. Changing the shear span ratio (a/d) from (1 to 1.5) and from (1 to 2), lowered
the ultimate load to reach the failure to (33%) and (50%) respectively.
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6. The effect of the layer compressive strength ratio (fc'wsc)/(fc'nsc) on shear
strength (\V/c) is greater than ultimate shear strength (\Vu) within the range of (50
to 70%).

7. Increasing the high strength layer ratio (husc\hiotar), the value of shear strength

(Vc) and ultimate shear strength (Vu) increases linearly.

8. By increasing stirrup spacing the capacity of shear strength is decreasing for

two-layer beams.

9. Different available equation (ACI 318-19, EC2, BS8110, and Canadian Code)
are used to predict the shear strength (\Vc), EC2 and BS8110 equations give
lower values of the results, but ACI 318-19 equations gives more reasonable
results and still lower values of the results, while the equations of the Canadian

Code results are more conservative.

10. Different new equations are proposed to modify the ACI 318-2019 for two-

layer beams to predict the shear strength of the beams in terms of the variables
(the compressive strength ratio (%) of the two layers for beams with and
NSC

without stirrups, waiting time for casting (overlap casting time) as a ratio to the

hysc

cement initial setting time (ti), layer thickness ratio ( ), shear span ratio

htotal

(%), and amount of transverse reinforcement (spacing of stirrups) which is

represented by the ratio of transverse reinforcement index divided by the

longitudinal index (%)). The predicted results are very close to the experimental
l

results and shows an acceptable correlation.
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11. General equations are proposed using multi-linear analysis regression to

predict cracking shear and flexural first cracking shear of two-layer beams in

terms of the variables of this study, the average ratio of ((‘;Ccﬂ)are (1.017 and
cal

1.011) respectively.
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6.2 Recommendations

The following studies are recommended for future project works:

1. Study on the flexural behavior of two-layer reinforced concrete beams

using lightweight concrete.

2. Study on the behavior of torsion using two-layer reinforced concrete
beams.

3. Study on the flexural behavior of two-layer reinforced concrete beams

using recycle aggregate.
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