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ABSTRACT

Shear behavior of high strength concrete differs from that of normal
strength concrete. Mortar strength of the former is much stronger and the
onset of failure might occur in the coarse aggregates or at the interface. In
most of the international codes there is no unified limit for the shallow to
beam transition of beams made of high strength concrete. Since their
behavior and design concepts are different, determining both flexure and
shear reinforcement are dissimilar in quantity and detailing. Therefore, it is
important to select a suitable beam classification before conducting design
procedures. In addition, a discrepancy among international codes exists for
normal concrete strength beams classification. The overall work scheme of
the present study is divided into three phases containing experimental
program for 16 specimens, numerical analysis for more than 120 beams and
also analytical work. Phase I aims at identifying experimentally and
numerically the transition from shallow to deep beam behavior of both
continuous and simple beams made of high and normal strength concrete.
Phase II is devoted to inspect the impact of beam classification on
reinforcement detailing and the associated behavior for high strength
concrete for simply supported and continuous beams. The experimental and
numerical investigations focused on the anticipated mode of failure, load-
deflection characteristics, strain distribution, crack width to address the

mechanism of load transfer and the appropriate modeling methodology.

A new analytical unified design for both shallow and deep beams is
proposed in Phase III. The methodology is adopted to account for both beam

and arch actions exhibited in behavior through proper weighting functions.
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ABSTRACT iii

In addition, simple design aids in form of charts and tables are introduced
for the flexural design. Beam analogy and Strut-and-Tie model are utilized
in the suggested procedure for the ultimate and serviceability limit states.
This research suggested a consistent definition for the transition limit from
shallow to deep beam behavior with various continuity conditions for
ordinary and high strength concrete members. Also, the proposed design
procedure was proved to be in good agreement with the experimental and

numerical analysis.



SUMMARY

A discrepancy exists among most of the international codes for limit of
the shallow to deep beam transition of members made of high strength
concrete. The mechanism of mobilizing internal resistance of the section to
the applied actions usually includes mortar-aggregate interlocking in
ordinary strength concrete. Modes of failure in high strength concrete may
be different depending on the matrix structure and the aggregates texture
besides particle strength and interface characteristics. Combined stresses in
continuous beams in the vicinity of interior supports which may have
different behavior from simply supported beams. In addition, shear
resistance in deep members may require provision of horizontal skin
reinforcement along with vertical stirrups. Distribution of main longitudinal
reinforcement along part of the beam height as required by particular codes
for deep members may lead to response different from members with
concentrated alignment of reinforcement. All of these salient features
influence the load path within the members, the cracking pattern and the
failure mode. In turn, mobilization of beam action and arch action
components will be affected as such with added sophistication of the
problem. Therefore, it is prudent to carry out experimental, numerical and
analytical investigations to study the behavior with these respects and to
propose a unified design procedure suitable for incorporation with rational

provisions.

The overall work scheme of the present study is divided into three
phases containing experimental program for 16 beams, numerical analysis
for more than 120 beams and analytical work for a lot numbers of shallow
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SUMMARY v

and deep beams. The first phase (I) provides an attempt for identifying
experimentally and numerically the transition from shallow to deep beam
behavior of both continuous and simple beams made of high and normal
strength concrete. While the second phase (II) is directed towards inspecting
the impact of beam classification of simple and continuous beams on
detailing and behavior for high strength concrete. Each phase is divided into
experimental and numerical investigations. The final target of this research,
phase (III), is proposing a new analytical unified design for both shallow
and deep beams. In addition, using beam idealization and strut-and-tie
model helped to provide simple design aids in form of charts and tables for

the flexural procedure of the proposed method.

In the experimental investigation of the first phase, twelve high strength
reinforced concrete beams were tested to failure. The specimens were
divided into three groups. The first group consisted of six high strength
reinforced concrete two-span continuous beams and the second one has four
high strength reinforced concrete simple beams. Test specimens of each
group had the same length, width, ratio of main bottom and top longitudinal
reinforcement and ratio of vertical and horizontal reinforcement. The third
group included two simple beams loaded by two point loads with L,/t of 5.8
and shear span—to—depth ratio a/d of 1.25. The beams had different flexure

reinforcement ratios equal to 0.18 4., and 0.62 4, .. The main

parameters of tested beams were the span/depth ratios, //d, in the range
between 2.23 & 6.1 for continuous beams and 3.1 and 6.6 for simple beams.
The experimental results were compared with the predictions of the
nonlinear 3-D finite element analysis using ANSYS 54 and a

comprehensive parametric study for different concrete strength was made.



vi SUMMARY

In the experimental investigation of the second phase, four high strength
reinforced concrete beams were tested to failure. The specimens were
divided into two groups. For each group, the dimensions of specimens were
kept unchanged. The first group comprised two continuous beams of clear
span—to—total depth L,/ equal 2.68 having different main steel arrangement.
The second group consisted of two simple beams of L,/t equal 2.16 have
different design type. In the numerical part of this phase, a comprehensive
parametric study with nonlinear finite element analysis using ANSYS 5.4
was made to study the effect of main reinforcement ratio and distribution on

the behavior of shallow and deep beams.

The main research outcome was establishing a suitable definition for the
shallow to deep member of simple and continuous beams made of high and
ordinary strength concrete. In addition, some necessary recommendations
about beam design and reinforcement arrangement were suggested. Finally,
the ultimate and serviceability limit states procedures for the new analytical
unified design for both shallow and deep beams were proposed with their

flexural design aids.



TABLE OF CONTENTS

AKNOWLEDGEMENT 1
ABSTRACT i
SUMMARY v
CONTENTS vii
LIST OF FIGURES Xil
LIST OF PHOTOES XX1
LIST OF TABLES XX1V

CHAPTER 1 INTRODUCTION

1.1 Problems Statement 1
1.2 Goals and Objectives 2
1.3 Methodology 3
1.4 Scope and Contents 3
CHAPTER 2 LITERATURE REVIEW
2.1 General 7
2.2 Shallow to Deep Beam Transition 9
2.3 Load Transfer Mechanism 24
2.4 Development of Deep Beam Definition 27
2.4.1 Egyptian Code (ECCS) 28
2.4.2 American Concrete Institute (ACI 318) 29
2.4.3 British Standards Institution (BS 8110) 30
2.4.4 Eurocode 2 (EC 2) 30
2.4.5 Canadian Standards Association (CSA) 30
2.4.6 Saudian code 30
2.4.7 Syrian Code [12] 30
2.5 Guides for Selecting Proportion for High Strength Concrete 31

2.6 Previous Experimental Investigations on High Strength RC
Simple Beam 33

vii



TABLE OF CONTENTS

viii

2.6.1 Effect of Size on flexural behavior of Shallow beams
2.6.2 Deep beams

2.7 Behaviour of RC Continuous Deep Beams
2.7.1 Previous Experimental Work
2.7.2 Continuous deep beams vs. continuous shallow beams
2.7.3 Continuous deep beams vs. simple span deep beams
2.7.4 Truss models for continuous deep beams

2.8 Mechanism of Shear Transfer

2.9 Strut and Tie Model

2.10 Closing Remarks

CHAPTER 3 RESEARCH FRAMEWORK
3.1 General
3.2 Research Program
3.2.1 Group G1: CT
3.2.2 Group G2: ST
3.2.3 Group G3: SR
3.2.4 Group G4: CT-F
3.2.5 Group G5: ST-F
3.2.6 Group G6: SL-F
3.2.7 Group G7: CA
3.2.8 Group G8: SA-T
3.2.9 Group G9: SA-L
3.2.10 Group G10: SD
3.2.11 Group G11: CD
3.3 Experimental Work
3.3.1 Materials
3.3.1.a The Concrete mix
3.3.1.b The Reinforcing Steel
3.3.2 Casting and curing of specimens
3.3.3 Test Setup and Instrumentations
3.4 Numerical Model
3.4.1 Software Package
3.4.2 Analysis steps
3.4.2.a Element SOLID65

33
34
43
44
49
53
54
56
62
64

71
71
74
74
75
75
75
76
76
77
77
77
78
98
98
98
100
102
102
108
108
109
109



ix TABLE OF CONTENTS

3.4.2.b Element Link 8 113
3.4.2.c SOLIDA45 (3-D structural solid) 114
3.4.3 Finite Element Model 114

CHAPTER 4 SHALLOW TO DEEP BEAM TRANSITION

4.1 General 121
4.2 Effect of Span to Depth Ratio 121
4.2.1 Observations of failure mode 121
4.2.1.a Continuous beams 121
4.2.1.b Simple beams 128
4.2.2 Load-deflection characteristics 137
4.2.2.a Continuous beams 137

4.2.2.b Simple beams 138
4.2.3. Longitudinal steel strain distribution 140
4.2.3.a Continuous beams (G1:CT) 140

4.2.3 b Simple beams (G2:ST) 147

4.2.4 Cracks width (G2:ST)) 150
4.3 Effect of Reinforcement Ratio 154
4.4 Effect of concrete strength 159
4.4.1 Continuous beams (G4:CT-F) 159
4.4.2 Simple beams (G5:ST-F" & G6:SL-F") 164

4.5 Detection of the Transition Zone 167

CHAPTER & IMPACT OF MEMBER CLASSIFICATION

ON REINFORCEMENT DETAILING AND BEHAVIOUR
FOR HSC

5.1 General 173
5.2 Group G10:SD 174
5.2.1 Observations of failure mode 174
5.2.2 Load-deflection characteristics 179
5.2.3 Cracks width 179
5.2.4 Longitudinal steel strain distribution 183

5.2.5 Closing remarks 183



TABLE OF CONTENTS X

5.3 Group G11:CD 184
5.3.1 Observations on failure mode 185
5.3.2 Vertical deflection 188
5.3.3 Longitudinal steel strain distribution 188

5.4 Closing remarks 191
5.5 Group G7:CA 191
5.6 Groups G8:SA-T and G9:SA-L 192

CHAPTER 6 NEW PROPOSED UNIFIED DESIGN FOR
SHALLOW AND DEEP BEAMS

6.1 Introduction 199
6.2 Overview of Experimental Results (Phase I) 199
6.3 Outlines of the Proposed Unified Design Method 201
6.4 Ultimate Limit States 203
6.4.1 Flexural Design Procedure 203
6.4.2 Shear Design Procedure 205
6.5 Serviceability Limit States 207
6.5.1 Deflection limit states 207
6.5.2 Cracking limit states 212
6.6 Application of the Proposed Unified Design Method 213
6.1 Ultimate limit states 214
6.1.a Flexural design 214

6.1.b Shear design 215

6.6.2 Serviceability limit state 219
6.6.2.a Deflection 219

6.6.2-b Crack Width 220

6.7 Flexural Design Aids 230
6.8 Study Cases and Verification 224

CHAPTER 7 CONCLUSIONS

7.1 Conclusions 229
7.1.1 Related to phase (I) 229
7.1.2 Related to phase (II) 230

7.1.3 Related to phase (III) 231



xi TABLE OF CONTENTS

7.2. Recommendations
7.3. Scope of future work

REFERENCES

APPENDIX A DESIGN OF GROUP G10:SD
APPENDIX B STRUT AND TIE MODEL

232
232

233

244
248



LIST OF FIGURES

CHAPTER 2

Fig. (2-1) The categorization of the previous work......................... 7
Fig. (2-2) Load near the support, transition from deep to shallow

DeaAM. ..., 10
Fig. (2-3) Variation in shear strength with (a/d) for rectangular beam

(23, A e 10
Fig. (2-4) Modes of failure in deep beams (a/d) < 1.0 [23,45]............ 11
Fig. (2-5) Typical shear failure in short beams [23, 45].............c..cce.. 12
Fig. (2-6) "Diagonal tension failure" or "Tooth cracking failure" [23,

A ] 13
Fig. (2-7) Failure of slender beams [23,45]........ccooviiiiiiiiiininnn... 14
Fig. (2-8) Influence of # and a/d on the relative beam strength.......... 15
Fig. (2-9) Description of flexure-shear interaction model [48]............ 16

Fig. (2-10) Schematic cracking patterns for beams with different

reinforcement percentage p and shear span-to-depth a/d

Fig (2-11) Types of behavior exhibited by RC beams without shear
reinforcement subjected to two point loading [7] ............. 19

Fig.(2-12) Typical modes of failure of beams exhibiting (a) type III,

(b) type IV behavior [7] ....ooeiiiiiiiiii e 20

Fig. (2-13) Crack patterns for tested beams [50]............cooooiiiinin. 23
Fig. (2-14) Truss models showing transition from slender beam to deep

beams [29]. ... 24

Fig. (2-15.a) Compression force trajectory of arch action.................. 25

Fig. (2-15.b) Reduction of internal moment arm length [11]............... 25

xii



LIST OF FIGURES xiii

Fig. (2-16): Reported tensile strain distribution in steel reinforcement

O 26
Fig. (2-17): Cracking according to beam and arch action [7].............. 26
Fig. (2-18): Deep beam D-regions of ACI 318-05 [32]...........coeeneee. 29
Fig. (2-19): Crack patterns at failure [S7].......cccooiiiiiiiiiiiin .. 35
Fig.(2-20): Typical crack patterns [S6] ..........cccooeiiiiiiiiiiiiiiiniiienee. 36
Fig. (2-21): Typical continuous deep beam cracking behavior [7] ....... 45
Fig.(2-22): Crack patterns and failure zones of tested beams .............. 47

Fig.(2-23): Crack propagation for beams having web openings within

interior shear spans. [10] ..o, 48
Fig. (2-24): Comparison of deep and shallow continuous beam

behavior. [7].. oo 50
Fig.(2-25): Steel stress redistribution after inclined cracking [7].......... 51
Fig.(2-26): Shear-to-moment ratio: (a) for simple span = d/a; (b) for

two-span Vd/M=d/[distance to point of inflection(P.1.)] #

A/a (B34 54
Fig. (2-27): Strut at-and-tie model for a continuous beam [44]............ 56
Fig.(2-28): (a) Internal forces in cracked beam with stirrups;

(b) Relative magnitude of shear carrying mechanisms [34]. 57
Fig.(2-29): Influence of the relative flexural strength Mc / Mf and a/d

on the transition from shallow to deep beam................... 66
Fig. (2-30): Internal forces in cracked beam with stirrups [34]............ 67
Fig. (2-31-a): Recommended details of RFT for simple deep beam [51] 68
Fig. (2-31-b): Recommended details of RFT for continuous deep beam

Fig. (2-32): Compression force trajectory of arch action [11]............. 69

Fig. (2-33) Effect of beam and arch actions in steel strain distribution.. 69



Xiv LIST OF FIGURES

CHAPTER 3
Fig. (3-1): Dimensions and geometrical properties for beams of group

G1:CT with column necks. ..........cooviiiiiiiiniiiinn, 79
Fig. (3-2-a): Dimensions and details of reinforcement for beam "CB-

2 88
Fig. (3-2-b): Dimensions and details of reinforcement for beam "CB-

30 88
Fig. (3-2-c¢): Dimensions and details of reinforcement for beam"CB-

32 e 88
Fig. (3-2-d): Dimensions and details of reinforcement for beam "CB

S 89
Fig. (3-2-e): Dimensions and details of reinforcement for beam "CB

S 89
Fig. (3-2-f): Dimensions and details of reinforcement for beam "CB-

05 90
Figs. (3-2): Details of reinforcement for the specimens of group

Gl e 90
Fig. (3-3-a): Dimensions and details of reinforcement for beam "SB-

2 92
Fig. (3-3-b): Dimensions and details of reinforcement for beam "SB-

3 92

Fig. (3-4-a): Dimensions and details of reinforcement for beam "ST-
2 et . 94



