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ABSTRACT
Reinforced concrete column is one of the compression structural member carry axial or slightly slanted compressive loads, with or without moment. In RC column opening provided for multiple purpose such as plumbing of pipes and electric wiring. The provision of such openings may result in the loss of strength, stiffness and ductility. Therefore, providing core hole needs some precaution in account of failures of the column. Most of researchers have studied effect of opening considering, hole position, hole diameter, hole shape and grade of concrete. However, there is lack of study on drilling concrete core with considering of steel grade, reinforcement area ratio, level of service load. Therefore, this study demonstrates finite element analysis of reinforced concrete column with drilled concrete core considering effect of opening in account of steel grade, reinforcement area ratio, level of service, cross section of column and drilling location. It shows deformation versus column capacity, concrete vertical strain, bar strain distribution around hole, capacity reduction relative to controlling specimen, core position effect and P-delta effect. Finite element analysis consist initial step associated with boundary condition and first step which nonlinear static stress analysis takes place. For checking accuracy of finite element analysis validation performed with available experimental literature. The results from finite element simulation of hole effect indicates; Increase grade of reinforcement; improve capacity of drilled column and axial deformation decreased by the range 6.18 % up to14.59 % relative to solid column. Reinforcement area ratio reduces axial deformation 31.2% between drilled specimens and cross-section of column increases; deformation decrease 18.18% axial deformation. In addition to this; hole position at end side has large reduction in axial capacity of column and resulted increase lateral deformation. Hole at end side has greater effect in lateral deformation relative to axial deformation.
[bookmark: _Toc74712529]TABLE OF CONTENTS
Contents
APPROVAL PAGE	m
DECLARATION	i
LIST OF ACRONYMS AND ABBREVIATION	iii
LIST OF FIGURES	ix
CHAPTER 1	1
INTRODUCTION	1
1.1. Background	1
1.2. Problem Statement	2
1.3. Research Question	3
1.4. Objective of the Study	3
1.4.1. General Objective	3
1.4.2. Specific Objective	3
1.5. Scope of the Study	4
1.6. Significance of Study	4
CHAPTER 2	5
LITERATURE REVIEW	5
2.1 General	5
2.2 Tied and Spiral Column	5
2.3 Failure Mechanism of RC Column	11
2.4 Mechanical Behavior of Concrete	13
2.5 Finite Element Analysis	15
2.5.1 Advantages of Finite Element Analysis	16
2.5.2 Introduction to Non-linear Analysis Systems in Solid Mechanics	17
2.6 Related Research Work	20
CHAPTER 3	26
MATERIAL AND METHODOLOGY	26
3.1 General	26
3.2 Abaqus Modeling of Reinforced Concrete Column	28
3.3 Material Modeling	29
3.3.1. Concrete Damaged Plasticity Model	29
3.3.2 Reinforcement Modeling	39
3.3.3 Concrete - Reinforcement Interaction Modeling	40
3.4 Element Type	40
3.4.1 Mesh Density of Plain Concrete and Reinforcement	41
3.4.3 Step Module	43
3.5 Loading and Boundary Condition	43
CHAPTER 4	44
RESULTS AND DISCUSSIONS	44
4.1 Introduction	44
4.2 Finite Element Model and Validation	44
4.3 Parametric Study of Core Drilling Capacity and Axial Deformation Capacity of Reinforced Concrete Column	60
4.3.1 Cross-section of Column	61
4.3.2 Grade of Steel	62
4.3.3 Hole Position	65
4.3.4 Level of service load	66
4.3.5 Reinforcement Area Ratio	69
CHAPTER 5	72
CONCLUSIONS AND RECOMMENDATIONS	72
5.1 Conclusions	72
5.2 Recommendations	73
REFERENCES	75
APPINDEX	79

LIST OF TABLES
Table 3.1: Slenderness effect of study specimen	27
Table 3.2: Concrete damage plasticity model parameters	31
Table 3.3: Yield stress, in-elastic strain and compression damage of concrete	36
Table 4.1: Validation parameter (Lei, Qinfeng, Xiangmin and Chunming, 2010.)	44
Table 4.2: Detail of column used for validation and material specification (Lei, Qingfeng, Xiangmin, & Chunming, 2010)	45
Table 4.3: Study parameters of RC column with core drilling	60
Table B.1: Plastic strain PE of x, y and z direction and stress	81















[bookmark: _Toc74712530][bookmark: _Toc95334691]LIST OF FIGURES 
Figure 2.1: Spiral column and deformation of RC column under axial load (Wight & MacGregor, 2012)	6
Figure 2.2: Tri-axial stress in core of spiral column (Wight & MacGregor, 2012)	8
Figure 2.3: Lateral deflection of slender column	10
Figure 2.4: Interaction diagram of nominal column strength of bending and axial load	12
Figure 2.5: Compressive and tensile stress-strain of concrete (Hognestad, 1951)	14
Figure 2.6: Tensile stress-strain curve of reinforcing steel (Eurocode 2, 1992)	15
Figure 2.7: Linearity in structural systems	17
Figure 2.8: Non-linearity in solid mechanics (Kim, 2014)	18
Figure 2.9: Tied column destroyed in1971 San Fernando earthquake (Wight & MacGregor, 2012)	24
Figure 3.1: Detailing cross section of study parameter	28
Figure 3. 2: Yield surface in deviatoric plane (Abaqus/CAE, 2011)	30
Figure 3. 3: Definition of damage parameter in CDPM in (ABAQUS: Analysis user's manual, 2014)	31
Figure 3.4: Uni-axial compression loading	33
Figure 3.5: Uniaxial tension response of concrete (Water et al. 199)	34
Figure 3.6: Hognestad parabolic pre and post- peak concrete compression response (Hognestad, 1951)	36
Figure 3.7: Concrete compressive strength	37
Figure 3.8: Compression damage of concrete	37
Figure 3.9: Concrete tension damage vs Cracking strain	38
Figure 3.10: Tensile stress- strain of concrete	39
Figure 3.11: Typical uniaxial stress strain behavior of reinforcement (Mosley, Bungey, & Hulse, 1999)	40
Figure 3.12: Two node truss element (T3D2) and eight-node brick element (C3D8)	41
Figure 3.13: Meshing of controlled a. (mesh by part) and b. drilled column (swept mesh)	42
Figure 3.14: Study specimens hole location for core drilling	42
Figure 4.1: Dimensions and reinforcement of specimens (Lei, Qingfeng, Xiangmin, & Chunming, 2010)	45
Figure 4.2:- Layout of rebar strain gauges of C5 and C6 (Lei.et.al, 2010)	46
Figure 4.3:- Layout of concrete strain gauges, core drilling location and LVDT of C5 and C6 (Lei.et.al, 2010)	47
Figure 4.4: Hole position of validation modeling	47
Figure 4.5: P- delta of specimen C1, C2 of Abaqus, and Experimental result of (Lei.et.al, 2010.)	48
Figure 4.6: P- delta of specimen C4, C6 of Abaqus, and Experimental results of (Lei.et.al, 2011.)	49
Figure 4.7: Axial load versus delta of specimen C7,C8 and C9 of Abaqus and Experimental of (Lei.et.al, 2010.)	49
Figure 4.8: Rebar strain of C3 and C4 column specimen of Abaqus and Experimental result of (Lei.et.al, 2010.)	50
Figure 4.9: Rebar strain of column specimen of Abaqus and Experimental result of (Lei.et.al, 2010.)	51
Figure 4.10: Stirrup strain of C2 of Abaqus and Experimental value of (Lei.et.al, 2010.)	52
Figure 4.11: Rebar strain of C2 of Abaqus and Experimental value of (Lei.et.al, 2010.)	53
Figure 4.12: Rebar strain at core hole of specimen C3, C4 and C5 of Abaqus and Experimental value of (Lei. et.al, 2010.)	54
Figure 4.13: Concrete vertical strain of specimen C3 of Abaqus and Experimental result of (Lei.et.al, 2010.)	55
Figure 4.14: Concrete vertical strain of specimen C4, C5 of Abaqus, and Experimental result of (Lei.et.al, 2010.)	55
Figure 4.15: Maximum load of column specimen (300x300) for Abaqus and Experiment result of ( Lei.et.al, 2010.)	56
Figure 4.16: Maximum load of column specimen (400x400) for Abaqus and Experiment result of (Lei.et.al, 2010.)	56
Figure 4.17: Maximum load of column specimen (400x600) for Abaqus and Experiment result of lei.et.al, 2010	57
Figure 4.18: Maximum displacement of column specimen (300x300) for Abaqus and Experimental result	57
Figure 4.19: Maximum displacement of column specimen (400x400) for Abaqus and Experiment result	58
Figure 4.20: Maximum displacement of column specimen (400x600) for Abaqus and Experiment result	58
Figure 4.21: Ultimate axial load and axial displacement of C1, C5 and C8 of Abaqus result for validation	59
Figure 4.22: Displacement of specimen C450x450 and C450x500	61
Figure 4.23: Concrete strain of different cross section of column	61
Figure 4.24: Load-displacement graph of C450x450	62
Figure 4.25: Strain of concrete at maximum principal specimen with 300 Mpa, 420 Mpa and 520 Mpa respectively	63
Figure 4.26: Horizontal displacement and stress of 520 Mpa and 300 Mpa specimens	64
Figure 4.27: Load versus axial displacement graph of TC1, TC2 and TC3	65
Figure 4.28:- P- delta curve of specimen TC1, TC2 and T3	66
Figure 4.29:-Axial  load for increasing level of load specimen	66
Figure 4.30:- Axial displacement of specimen with level load	67
Figure 4.31: -Maximum horizontal displacement of specimen TC10, TC11 and TC12	67
Figure 4.32:- Concrete stresses of columns with level of load	68
Figure 4.33:- Bar stress around the hole of TC12	69
Figure 4.34 Axial load and displacement graph of C450x450	69
Figure A.1: Rebar strain of Abaqus and Experimental result of Lei.et.al, 2010	79
Figure A.2: Stirrup strain of C1 of Abaqus and Experiment of Lei et.al	79
Figure A.3: Rebar strain of C1 of Abaqus and Experiment of Lei et.al	79
Figure A.4:  Rebar strain of C5 and C6 of Abaqus and Experiment of Lei et.al	80
Figure A.5: Concrete vertical strain of C6 of Abaqus and Experiment of Lei et.al	80
Figure A.6: Strain of concrete of specimen C450x450 with 520 Mpa	80

[bookmark: _Toc95334692]CHAPTER 1
[bookmark: _Toc95334693] INTRODUCTION
[bookmark: _Toc25679820][bookmark: _Toc95334694]1.1. Background 
Reinforced concrete column is one of the compression structural member carry axial or slightly slanted compressive loads, with or without moment. Numerous characteristics of a reinforced-concrete column affects the overall strength of the column are length, load eccentricity, cross-section area, end connections, concrete and reinforcement strength. RC structural members are critical elements subjected to different loads under adverse condition such as wind loads, seismic load, snow, live load, dead load etc. (Wight & MacGregor, 2012). The loading capacity of column depends on the materials used in its’ construction, length, shape of cross-section, and the rigidity applied to its ends. Failure of column in a critical location can cause the progressive collapse of the adjoining floors and the ultimate total collapse of the entire structure. For design purpose column may be short or slender. In Short columns material strength and geometry of the cross section govern its strength; whereas, slender column strength reduced by lateral deflections and buckle before concrete or steel reinforcement yields (Neway, 2009).
In RC members plumbing, electric wiring and other facilities installed in structural members by providing holes. For multiple purpose openings and drilled holes often provided in those concrete structural elements to allow access for services, such as pipes for plumbing and electric wiring. Core hole changes the response of a structure by stressing around hole, which leads to cracking then after failure may occur. The provision of such openings may result in loss of strength, stiffness and ductility. Therefore, providing core hole needs some precaution in account of column failure. Application facilities of core test techniques in engineering raised in China since 1981 (Lei, Qingfeng, Xiangmin, & Chunming, 2010). Variety of cylinder’s height to diameter ratios cut out from the in-situ concrete. Cutting machines determine core diameter, element thickness control and height of hole. For indication, it has varied through thickness of column, beam, slab, wall and footing. 
Hole position should be selected as diameter not crossing with reinforcement. Nevertheless, sometimes these criteria may not possible in critical area where reinforcements are closely spaced. Therefore, reinforcement cut during drilling follows the condition of rebar closely spaced or position undetermined. Reinforcement found in the core has been ambiguous matter. Some consider that rebar increases sample strength; while others believe that strength deduction when rebar exist; the others believe in very low effect of rebar. (Neville A. , 1996).
Different code and standards for instance, ACI, ASTM, EC, Iranian Concrete code and other Iranian codes, there is no account taken for rebar consequences on core. As a result, there is no any correction available for core test result. Still now, there is scarcity in code for concrete core for many countries. Although, some codes BS 1881:1983 and Concrete Society presented corrections for rebar existing in concrete cores (Neville A. , 1996). Rebar discontinuity at hole is confusing as mentioned in above literature; the study give more understanding of core drilling effect. It necessary to investigate the effect of cut reinforcement on solid reinforced column.
[bookmark: _Toc95334695][bookmark: _Toc25679821]1.2. Problem Statement
There is no enough guidelines codes and research on concrete core drilling. This problem frequently creates doubts and concerns in engineering practice. Drilling core has significant reduction stiffness, strength and capacity reduction reinforced concrete column (Lotify, 2013). This results failures by initiating of cracking around hole. Drilling of concrete core effect has studied with considering of steel grade, reinforcement area ratio, level of service load. Therefore, careful analysis and detailing of RC column around the hole is required. 
[bookmark: _Toc95334696][bookmark: _Toc25679825]1.3. Research Question
What are the effects of hole on the axial deformation of column? 
 Does a reinforcement discontinuity at hole of RC column affect the stress strain distribution across the cross-section?  
What is the effect of reinforcement area ratio (steel diameter), level of load and steel grade on core-drilled column with respect strength of reinforced concrete column?
How much these parameters reinforcement area ratio (steel diameter), level of load and steel grade has effect on core drilled column?  
[bookmark: _Toc25679822][bookmark: _Toc95334697]1.4. Objective of the Study 
[bookmark: _Toc25679823][bookmark: _Toc95334698]     1.4.1. General Objective
The objective of this study is finite element analysis of reinforced concrete column with core drilling considering axial load for a better understanding the influence on its capacity due to drilled core.
[bookmark: _Toc25679824][bookmark: _Toc95334699]     1.4.2. Specific Objective
Investigation of factors such as:- steel grade, reinforcement ratio, level of load, column effective cross section, drilling location, and reinforcement discontinued by drilling, that have impact on RC column capacity
Comparing and contrasting response of on reinforced concrete column with and without core
Investigating the effect of core drilling on deformation of reinforced concrete column 
Determining bar strain at core hole position, concrete vertical strains and P-delta effect of reinforced concrete column.
[bookmark: _Toc95334700][bookmark: _Toc25679826]1.5. Scope of the Study
In this research finite element analysis of RC column with drilled core under axial load of column limited to short rectangular column. Transverse core selected for RC column. Longitudinal core not considered for this study. RC column is subjected to concentric load on the top of column and circular hole diameter is constant. Hole position at end side and end center selected for this study.
[bookmark: _Toc25679827][bookmark: _Toc95334701]1.6. Significance of Study
This study will contribute and increase understanding the response of the drilled reinforced concrete column by using finite element method. It will provide good way of repairing of existing structure. The results obtained will be helpful for construction industry, designers, educational purpose and for next coming researchers on this area.
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[bookmark: _Toc95334703]LITERATURE REVIEW
[bookmark: _Toc95334704]2.1 General
RC structures are widely used to build infrastructures. These structures are consist structural elements such as column, foundation and beam. Reinforced concrete column is vertical elements support the floor system. They are compression member subjected to axial load, axial load and bending. If structural system composed of horizontal compression members, such members will be considered as beam columns (Neway, 2009). Columns are part of structural member that carry loads from the beams and slab down to the foundation. Columns are primarily compression members; they may also resist moment due to continuity with other structural members. In general, concrete columns defined as compression members whose greatest lateral dimension is less than four times its least lateral dimension; and whose unsupported length is more than three times the least lateral dimensions of the section.
[bookmark: _Toc95334705]2.2 Tied and Spiral Column 
According to MacGregor, more than 95% of all columns in buildings in non-seismic regions are tied columns. From various category of shape-based classification, tied columns are may be L-shaped, circular, rectangular or square. In spiral columns reinforcement bent and ties with helix or spiral for high strength ductility achievement. Accordingly, ductility in columns could ensure by providing spirals or closely spaced ties. Axial loads applied and concrete core expands laterally in out of plane. Nevertheless, spiral prevents concrete expansion which providing concrete core delay and then ductility achieved (Wight & MacGregor, 2012). In seismic region among that spiral column governed. The figure 2.1.b below diagrams shows as the concrete spalls off and concrete core fails out ward of spiral after ultimate load applied soon after indicating vertical cracks. When this occurs in a tied column, the core capacity that remains is less than the load column. The concrete core crushes and the reinforcement buckles outward between the ties. This kind of concrete failures happens in brittle without warning sign indication. Spiral reinforcement confine core results triaxial stress, which yields core strength. In case of concrete inside spiral expands out ward and spall of concrete core. However, there is no sudden failure; which means it shows warning preceding failure. Consequently, column deforms largely by preceding collapses (yielding of spirals). This kind of failure is recommendable because of ductile the impending failure. The load deflection diagrams (see figure 2.1.b) shows the behavior of tied and spiral columns subjected to axial load.
[bookmark: _Toc58713701][bookmark: _Toc58715206]
[bookmark: _Toc62322088][bookmark: _Toc62322268][bookmark: _Toc92635257][bookmark: _Toc75369124][bookmark: _Toc73698241][bookmark: _Toc94795359][bookmark: _Toc101953344]Figure 2.1: Spiral column and deformation of RC column under axial load (Wight & MacGregor, 2012)
Behavior of Tied and Spiral Column 
Spiral column core portion enclosed with one and half turns of as illustrated in figure 2.2.a. Column subjected to load f1 in stress form vertically; then after concrete core shortens longitudinally as compressive load exerted and so to satisfy poison ratio. The compressive load results lateral expansion of concrete up to 70% of cylindrical strength. As presented in figure 2.2.b in a spiral column, lateral expansion of concrete core inside the spiral stirrup. The spiral gives tension stress response as concrete core restrained inside the spiral. In order to equilibrate the condition, concrete subjected to lateral compressive stresses, f2 an element taken from within the core (Figure 2.2.c) subjected to tri-axial compression. Tensile fracture failure type under tri-axial compressive stresses created. This Failure formed in direction of maximum compressive stress and this perpendicular to maximum tensile strain or a shear mode of failure. The strength and ductility of concrete under tri-axial compression exceed those under uniaxial compression.
   ………. (Equation 2.1)
Equation (2.1) used to derive an equation for the quantity of spiral steel bar needed in a column. Tied column of seismic area has roughly spaced tie and result a small lateral restraint to the core material. Hoop stress effect formed by outward pressure on sides of tie due to lateral expansion of concrete. Therefore, normal stirrup has a little effect on strength of core in tied column. However, act to decreasing buckling danger as reinforcement stress approaches to yield with in deduction of unsupported length of main bar.
 Figure 2.2 presents’ load-deflection diagrams for a spiral column subjected to axial loads and tied column. The initial conditions of these diagrams are similar. Maximum load produces vertical cracks and crushing developed in concrete out sides of spiral. Moreover, this concrete spalls off. When this occurs in a tied column, load of column is beyond the capacity of the core. Therefore, as shown in figure 2.2 stress in spiral reinforced concrete column expressed tri-axial load is applied.





     
[bookmark: _Toc58713702][bookmark: _Toc58715207]              	
[bookmark: _Toc62322089][bookmark: _Toc73698242][bookmark: _Toc75369125][bookmark: _Toc92635258][bookmark: _Toc94795360][bookmark: _Toc62322269][bookmark: _Toc101953345]Figure 2.2: Tri-axial stress in core of spiral column (Wight & MacGregor, 2012)
The concrete core crush is occurring suddenly without warning when shell spalls off the spiral column and reinforcement buckles outward between ties. On the other hand, column does not fail immediately because; the strength of the core enhanced by the tri-axial stresses resulting from the effect of the spiral reinforcement. Therefore, column under goes large deformation and reaching maximum second load; then the spirals yield and the column finally collapses. This kind of failure is more ductile relative to tied column and shows warning of the before failure, along with possible load redistribution to other members. This is takes place at very high strains. In spiral columns of eccentrically applied, the second maximum load may be below the initial maximum, nevertheless, the deformations at failure are large, allowing load redistribution (figure 2.2.b). Since their larger ductility, compression-controlled failures of spiral assigned a strength-reduction factor Ø of 0.75, rather than the value 0.65 used for tied columns (Wight & MacGregor, 2012). When compare spiral stirrup relative to a normal stirrup it has good confining effect core by protecting of concrete expansion and buckling resistance as ultimate stress of column applied specially in circular column.
Short Column 
A short column is defined as one in which the ultimate load is not reduced by the bending deformations because of additional eccentricities delta are either negligible or occur away from the critical section. They are columns with low slenderness ratio and their strength governed by the strength of the materials and the geometry of the cross section (Pauly, 1974). Short axially loaded compression member indicated that for lower loads at which steel and concrete materials remain in elastic range. Steel support small portion of total load. In case of both elastic materials, this stress equivalent to n times concrete stress. Fs= nfc, where n, modular ratio is the ratio of steel modulus to concrete modulus. As a result, axial load, p is formed as in equation 2.2. 
P = fc [Ag+ (n-1)Ast]   ………(Equation 2.2)
Ag= gross cross sectional area, Ast= area of total reinforcement, (n-1) is area of transformed section. For elastic material of steel and concrete, equation 2.2 used to calculate stresses in concrete. Nominal strength of column axial load is the sum of stress in concrete plus stress in steel, this shown as P= Acfc + Astfy. Considering non-linear response of material, some reduction factors for concrete stress used. The reason is why concrete during curing decrease its strength until it sustains to get sufficient strength. As statement of ACI, code reduction factor of column is lower than that of the beam due to big importance in structure. Stress in beam lead to local failure whereas in column will result in collapse of overall structure. Hence reduction factors 0.85 used here for concrete stress, fc= 0.85fc’ and axial load is derived as equation 2.3. According to ACI code 10.3.6, design strength of axially loaded column formed based on equation 2.3.
    ………… (Equation 2.3)
Ac= Ag-Ast, net area of concrete. Strength contributions of steel and concrete are different. At this stage, steel has high fraction of load than at lower total load. (H.Nilson, David, & W.Dolan, 2010) 
Slender Column 
A slender column is defined as one in which the ultimate load is reduced by the amplified bending moment caused by additional eccentricity. They are columns with high slenderness ratio and lateral deflection may significantly reduce their strength. When an unbalanced moment or as moment due to eccentric loading is applied to a column, the member responds by bending as shown below in figure 2.3. If the deflection at the center of the member is, delta, then at the center there is a force P and a total moment of M + P. The second order-bending component, P, is due to the extra eccentricity of the axial load, which results from the deflection. If the column is short  is small and this second order moment is negligible. On the other hand, if the column is long and slender,  is large and P must be calculated and added to the applied moment M. 

[bookmark: _Toc58713703][bookmark: _Toc58715208][bookmark: _Toc62322090][bookmark: _Toc62322270][bookmark: _Toc75369126][bookmark: _Toc92635259][bookmark: _Toc73698243][bookmark: _Toc94795361][bookmark: _Toc101953346]Figure 2.3: Lateral deflection of slender column
Behavior of straight concentrically loaded slender column has long history more than two centuries. Euler developed it and he formed general formula based on failure of member induced by buckling at critical load. 
     ….………. (Equation 2.4)
According to equation 2.4, slenderness has inverse relation with critical load. For hinged column at two ends and column made of elastic material, kl is equivalent value with actual length of column (l). Originally, straight column bents half sine wave as shown in figure 2.3; bending, Pẟ is at any section and ẟ is deflection. (H.Nilson, David, & W.Dolan, 2010)
[bookmark: _Toc95334706]2.3 Failure Mechanism of RC Column
Slenderness ratio is one factor that control failure mechanism of RC column. Interaction curves in failure mechanism classified in two regions. Failure modes classified as compression failure, combined failure and elastic instability. This assumed concentrically loaded column. a). Pure compression: - when reinforced concrete columns are axially loaded the reinforcement steel and concrete experiences stresses. As the load are increases compared to cross sectional area of column; reinforcement and concrete reach yield stress and column fail without any lateral deformation. Means, concrete reach ultimate strength value before steel. Concrete column crushed and collapse of the column due to material failure. This kind of failure is non-recommendable due to concrete not shows any warning. It crushes suddenly before over coming failure. Consequently, sufficient cross-section should be providing to control material failure. b) Combined failure: -this occurs when tensile of steel reaches yield strain, ey at the same time concrete arrive at ultimate strain eu condition. It demonstrates the corresponding parameter balanced eccentricities (eb), balanced load (Pb) and balanced moment (Mb) integrally acted to found failure. As shown below in figure 2.4-balanced point is lies between compression and tension region as figure indicates in tension region eccentricities are larger. On the other hand, at far end of compression zone eccentricities becomes small. Short columns commonly subjected to axial load, lateral loads and moment. Short columns subjected to action of lateral load and moments undergo lateral deflection and bending. c). column failure due to elastic instability: - in this condition carrying capacity of reinforced concrete column reduced for given cross-section and steel reinforcement ratio. A slender column defined as a column that has a significant reduction in its axial-load capacity due to moments resulting from lateral deflections of the column. This kind of failure steel reinforcement yields before concrete. It can show warning sign before failures and tension failure recommended among those failures. (H.Nilson, David, & W.Dolan, 2010)

[bookmark: _Toc75369127][bookmark: _Toc92635260][bookmark: _Toc94795362][bookmark: _Toc58713704][bookmark: _Toc58715209][bookmark: _Toc62322091][bookmark: _Toc62322271][bookmark: _Toc73698244][bookmark: _Toc101953347]Figure 2.4: Interaction diagram of nominal column strength of bending and axial load
Concrete	
Concrete is stone like material obtained artificially by hardening of the mixture of cement, inert-aggregate materials (fine & course) and water in predetermined proportions. When these ingredients are mixed, they form a plastic mass, which poured in suitable molds and set-on standing into hard solid mass, because of exothermic chemical reaction between cement and water. To produce a workable mix, more water used over and above that needed for this chemical reaction. The reaction between cement and water is relatively slow and requires time and favorable temperature for its completion. Concrete has large compressive behavior, but it has larger factor safety than steel. Because, in field concrete mix with poorly of accurate measurements; whereas steel with accurate measurements in laboratory. 
[bookmark: _Toc95334707]2.4 Mechanical Behavior of Concrete
Many factors affect compressive strength of concrete such as water cement ratio, type of cement, aggregate properties, age of concrete, and time of curing. Among these water cement ratio has great role in factor affecting concrete. Lower water cement ratio provides good workability as concrete grade rises. Increase water cement ratio from 0.45 to 0.65 can decrease the compression strength by 30-40%. (Prof. Mashhour Ghoneim, 2008). Concrete classified as fresh and hardened concrete depend up on mixing time. Fresh concrete give and possess best results of greater workability which indicated in grey color; whereas, hardened concrete are attained its full strength within 28 days. This hardened concrete has mechanical properties such as - compressive strength, flexural strength, modulus of elasticity, creep and shear friction strength. Concrete is generally weak in tension but, strong in compression. This is because of aggregate-mortar interface has lower strength than mortar and this yield to weak concrete under tension. (H.Nilson, David, & W.Dolan, 2010).The stress-strain relationship for concrete under compression is initially linear elastic until micro-crack initiation. After that, the behavior becomes nonlinear. After the ultimate compressive strength, the stress decreases with increasing strain. See figure 2.5a. Under uniaxial tension, the stress–strain response follows a linear elastic relationship until the value of the failure stress reached. The failure stress corresponds to the onset of micro cracking in the concrete material. Beyond the failure stress, the formation of micro-cracks represented with a softening stress–strain response, figure 2.5b. The softening curve of concrete under tension represented as follows.

[bookmark: _Toc94795363][bookmark: _Toc92635261][bookmark: _Toc101953348][bookmark: _Toc73698245][bookmark: _Toc62322272][bookmark: _Toc75369128][bookmark: _Toc58715210][bookmark: _Toc62322092][bookmark: _Toc58713705]Figure 2.5: Compressive and tensile stress-strain of concrete (Hognestad, 1951) 
 Reinforcement	
Steel reinforcements for concrete are available in the form of round bars, wire and welded wire fabric. Most important properties of reinforcing steel are young modulus, yield strength, ultimate strength, steel grade designation and size of bar or wire (Neway, 2009). The most commonly used bars have projected ribs on the surface of bar. Such bars named as deformed bars. The ribs of deformed bar improve the bond between steel and the surrounding concrete in RC members by providing mechanical keys. A wide range of reinforcing bars is available with nominal diameter ranging 6mm to 35mm. Most bars except 6mm diameter are deformed one
Strength of Reinforcement
Reinforcing steel exhibits an elastic-plastic behavior where the elastic limit is equal to the yield strength of the steel. Initially stress-strain has direct relationship [Rijkswaterstaat (RTD)]. Steel is initially linear elastic for stress less than the initial yield stress. At ultimate tensile strain, the reinforcement begins to neck and strength is reduced. At a maximum strain, the steel reinforcement fractures and load capacity lost, [ASTM A615]. This steel response may have defined by a few material parameters as identified in Figure 2.6. These include the elastic modulus, Es, the yield strength, fy, the strain at which peak strength is achieved, Ԑu, the peak strength, fu, the strain at which fracture occurs, Ԑmax, and the capacity prior to steel fracture, fs.
[bookmark: _Toc58713706][bookmark: _Toc58715211][bookmark: _Toc75369129][bookmark: _Toc62322273][bookmark: _Toc73698246][bookmark: _Toc62322093]
[bookmark: _Toc94795364][bookmark: _Toc92635262][bookmark: _Toc101953349]Figure 2.6: Tensile stress-strain curve of reinforcing steel (Eurocode 2, 1992)
All steel has similar shape of stress-strain, and differs only in the steel strength value, the modulus of elasticity, ES being for all practical purposes constant and ES taken as 200GPa. For a design of RC members, reinforcing steel up to grade of 550MPa can used. If steel with grade beyond 550MPa used for RC member, the sections are under utilizing the reinforcement. This is because the width of concrete crack is wide if the steel fully stressed.
[bookmark: _Toc95334708]2.5 Finite Element Analysis
Numerical analysis introduced first in engineering practice in the 1960. Among analysis method, finite element difference and boundary element method were in use. (Basravi, 2010). The rapid development of computers has completely revolutionized research and practice in every scientific and engineering field. The dream that every office and home would have a computer terminal and personal computers has become a reality. Finite element method used to physical problems in engineering analysis and design. The physical problem typically involves an actual structure or structural component subjected to certain loads. The identification of physical problem to mathematical model requires a certain assumptions that together lead to differential equation governing the mathematical model (Bathe & Klaus-Jurgan, 1966). The general numerical technics in approximation behavior of continua by integration finite parts (elements). The continua divided into integral parts for relevant approximation of solution. Simple regular geometry easier in analyze than that of actual structure. Most of the time actual structure is so more complicated and need critical judgment in analytical situation. However, approximate complicated solution consists piecewise continuous simple solution. (Basravi, 2010). Abaqus standard uses newton ‘s method to solve nonlinear problems. Exact implementation of newton’s method used. This implies jacobian of system exactly defined and estimate solution is within radius of convergence of algorithm results quadratic convergence. (Abaqus/CAE, 2011)
[bookmark: _Toc95334709]2.5.1 Advantages of Finite Element Analysis
Over time, finite element method was more applicable due to efficiency in numeric and generality. Some other methods are hinder advance in certain application so that difficult to perform different type of analyses. In contrast other, FEM used in various feasibility of different engineering application. In wider engineering application, the FEM considered as versatile one. Wide spread of finite element analysis adapted to engineering problems and increase demand market of commercial analysis software. It merits with irregular geometries routinely and higher order implement with ease. It also makes finite element formulation in modeling of heterogonous or anisotropic. Handling of mixed boundary condition, that encounter in problem can be included in complex finite element formulation. (Basravi, 2010). Finite element simulation also provides checking up of experimental work. It also allows the user to modeling of complex geometry and irregular shapes. It accommodates different type of material properties in element. In addition to this in finite element analysis, higher order software implemented. Among FE software packages abaqus is the one uses for numerical method of analysis.
[bookmark: _Toc95334710]2.5.2 Introduction to Non-linear Analysis Systems in Solid Mechanics
Before explain nonlinear systems, it is necessary to describe linear system. In relation when displacement doubled, force also doubled. As different load magnitude is applied, it is not valid to use linear system. This makes to use superposition. Linearity can be explained using linear operator by super position principle when it satisfies A(αu + βw) ¼ αA(u) + βA(w) for any u and w, in DA and for any scalars  α and β. This is the reason behind to understand in detail about linear system before proceed to non-linearity (Kim, 2014). Linear system described in figure 2.7 and any system differ from linear is called nonlinear as shown in figure 2.8. 
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[bookmark: _Toc73698247][bookmark: _Toc75369130][bookmark: _Toc92635263][bookmark: _Toc94795365][bookmark: _Toc101953350]Figure 2.7: Linearity in structural systems
Nonlinear Analysis	
Non-linear analysis used for both ULS and SLS, if equilibrium and compatibility are satisfied and an adequate non-linear behavior for materials assumed.  The analysis may be first or second order. At the ultimate limit state, the ability of local critical sections to withstand any inelastic deformations implied by the analysis should be check, taking appropriate account of uncertainties. For structures predominantly subjected to static loads, the effects of previous applications of loading may generally ignored, and a monotonic increase of the intensity of the actions may assumed. P the use of material characteristics that represent the stiffness in a realistic way but, take account of the uncertainties of failure shall use when using non-linear analysis. Only those design formats that are valid within the relevant fields of application used. (European Standard 2, 1992). Nonlinear analysis may be geometrical, material non-linearity and kinematic non-linearity. Some objects may have curved shape. Therefore, such kind of non-linearity named as non-linear in geometrical shape
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[bookmark: _Toc73698248][bookmark: _Toc75369131][bookmark: _Toc92635264][bookmark: _Toc94795366][bookmark: _Toc101953351]Figure 2.8: Non-linearity in solid mechanics (Kim, 2014)
2.5.2.1 Material Non-linearity
It occurs when, relationship stress and strain created. This relation often referred as constitutive relation. In linear relation written as σ= [D]*{ε} where D is elastic modulus matrix, since, D is constant; stress- strain relation is linear when strain double, stress also doubled. Relations will become nonlinear when D, is not represented constant matrix (Kim, 2014). Material non-linearity in solid mechanics involves comparison of rate dependent and rate independent material non-linearity. Yield surface concept described based on their applicability to particular classes of material. The macroscopic behavior of material adopted in nonlinear material models as a result, approximations of real behavior material when real behavior related to micromechanical effects with in material. Rate independent material non-linearity assumed to under goes without time dependence. It focuses on immediate approximations as all materials are dependent to degree up on rate at which load is applied and nonlinear stress-strain relationship is category of this non-linearity. Finite element simulation used rate independent material non-linearity for this paper.
2.5.2.2 Geometrical Non-linearity
Geometrical non-linearity represents the cases relation among kinematic quantities (i.e. displacement, rotation and strains) are nonlinear. This kind of non-linearity occurs when deformation is large. As couple tip force applied laterally at top of column since large rotation nonlinear analysis accurately represent the deformation. Therefore, relationship between lateral force at tip and displacement is nonlinear. This large deformation creates nonlinear in displacement, strain and rotation.
2.5.2.3 Kinematic Non -linearity
This nonlinearity named as boundary non-linearity type of deformation structure determines its displacement boundary conditions. Using boundary conditions and applied loads, unknown displacements solved. When boundary condition changes as a function of displacements, there are two unknown: - boundary condition and displacements. Therefore, in this case difficult to solve structural equations as both sides of [K]*{Q} =F has unknown variables. There are two categories of kinematic non-linearity. Location on boundary where boundary conditions are applied known, but unknown values. Both locations on boundary where boundary conditions are applied and values are unknown. The second one is more challengeable than first. For instance, deformation of rubber like cylinder through contact with rigid bodies is key example (Kim, 2014).
[bookmark: _Toc95334711]2.6 Related Research Work
This section provides an overview of previous studies that have conducted on core drilling by researchers in the fields of structural engineering. Different articles have reviewed in order to understand the techniques and key studies that have conducted.                                                                     
(Salahuddin A. Ahmed, 2016) has worked on experimental evaluation of repairing techniques for holes made in reinforced concrete column for core tests. The experiment result showed that filling hole with cement base grout and wrapping it with CFRP sheets increase drilled hole strength. Increment load carrying capacity 50.5% and 19.5% relative to drilled column and control specimen respectively. Whereas drilled hole repaired with steel pipe and WFRP sheets enhanced bearing capacity by 13.6% and 43%respectively when compared to drilled column and control specimen. He concluded that core drilling can remarkable reduction on the structural elements strength, moreover as influence of cross section reduction is temporal effect.
(A. Masi, 2012); Identified the effect of core drilling and subsequent restoration on RC column strength. He focused on the evaluation of drilling hole and subsequent restoration of reinforced concrete (RC) column by core testing. For evaluating the drilling effect on RC column member, various tests have performed on solid columns and cores. For this aim after hole drilling compression tests of monotonic loading, un-loading has carried out. Depend on the experiment results core drilling effect and subsequent restoration on structural element strength evaluated with the performance of a solid column, drilled column and restored column. He expressed the effect of drilling hole on the structural members after installed and after possible restoration. 
(Ayatullah Khomeni, 2018) Studied experimental investigation and numerical simulation on effect of drilled cores on axial capacity of columns. Different columns with varies of core sizes, compressive strengths, lateral confinement analyzed by FEA for purpose to insure safe core drilling. Stirrup spacing has significance percentage of reduction on core-drilled column. He summarized core size 50 mm diameter reduction varieties between 10 to 23% and for tie bar spacing 33% to 46%. Hence, columns with good confinement will less influenced by core extraction. Concrete compressive strength less than 13.6Mpa capacity reduction will be 16% with 100mm core diameter, which drilled from 300*300mm column. In case of higher strength concrete 34.5Mpa 4% reduction for the same condition. As result, columns with lower strength exposed to higher damage because of core drilling. Nevertheless, lateral core drilling is not taking into account.
 (Ortiz, 1985; Resende, 1987; Carol et al., 2001), the strain split into elastic and plastic parts, represents realistically the observed deformations in confined compression, so that unloading and path-dependency described well. However, plasticity models are not able to describe the reduction of the unloading stiffness that observed in experiments. Conversely, damage mechanics models based on the concept of a gradual reduction of the elastic stiffness. 
(Lotify, 2013) Nonlinear analysis of reinforced concrete columns with holes including several parameters investigated. Dimension of hole are 0.1*column height, 0.15*column height, 2*column height and 0.3*column height. The hole positioned at middle third, edge third with circular and square hole shape. The study expressed the effect of the investigated parameters on deformation and maximum resisting load. Diameter of hole more than 0.15 of columns length has significant effect of the column behavior; reducing toughness of tested columns. The increasing hole dimensions to more than 0.15 of columns length leads to reduction in ultimate loads of tested columns to 80%. Using square hole in tested column has a significant effect on the behavior of tested columns. Nevertheless, he not considered “effect of repairing’’ of hole after installation.
(Khanan & Ahmed, 2019) He studied experimental and finite element modeling of reinforced concrete column having opening. This study deals with the finite element modeling of reinforced concrete beam and column using ANSYS. Study of the work includes the modeling of beam and column with specific cross sections and reinforcement details. Further, the column with a lateral hole at the center evaluated in terms of cracking response around the hole. However, he has not taken in to account different column cross sections, opening position and repairing after installation.
(Paul & Nair); Investigated the behavior and ultimate strength of the reinforced concrete columns with transverse openings with different shape size, location and shape. Transverse openings often provided in reinforced concrete columns to allow access for services, such as pipes for plumbing, electrical wiring air conditioner pipes. They concluded as the size of the opening increases stiffness reduces. Regarding the shape of opening circle has more stiffness than square. 
AMIRHOSSEIN BASRAVIAMIRHOSSEIN BASRAVI (Basravi, 2010); Investigated the effect of positioning hole along reinforced concrete short braced columns in multi-story buildings. Different size and reinforcement of RC columns with holes positioned at the centers of their cross-sections modeled by non-linear finite element analysis. The investigation shows that the factors of safety for the models with hole obtained from the finite element analysis results vary from 1.42 to 1.98 (experimental work results vary from 1.09 to 1.82) according to BS 8110 code. Based on ACI code evaluation, similar factors vary from1.29 to 1.94 (experimental work results vary from 1.12 to 1.70).  practice
(Zhang, 2018), Behavior of reinforced concrete walls with circular openings is research on water-filled reinforced concrete wall panels for energy efficiency and multi-hazards mitigation. The concept of this wall panel is that it contains various openings allowing water to circulate. Hot and cold water used in winter and summer, respectively, to achieve energy efficiency. 
(Al-Azzawi & .Abed, 2017), Investigation of the behavior of reinforced concrete hollow-core thick slabs The experimental part of this investigation includes testing eight specimens of solid and hollow-core slab models having (2.05 m) length, (0.6 m) width and (25 cm) thickness under two monotonic line loads. The cracking and ultimate strength of the moderately thick solid and hollow-core slab lead to be decrease with increasing the diameter of the cores and with increasing the ratio of shear span to effective depth.
(Nishitha & Kavitha, 2016), The effect of opening on deep beams; the shear behavior and capacity of concrete beams depends on various factors and among them overall span to depth ratio of beam plays a crucial role. The behavior of beams varies depending on the span to overall depth ratio. The position of openings were provided depending upon the strut and tie formation in deep beam when it is loaded.
Strength of Axially Loaded Columns Capacity (ACI Code)
Concentric axial applied, P on symmetrical column and then after longitudinal strains, 𝜀 develop uniformly across the section-as shown in Figure 2.9 bonding together of steel and concrete make, the strains in the concrete and steel are equal. Stresses in steel and concrete are computed from stress-strain diagram for strain available. As P reaches, maximum capacity damage occurs. According to ACI 10.3.6 code column well defined yield strength; the axial 

[bookmark: _Toc58713707][bookmark: _Toc73698249][bookmark: _Toc75369132][bookmark: _Toc62322274][bookmark: _Toc58715212][bookmark: _Toc62322094][bookmark: _Toc94795367][bookmark: _Toc92635265][bookmark: _Toc101953352]Figure 2.9: Tied column destroyed in1971 San Fernando earthquake (Wight & MacGregor, 2012)
Load capacity is equivalent to total load on column. Load on column is sum of forces of concrete stress and steel stress forces. This force obtained by the corresponding stress of concrete and stress in steel reinforcement multiplied by their respective area of concrete, Ac and area of steel reinforcement, Ast respectively. Therefore, axial load capacity of column is equivalent to the following formula. (H.Nilson, David, & W.Dolan, 2010).
   ……… (Equation 2.5)
Net Area of concrete, Ac is resulted when steel area deducted from gross concrete area and 0.85 is certain strength reduction factor. As ACI states strength reduction factor of column is smaller than that of beam, which reflects greater importance in structure. Beam failure may result local failure whereas column failure in collapse of structure. In addition, there is factors, φ reflect difference behavior in tied reinforced and spirally concrete column. Value of φ is 0.75, 0.65, 0.9 for spirally RC column, tied RC column and most of beams respectively. As per ACI code Section 10.3.6 of the code, the axial load capacity of columns may not be greater than the following values: 
           
For spiral columns (φ=0.75)
   ..…… (Equation 2.6)
            For tied columns (φ=0.65)
   ….….. (Equation 2.7)
Reinforcement-the minimum distance between adjacent bars should not be less than the diameter of the bar or hagg + 5 mm. The area of longitudinal reinforcement should lie in the limits: 0.4%Acol ≤ Asc  ≤ 6%Acol in a vertically cast column. 
Strength of Axially Loaded Columns Capacity (Euro Code)
According to Euro code 2, column is structural member with smaller dimension, b less than one-fourth of larger dimension, h. In case of main reinforcement is not less than diameter. Polygon cross-section of column minimum of one reinforcement placed at corner. This indicates minimum number of main are should not less than four. Total longitudinal reinforcement is not less than Asmin. The value of Asmin may calculated using the equation 0.1NEds/fyd or 0,002 Ac; where: - fyd, design yield strength of reinforcement, NEds, design axial compressive force. Transverse reinforcement is the stirrup such as helical spiral, links, and loops. The diameter may not less than 6mm or one-fourth maximum diameter of longitudinal reinforcement. In case of the wires of welded mesh fabric for stirrup bar should not less than 5mm. Stirrup should be spaced with minimum of 20*minimum diameter of main bar, lesser dimension of column or 400 mm. Spacing reduced by 0.6 factor for case one, section with distance equal to the larger column cross-section above or below beam or slab. For case two, maximum diameter of main bar greater than 14mm for near lapped joints. Minimum of evenly spacing of three bars around lap required. Direction of main reinforcements changes, for instance, column sizes, spacing of stirrup calculated in considering of lateral forces.
[bookmark: _Toc95334712]CHAPTER 3 
[bookmark: _Toc95334713]MATERIAL AND METHODOLOGY
[bookmark: _Toc95334714]3.1 General
The main goal of this study is analysis of drilled reinforced concrete column performance using finite element analysis with various parameter of study. This chapter conducted to describe method and modeling nonlinear mechanical analysis of concrete, reinforcement as time independent. Under this material non-linearity selected to perform the study. Computational simulation of program based on 3D FEA program documentation of guidelines abaqus version 6.14.
Factors Affect Drilling Core 
Cores are certain part of concrete cut out from main part to assess reinforced concrete of new structures stand with strength. Numerous factors can affect drilling core strength. As literature reviews discussed in chapter two; factors affect opening strength primarily on reinforced concrete structures such as slab, column, beam or foundation is varying. Factors related to core preparation, cross section, grade of steel, grade of concrete, reinforcement area ratio, stirrup arrangement, core length to diameter ratio, core diameter, hole number, load level and core orientation in relation to placement direction. In this research, study parameters also selected based on its effect of drilling core.
Slenderness Effect
According to ACI code column may classified as braced column: where walls or some other form of bracing and unbraced column resists the lateral loads: where the lateral load resisted by bending action of the columns. All columns in models assumed to be braced column, which means no bending action considered in this study.  ACI Code Section 10.10.1 states that it is permissible to neglect slenderness effects for columns braced against sideways if. 
 …….. (Equation 3.1)
Where, k, effective length factor for a braced (non-sway) frames. , unsupported length of column between floors; r, Radius of gyration; M1/M2, ratio of the moments at the two ends of the column, which (for compression members in a frame braced against sides way) will generally be between +0.5 and -0.5. K value used equal to two for cantilever column according to ACI code and ratio of the moments +0.5 will usually conservative.
  ;         Where  and 
I =  = 3417.1875*106 mm4 and   A = 450*450=202500 mm2
 =129.9038

   Ok.
  =28 ok. Neglect slenderness effect. Therefore, column is short
[bookmark: _Toc95334740]Table 3.1: Slenderness effect of study specimen
	  
       Specimen
	l (mm)
	B
(mm)
	h
(mm)
	A=b*h (mm2)
	    (mm4) 
	
	 
	 
Type

	TC1, TC2, TC3,TC4, TC5,TC6,TC7,TC9,
TC10, TC11,TC12  
	
1200
	
450
	
450
	
202500
	
3417187500
	
129.9
	
18.47
	
short

	   
       TC13
	1200
	450
	500
	202500
	4687500000
	152.14
	15.77
	short

	
	1200
	500
	450
	202500
	3796875000
	136.93
	17.52
	short



Colum Specification and Detailing
Specimens TC1~TC12 are similar, but only TC5 and TC6 different in diameter; use Ø24 for TC5 and Ø30 for TC6  
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[bookmark: _Toc94795368][bookmark: _Toc101953353]Figure 3.1: Detailing cross section of study parameter
[bookmark: _Toc95334715]3.2 Abaqus Modeling of Reinforced Concrete Column
(Abaqus/CAE, 2016) is finite element packages software with various products in various applications with own facilitation. Abaqus manage simulation in engineering analysis from simple to most challenging nonlinear analysis. It is widely used software in geometric and material non-linearity since flexibility facilitates various ways of material modeling, analysis and solution techniques. Before processing stage: - geometry, material properties, boundary condition, loading, interaction and nonlinear analysis solution to be defined. Library elements of abaqus enable to model any geometry and material. Material library intended to provide most extensive engineering materials through linear and nonlinear, isotropic and anisotropic material behavior. For example, reinforced concrete, soils, resilient foams metals, polymers, composites and rubber ways of execution in abaqus are, Abaqus/Explicit and Abaqus/ Standard perform analysis and Abaqus/CFD for grphical environment of pre and post processing. Abaqus/CEA environment relies simple, consistent interface of creating, submitting, monitoring and evaluating results from Abaqus/ Standard and Abaqus/Explicit simulations. For graphical environment for pre and post, processing Abaqus/standard generally issued to analysis program for solving static, dynamic, linear and nonlinear problems. Whereas, Abaqus/Explicit considered as special purpose analysis uses explicit dynamic finite element formulation. Collectively finite element is a powerful tool for analyzing geometric and material non linearity through consecutive ten module stages such as: - part module, property module, step module, interaction module, load module, mesh module, job module, visualization module and sketch module. In these modules from defining material properties, assembling, boundary condition, loading and meshing performed.
[bookmark: _Toc95334716]3.3 Material Modeling
[bookmark: _Toc95334717]3.3.1. Concrete Damaged Plasticity Model
Concrete damaged plasticity is one of constitutive models. Material models used in finite element specify stress strain relationship. Constitutive models specify constitutive behavior that innumerate simplified true material behavior. The concrete damage plasticity model in Abaqus Standard/Explicit available isotropic damage and designed for applications in concrete that subjected to monotonic, cyclic and dynamic loading under low confining pressures. This model ability of modeling concrete and some quasi-brittle materials in all structures such as: - solids, shells, beams and truss. For isotropic, damaged elasticity integrated with isotropic tensile and compressive plasticity used to indicate the inelastic behavior of concrete. The model takes into account degradation of elastic stiffness induced by plastic straining in compression and tension. Stiffness recovers effects issued in cyclic loading in concrete damaged plasticity. It can also use with reinforcement to model reinforced concrete structures and alone plain concrete is modeled. (ABAQUS: Analysis user's manual,2014)
There are parameters defined in concrete damaged plasticity model: - dilation angle (ψ), plastic potential eccentricity (Ɛ), shape factor stress ratio (fbo/fco), k value and viscous parameter (μ). Parameter dilation angle, ψ= 35° mean that concrete internal friction angle. Plastic potential eccentricity is rate approach of plastic potential hyperbola to its asymptote. In other definition small positive value length measured along hydrostatic axis of segment between vertex of hyperbola and intersection asymptote of this hyperbola. This parameter is ratio of tensile strength to compressive strength. According to recommendation of CDP eccentricity assumed e=0.1. Shape factor stress ratio (fbo/fco), is the ratio strength in biaxial to strength in uniaxial state specified default in abaqus user manual as 1.16. It is state of material point, in which concrete undergoes failure under biaxial compression. 
			



[bookmark: _Toc62322095][bookmark: _Toc73698250][bookmark: _Toc92635268][bookmark: _Toc75369133][bookmark: _Toc62322275]
[bookmark: _Toc94795369][bookmark: _Toc101953354]Figure 3. 2: Yield surface in deviatoric plane (Abaqus/CAE, 2011)
[bookmark: _Toc62322833][bookmark: _Toc71896101][bookmark: _Toc71896229][bookmark: _Toc62322887][bookmark: _Toc71935321][bookmark: _Toc75373807]Another parameter K defined as ratio of distance between the hydrostatic axis and respectively the compression meridian and tension meridian in deviatoric cross section. The value lies in interval 0.5 and1. From the interval in most of literatures k value stated as 0.667. Plasticity model constitutes various parameters according to abaqus analysis user manual to execute nonlinear behavior of concrete. 
[bookmark: _Toc95334741]Table 3.2: Concrete damage plasticity model parameters
	Dilation angle (ψ)
	Eccentricity (e)
	fbo/fco
	  K
	Viscous parameters, μ=0.

	35
	0.1
		1.16
	0.6667
	0


3.3.1.1Mechanical Behavior of Concrete
The model is plasticity based, continuum, damage model of concrete. It suggests tensile cracking and compressive crushing of concrete material. Two hardening variables έtpl and έcpl   is failure or yield surface. These variables: - έtpl related to tension and έcpl, compression-loading mechanism. Under this main assumption on mechanical behavior of concrete is compressive and tensile equivalent strain. Other variables also incorporated as function compressive or tensile stress and damage parameters. 
 And      ……..(Equation 3.1);   ……….( Equation 3.2)
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[bookmark: _Toc94795370][bookmark: _Toc101953355]Figure 3. 3: Definition of damage parameter in CDPM in (ABAQUS: Analysis user's manual, 2014)

Compressive Behavior
Outside of elastic range stress-strain behavior of plain concrete are described in tabular function of inelastic or (crushing strain). Based on importance field variables, temperature and strain rate are ingredients of compressive strain data. Positive values shall be given for compressive stress and strain. Softening regime is indicating behavior of stress-strain curve beyond ultimate stress value. Hardening data provided in-terms of inelastic strain, εin instead of plastic strain, εpl. The compressive inelastic strain defined as total strain minus the elastic strain corresponding to undamaged material. εcin = εc-εocel, where εocel=σ/E and data are provided to abaqus in terms of compressive curves dc - εcin. Abaqus by default automatically converts inelastic strain values to plastic strain using relationship.
      ……….. (Equation 3.3)
In compressive damage, curves must be in correct manner. Abaqus plastic strain values should not be negative and/or decreasing with increasing inelastic strain. Values of inelastic strain of concrete equivalent to plastic strain of concrete incase absence of compressive damage. Similarly, absence of tension damage cracking strain, εtck of concrete equals to tension plastic strain, εtpl of concrete. In condition, dt and dc are not specified model behaves as plasticity model. According to abaqus user manual damage variables dt and dc are non-decreasing material point quantities. During analysis increment, new value of damage variable found as maximum between value at end of previous increment and value corresponding to current state.                     

[bookmark: _Toc75369135][bookmark: _Toc62322097][bookmark: _Toc73698252][bookmark: _Toc92635270][bookmark: _Toc94795371][bookmark: _Toc62322277][bookmark: _Toc101953356]Figure 3.4: Uni-axial compression loading
     ……….. (Equation 3.4)
 }   ……….. (Equation 3.5)
Selection of damage properties are indispensable due to excessive damage has critical effect on convergence rate. A normal value of damage variables lies in interval between zero and one, i.e. 0 ≤ dc ≤ 1 and 0 ≤ dt ≤ 1. Zero damage variables mean no damage, whereas one value of damage variable means total damage of material. It is advisable to damage effect is not greater than 0.99 which equivalents to 99% reduction of stiffness.
     ….. (Equation 3.6)
     …….. (Equation 3.7)
Stiffness Recovery
The force removed after yielding in simple plasticity model, and then there rebound of modulus of elasticity. Unlike of plasticity model, damage effects are included in modified manner in concrete damage plasticity model. In mechanical behavior, response of concrete stiffness recovery has significant aspects. Factors of stiffness recovery in abaqus user manual wc and wt. The experimental observation in most quasi-brittle materials, including concrete is that compressive stiffness recovered up on crack closure as load changes tension to compression. In other way, tensile stiffness not recovered as load changes from compression to tension once crushing of micro cracks have developed. According to default used in abaqus the factors of recovery which corresponds to wc =1 and wt =0. (Abaqus/CAE, 2014)
Tension Behavior of Concrete
Uniaxial tensile is included in damaged plasticity as shown in figure 3.4 below; stress strain response demonstrates a linearly elastic until failure stress, fcr or ft at peak point. To show tensile behavior exponential softening is better one. Nevertheless, for illustration if exponential softening does not exist, we can use multi linear approximation of exponential uniaxial stress strain diagram. Micro cracking started when tensile stress transferred to concrete that produce equal to tensile stress concrete. Cracking after crack initiation apparent poison ratio deduced. Above failure, stress there is strain localization in concrete structure due to micro-cracks represented with in softening stress strain. The exponential softening like hordijk diagram more localize crack and reduce distribution of it over the area. The diagram uses parameters such as- equivalent length, heq, tensile strength, ft, and fracture energy, GF. (ABAQUS: Analysis user's manual,2014)
		[image: ][image: ]
                      a) Hordijk softening                          b) Multi linear softening
[bookmark: _Toc58713708][bookmark: _Toc58715213][bookmark: _Toc62322278][bookmark: _Toc92635271][bookmark: _Toc94795372][bookmark: _Toc75369136][bookmark: _Toc73698253][bookmark: _Toc62322098][bookmark: _Toc101953357]Figure 3.5: Uniaxial tension response of concrete (Water et al. 199)       
  For ascending part (ε1 ≤ 𝜀cr)
     …….. (Equation 3.8)
                    For descending part (ε1 >εcr)
    …….. (Equation 3.9)
Where: - fcr is cracking stress of concrete, equivalent to ft, taken as 0.31 √f′c MPa
Abaqus input data for concrete tension stiffening for fc′=24.375 MPa
Pre -Post Compression Failure of Concrete
Under uniaxial compression, linear response is progress until initial yield. After that follows hardening strain until maximum stress. For simplicity uniaxial stress strain curves automatically converted to stress versus plastic-strain curves by abaqus. In reinforced concrete specification of post, failure behavior generally means giving the post failure stress as a function of cracking strain. According to ABAQUS user’s manual, the cracking strain defined as the total strain minus the elastic strain corresponding to the undamaged material.  The inelastic strain equals the total strain minus the elastic strain in the plastic stage corresponding to the undamaged material. (Abaqus/CAE, 2014). In concrete damaged plasticity model constitutes various parameters according to Abaqus analysis user manual to execute nonlinear behavior of concrete. The Hognestad model selected for both the pre and post-peak compression response of the concrete. This model is a simple compression response curve and it is suitable for normal concrete strength (<40MPa). 
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[bookmark: _Toc92635272][bookmark: _Toc94795373][bookmark: _Toc101953358]Figure 3.6: Hognestad parabolic pre and post- peak concrete compression response (Hognestad, 1951)
[bookmark: _Toc71896230][bookmark: _Toc75373808][bookmark: _Toc71896102][bookmark: _Toc62322888][bookmark: _Toc71935323][bookmark: _Toc62322834][bookmark: _Toc95334742][bookmark: _Toc58715220]	Table 3.3: Yield stress, in-elastic strain and compression damage of concrete
	Yield stress in (MPa)
	Inelastic strain (mm/mm)
	Concrete compression damage (dc)

			9.75
	0.000305782
	0

	12.08830327
	0.000486283
	0

	15.00654372
	0.000654659
	0

	17.52972134
	0.000831295
	0

	19.65783614
	0.001016191
	0

	21.3908881
	0.001209347
	0

	22.72887724
	0.001410763
	0

	23.67180355
	0.00162044
	0

	24.21966704
	0.001838376
	0

	24.3750000
	0.002038546
	0

	24.0657945
	0.002332011
	0.012685354

	23.13817798
	0.002638406
	0.050741416

	21.59215046
	0.002957731
	0.114168186

	19.42771194
	0.003289985
	0.202965664

	16.6448624
	0.003635169
	0.31713385

	13.24360186
	0.003993283
	0.456672744

	9.181410005
	0.004368034
	0.623326769



[bookmark: _Toc58713710][bookmark: _Toc58715215][bookmark: _Toc62322101][bookmark: _Toc73698255][bookmark: _Toc62322281][bookmark: _Toc75369138]              
[bookmark: _Toc92635273][bookmark: _Toc94795374][bookmark: _Toc101953359]Figure 3.7: Concrete compressive strength

[bookmark: _Toc58713711][bookmark: _Toc73698256][bookmark: _Toc58715216][bookmark: _Toc62322102][bookmark: _Toc62322282][bookmark: _Toc75369139][bookmark: _Toc92635274][bookmark: _Toc94795375][bookmark: _Toc101953360][bookmark: _Toc71935324]Figure 3.8: Compression damage of concrete




Table 3.4: Concrete tensile strength
	Stress (MPa)
	Cracking Strain(mm/mm)
	Concrete tension damage dt

	0.746119905
	0
	0

	1.530502369
	0.000048
	0

	1.162816407
	0.000134688
	0.24023874

	0.989553361
	0.00021731
	0.353445391

	0.882360983
	0.000298551
	0.423482772

	0.807220024
	0.000379123
	0.47257839

	0.750572342
	0.000459307
	0.509590865

	0.705774714
	0.000539244
	0.53886075

	0.669126942
	0.00061901
	0.56280568

	0.638378135
	0.000698653
	0.582896343

	0.612067624
	0.000778203
	0.600087111

	0.589199405
	0.000857681
	0.615028753
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[bookmark: _Toc92635275][bookmark: _Toc94795376][bookmark: _Toc101953361]Figure 3.9: Concrete tension damage vs Cracking strain
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[bookmark: _Toc94795377][bookmark: _Toc92635276][bookmark: _Toc101953362]Figure 3.10: Tensile stress- strain of concrete
[bookmark: _Toc95334718]3.3.2 Reinforcement Modeling
Reinforcement used in concrete structure to achieve tensile strength of structure. It mutates with concrete and deformed bars create good bond strength. In abaqus bar described as singly or embedded oriented surface. Reinforcing steel characterized an elastoplastic behavior. In this study to define plasticity of the steel yield and ultimate stress of reinforcement is considered. Load transmission across cracks through reinforcement in concrete modeling achieved by the means of tension stiffening. As shown in figure 3.10, post yielding called hardening and elastic limit equivalent with yield strength. Hardening modeling is according to specification. Concrete mass density 2400 kg/m³ and poison ratio 0.2, whereas, steel density, ρ can be considered 7850 kg/m³, modulus of elasticity, E=20000 Mpa and poison ratio of v=0.3 is assumed (European standard 3, 2002).
[image: ][image: ]
Stress strain curve of mild steel                      b) Simplified stress strain curve
[bookmark: _Toc62322283][bookmark: _Toc58713712][bookmark: _Toc58715217][bookmark: _Toc62322103][bookmark: _Toc73698259][bookmark: _Toc75369142][bookmark: _Toc92635277][bookmark: _Toc94795378][bookmark: _Toc101953363]Figure 3.11: Typical uniaxial stress strain behavior of reinforcement (Mosley, Bungey, & Hulse, 1999)
[bookmark: _Toc95334719]3.3.3 Concrete - Reinforcement Interaction Modeling
The main mechanism for stress redistribution after cracking in concrete with bonded reinforcement. Embedded technique is used to create solid concrete interact with and reinforcement to form good bond performance. Concrete considered as host region and reinforcement as embedded region. Other interaction type used is tie in which steel plate tied with column for purpose of avoiding crushing effect of applied point load.
[bookmark: _Toc95334720]3.4 Element Type
Three-dimensional solid element described in finite element analysis with field variables depending on coordinate x, y and z. Three-dimensional solid has variable vector arbitrary in the direction in space. Not only that but also arbitrary boundary condition, material properties and shape. As a result, there are six possible components of forces includes - three normal stresses and three shear stress. Three-dimensional elements used to model actual structures such as beam, plates and shells. Stress/ displacement elements family assigned to mesh in choosing of element geometric order and shape with specified element controls. Truss elements are used to model three-dimensional slender like structures that support loading along centerline of element. In this method, reinforcement modeled with no moments or forces orthogonal to centerline supported. Among 3-D stress displacement elements two-node linear displacement are associated to model the reinforcement. Consequently, reinforcement modeled in two-node truss element (T3D2); whereas from stress/displacement elements family eight-node linear brick element (C3D8) selected for plain concrete modeling.

[bookmark: _Toc58715218][bookmark: _Toc58713713][bookmark: _Toc62322284][bookmark: _Toc62322104][bookmark: _Toc73698260][bookmark: _Toc94795379][bookmark: _Toc75369143][bookmark: _Toc92635278][bookmark: _Toc101953364]Figure 3.12: Two node truss element (T3D2) and eight-node brick element (C3D8)
[bookmark: _Toc95334721]3.4.1 Mesh Density of Plain Concrete and Reinforcement
For the purpose of reduction of degree of freedom, we can create varying density mesh. At areas of importance, finer mesh needed at areas of stress concentration, slots, notches, hole and re-entrant corners. Very fine mesh is for accuracy of analysis result as closer to actual value. Mesh seed control mesh density after 3D geometry has created and before meshing. Mesh density for reinforcement and plain concrete column equally meshed recommended. Due to the presence of hole in drilled plain concrete cannot mesh by part. Therefore, it is better to use meshed with swept type using partition of mesh by region whereas, plain concrete of solid column meshed by part.  For plain concrete with opening first, using partition by cell and use extrude/swept edges by selecting of hole; then after select sweep direction of the hole. This is to separate hole part as from the other for meshing process only. The second is using partion define cutting plane in order to splice the column for purpose of mesh by part. Mesh size used for all part is 25mm.
[bookmark: _Toc58713714][bookmark: _Toc58715219][bookmark: _Toc73698261][bookmark: _Toc62322105][bookmark: _Toc62322285]
Mesh by part            b) swept mesh
[bookmark: _Toc92635279][bookmark: _Toc75369144][bookmark: _Toc94795380][bookmark: _Toc101953365]Figure 3.13: Meshing of controlled a. (mesh by part) and b. drilled column (swept mesh)
Study Specimen Drilling Core Location
End side hole found at 100mm horizontally from side of column and 920mm vertically from bottom of column. Opening located at end side at long dimension also has similar location to end side hole. End center hole existed at center of column horizontally and 920mm from bottom of column. All dimension measured up to center of hole. 

end center           b) end side            c) end side at long dimension
[bookmark: _Toc92635280][bookmark: _Toc94795381][bookmark: _Toc101953366]Figure 3.14: Study specimens hole location for core drilling
Supporting Plate Mesh
Supporting plates used to transmit load to concrete without pointed concentration of load that makes concrete from sudden failure. Abaqus provide two types of plates for this purpose three-node three-dimension rigid triangular facet (R3D3) and four-node three-dimension bilinear rigid quadrilateral facet (R3D4). The size is equal to the corresponding element on the surface. Supporting plate may have specified thickness. In abaqus standard or explicit if no thickness is available, unit thickness is assumed is the thickness required in abaqus standard/explicit (Abaqus/CAE, 2011). Cross sectional area used for defining body forces and transmits only in plane forces. Hence, we use rigid discrete shell element R3D4 plate on the top of column with tie interaction for loading of column.
[bookmark: _Toc95334722]3.4.3 Step Module
A general analysis of step module one among which affect any non-linearity exist in the model is included. Ending condition from last general step is the beginning condition for each general step. With the state of modeling involving throughout the history of general analysis steps as it is responds to the history of loading. Step module has two steps. The first one is initial step, which allows defining boundary condition, predefined fields and interactions. The second one is analysis step performs static stress analysis in this study. In this analysis step, the model had initial increment size of 0.0001. Each increment was controlled by the minimum increment size was by default 1*e*10-15 and maximum increment size was 0.001.
[bookmark: _Toc95334723]3.5 Loading and Boundary Condition
As per experimental program both top and the bottom face of the column, steel plate applied to avoid crushing at the point of loading. Column is fixed in four faces of three-dimensional RC column with boundary condition encastre U1=U2=U3=URx=URy=URz=0 for bottom support.
Static Analysis
Nonlinear analysis of abaqus simulation large displacement formulation used. This formation of large displacement in step module NIgeom is on. In nonlinear of static stress analysis structure is may shows material non-linearity. Structure is fail in indicating local failure or collapse depends up on maximum load applied relative to structure’s capacity.
[bookmark: _Toc95334724]CHAPTER 4
[bookmark: _Toc95334725] RESULTS AND DISCUSSIONS
[bookmark: _Toc95334726]4.1 Introduction	
In this study, the results obtained from validation and parameters enumerated within finite elements accuracy of reinforced concrete column with core drilling. From validation of abaqus program various hole position for different cross-section with axial load resistance capacity of column, vertical deformation, p-Δ effect, opening effect and column response at different column cross section were comparatively displayed using finite element analysis.
[bookmark: _Toc95334727]4.2 Finite Element Model and Validation 	
Finite element analysis for opening performance of reinforced concrete column on concentrated axially loaded column of different cross-section has investigated
[bookmark: _Toc75373809][bookmark: _Toc95334743]Table 4.1: Validation parameter (Lei, Qinfeng, Xiangmin and Chunming, 2010.)
	
Column
( mm2)
	
Hole location 
	
Steel ratio
	
Rebar strength
	
Drilled core strength(Mpa)
	
Column height (mm)

	
	
	
	Yield
(Mpa)
	Ultimate (Mpa)
	
	

	C1 300x300
	-
	
1
	
385
	
551
	-
	1200

	C2 300x300
	Offset center
	
	
	
	19.2
	1200

	C3 400x400
	-
	

1
	
367
	

525
	-
	1200

	C4 400x400
	Offset center
	
	
	
	20.7
	1200

	C5 400x400
	Center
	
	
	
	21
	1200

	C6 400x400
	Center and repaired hole
	
	
	
	
18
	1200

	   C7 400x600
	-
	0.84
	367
	525
	-
	1200

	   C8 400x600
	Center offset at short dimension
	
	
	
	20.2
	1200

	   C9 400x600
	Center at long dimension
	
	
	
	21.9
	1200


In this study column subjected to drilled core of experimental available in (Lei, Qingfeng, Xiangmin, & Chunming, 2010) used for validation purpose presented in table 4.1.	
[bookmark: _Toc71896103][bookmark: _Toc71896231][bookmark: _Toc75373810][bookmark: _Toc95334744]Table 4.2: Detail of column used for validation and material specification (Lei, Qingfeng, Xiangmin, & Chunming, 2010)
	                      Description
	          Specification

	Hole direction  
	Transversal

	Hole cylinders diameter 
	100mm

	Hole cylinder depth
	140mm

	Longitudinal reinforcement diameter
	12mm for C1 and C2
16mm for C3-C9

	Leaving diameter core holes on columns
	110mm

	Experimental applied
	10000KN

	 Specimen applied at speed
	0.3mm/min

	Concrete cover
	25mm

	Stirrup
	8mm

	Average compressive strength (fc’)
	19.5Mpa

	Concrete mix ratio of water, cement, sand, aggregate, cementitious (fly ash) and chemical admixture
	
132:267:856:1052:47:3.5




stirrup









  1-1 of C7~C9
1










1                                               1-1 of  C1~C2








                                                1-1 of C3~C6                                         C7~C9
	
[bookmark: _Toc75369145][bookmark: _Toc94795382][bookmark: _Toc92635281][bookmark: _Toc101953367]Figure 4.1: Dimensions and reinforcement of specimens (Lei, Qingfeng, Xiangmin, & Chunming, 2010)
Strain gauges were layout to assess drilled core impact and to read the strain of bar, stirrup and concrete strain gauges deployed. Core drilling location, layout of strain gauges and LVDT of C5 identified as shown below in figure 4.2
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[bookmark: _Toc101953368]Figure 4.2:- Layout of rebar strain gauges of C5 and C6 (Lei.et.al, 2010)
As described in figure 4.2 rebar strain gauges are set at different position for recording the strain of bar at various position for specimen C5 and C6  (Lei, Qingfeng, Xiangmin, & Chunming, 2010). In addition, figure 4.3 also shows drilled location, LVDT and concrete strain gauges. Gauge was fixed at different surface of concrete in order to record resulted concrete strain. Two specimens drilled at the same position around column mid height. However, C6 patched with concrete after drilled hole to understand patched concrete performance. (Lei.et.al, 2010)
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[bookmark: _Toc92635282][bookmark: _Toc94795383][bookmark: _Toc101953369]Figure 4.3:- Layout of concrete strain gauges, core drilling location and LVDT of C5 and C6 (Lei.et.al, 2010) 

                                      a)  Offset center      b) Center         c) Center and restored  
   
     d) Center at short dimension    f) Center at long dimension
[bookmark: _Toc94795384][bookmark: _Toc92635283][bookmark: _Toc101953370]                                    Figure 4.4: Hole position of validation modeling
	
[bookmark: _Toc75369147][bookmark: _Toc94795385][bookmark: _Toc92635284][bookmark: _Toc101953371]Figure 4.5: P- delta of specimen C1, C2 of Abaqus, and Experimental result of (Lei.et.al, 2010.)
Column specimen, C1 stress distributed over four sides of column with axial compressive failure. However, C2 drilled column initial cracking on the top of drilled part. As described the axial load capacity versus delta, C1 and C2 shown above figure 4.5 expresses comparison of abaqus versus experimental result. For column, C1 at initial values of abaqus graph lies below correspondence of its experimental result and abaqus result of C1 continues with small value difference. Maximum axial capacity of C2 abaqus and experiment value is approach to each other with difference value of axial load 4.82%.  Percent shows maximum axial capacity difference of abaqus and experiment. Initially abaqus is less than experimental up to value of 1220 KN. Afterwards, abaqus value crosses experimental and goes up to end with value above experimental correspondence. 

[bookmark: _Toc75369148][bookmark: _Toc92635285][bookmark: _Toc94795386][bookmark: _Toc101953372]Figure 4.6: P- delta of specimen C4, C6 of Abaqus, and Experimental results of (Lei.et.al, 2011.)
In the figure 4.6, two drilled columns in comparison of experimental and finite element simulation by abaqus indicated. As column capacity plotted with axial deformation; initially finite element simulation is smaller and tends to certain value. Then after going to cross experiment value and rises up to end for C4. Opposite to this specimen C6 larger initially and goes to cross-experimental value after that graph continues up to end below experiment.
             
[bookmark: _Toc75369149][bookmark: _Toc94795387][bookmark: _Toc92635286][bookmark: _Toc101953373]Figure 4.7: Axial load versus delta of specimen C7,C8 and C9 of Abaqus and Experimental of (Lei.et.al, 2010.)
Figure 4.7 above displays axial capacity relation with delta effect of C7, C8, and C9. As this graph describes; the difference in experiment and abaqus has smooth relation to each other. For all specimens’ maximum axial capacity of C7, C8, and C9 abaqus lied beyond experiment through the graph. When we come to delta, all abaqus values found below its experiment.  This displacement varied in 5.303%, 4.14% and 3.42% for C7, C8, and C9 respectively.

[bookmark: _Toc75369150][bookmark: _Toc92635287][bookmark: _Toc94795388][bookmark: _Toc101953374]Figure 4.8: Rebar strain of C3 and C4 column specimen of Abaqus and Experimental result of (Lei.et.al, 2010.)
Strain under axial loading after core drilled of abaqus C3-2 is greater than initially abaqus value is above the experimental value up to certain value. Then after experimental result cross and continue with good approaching value to each other. For C3-11 from initially up to end abaqus result greater than experimental one with maximum percent, not exceeding 8.5% result gradually cross-experimental one and finally continue to end. Experiment of C3-2 in small value from zero to 2280.57 KN. In case of C4-2 experiment, reverse abaqus small, value greater than experimental C3-11 value. In addition to this abaqus C4-2 has also good approach relation to experimental value. Abaqus strain result has good value of approach to its correspondence of experimental value.

[bookmark: _Toc75369151][bookmark: _Toc94795389][bookmark: _Toc92635288][bookmark: _Toc101953375]Figure 4.9: Rebar strain of column specimen of Abaqus and Experimental result of (Lei.et.al, 2010.)
In the same manner rebar strain distribution of C6 as shown in figure 4.9; Abaqus value greater C6-2 with difference range between 4.5% - 6.5% as compared to experimental value. The same cases for C6-11 both experiment and abaqus value was in small difference not exceeding around 9.13%. Strain of main reinforcement, which indicted in different position after core drilled illustrated in the figure 4.9; with different strain distribution.

[bookmark: _Toc75369152][bookmark: _Toc94795390][bookmark: _Toc92635289][bookmark: _Toc101953376]Figure 4.10: Stirrup strain of C2 of Abaqus and Experimental value of (Lei.et.al, 2010.)
Strain of stirrup found at adjacent hole region is resulted in figure 4.10; strain distribution taken at unique nodal point were selected. Specimen C2 of unique nodal point of experiment compared with finite element analysis. For instance, C2-17 initially greater value in abaqus and continues up to end in value not more than 6.5%. In contrary, C2-19 abaqus value is smaller throughout the graph with maximum difference in 9%. C2-18 at beginning abaqus result is smaller than experiment from beginning up to value 1221.58KN. Then abaqus result rises up with variation less than 8%. To sum up strain result of unique nodal point adjacent drilled core had good result close to each other means abaqus and experiment. Stirrup strain around drilled core is larger than stirrup of undrilled area. This due to concrete core cut will provide sufficient increase of strain stirrup. Tensile strain nearby drilled area is speed up the tensile crack formation. However, for reason patched concrete strain distribution is like that solid column. Nevertheless, cracking starts on surface of cored area for core patched specimen and propagates to outer edges of column. It is not distributing evenly to side corner; which left around center of column. Patched drilled column decreased its strain than drilled one. Consequently, it is smallest strain in solid column among three specimens. In general cracking development is slow in patched specimen comparatively to drilled specimen. 
[bookmark: _Toc75369153]
[bookmark: _Toc94795391][bookmark: _Toc92635290][bookmark: _Toc101953377]Figure 4.11: Rebar strain of C2 of Abaqus and Experimental value of (Lei.et.al, 2010.)
Total strain, E11 distribution of longitudinal bar descried at different sides of column in figure 4.9 as per experiment. C2-2 specimen shows longitudinal reinforcement strain distribution on side of opening exists. Bar strain near opening at this side selected nodal point of abaqus C2-2 maximum among other sides. This abaqus strain distribution has similar with experiment C2-2. C2-5 longitudinal bar strain found at adjacent side which closer to hole area. In this abaqus value shows small difference with experiment in strain distribution. Other C2-13 longitudinal bar strain occurred at side opposite to side with hole. This value is smallest strain as result of opposite side which far from opening side.


[bookmark: _Toc75369154][bookmark: _Toc92635291][bookmark: _Toc94795392][bookmark: _Toc101953378]Figure 4.12: Rebar strain at core hole of specimen C3, C4 and C5 of Abaqus and Experimental value of (Lei. et.al, 2010.)
As illustrated in figure 4.12 rebar strain of selected nodal point of specimens, C3, C4, and C5 as per experimental information (Lei, Qingfeng, Xiangmin, & Chunming, 2010). Reinforcement strain of specimen C4 around hole at unique odal point is greater than C3 for the same load level. By comparing abaqus versus experiment, initially abaqus C3 value less than experiment and around end of the graph experiment lied above abaqus value. Applying of drilled hole provided large strain of bar at core hole for C4 value. The abaqus value of C4 also has good approach to its experiment. Generally, as graph shows each abaqus values are close to their correspondent experiment value.


[bookmark: _Toc75369155][bookmark: _Toc94795393][bookmark: _Toc92635292][bookmark: _Toc101953379]Figure 4.13: Concrete vertical strain of specimen C3 of Abaqus and Experimental result of (Lei.et.al, 2010.)
As figured above 4.13 concrete strains on each side of column plotted in graph; abaqus result of strain distribution of C3-C and C3-G are crosses experiment around middle of graph and sustain up to end with value beyond experiment.






[bookmark: _Toc75369156]


[bookmark: _Toc92635293][bookmark: _Toc94795394][bookmark: _Toc101953380]Figure 4.14: Concrete vertical strain of specimen C4, C5 of Abaqus, and Experimental result of (Lei.et.al, 2010.)
Concrete vertical strain of three specimens displayed on figure 4.14 for both abaqus and experiment. The total vertical strains, E22 taken at different side of column face.  Strain at side of drilled face of column value compared with its abaqus and experiment. Therefore, as figure describes abaqus result has good approach with experiment correspondence.


[bookmark: _Toc73698264]


[bookmark: _Toc75369157]
[bookmark: _Toc92635294][bookmark: _Toc94795395][bookmark: _Toc101953381]Figure 4.15: Maximum load of column specimen (300x300) for Abaqus and Experiment result of ( Lei.et.al, 2010.)
As load versus column specimen described for C1, C2, and C3; maximum displacement at point of load exerted is expressed with experimental value for purpose of accuracy checking. Load value of abaqus greater in C1 and C3 whereas below experimental value for column C2. Percentage variation in both cases is below 9% difference. Which means abaqus and experiment are more close to each other.

[bookmark: _Toc75369158][bookmark: _Toc94795396][bookmark: _Toc92635295][bookmark: _Toc101953382]Figure 4.16: Maximum load of column specimen (400x400) for Abaqus and Experiment result of (Lei.et.al, 2010.)

[bookmark: _Toc92635296][bookmark: _Toc94795397][bookmark: _Toc75369159][bookmark: _Toc101953383]Figure 4.17: Maximum load of column specimen (400x600) for Abaqus and Experiment result of lei.et.al, 2010
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[bookmark: _Toc94795398][bookmark: _Toc101953384]Figure 4.18: Maximum displacement of column specimen (300x300) for Abaqus and Experimental result
Specimen 300x300mm and 400x400 deformations as shown in figure 4.18 each deformation has closed to finite element result. The abaqus result of C1, C2 and C3 are smaller experimental value. Deformation of abaqus results are 2.487mm, 1.986mm and 2.167mm and their variation are -7.96%, -5.518% and -9.8% respectively relative to the experiment. Abaqus simulation in this three specimens are resulted the good agreement with experiment. Negative value of variation present shows finite element analysis of abaqus result is below experiment.

[bookmark: _Toc94795399][bookmark: _Toc92635298][bookmark: _Toc75369161][bookmark: _Toc101953385]Figure 4.19: Maximum displacement of column specimen (400x400) for Abaqus and Experiment result
Deformation comparison of experiment versus abaqus for C400x400; 2.201mm, 2.328mm and 2.3702mm for C4, C5 and C6 for abaqus respectively and the difference between experiments is -8.25%, -0.086% and 7.82% respectively. Therefore, they are more close to each other for checking of finite element accuracy.

[bookmark: _Toc92635299][bookmark: _Toc94795400][bookmark: _Toc75369162][bookmark: _Toc101953386]Figure 4.20: Maximum displacement of column specimen (400x600) for Abaqus and Experiment result
Axial displacement of column C7, C8 and C9 described in figure 4.18 their values are in small difference to experimental value. For instance, abaqus result greater than experiment for column C7 and C8. However, C9 abaqus value smaller than experiment.
                      
a) C1
                     [image: ] [image: ]
b) C5
                     [image: ][image: ]
c) C8
[bookmark: _Toc94795401][bookmark: _Toc92635300][bookmark: _Toc75369163][bookmark: _Toc101953387]Figure 4.21: Ultimate axial load and axial displacement of C1, C5 and C8 of Abaqus result for validation
Validation modeling for specimen C1, C5 and C8 are described in above figure 4.21. It shows maximum axial load and axial displacement for each specimen. Maximum axial load equivalent with vertical reaction force take at bottom of support condition. Whereas maximum axial displacement taken at top of free end. Values of displacement numbered in mm unit and axial load in KN unit. Blue color, which found at top area of column, is indicating maximum axial displacement ad decreases as go from top to bottom area of column.
[bookmark: _Toc95334728]4.3 Parametric Study of Core Drilling Capacity and Axial Deformation Capacity of Reinforced Concrete Column
[bookmark: _Toc75373811]For detail recognizing open performance reinforced concrete column and measurements, the following parameters expected to affect axial resistance capacity of column. Grade of steel, diameter of bar, level of service load, hole position and cross section of column are parametric considered for real expectation are tabulated in the following table. Hole diameter 110mm and depth 170mm is used for all parameters of study. Hole provision set as ratio of column length and diameter of core ratio.
[bookmark: _Toc95334745]Table 4.3: Study parameters of RC column with core drilling
	Column Code
	Load (KN)
	Hole position
	Grade of steel
	Yield of steel
	Diameter of bar (mm)
	 Cross section(mm2)

	TC1
	2500
	-
	

300Mpa
	

260.87 Mpa
	   
   16 
      
	
450x450

	TC2
	2500
	End center
	
	
	
	

	TC3
	2500
	End side
	
	
	
	

	TC4
	

 3500KN
	-
  
	

420 Mpa
   
	

365.22 Mpa

	  16

	

450x450

	TC5
	
	
end center
	
	
	   24
    
	

	TC6
	
	
	
	
	  30
	

	TC7
	
4500KN
	-
	300 Mpa
420Mpa
520Mpa
	260.87 Mpa
365.22 Mpa
452.17Mpa
	
    16
   
	
450x450

	TC8
	
	End center
end side
	
	
	
	

	TC9
	
	
	
	
	
	

	TC10
	1500
2500
3500
	-
	
300
	
260.87
	
   16

	
450x450

	TC11
TC12
	
	End center
end side
	
	
	
	

	TC13
	2500
	End center
	300
	260.87
	16
	450x450 and 450x500


[bookmark: _Toc95334729]4.3.1 Cross-section of Column
Column cross section of study parameters were consisted 450x450mm, and 450x500mm. each cross section has controlled specimen without drilling. 

[bookmark: _Toc75369164][bookmark: _Toc92635301][bookmark: _Toc94795402][bookmark: _Toc101953388]Figure 4.22: Displacement of specimen C450x450 and C450x500
Cross-section difference also varying of deformation; cross section increase has direct relation with axial capacity of column. In conclusion, as cross-section of column increase effect of hole reduced for the same applied load with increasing capacity of column. However, deformation reduced, which means that column rise in axial capacity with small deformation.   
[image: ][image: ][image: ][image: ]
C450x450                                                b) C450x500
[bookmark: _Toc75369165][bookmark: _Toc94795403][bookmark: _Toc92635302][bookmark: _Toc101953389]Figure 4.23: Concrete strain of different cross section of column 
[bookmark: _Toc95334730]4.3.2 Grade of Steel
To study performance of reinforced concrete column on hole effect grade of reinforcement were accounted. Under this parameter steel grade effect on resistance capacity and axial deformation of column with hole is performed in grade of steel 300Mpa, 420 Mpa and 520 Mpa used and Axial deformation of column with different grade of steel.

[bookmark: _Toc75369166][bookmark: _Toc94795404][bookmark: _Toc92635303][bookmark: _Toc101953390]Figure 4.24: Load-displacement graph of C450x450
As indicated in figure 4.24 steel grade 520 Mpa has less deformation than 300 Mpa, 420, and deformation of specimen 420 Mpa less than that of 320 Mpa. In general, as grade of steel increase deformation of drilled column is decrease.
[image: ][image: ][image: ][image: ]
300 Mpa                                                                     b) 420 Mpa
[image: ][image: ]
520 Mpa
[bookmark: _Toc75369167][bookmark: _Toc94795405][bookmark: _Toc92635304][bookmark: _Toc101953391]Figure 4.25: Strain of concrete at maximum principal specimen with 300 Mpa, 420 Mpa and 520 Mpa respectively
In figure, 4.25 above column the failure method of these three columns are different. Solid column C450x450 with steel grade 300 Mpa tries to crack in four sides at middle of column. Whereas C450x450 and steel grade 420mpa with opening at end center cracking initiation starts around hole and propagates diagonally towards the side face of column. Large diagonal cracking formed beneath the hole rather than above hole. This is due to concrete that cover reinforcement below hole has small area relative to above hole.  In relative to solid column, it is proceeding in failure due to discontinuity of stress at hole. In the same manner specimen having reinforcement grade 520 Mpa cracking initially around mouth of hole and follow diagonally on side of opening. However, this specimen has better cracking resistance than that of column with steel grade 420. Steel grade effect on hole cracking resistance has direct relationship as steel grade increase. As shown in figure above among grade of 300, 420 and 520 Mpa; 520 Mpa largely improve capacity of drilled column and deformation decreased by 6.18 % as compared to TC4. Axial deformation reduced for column with 520Mpa by 14.59% relative to column with 420Mpa. Capacity of column with 300mpa is 2040KN and column with hole at side with steel grade 420 Mpa has 3765KN whereas discontinuity of steel with specimen of steel grade 520 affect the capacity of column increased to 3500 KN. Therefore, as grade of steel increase axial capacity of drilled column increase except for specimen with rebar cut. Nevertheless, rear cut reduces axial capacity for column with steel grade 520 Mpa.
[image: ][image: ][image: ][image: ]
a) S, 300 Mpa                                                     b) S, 520 Mpa
[image: ][image: ][image: ][image: ]
c) U, 520 Mpa                                               d) U, 300 Mpa
[bookmark: _Toc75369168][bookmark: _Toc94795406][bookmark: _Toc92635305][bookmark: _Toc101953392]Figure 4.26: Horizontal displacement and stress of 520 Mpa and 300 Mpa specimens
Hole presence results concentration of maximum deformation around the hole. This enumerates rise of delta effect due to hole is displayed. However, opposite to undrilled column creates evenly distribution of maximum deformation through the surface of column.
[bookmark: _Toc95334731]4.3.3 Hole Position 
Hole position at top of column with center and one third top side are considered. The values compared relative to the solid column without drilled. Hole consideration simulation in abaqus of column specimen in accounting of rebar cut at hole.
 
[bookmark: _Toc75369169][bookmark: _Toc94795407][bookmark: _Toc92635306][bookmark: _Toc101953393]Figure 4.27: Load versus axial displacement graph of TC1, TC2 and TC3
Column specimen named as one of the controlled specimen. TC1, TC2 and TC3 have axial deformation -1.21611mm, -1.4399mm and -1.23085mm respectively. Maximum deformation of TC2 and TC3 increased in 18% and 1.212% as compared to TC1. Deformation of TC2 are large due to rebar cut at hole which creates discontinuity of stress through bar and transferred to nearby concrete area. This affects reduction of column capacity. From two-drilled position; hole at center of column with rebar discontinuity has greater effect relative to hole at side.
                       	
[bookmark: _Toc101953394]Figure 4.28:- P- delta curve of specimen TC1, TC2 and T3
As figure 4.28 illustrates maximum horizontal displacement of TC1, TC2 and TC3 were 0.1606mm,0.2481mm and 0.2526mm respectively. Presence of hole for TC3 produce horizontal deformation by increment of 57.285% and TC2 with rebar cut increased by 54.48%. Existence of drilled hole at side results smaller in axial deformation. Nevertheless, it has large effect on increment of lateral deformation. Therefore, hole at side almost no effect on axial deformation increment as compared to TC1.
[bookmark: _Toc95334732]4.3.4 Level of service load 
To study the effect of load performance on drilled column the following load quantities used. 1500KN, 2500KN and 3500KN simulated in abaqus software. The value of results- 

[bookmark: _Toc94795408][bookmark: _Toc92635307][bookmark: _Toc75369170][bookmark: _Toc101953395]Figure 4.29:-Axial  load for increasing level of load specimen
Level of service load for low service load applied below capacity of column has no effect on its axial capacity. Nevertheless, increasing of load beyond column capacity decreases axial capacity of column. Specially with rebar cut has significant effect on axial capacity by creating yielding of reinforcement due to bar discontinued at hole results large effect on axial capacity.                                                             

[bookmark: _Toc75369171][bookmark: _Toc92635308][bookmark: _Toc94795409][bookmark: _Toc101953396]Figure 4.30:- Axial displacement of specimen with level load

[bookmark: _Toc75369172][bookmark: _Toc92635309][bookmark: _Toc94795410][bookmark: _Toc101953397]Figure 4.31: -Maximum horizontal displacement of specimen TC10, TC11 and TC12
As figure 4.31 above shown horizontal displacement as compared to axial displacement is very small due to column is short and there is no lateral force applied on the specimen. This Implies fail in compression rather than buckling. Therefore, without existence of lateral load for short column delta effect has no much significant on impact on axial capacity of column. As load increase, deformation of specimen increase in both laterally and axially hole tries to produce lateral deformation. In general, larger lateral deformation produces around the hole which opening creates discontinuity of strain and more strain formed results large deformation. maximum lateral deformation of specimen with load 3500 KN and 2500 KN increased by 61.34% and 40.724% as compared to solid column with load 1500KN. In general, increment of load increase lateral deformation of column.
Concrete vertical stress
Concrete stress in vertical direction is occur at four sides of column surface has similar distribution for solid column. In case of drilled column, area of hole has smaller stress than other sides. This shows hole reduces stress capacity of column. As figure shows (S, S22 Avg 75%) of TC11 and TC12 have similar pattern of stress location except their value. 
[image: ][image: ][image: ][image: ][image: ][image: ]
     a) TC10                              b) TC11                                       c) TC12
[bookmark: _Toc101953398]Figure 4.32:- Concrete stresses of columns with level of load
Bar Stress Around Hole
Stress of all bars for solid column is almost similar. However, for drilled column found nearby hole is more affected than other. Hole and increment create much difference due to stress distribute in concrete are directly transferred to bar. 
[image: ][image: ]
[bookmark: _Toc101953399]Figure 4.33:- Bar stress around the hole of TC12
[bookmark: _Toc95334733]4.3.5 Reinforcement Area Ratio
Reinforcement size also had own reduction capacity on the effect of reinforced concrete column of drilled core. Various size of longitudinal reinforcement diameter understood in parametric studies were used 0.7145%, 1.607%, and 2.52% for diameter φ16, φ24 and φ30 respectively. Each diameter of bar effect on reinforced concrete column deformation and axial load briefly explained in this section.

[bookmark: _Toc75369173][bookmark: _Toc92635311][bookmark: _Toc94795412][bookmark: _Toc101953400]Figure 4.34 Axial load and displacement graph of C450x450
Diameter 16, 24 and 30 considered for specimen C450x450 as shown above figure 4.34; as diameter of main reinforcement increase, axial capacity increase and decrease of deformation. Therefore, reinforcement diameter also has effect on drilled core reinforced concrete column. Displacement of specimen with reinforcement area ratio of 2.52%, 1.607% and 0.7145% are 1.04935mm and 1.54316mm and 2.3741mm respectively. Increase reinforcement area ratio reduces axial deformation between drilled specimens. Steel area ratio of 2.52% specimen reduced in axial deformation in 31.2% as compared to specimen with steel area ratio of 1.60%. This indicates as reinforcement diameter increase in column with opening; column enables to decrease axial deformation.
Failure Criteria
Finite element analysis of short reinforced concrete column modeled using various parameters for core drilled at end side and end center location. Specimen of TC1, TC14 and TC7 are solid columns fails in axial compression failure and cracks started around center of column are uniformly distributed over four sides of column. TC10 fail in axial compression and cracking started at ends vertex of column equally distributed over four sides. 
As modeled in parameter of study TC2 with hole at end center. Initially TC2 cracking formed in interior of hole at bottom. In addition, two diagonal cracks developed to outside of hole such that crosses hole. However, below hole diagonal cracking largely occurred.  TC3 started cracking at interior surface of hole at bottom and top.  This tries to develop diagonal crack around opening. Specimen TC3 fail in axial compression and reinforcement is not yield. TC3 opening at end side with one diagonal cracking distributed to nearby side.
TC5 specimen crack starts in side hole around mouth and growth diagonally by crossing hole. Larger cracking found below hole than above hole area. Not only side having hole but also two adjacent sides also developed vertical crack. Finally, side opposite to side with hole also created certain cracking, but small relative to other three sides. Both column TC5 and TC6 indicated compression failure. Cracking line of TC6 specimen similar to TC5 crack starts in side hole around mouth, but out of two diagonal cracks one diagonal cracks is larger and cracking not occur in other three sides. 
TC9 starts to fails in side opening on top mouth of drilled core and one diagonal crack lays on side with opening and other lies on adjacent side. Initial Cracking formation of TC11 and TC12 started inside the top soon after developed to inside bottom of opening.


















[bookmark: _Toc95334734]CHAPTER 5
[bookmark: _Toc95334735] CONCLUSIONS AND RECOMMENDATIONS
[bookmark: _Toc95334736]5.1 Conclusions
The core-drilled effect of reinforced concrete column conducted through two steps of stress analysis in finite elements for both parametric studies and experimental validation. Primarily study focused on grade of steel, diameter of reinforcement, level of service load, hole position and different cross section of column. Based on the results of those studies; the following conclusions were drawn.
 Displacement of reinforcement area ratio decreased in 55.8% and specimen with reinforcement area ratio of 1.607%, axial displacement decreased by 44.19% due to diameter of main reinforcement increased. Existence of drilled hole at side produce large lateral deformation increment of 57.285% whereas, hole at center around hole 54.48% relative to undrilled column. In addition, axial deformation is large in case of hole at center with rebar cut is greater by 18% relative to undrilled one. From steel grade of 300, 420 and 520 Mpa; 520Mpa largely improve capacity of drilled column and deformation decreased by 6.18 % as compared to TC4. Therefore, as grade of steel increase axial capacity of drilled column also increase. For parameter level of service load maximum lateral deformation of specimen with load 3500 KN and 2500 KN increased by 61.34% and 40.724% as compared to solid column with load 1500KN. In conclusion, as applied load become large column with opening fail by proceeding of solid column. In general, the following concluded.
Stress distribution of column cross section is increasing from top surface of column to area around hole and it affected by hole drilled core.
From two hole positions of analysis hole at middle end mostly decreases axial capacity of column with rebar cut witch fasten after yielding of main reinforcement.
Increasing grade of steel, diameter of steel, cross-section of column has direct relationship on axial capacity of column with in decreasing of core drilling effect. In addition, decrease axial deformation of column. 
Increment level of load is directly affecting concrete strength and large decrease in axial capacity of drilled column and then after column failure mode in compression.
Column with hole is starting to fail in production of small crack around opening due to discontinuity of stress around that.
Lateral deformation on short column has no much significant effect on its axial capacity. Short column fails in compression rather than deformation or buckling. Nevertheless, presence of lateral load may create lateral deformation on short column that reduces axial capacity.
[bookmark: _Toc95334737]5.2 Recommendations
The work was conducted parametric study on effect of hole performance for reinforced concrete column with core drilling by limiting different factors due to scarcity of time, budget and availability of experimental instruments. For instance, only Grade of steel, diameter of reinforcement, level of service load, hole position and different cross section of column are considered for his study. However, in the future out of listed parameters we can use many other parameters to study reinforced concrete with hole. To sum up this; the following studies are recommended for future studies.
 On the current study it was only considering concentric axial on core drilled effect of reinforced concrete column and in the future someone else can study in account of eccentric axial load effect of reinforced concrete column with hole.
Medium class of concrete used in this study. For the future, it can be using high class of concrete grade effect on reinforced concrete column with core drilling.
Present study considered rectangular RC column. Nevertheless, in the future Effect of hole on L-shape, T shape Composite column.
This study assumed fully dried that column is fully dried and axial load is used. However, in the next study including the moisture content exist in column and including cycling load on effect reinforced concrete column with core drilling
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[bookmark: _Toc95334739]APPINDEX
A1.  Abaqus and Experimental result of Lei.et.al 2010
[bookmark: _Toc73698266]
[bookmark: _Toc94795413][bookmark: _Toc92635312][bookmark: _Toc75369174][bookmark: _Toc101953401]Figure A.1: Rebar strain of Abaqus and Experimental result of Lei.et.al, 2010
[bookmark: _Toc73698267]
[bookmark: _Toc75369175][bookmark: _Toc92635313][bookmark: _Toc94795414][bookmark: _Toc101953402]Figure A.2: Stirrup strain of C1 of Abaqus and Experiment of Lei et.al
[bookmark: _Toc73698268]
[bookmark: _Toc75369176][bookmark: _Toc94795415][bookmark: _Toc92635314][bookmark: _Toc101953403]Figure A.3: Rebar strain of C1 of Abaqus and Experiment of Lei et.al
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[bookmark: _Toc75369177][bookmark: _Toc92635315][bookmark: _Toc94795416][bookmark: _Toc101953404]Figure A.4:  Rebar strain of C5 and C6 of Abaqus and Experiment of Lei et.al


[bookmark: _Toc73698270]
[bookmark: _Toc92635316][bookmark: _Toc94795417][bookmark: _Toc75369178][bookmark: _Toc101953405]Figure A.5: Concrete vertical strain of C6 of Abaqus and Experiment of Lei et.al
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C 450X450   520 Mpa
[bookmark: _Toc94795418][bookmark: _Toc92635317][bookmark: _Toc75369179][bookmark: _Toc101953406]Figure A.6: Strain of concrete of specimen C450x450 with 520 Mpa
	
B. Plastic strain of concrete and stress in x, y and z direction    
[bookmark: _Toc95334746]Table B.1: Plastic strain PE of x, y and z direction and stress
	0
	0
	0
	0
	0

	0
	0
	0
	0
	0.001932107

	0
	0
	0
	0
	0.003864213

	0
	0
	0
	0
	0.006762373

	0
	0
	0
	0
	0.011109613

	0
	0
	0
	0
	0.017630471

	0
	0
	0
	0
	0.027411761

	0
	0
	0
	0
	0.042083688

	0
	0
	0
	0
	0.064091578

	0
	0
	0
	0
	0.097103409

	0
	0
	0
	0
	0.146621108

	0
	0
	0
	0
	0.22089763

	0
	0
	0
	0
	0.332312286

	0
	0
	0
	0
	0.499434054

	4.17699E-08
	7.47451E-09
	-2.46289E-08
	4.16243E-08
	0.693471432

	4.38244E-07
	-1.8555E-07
	4.37703E-07
	-6.62973E-07
	0.91039139

	7.96823E-07
	7.69273E-07
	-3.88815E-07
	9.53048E-08
	1.085846066

	2.53917E-06
	2.14756E-06
	-1.85147E-06
	1.74548E-06
	1.222706437

	4.28125E-06
	2.8356E-06
	-2.52549E-06
	2.46942E-06
	1.35725069

	5.56336E-06
	3.05349E-06
	-2.53408E-06
	2.38348E-06
	1.48514533

	6.7977E-06
	2.98989E-06
	-2.16549E-06
	1.81139E-06
	1.621940017

	7.05237E-06
	3.90654E-06
	-3.12153E-06
	2.85185E-06
	1.73385036

	7.93419E-06
	5.26554E-06
	-4.47633E-06
	4.20106E-06
	1.847550392

	1.04569E-05
	7.81391E-06
	-6.76256E-06
	6.68613E-06
	1.967984676

	1.45127E-05
	1.18635E-05
	-8.67263E-06
	7.1682E-06
	2.193921089

	2.87272E-05
	2.36004E-05
	-1.83625E-05
	1.5791E-05
	2.192748308

	4.90284E-05
	3.57621E-05
	-3.19584E-05
	2.90004E-05
	2.202693939

	6.94667E-05
	4.89202E-05
	-4.76448E-05
	4.27291E-05
	2.224789381

	9.11345E-05
	6.67391E-05
	-6.18024E-05
	5.25716E-05
	2.301064491

	0.000120244
	9.55027E-05
	-7.24215E-05
	6.12518E-05
	2.497474194

	0.000178808
	0.000145137
	-0.000232133
	7.81934E-05
	2.665137291

	0.000337281
	0.000272631
	-1.87358E-05
	0.000157791
	2.665556431

	0.000505458
	0.000399122
	-0.000124101
	0.000252534
	2.533412457

	0.000592049
	0.000463891
	-0.000155653
	0.000300176
	2.373053312

	0.000667056
	0.000519469
	-0.000188087
	0.000342386
	2.245246887

	0.000736039
	0.000570372
	-0.000225434
	0.000382266
	2.124567747

	0.000877931
	0.000676227
	-0.000291768
	0.000464682
	1.953841805



1500	1500 KN         2500 KN              3500 KN	0.17949999999999999	2500	1500 KN         2500 KN              3500 KN	0.25259999999999999	3500	1500 KN         2500 KN              3500 KN	0.28960000000000002	
Displacement  (U1) (mm)


φ16	0	-2.7975259581580801E-4	-5.5950513342395403E-4	-9.791338816285129E-4	-1.6085768584161999E-3	-2.5527409743517598E-3	-3.9689862169325404E-3	-6.0933521017432204E-3	-9.2798965051770193E-3	-1.4059703797102001E-2	-2.1229391917586299E-2	-3.19838747382164E-2	-4.8115491867065402E-2	-7.2312667965889005E-2	-0.10028856992721601	-0.12827458977699299	-0.15628451108932501	-0.184348344802856	-0.212529256939888	-0.24087679386138899	-0.26941964030265803	-0.29820868372917197	-0.327359199523926	-0.35704380273818997	-0.38744354248046903	-0.41895875334739702	-0.45229589939117398	-0.48888111114501998	-0.53170317411422696	-0.58529609441757202	-0.65989714860916104	-0.75132209062576305	-0.83743149042129505	-0.925492644309998	-1.02010321617126	-1.1152493953704801	-1.20078349113464	-1.27783811092377	-1.3559539318084699	-1.4351218938827499	-1.51419901847839	-1.5921014547348	-1.6690648794174201	-1.74592173099518	-1.8227844238281199	-1.9004852771759	-1.9800066947937001	-2.0621683597564702	-2.1472303867340101	-2.23587989807129	-2.3308951854705802	-2.3740991561889602	0	0.875	1.75	3.0625	5.03125	7.984375	12.4140625	19.05859375	29.025390625	43.9755859375	66.400874999999999	100.03882031249999	150.49573437500001	226.18109375	313.68109375	401.18109375	488.68109375	576.18106250000005	663.68106250000005	751.18106250000005	838.68106250000005	926.18106250000005	1013.6810625000001	1101.1811250000001	1188.6811250000001	1276.1811250000001	1363.6811250000001	1451.1811250000001	1538.6811250000001	1626.1811250000001	1713.6811250000001	1801.1811250000001	1888.6811250000001	1976.1811250000001	2063.6811250000001	2151.181	2238.681	2326.181	2413.681	2501.181	2588.681	2676.181	2763.681	2851.181	2938.681	3026.181	3113.681	3201.181	3288.681	3376.181	3463.681	3500	φ24	0	-1.8183918728027499E-4	-3.6367833672556999E-4	-6.3643702305853404E-4	-1.04557495797053E-3	-1.65928163332865E-3	-2.5798410410061501E-3	-3.9606788661330902E-3	-6.0319327283650604E-3	-9.1388074681162806E-3	-1.37991047464311E-2	-2.07895185798407E-2	-3.12750697135925E-2	-4.7003234177827799E-2	-6.5187570452690094E-2	-8.3378483355045302E-2	-0.101584932208061	-0.119826424121857	-0.13814401701092699	-0.156569916009903	-0.17512276619672801	-0.19383564442396201	-0.212783479690552	-0.23207847177982299	-0.251838302612305	-0.27232318967580799	-0.29399233460426299	-0.31777272224426301	-0.345607063174248	-0.38044246137142201	-0.42893314659595499	-0.48835935890674598	-0.54433046877384195	-0.60157021880149797	-0.66306709051132195	-0.72491210699081399	-0.78050926923751796	-0.83059477210044896	-0.88137005567550697	-0.93282923102378801	-0.98422936201095601	-1.0348659455776199	-1.08489217162132	-1.13484912514687	-1.1848098754882801	-1.2353154301643401	-1.28700435161591	-1.3404094338417101	-1.3956997513771101	-1.4533219337463399	-1.51508187055588	-1.54316445152282	0	0.87062499999999998	1.74125	3.0471875000000002	5.0060937499999998	7.9444531249999999	12.3519921875	18.963300781249998	28.880263671874999	43.755708007812501	66.068870625000002	99.538626210937494	149.74325570312499	225.05018828125	312.11268828124997	399.17518828124997	486.23768828124997	573.30015718749996	660.36265718749996	747.42515718749996	834.48765718749996	921.55015718749996	1008.6126571875	1095.6752193750001	1182.7377193750001	1269.8002193750001	1356.8627193750001	1443.9252193750001	1530.9877193750001	1618.0502193750001	1705.1127193750001	1792.1752193750001	1879.2377193750001	1966.3002193750001	2053.3627193749999	2140.4250950000001	2227.4875950000001	2314.5500950000001	2401.6125950000001	2488.6750950000001	2575.7375950000001	2662.8000950000001	2749.8625950000001	2836.9250950000001	2923.9875950000001	3011.0500950000001	3098.1125950000001	3185.1750950000001	3272.2375950000001	3359.3000950000001	3446.3625950000001	3482.5	φ30	0	-1.23650647350587E-4	-2.4730126897338801E-4	-4.3277717567980297E-4	-7.1099097141995998E-4	-1.1283115106634799E-3	-1.75429190788418E-3	-2.6932616289705E-3	-4.1017142552882404E-3	-6.2143890783190698E-3	-9.3833912275731596E-3	-1.41368726342916E-2	-2.1267047405242899E-2	-3.1962199240922903E-2	-4.43275479078293E-2	-5.6697368681430799E-2	-6.9077753901481603E-2	-8.1481968402862606E-2	-9.3937931567430494E-2	-0.106467542886734	-0.119083481013775	-0.13180823820829399	-0.144692766189575	-0.15781336081028	-0.17125004577636699	-0.18517976897954899	-0.199914787530899	-0.216085451126099	-0.235012802958488	-0.258700873732567	-0.29167453968524898	-0.33208436405658698	-0.37014471876621302	-0.409067748785019	-0.45088562154769901	-0.49294023275375398	-0.53074630308151205	-0.56480444502830496	-0.59933163785934496	-0.63432387709617599	-0.66927596616745	-0.70370884299278302	-0.73772667670249903	-0.77169740509986895	-0.80567071533203105	-0.84001449251174898	-0.87516295909881603	-0.91147841501236004	-0.949075830936432	-0.98825891494750995	-1.0302556719780001	-1.04935182703552	0	0.85234187500000003	1.7046837500000001	2.9831965624999999	4.90096578125	7.7776196093749999	12.092600351562499	18.565071464843701	28.2737781347656	42.8368381396484	64.681424341875001	97.448315060507795	146.598647333359	220.32413432734401	305.558321827344	390.79250932734402	476.02669682734398	561.26085388656304	646.495041386563	731.72922888656296	816.96341638656304	902.197603886563	987.43179138656296	1072.6660397681301	1157.90022726813	1243.13441476812	1328.36860226813	1413.6027897681299	1498.8369772681301	1584.0711647681301	1669.30535226813	1754.53953976812	1839.77372726813	1925.0079147681299	2010.2421022681201	2095.4761680050001	2180.7103555049998	2265.944543005	2351.1787305050002	2436.4129180049999	2521.6471055050001	2606.8812930049999	2692.1154805050001	2777.3496680049998	2862.583855505	2947.8180430050002	3033.0522305049999	3118.2864180050001	3203.5206055049998	3288.754793005	3373.9889805050002	3409.3674999999998	Displacement (mm)

Load (KN)



Expe- C5-2	0	-6.4705109607381104	-71.119719825477901	-168.17738423655001	-278.19703334758799	-375.25469775865997	-472.31236216973099	-588.80950983433797	-711.80511883100405	-760.35491381503005	-805.66246572585703	-841.27822638123803	-902.79699365806096	-951.36076382774695	-1022.60626032417	-1064.7204823116101	-1132.7656612918099	-1207.28135123275	-1268.83505647373	-1320.6620324951	-1356.28478074331	-1375.7033012183599	-1391.8865662130299	-1414.53335457562	-1446.9208473434601	-1469.5816108916999	-1498.7268605863401	-1540.8271073881201	-1595.8963264827	-1706.0347646718501	-1799.9619874949999	0	6.7416295625487397	193.29358790531501	395.54247478177803	605.36311724901304	807.61200412547498	1009.86089100194	1226.6998717078	1431.1624279928601	1512.8921087716701	1594.3450808744001	1642.6433225165399	1725.47983799965	1794.2796770055099	1877.9463185168399	1913.8681357381799	1958.4685432546	2016.5522098961101	2067.0641209468499	2116.7459059693601	2158.5792267250299	2192.5640832138502	2219.8073101401201	2266.99871707796	2302.0904082710699	2336.3519734359702	2371.1669559530101	2420.0186149473002	2469.97710864589	2569.89409604307	2668.4275400598699	C4-11 Expe-	0	-19.3696073252333	-25.6863912437077	-38.494648901410699	-70.700464255667598	-96.4217934635262	-102.808453310302	-112.472294194428	-125.37837815175401	-128.529782518161	-138.18663580945699	-144.615221213214	-157.50034239204899	-167.15020809051401	-173.571805901441	-186.45692708027599	-192.906475262524	-199.34903585194101	-212.255119809267	-234.88094539336001	-244.572736648806	-260.75600164348202	-270.44080530609801	-270.39189215628699	-263.865480452908	-250.86855778879001	-228.10298034809401	-215.09208249831599	-208.57265838776701	-211.77297590398501	-224.70002263980101	-231.15655841487899	-240.83437448466501	-250.54014092577199	-273.15199132420503	0	72.497673131587504	228.209191759113	378.00920685231301	581.18884109375404	783.81505798304499	874.87736774583004	933.89178175232098	993.18290443488502	1077.50358463512	1142.98291952809	1195.25570397203	1273.9415893140099	1345.8858450934499	1404.62355042387	1483.3094357658499	1516.18745755037	1555.53040022137	1614.8215229039299	1681.4076925012	1714.5624229617899	1741.8056498880601	1781.4253012351301	1826.67974744044	1864.91585540714	1889.6687042487399	1952.38095238095	1990.0636429955	2021.83483007572	2060.9010640706401	2100.7974240937801	2127.21052499182	2173.2950972253698	2193.5199859130098	2273.0359972832198	C5-11 Exper-	0	-3.2212802947087198	-12.7803072863823	-28.767919681813002	-31.779572191616602	-44.657705777621302	-51.072315995718	-54.258658326275899	-67.108841540959901	-79.979987534134395	-83.138379493371602	-92.781257599007205	-99.209843002764302	-112.101951774429	-115.295281697817	-124.938159803453	-131.33879483588899	-140.98167294152501	-147.41724593811199	-166.78685326334599	-186.18441095989999	-189.363765697627	-176.34588025501901	-153.629215964134	-130.912551673249	-117.915629009131	-101.683450864645	-85.458260312988301	-65.990826688132501	-46.509417877616499	-14.0520491814734	-4.2694192192343303	-4.1925556981024501	-10.5931907305389	-36.4542717950008	-62.308365266632599	-81.712910556016695	-104.33873614011	0	12.929841772948	168.91806907654799	377.179080824089	590.79817875380502	675.94898498226496	741.15161119915501	793.14768696702095	904.15817674137804	995.77390385631304	1073.62966317008	1152.0388398359901	1204.3116242799299	1276.53258873544	1322.0637436168299	1400.47292028275	1478.6053882725801	1557.0145649384999	1602.8224284959599	1682.0617311901001	1735.44135033834	1793.9023469926799	1838.0499584936999	1855.5077604206001	1872.9655623475001	1897.7184111890899	1915.7296304681399	1927.2759288607101	1938.54551857721	1962.7449500666601	1992.30246773828	2043.1917088018499	2114.3058385530699	2192.4383065429001	2265.7661057027099	2345.5588257489999	2392.4735240107698	2459.0596936080301	Abaqus c4-11	0	-19.756999471737998	-26.200119068581799	-39.264541879438902	-72.114473540781006	-98.350229332796701	-104.864622376508	-114.721740078317	-127.885945714789	-131.100378168524	-140.95036852564601	-147.50752563747801	-160.65034923989001	-170.49321225232501	-177.04324201947	-190.18606562188199	-196.76460476777399	-203.33601656898	-216.50022220545199	-239.578564301227	-249.464191381782	-265.971121676351	-275.84962141222002	-275.79972999941299	-269.14279006196602	-255.88592894456599	-232.66503995505599	-219.393924148282	-212.74411155552201	-216.00843542206499	-229.19402309259701	-235.77968958317601	-245.65106197435799	-255.55094374428799	-278.61503115068899	0	76.847533519482795	241.90174326465899	400.689759263452	616.060171559379	830.84396146202801	927.37000981057997	989.92528865745999	1052.77387870098	1142.15379971323	1211.5618946997699	1266.9710462103501	1350.37808467285	1426.63899579906	1488.9009634493	1572.3080019118099	1607.1587050034	1648.8622242346501	1711.7108142781699	1782.29215405127	1817.4361683395	1846.31398888134	1888.3108193092301	1936.2805322868701	1976.81080673157	2003.0488265036599	2069.5238095238101	2109.4674615752301	2143.1449198802602	2184.5551279148699	2226.8452695394099	2254.8431564913299	2303.6928030588901	2325.1311850677898	2409.4181571202198	Abaqus C5-2	0	-6.6646262895602604	-73.253311420242198	-173.22270576364599	-286.54294434801602	-386.51233869141998	-486.48173303482298	-606.473795129368	-733.15927239593395	-783.165561229481	-829.83233969763296	-866.51657317267495	-929.88090346780302	-979.90158674257998	-1053.28444813389	-1096.6620967809599	-1166.7486311305599	-1243.4997917697301	-1306.9001081679401	-1360.2818934699501	-1396.9733241656099	-1416.9744002549101	-1433.6431631994201	-1456.9693552128799	-1490.3284727637599	-1513.66905921845	-1543.68866640393	-1587.0519206097699	-1643.7732162771799	-1757.2158076119999	-1853.9608471198501	0	7.2809599275526402	208.75707493774101	427.18587276431998	653.79216662893396	872.22096445551301	1090.64976228209	1324.8358614444201	1545.65542223228	1618.7945563856799	1658.1188841093799	1708.3490554171999	1742.7346363796401	1794.2796770055099	1802.8284657761701	1837.31341030866	1880.1298015244099	1935.89012150026	1984.38155610897	2032.07606973059	2050.6502653887801	2061.0102382210098	2086.6188715317098	2130.9787940532801	2163.9649837748102	2149.4438155610901	2181.4735994767698	2226.41712575152	2272.3789399542202	2364.3025683596202	2454.9533368550801	Abaqus C5-11	0	-3.2245015750034201	-12.7930875936687	-28.796687601494799	-31.811351763808201	-44.702363483398898	-51.123388311713697	-54.312916984602097	-67.175950382500801	-80.059967521668497	-83.221517872864993	-92.874038856606205	-99.309052845767098	-112.214053726204	-115.410576979515	-125.063097963256	-131.470133630725	-141.122654614467	-147.56466318405	-166.95364011660899	-186.37059537085901	-189.55312946332501	-176.522226135274	-153.78284518009801	-131.04346422492199	-118.033544638141	-101.785134315509	-85.543718573301206	-66.056817514820693	-46.555927295494101	-14.0661012306548	-4.2736886384535602	-4.1967482538005498	-10.6037839212694	-36.490726066795801	-62.370673631899201	-81.794623466572801	-104.44307487624999	0	13.8349306970543	180.742333911906	403.58161648177497	632.15405126657095	723.265413931024	793.03222398309595	848.66802505471298	967.44924911327496	1065.4780771262499	1148.7837395919801	1232.68155862451	1288.6134379795201	1365.88986994692	1414.60820567001	1498.5060247025399	1582.10776545166	1666.00558448419	1715.0199984906801	1799.80605237341	1856.9222448620201	1919.4755112821699	1966.7134555882601	1985.39330365004	2004.0731517118199	2030.55869997233	2049.8307046009099	2062.1852438809601	2074.2437048776201	2100.1370965713299	2131.76364047996	2186.2151284179799	2262.3072472517802	2345.9089880009101	2424.3697331018998	2509.7479435514301	2559.94667069152	2631.1938721605902	(*10-6)              Strain

Load (KN)



C1-16 Experment	0	5.3144205730301399	2.59533362848209	7.3694228215058901	10.1983190465068	19.000491527255399	26.898044697606199	38.002726058962402	46.499872760674997	56.778370011957001	76.143149469603799	98.4082883347684	130.72359086805099	162.42186982545601	213.00037300295301	258.20519345606402	301.24868838915	376.77830029177898	0	72.315013692544994	219.88658519033899	408.065180398471	524.78124049128803	628.10953239174603	733.80298173281506	823.67941267721994	892.87539460375797	935.11835249227204	1033.8691661018499	1129.4960177328301	1230.06025317389	1321.0899056636199	1414.03651444926	1483.8734240127201	1502.87894535283	1533.5627957193799	C1-17 Experment	0	4.5649286588277898	9.0078470060412492	14.3885017482335	23.731005608988301	29.6328186822189	36.740790835979801	40.742729056930003	46.471984689448902	48.837241730315398	56.644158669181202	61.062674954071802	65.313862811605603	69.450012375331596	75.677767281017594	81.790483892895907	85.635551713199106	117.215306367892	515.62429190444198	0	21.5082765321383	106.50648621756601	199.457577014652	315.49371597095097	421.94596985000697	525.24468047491405	628.48915876131196	742.08125687553002	842.91620580798997	940.671564675176	1038.36776099126	1131.29913093798	1228.99039704147	1321.95627847634	1419.6820560679701	1494.35236677594	1555.2212196349899	1585.9870908110299	C1-18 Experment	0	1.9329919368614099	2.8393542517107599	1.9399639546679399	3.2332732577799002	1.66456925130987	1.8615287543444401	4.1117475014031202	7.3241047057634203	9.7660539425017703	14.5384001310739	22.627683791104399	26.8213525017343	29.4323731702811	34.7189056720851	41.138391067450797	42.374181223658802	45.448841076340102	30.9697030966217	34.290126576983297	50.848668867500301	73.824953548931404	119.409748972499	0	13.525814144929299	92.906718883760007	211.938634291272	310.373914294977	410.34652422502302	519.08012193063098	624.67496701986602	725.524706590101	823.18639141804397	929.61892444673299	1027.3792135265101	1122.6905315516201	1178.2916763569399	1228.38398089269	1313.4167020662601	1414.2319301483501	1485.7141861140301	1535.4613757683501	1561.7098276069	1577.8719608849899	1597.3207531572	1616.3706464106299	C1-19 Experment	0	2.8951303941630302	3.6097622193327101	9.3965369987555007	17.159878826330502	23.080864948529101	31.748826086501801	37.804023551476099	38.905602364908397	47.841986188432699	50.398973718978901	56.319959841177401	61.6430954364657	65.779245000191693	69.183332694231694	72.472382094463896	73.436263556217099	83.829799101306904	99.291991591746495	169.55773005044301	237.134012640268	343.992386556555	0	8.7807086259298295	96.094773626051804	207.30692366188299	318.553585185857	424.21252303878401	533.09402712214501	633.19975279216897	739.56819305716499	837.34327277471903	930.24506144588702	1035.90399929881	1131.2350381742899	1228.92630427778	1321.8428835867201	1419.51935905244	1496.5203157128899	1534.0033774446299	1560.46382842462	1575.1827540167501	1584.2991653000699	1604.4189146859101	Abaqus C1-16	0	5.3409926758952899	2.6083102966245	7.4062699356134196	10.249310641739401	19.095493984891601	27.0325349210942	38.192739689257202	46.732372124478402	57.062261862016797	76.523865216951805	98.900329776442206	131.377208822391	163.233979174583	214.06537486796699	259.49621942334397	302.75493183109597	378.66219179323798	0	76.653914514097707	233.079780301759	432.54909122237899	556.26811492076502	665.79610433525102	777.83116063678403	873.10017743785295	946.44791827998301	991.22545364180905	1095.9013160679599	1197.2657787968001	1303.8638683643201	1400.3553000034401	1498.87870531621	1572.90582945349	1593.0516820739999	1625.57656346254	Abaqus c1-17	0	4.57862344480428	9.0348705470593806	14.431667253478199	23.802198625815301	29.7217171382656	36.8510132084877	40.8649572441008	46.6114006435172	48.983753455506303	56.814091145188797	61.245862978933999	65.509804400040395	69.658362412457606	75.904800582860702	82.0358553445746	85.892458368338694	117.566952286996	517.17116478015498	0	23.078380718984398	114.28145971144799	214.01798013672101	338.52475723683	452.74802564905798	563.58754214958299	674.36886735088694	796.25318862744405	904.44908883197297	1009.34058889646	1114.1686075436201	1213.8839674964499	1318.7066960254999	1418.45908680511	1523.31884616093	1603.4400895505901	1668.7523686683501	1701.76414844024	Abaqus c1-18	0	1.9484558723562999	2.86206908572444	1.9554836663052799	3.2591394438421402	1.67788580532035	1.8764209843791899	4.1446414814143404	7.3826975434095301	9.8441823740417806	14.6547073321225	22.8087052614332	27.0359233217482	29.6678321556433	34.996656917461799	41.467498195990402	42.713174673448101	45.812431804950798	31.217460721394701	34.564447589599098	51.255458218440303	74.415553177322806	120.365026964279	0	14.743137417972999	101.268323583298	231.01311137748601	338.30756658152501	447.277711405275	565.79733290438799	680.89571405165395	790.82193018321004	897.27316664566797	1013.28462764694	1119.8433427438999	1223.73267939126	1284.3379272290699	1338.93853917303	1431.62420525222	1541.5128038616999	1619.4284628642899	1673.6528995875101	1702.2637120915199	1719.8804373646401	1741.07962094135	1761.84400458759	Abaqus 1-19	0	3.0398869138711802	3.7902503302993402	9.8663638486932701	18.017872767646999	24.234908195955501	33.336267390826897	39.694224729049999	40.850882483153903	50.234085497854402	52.918922404927798	59.135957833236297	64.725250208288998	69.068207250201297	72.642499328943302	76.0960011991871	77.108076734028003	88.021289056372296	104.25659117133399	178.035616552965	248.99071327228199	361.19200588438298	0	9.5270688591338608	104.262829384266	224.928012173143	345.630639926654	460.27058749707999	578.40701942752798	687.02173177950306	802.43148946702399	908.51745096057005	1009.31589166879	1123.95583923921	1227.3900164191	1333.3850401413899	1434.1995286916001	1540.1785045719	1623.72454254848	1664.39366452742	1693.1032538407101	1709.0732881081799	1718.96459435057	1740.79452243421	Strain                                (*10-6)

Load (KN)



C1-2 Experment	0	-4.4636593692677797	-55.048334658400996	-117.56035120356	-178.59314186538401	-241.131140129805	-311.11723124942603	-376.64485934363302	-446.63614680710702	-521.12227170296296	-595.61878928652504	-694.00116744525201	-777.46657451816895	-868.37487810243397	-986.23142090558395	-1098.0723296422	-1235.3822517143601	-1420.5522327823501	-1623.65479648519	0	14.5445664430507	109.855905384971	217.532464158218	318.97029250219498	416.21778916354498	523.80081374744702	621.01089673305898	726.50810889458205	827.77757569773905	924.87541765613696	1034.1888247429099	1131.1744256740999	1240.5813669502099	1332.96508576566	1440.02431888923	1523.8215991228601	1596.5911984327799	1671.2221281106599	C1-5 Experment	0	-58.037964488186098	-123.550003550835	-196.53611718794701	-260.56373402340802	-327.575784344802	-397.572268152128	-466.073937044562	-540.54966925271401	-610.56693843544997	-655.27108459821	-695.52196407940698	-747.67420309736701	-783.46661955314903	-866.90604490680403	-932.51161815879698	-966.80921969968597	-978.74695364341596	-1032.4511673586501	-1096.58790741501	-1211.4704094199301	-1404.1040723746801	-1484.72015090183	-1508.59561878929	-1542.96596914411	0	109.818491709233	213.286011961984	316.65999802538897	415.97460027124902	517.33760126375103	620.74900100289403	724.17910757990705	829.62019922782304	924.68834927744797	980.44407954563201	1023.74105579314	1089.8323139838801	1122.7563486331001	1230.1710116761799	1296.0939083261001	1329.03664981319	1337.2302447997599	1380.35885950645	1435.8714008823399	1522.03509610638	1598.8827860717199	1639.5888652743899	1655.97605524753	1659.7174228213	C1-13 Experment	0	-19.188365732537299	-48.845632213174802	-84.461372977972701	-118.58229882787801	-155.692854507568	-203.26711459150701	-250.85176736315	-295.441593961156	-356.45879559142202	-416.01236036991003	-478.53996594662698	-548.54684244165799	-633.51226077332001	-739.37910619421496	-833.34459207834698	-893.00728007773705	-972.15452540925503	-1064.7706940063599	-1380.04153610853	0	104.047432226685	199.62066689877	303.46232390889799	407.32268775689403	511.145637929153	614.83764023633	714.35801769874695	816.00162125928205	923.69688687039798	1018.89598478511	1120.31510629121	1219.5548811855999	1314.4359628565301	1419.4842109092001	1501.73817701865	1553.1352140633901	1583.4309379920301	1607.30086311271	1657.5848433042499	Abaqus C1-2	0	-4.2851129944970703	-52.846401272065002	-112.85793715541701	-171.44941619076801	-231.48589452461201	-298.67254199944898	-361.57906496988699	-428.770700934822	-500.27738083484502	-571.79403771506395	-666.24112074744198	-746.36791153744196	-833.639882978336	-946.78216406936099	-1054.1494364565101	-1185.96696164579	-1363.73014347105	-1558.70860462579	0	13.671892456467599	103.26455106187299	204.48051630872499	299.83207495206398	391.24472181373199	492.37276492260003	602.38056983106696	704.71286562774401	802.94424842680701	897.12915512645304	1003.16316000062	1119.8626814173499	1228.1755532807099	1332.96508576566	1353.62285975588	1432.39230317549	1500.7957265268201	1570.94880042402	Abaqus C1-5	0	-55.136066263776797	-117.372503373293	-186.70931132854901	-247.53554732223699	-311.19699512756199	-377.69365474452201	-442.77024019233397	-513.52218579007797	-580.03859151367806	-622.50753036829997	-660.74586587543695	-710.29049294249899	-744.29328857549206	-823.560742661463	-885.88603725085704	-918.46875871470195	-929.80960596124601	-980.82860899071397	-1041.75851204426	-1150.8968889489399	-1333.8988687559399	-1410.4841433567301	-1433.16583784982	-1465.8176706869001	0	116.407601211787	226.08317267970301	335.65959790691301	440.93307628752399	548.37785733957605	657.99394106306795	767.629854034701	879.397411181493	980.169650234095	1039.27072431837	1085.1655191407301	1155.2222528229099	1190.1217295510901	1303.98127237676	1373.8595428256699	1408.7788488019801	1417.4640594877401	1463.1803910768399	1522.02368493528	1613.35720187276	1694.8157532360201	1737.96419719086	1755.33461856238	1759.30046819058	Abaqus C1-13	0	-18.2289474459104	-46.403350602516099	-80.238304329074097	-112.653183886484	-147.90821178218999	-193.103758861931	-238.30917899499201	-280.66951426309799	-338.635855811851	-395.21174235141501	-454.612967649295	-521.11950031957497	-601.83664773465398	-702.41015088450399	-791.67736247442997	-848.35691607385002	-923.54679913879295	-1011.5321593060499	-1311.0394593031001	0	113.411701127087	213.59411358168401	324.70468658252099	435.83527589987699	546.92583258419404	657.87627505287298	764.363078937659	873.12173474743201	988.35566895132604	1090.2187037200599	1198.7371637316	1304.9237228685899	1406.4464802564901	1490.4584214546601	1576.8250858695801	1630.7919747665501	1662.60248489163	1687.66590626835	1740.4640854694601	(*10-6)              Strain

Load (KN)



C5-23 Experment	0	-15.1823780198959	-26.634296541923302	-35.338702036949101	-14.264566556134501	-1.8652297489341001	12.677640928470099	36.599952629085699	66.852202747513005	88.027001421127594	151.81193747039299	18.636901942207501	0	410.39495499763098	607.79843675982897	835.40087636191402	1008.84503789673	1235.6480933206999	1447.2184391283799	1658.4335030791101	1816.3784936049301	1997.39459971577	2207.0997157745101	2495.4775580293699	C6-5 Experment	0	-36.457839886309799	-87.571056371387797	-120.026054002842	-124.342728564661	-118.143060161061	-114.388915206063	-85.042633822832798	-64.874467077214604	-27.054713405968599	12.8079109426812	18.504263382283401	24.401942207484598	24.774988157271299	20.458313595452399	20.730696352439502	20.7010895310279	21.1747986736145	21.5478446234013	25.805305542397001	0	221.806904310753	435.86422311700602	641.63903363334896	846.34799857887299	959.74952629085703	1065.6679298910501	1155.46541923259	1260.7620795831399	1282.05678588347	1280.5468379914701	1356.08864282331	1446.7743368071999	1651.30566082425	1856.01462576978	2052.9740052108	2227.21755092373	2439.3208195168199	2643.8521435338698	2787.6302700142101	C6-23 Experment	0	-2.9138677414539398	-41.618151962979503	-99.0894163307958	-164.036423346768	-401.97044334975402	-446.70547842961599	-463.19152112255603	-478.16689058068403	-507.46081504702198	-527.20704582773601	-553.252724287207	-585.80683684131998	-610.37766830870305	-647.75638154948501	-681.95850126884602	-730.65830721003101	-764.735035079863	-806.777130915062	-834.95447081654004	-869.15659053590105	-919.09240185102203	-948.50574712643697	-971.37483206448701	-991.18077324973899	-1014.1573369159599	-1035.3187042842201	-1066.6368114643999	-1091.2076429317799	-1130.2403343782701	0	42.019704433497502	201.83161665920301	411.141961486789	626.88311688311705	1661.97492163009	1870.6806986117299	1953.48858038513	2004.32601880878	2081.6659202866099	2128.1728616211399	2200.8016121809201	2241.8405732198798	2279.46260635916	2311.6166592028699	2332.9870129870101	2365.67845947156	2397.6757725033599	2434.6081504702202	2446.5785938199701	2467.9489476041199	2515.8889386475598	2543.1079265561998	2604.9529780564299	2686.39946260636	2739.1356918943102	2785.7098074339501	2811.5002239140199	2849.12225705329	2901.10165696373	Abaqus c5-23	0	-16.093320701089599	-28.2323543344387	-37.459024159166098	-15.120440549502501	-1.97714353387014	13.4382993841783	38.795949786830803	70.863334912363797	93.308621506395198	160.92065371861699	19.755116058739901	0	443.22655139744199	656.42231170061598	902.23294647086698	1089.5526409284701	1334.49994078636	1562.9959142586499	1791.10818332544	1961.6887730933199	2157.1861676930398	2383.6676930364802	2695.1157626717199	Abaqus c6-5	0	-52.8638678351492	-126.978031738512	-174.03777830412099	-180.29695641875901	-171.30743723353899	-165.86392704879199	-123.311819043108	-94.067977261961204	-39.229334438654497	18.5714708668878	26.831181904310899	35.382816200852602	35.923732828043399	29.664554713406002	30.0595097110373	30.016579819990501	30.7034580767411	31.2443747039318	37.417693036475697	0	235.115318569398	462.01607650402701	680.13737565135	897.12887849360504	1017.33449786831	1129.6080056845101	1224.79334438655	1336.4078043581201	1358.9801930364799	1357.3796482709599	1437.4539613927	1533.58079701563	1750.3840004737101	1967.37550331596	2176.1524455234498	2360.85060397916	2585.68006868783	2802.4832721459002	2954.88808621506	Abaqus C6-23	0	-2.7390356769667101	-39.121062845200697	-93.144051350948004	-154.19423794596199	-377.85221674876902	-419.90314972383902	-435.40002985520198	-449.47687714584299	-477.01316614420102	-495.574623078071	-520.05756082997505	-550.65842663084004	-573.75500821018102	-608.89099865651599	-641.04099119271496	-686.81880877742901	-718.85093297507103	-758.37050306015794	-784.85720256754701	-817.00719510374699	-863.94685773996105	-891.59540229885101	-913.09234214061803	-931.70992685475403	-953.307896701	-973.19958202716805	-1002.63860277653	-1025.7351843558699	-1062.42591431557	0	44.120689655172399	211.92319749216301	431.69905956112899	658.22727272727298	1745.0736677115999	1964.2147335423199	2051.1630094043899	2104.54231974922	2185.7492163009401	2234.5815047021902	2310.8416927899698	2353.9326018808802	2393.4357366771201	2427.1974921630099	2449.6363636363599	2483.9623824451401	2517.5595611285298	2556.3385579937299	2568.9075235109699	2591.3463949843299	2641.68338557994	2670.26332288401	2735.2006269592498	2820.7194357366802	2876.0924764890301	2924.9952978056399	2952.0752351097199	2991.5783699059598	3046.15673981191	(*10^6)                Strain

Load (KN)



C6-C Experment	0	-21.368001061257001	-67.430635631702998	-91.900772472626699	-120.06489994591701	-145.759564068288	-164.47442268640901	-181.12799371409301	-200.45511597293799	-230.47644315642299	-261.314121860873	-289.07007357368099	-341.70433788789398	-413.03305203220498	-440.78900374501302	-451.27912078941199	-468.136779697338	-494.239619580191	-516.240293070196	-542.54722083329102	-586.32407114503496	-647.36675612518695	-682.71477698296906	-702.85825076277797	-740.67573497147896	-775.41149218853604	-807.67778605467504	-852.47507576762598	-903.63990734410197	-940.00836760309005	-967.13164688715005	-1000.41838015449	-1048.50148473933	-1173.2195883547499	0	33.623478269743003	243.497249915814	351.88832311193198	440.778799351001	509.55641499229603	604.13073869608297	665.38771595048797	740.15531087686304	868.96537649111701	971.36647040215496	1073.46143249283	1270.7429819280201	1463.25907935957	1565.35404145025	1625.99875506393	1680.65348939253	1736.22661918222	1824.5048317805599	1873.4757186444499	1957.2946110595201	2082.5637519515899	2139.0552772023598	2187.4139004255198	2264.0182862740699	2340.3165403022499	2396.5019337326698	2447.30961151872	2492.12731001969	2515.60762064145	2538.1695358021202	2561.3437146035099	2605.8552812841199	2671.2246293253902	C6-G Experment	0	-18.2862740696144	-49.144361562088598	-104.248089227221	-159.75999265283599	-192.454871067482	-211.986081206568	-239.74203291937499	-265.23260916150502	-279.41671683827099	-307.376756431319	-335.13270814412698	-375.01147994326402	-400.29796830515198	-431.74791065032599	-490.11704439931799	-515.81170852168896	-541.506372644061	-570.48685163831499	-619.61080441238005	-646.32590793595705	-675.30638693021206	-717.43012541200198	-744.349316815821	-788.94251864853004	-833.94389624172197	-849.98520362868203	-870.353174076757	-903.23173158361999	-927.06919599579601	-959.74366562241698	-983.98930579507498	-1017.07195118218	-1062.0733287753701	-1162.7498800983701	-1230.1396981540299	-1291.5701501066401	-1367.79697337674	-1401.2877945243199	-1434.98270355215	-1484.08624753819	-1523.5364347888201	0	33.317346449381098	235.058216067839	452.45262610079902	656.642550282152	798.96323356837502	867.12858556894605	969.223547659622	1044.6034062267199	1085.74752288335	1181.2402420482299	1283.3352041389001	1393.2569364368301	1475.2390379297301	1557.83340306336	1669.59192628346	1738.3695419247499	1807.1471575660501	1869.6286621019001	1980.46878986091	2016.23519087319	2078.7166954090399	2116.0137555231299	2145.1779136096002	2202.5878343214599	2246.79326918171	2327.8569752135299	2468.9531312182999	2505.3317958713001	2534.1898221374099	2577.1707297162202	2592.8242701307199	2622.6006918579101	2666.8061267181602	2709.9196914191202	2729.8590773186902	2742.5839566517302	2776.6462238640001	2793.2181597395802	2803.1878526893702	2814.6882047409599	2838.4746471830799	Abaqus C6-C	0	-22.2227211037073	-70.127861056971099	-95.5768