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Abstract 
A review of previous experimental, analytical, and numerical research conducted on pipe segments 

subjected to combined loading indicate that very few tests were reported on a) pipes subject to load 

combinations involving axial tension, internal pressure, and bending, and b) tests involving 

combinations of torsion, internal pressure, and bending. Within this context, an experimental 

program consisting of two full-scale test series on a total of eight pipe specimens is conducted. The 

specimens were made of X65 material (Specified Minimum Yield Strength=448MPa) with 508mm 

outer diameter (OD), and a nominal diameter-to-thickness ratio (D/t) of 80. In the first test series, 

specimens were subjected to combinations of internal pressure, axial tension, and bending and were 

aimed at a) quantify the beneficial effect of axial tension on the magnitude of critical buckling 

strains of pipes and b) determine whether or not the pipes are able to attain their modified plastic 

moment resistance as predicted by analytically derived plastic interaction relations. In the second test 

series, pipe specimens were subjected to load combinations involving internal pressure, axial 

tension, torsion, shear, and bending and were aimed to measure the pipe modified moment capacity. 

The moment vs. curvature relations, peak moment values, and local buckling behavior of the 

specimens as obtained from the experiments are documented. The peak moments obtained are 

compared to the analytically predicted moments. A nonlinear shell finite element model is also 

developed using the Finite Element Analysis (FEA) simulator ABAQUS in order to predict the 

moment capacity, critical strains, and the local buckling behavior of pipe specimens. Test results 

were observed to compare very well with FEA predictions for the moment capacities and buckling 

modes. Under certain combinations of axial tension and internal pressure, experiments and FEA 

show that pipes with D/t=$Q are able to attain their modified plastic moment resistances. The FEA 

predicted longitudinal compressive strains were fairly good, but less reliable than the FEA predicted 

moment resistances. After demonstrating the ability of the FEA to reliably predict pipe modified 

moment capacity in previous and current research programs, a systematic FEA parametric study is 

conducted to investigate the effect of geometric properties (D/t) and loading conditions (torsion, 

axial force, and internal pressure) on the ability of the pipes to develop their modified plastic 

moment capacity. As a result of this parametric study, it was observed that the ability of the pipes to 

develop their plastic moment capacity is strongly dependant on axial force and D/t ratio. On the 

other hand, internal pressure and torsion are relatively less effective on this ability. 

1 



Acknowledgements 

The author would like to express his most sincere appreciation to his supervisor Dr. Magdi Mohareb 

for his encouragement and continuous support throughout this research program. 

The equipment developed in this program was purchased through a grant from Canada Foundation 

for Innovation (CFI). Additional support from the Natural Sciences and Engineering Research 

Council (NSERC) through Dr. M. Mohareb and Ontario Graduate Scholarship (OGS) support to the 

author are gratefully acknowledged. TransCanada Pipelines is also acknowledged for donating the 

pipe specimens tested in the first test series. 

Special thanks are extended to the University of Ottawa Structural Engineering Laboratory 

technician and friend Mr. Muslim Majeed for his technical assistance and support for the 

experimental component of this study. The University of Ottawa Mechanical Engineering machine 

shop technicians, especially John Perrins, are also acknowledged for their help during this research. 

Ayni kaderi paylastigimiz ev arkadaslarim, dostlarim: Cevat Catana ve Isil Toreci; kahve molalari, 

cok eglendigimiz Cuma/Cumartesi geceleri, Winning Eleven seanslari ve Besiktasimiz olmasaydi bu 

tez bitmezdi. Yedi yillik mastir ve doktora maceramiza beraber basladigmiz ve bitirdigimiz dostum: 

Tuncer Baykas, bil ki; gerekirse doktorayi birakirim ama Winning Eleven da mac birakmam. 

Bu tezi hayatimin her evresinde oldugu gibi doktora calismalarim sirasinda da benden karsiliksiz 

desteklerini esirgememis olan Anneme, Bahama ve Kardesime adiyorum. 

11 



Table of Contents 
Abstract i 

Acknowledgements ii 

Table of Contents iii 

List of Tables ix 

List of Figures xi 

List of Symbols xv 

Chapter 11ntroduction and Scope 1 

1.1 Description of Oil/Gas Pipeline Systems 1 

1.1.1 Buried Pipelines 2 

1.1.2 Elevated Pipelines 2 

1.2 Objectives 3 

1.2.1 Deformation Based Design Criteria for Design of Buried Pipes 4 

1.2.1.1 The Catenary Effect 4 

1.2.1.2 Related Objective 5 

1.2.2 Developing Classification Rules for Elevated Pipes 5 

1.2.2.1 Background to the Problem 5 

1.2.2.2 Related Objective 7 

1.2.3 Implications of the Study on Structural Applications 8 

1.3 Outline of the Thesis 9 

Chapter 2 Preview of Previous Research 11 

2.1 Deformation Criteria for Buried Pipelines 11 

2.1.1 Buckling Initiation Criterion 11 

2.1.2 Rapid Wrinkle Growth Criterion 11 

2.1.3 Longitudinal Compressive Strains corresponding to the Peak Moment Criterion.... 12 

2.1.4 Cross-Sectional Deformation Criteria 12 

2.1.5 Maximum Tensile Hoop Strain Criterion 13 

2.2 Studies on Critical Buckling Stains for Buried Pipes 13 

iii 



2.2.1 Buckling Strain Expressions 15 

2.2.1.1 Assessment of Limiting Buckling Strain Expressions 17 

2.3 Studies on Plastic Interaction Relations 18 

2.3.1 Analytical Studies 18 

2.3.2 Experimental Studies 19 

2.4 Detailed Review of Full-Scale Tests 21 

2.4.1 Experiments on Deformational Behavior and Critical Buckling Strains 21 

2.4.1.1 Berkley Test Series 21 

2.4.1.2 University of Alberta Test Series 21 

2.4.1.3 The C-FER Test Series 24 

2.4.2 Experiments aimed at Determining Pipe Moment Resistance 25 

2.4.2.1 University of Wisconsin Test Series 25 

2.4.2.2 University of Toronto Test Series 26 

2.4.2.3 University of Alberta Test Series 27 

2.4.2.4 University of Ottawa Test Series 28 

2.5 General Comments 29 

Chapter 3 Review of Design Standards 30 

3.1 Design of Buried Pipelines 30 

3.1.1 Ultimate Limit States 30 

3.2 Design of Submarine Pipelines 33 

3.3 Design of Elevated Pipelines 36 

3.4 Process Piping Design 40 

3.5 Design of Tubular Members in Offshore Structures 40 

3.5.1 API Code 40 

3.6 Design of Circular Hollow Structural Members 44 

3.6.1 The Canadian Steel Standards, CAN/CSA-S16-03 44 

3.6.2 LRFD Specification for Structural Steel Buildings (1999) 45 

3.6.3 The Canadian Standard on Design of Cold Formed Steel Members (CAN/CSA- . , 
S136-01) 

IV 



Chapter 4 Experimental Setup 48 

4.1 Experimental Setups in Previous Studies 48 

4.1.1 Berkeley Test Series 48 

4.1.2 University of Wisconsin Test Series 49 

4.1.3 University Toronto Test Series 50 

4.1.4 University of Alberta Test Series 51 

4.1.5 The C-Fer Test Series 52 

4.1.6 University of Ottawa Test Series 52 

4.2 Setup Developed in the Present Study 53 

4.2.1 Main Concepts 53 

4.2.2 Detailed Description 54 

4.2.3 Description of Main Components 58 

4.2.3.1 Actuators 58 

4.2.3.2 Loading Arm 59 

4.2.3.3 Bearing Frames 60 

4.2.3.4 End Fittings 62 

4.2.3.5 Water Pump 63 

4.2.4 Advantages and Limitations of Test Setup 64 

Chapter 5 Testing and Analysis of Pressurized Pipes under Tension and Bending 66 

5.1 Testing of Steel Pipes 66 

5.1.1 Selection of Pipes 66 

5.1.2 Load Combinations 67 

5.1.3 Experimental Setup 68 

5.1.4 Load Sequence and Control 71 

5.1.5 Instrumentation 72 

5.1.6 Material Properties 75 

5.2 Numerical Analysis 77 

5.2.1 Finite Element Program 77 

v 



5.2.2 Shell Element Features 77 

5.2.3 Material Model Idealization 78 

5.2.4 Finite Element Mesh 78 

5.2.5 Boundary Conditions 79 

5.2.6 Sequence of Load Application in Analysis 79 

5.3 Key Definitions and Expressions 80 

5.3.1 Expression for Moments 80 

5.3.2 Expressions for Shearing and Axial Forces 84 

5.3.3 Global Curvature 85 

5.3.4 Local Curvature 86 

5.3.5 Critical Strains 87 

5.3.5.1 Clinometer/Strain Gage Readings 88 

5.3.5.2 Demec Gage Readings 89 

5.4 Results 89 

5.4.1 Moment vs. Local Curvatures 90 

5.4.2 Critical Strain Values 92 

5.4.2.1 Comparison with Code Predictions 93 

5.4.2.2 Comparison with Other Experimental Results 93 

5.4.2.3. Critical Strains based on Current Study 95 

5.4.2.4 Critical Strains based on FEA 96 

5.4.2.5 Design Recommendations 97 

5.4.3 Buckling Patterns and Locations 97 

5.4.4 Moment Capacity 101 

5.5 Conclusions 102 

5.5.1 Conclusions Related to Critical Buckling Strains 102 

5.5.2 Conclusions Related to Moment Capacity 103 

Chapt&r 6 Testing of Pressurized Pipes under Tension, Torsion, and Bending 104 

6.1 Scope 104 

6.2 Design of the Experiments 104 

vi 



6.2.1 Specimen Geometry and Material Properties 104 

6.2.2. Description of the Test Setup 105 

6.2.3 Loading Protocol 107 

6.2.4 Instrumentation 108 

6.3 Load Sequence and Control 110 

6.4 Ancillary Tests 112 

6.5 Internal Forces obtained from Experiments 114 

6.5.1 Expression for Torsion 116 

6.5.2 Expression for Bending Moments 117 

6.5.3. Expression for Shearing and Axial Forces 118 

6.6. Description of the FEA Model 119 

6.7 Results 120 

6.7.1 Plastic Moment 121 

6.7.1.1 Effect of Moment Gradient 122 

6.7.2 Buckled Configuration 123 

6.7.3 Moment vs. Global Curvature Relations 123 

6.7.4 Critical Strains 125 

6.8 Conclusions 126 

Chapter 7 Parametric Study 128 

7.1 Comparative Review of Pipe Moment Capacity 128 

7.1.1 Previous Experimental Studies 128 

7.1.2 Present Study 130 

7.2 Finite Element Model 131 

7.3 Parameters Investigated 132 

7.4 Idealized Material Properties 132 

7.5 Boundary Conditions 133 

7.6 Load Application Sequence 134 

7.7 Results 134 

7.7.1 General 134 

vn 



7.7.2 Classification of Pipes under Pure Bending 140 

7.7.3 Effect of Loads and Geometry 141 

7.7.3.1 Effect of Torsion 146 

7.7.3.2 Effect of Internal Pressure 146 

7.7.3.3 Effect of D/t Ratio 148 

7.7.3.4 Effect of Axial Force Ratio 148 

7.7.4 Buckled Configurations 148 

7.8 Conclusions 150 

Chapter 8 Summary and Recommendations 152 

8.1 Summary 152 

8.2 Recommendations for Future Research 154 

8.2.1 Recommendations for Critical Buckling Strains 154 

8.2.2 Recommendations for Moment Capacity 155 

References 156 

Appendices 
Appendix A Detailed Drawings of the Test Setup Equipment 162 

Appendix B Material Properties 181 

Appendix C Local vs. Global Curvatures 185 

Appendix D Elastic Interaction Relations 187 

vni 



List of Tables 

Chapter 2 
Table 2.1 Summary of Full-Scale Experimental Studies on Steel Pipes under Combined 

Loads 20 

Chapter 4 
Table 4.1 Actuator Dimensions 59 

Chapter 5 
Table 5.1 Test Load Ratios (all ratios are provided as percentages) 68 

Table 5.2 Stress vs. Strain Readings 76 

Table 5.3 Definitions and the Calculations of the Variables in Eq.5.1 83 

Table 5.4 Critical Strains 92 

Table 5.5 Comparison of Critical Strain of Specimen P00-A00-M100 with other 

Experimental Results 94 

Table 5.6 Comparison of Critical Strain of Specimen P80-A40-M72 with other Experimental 

Results 94 

Table 5.7 Measured Thickness Values 101 

Table 5.8 Moment Capacity 102 

Chapter 6 
Table 6.1 Test Load Ratios (all ratios are provided as percentages) 107 

Table 6.2 Stress vs. Strain Data 113 

Table 6.3 Definition of the Variables in Eq. 6.2 118 

Table 6.4 Moment Capacity 121 

Chapter 7 
Table 7.1 Experimentally measured and FEA predicted Moment Capacity Comparison of 

Previous Studies 129 

IX 



Table 7.2 Experimentally measured and FEA predicted Moment Capacity Comparison for the 

Present Study 131 

Table 7.3 Finite Element vs. Plastic Interaction Moment Predictions for D/t=60 and 

SMYS=448MPa(My=947kNmandMe=731kNm) 137 

Table 7.4 Finite Element vs. Plastic Interaction Moment Predictions for D/t=80 and 

SMYS=448MPa(M^=716kNmandMe=555kNm) 138 

Table 7.5 Finite Element vs. Plastic Interaction Moment Predictions for D/t=l00 and 

SMYS=448MPa(iWp=576kNmandMe=438kNm) 139 

Table 7.6 Section Classification Rules according to Canadian and American Codes 141 

Appendix B 

Table Bl Stress vs. Strain data from Tension Coupon Tests taken from the pipe material of 

specimens in Chapter 5 181 

x 



List of Figures 

Chapter 1 
Fig. 1.1 Catenary Action 4 

Fig. 1.2 Borders Delineating Pipe Behavior 8 

Chapter 2 
Fig. 2.1 Buckled Specimens and FEA Results 28 

Chapter 4 
Fig. 4.1 Test Setup of Bouwkamp and Stephen 49 

Fig. 4.2 Test Setup of Sherman 49 

Fig. 4.3 Test Setup (Toronto Test Series) 50 

Fig. 4.4 Test Setup of the University of Alberta (from Mohareb et al. 1994) 51 

Fig. 4.5 Test Setup (from Ozkan and Mohareb 2003) 52 

Fig. 4.6 Test Setup and Possible Actuator Positions 54 

Fig. 4.7 View from the Test Setup (Bearing Frame+Fittings+Actuator+Loading 

Arm+Specimen) 56 

Fig. 4.8 Loading Arm and Welded Specimen are rotated during the Test Setup 57 

Fig. 4.9 Actuators available at the University of Ottawa Structural Engineering Laboratory 59 

Fig. 4.10 Schematic Loading Arm 60 

Fig. 4.11 Bearing Frame (Side View) 61 

Fig. 4.12 Actuator Swivel, Spacer, Base Plate, and Anchor Rod Arrangement 62 

Fig. 4.13 Electric Water Pump and Connections 63 

Fig 4.14 Possible Destabilizing Effects on Loading Frame (Plan View) 65 

Chapter 5 
Fig. 5.1 Test Setup (Internal pressure + Axial Tension + Bending) 69 

Fig. 5.2 Test Setup (Internal pressure + Axial Tension + Bending) 70 

Fig. 5.3 Loading Scheme; (a) internal pressure, (b) axial force, (c) curvature 71 

Fig. 5.4 Instrumentation 73 

XI 



Fig. 5.5 Strain Gage Arrangements on the Specimens 75 

Fig. 5.6 Tension Coupon Tests 75 

Fig. 5.7 Finite Element Model 79 

Fig. 5.8 Test Setup (Specimen P40-A40-M89) 80 

Fig. 5.9 Free-body Diagram of the Test in Deformed State of the Specimen 81 

Fig. 5.10 Global Curvature 85 

Fig. 5.11 Local Curvature 86 

Fig. 5.12 Definition of Critical Curvature 87 

Fig. 5.13 Demec Gages 89 

Fig. 5.14 Moment vs. Curvature Relationships 91 

Fig. 5.15 Rupture Location of the Specimen P40-A40-M89 92 

Fig. 5.16 Critical Strain vs. Axial Tension Ratio (Experimental) 95 

Fig. 5.17 Critical Strain vs. Axial Tension Ratio (FEA) 96 

Fig. 5.18 Buckled Shapes 99 

Fig. 5.19 Local Buckle Triggered at the Location observed during the Test for Specimen P40-

A00-M89 by decreasing the thickness of the elements at the Buckling Location 100 

Chapter 6 
Fig. 6.1 Test Setup for the Test Series 2 (Internal Pressure + Axial Tension + Torsion + Shear 

+ Bending) 105 

Fig. 6.2 Test Setup 106 

Fig. 6.3 Instrumentation 109 

Fig. 6.4 Load Application Sequence 110 

Fig. 6.5 Location of the Tension Coupon Specimens 112 

Fig. 6.6 Plan View of the Deformed Tests Setup after the Application of Internal Pressure, 

Torsion, Axial Tension, and Bending (all dimensions are in mm) 115 

Fig. 6.7 Elevation after the Application of the Displacements 116 

Fig. 6.8 Finite Element Model 120 

Fig. 6.9 The FEA used to quantify the Effect of Linear Moment Gradient vs. Constant 

Moment along the Length of the Pipe 122 

Fig. 6.10 Buckled Modes 123 

xu 



Fig. 6.11 Moment vs. Global Curvature Relationships 124 

Fig. 6.12 Longitudinal vs. Transverse Stress-Strain Curves 125 

Fig. 6.13 Two Possibilities for the Horizontal Layout of a Pipeline Crossing (Gresnigt 1986)... 125 

Chapter 7 

Fig. 7.1 Idealized Stress vs. Strain Curve used in the Parametric Study 133 

Fig. 7.2 FEA Model 133 

Fig. 7.3 Load Application Sequence 134 

Fig. 7.4 FEA Model in Deformed State 135 

Fig. 7.5 Moment Ratio as a Function of Torsion and Internal Pressure Ratios for D/t=60 143 

Fig. 7.6 Moment Ratio as a Function of Torsion and Internal Pressure Ratios for D/f=80 144 

Fig. 7.7 Moment Ratio as a Function of Torsion and Internal Pressure Ratios for D/t=\00 145 

Fig. 7.8 Moment Ratio as a Function of D/t and Axial Force Ratios 147 

Fig. 7.9 Sample Buckling Modes 150 

Appendix A 

Fig. A1 Loading Arm 163 

Fig. A2 Top View 164 

Fig. A3 Side View D-D 165 

Fig. A4 Side View C-C 166 

Fig. A5 Back View A-A 167 

Fig. A6 Front View B-B 168 

Fig. A7 Sectional Plan E-E 169 

Fig. A8 Bearing Frame and Bracing System 170 

Fig. A9 Bearing Frame and Bracing Setup: Front View 171 

Fig, A10 Side View: Section A-A 172 

Fig Al l Sectional View B-B 173 

Fig. A12 Brace Details 174 

Fig. A13 Sectional Plan C-C 175 

Fig. A14 Spacer (Type A) 176 

xui 



Fig A15 Spacer (Type B) 177 

Fig A16 Spacer (Type C) 178 

Fig A17 Base Plate 179 

Fig. A18 Anchor Rod and Bottom Plate 180 

Appendix B 

Fig. Bl Stress vs. Strain Relationships as obtained from 14 Tension Coupon Tests 183 

Fig. B2 Stress vs. Strain Relationship used in the Finite Element Model 184 

Appendix C 

Fig. Cl Local vs. Global Curvatures 186 

Appendix D 

Fig. D.l Internal Forces acting on Pipe Cross-section 187 

Fig. D2 Stress Components acting on Pipe Element 189 

Fig. D3 Shear and Hoop Stresses 191 

xiv 



List of Symbols 

Chapter 1 

ecrX = Design buckling strain as a function of D/t and pr (outcome of previous studies) 

Ecr2 = Design buckling strain as a function of D/t, p r , and Ar (sought in this study) 

zr = Dimensionless parameter which relates shear and torsion 

A = Internal axial force 

A r = Axial force ratio 

A y = Yield axial force resistance 

D = Measured pipe diameter 

D/t = Diameter-to-thickness ratio 

Fy = Measured Yield Strength 

Ld = Length of the deformed pipe segment 

Li = Length of the un-deformed pipe segment 

Mp = Plastic moment resistance calculated in the absence of other forces 

Mpm = Modified plastic moment capacity 

Mr = Modified plastic moment capacity-to-plastic moment capacity ratio 

Mrx = Bending moment ratio about x-axis 

Mry = Bending moment ratio about y-axis 

Mx = Internal bending moment about x-axis 

My = Internal bending moment about y-axis 

O D = Nominal outer diameter 

p = Internal pressure 

pr = Internal pressure ratio 

py - Yield internal pressure resistance 

r = Mean pipe radius 

SMYS = Specified Minimum Yield Strength 

t - Pipe wall thickness 

Tp = Plastic torsion resistance calculated in the absence of other forces 

Tr = Twisting moment ratio 

xv 



Vp = Plastic shear resistance calculated in the absence of other forces 

Vrx = Shearing force ratio about x-axis 

Vry = Shearing force ratio about y-axis 

Vx = Internal shearing force about x-axis 

Vy = Internal shearing force about y-axis 

xvi 



2 
ah = Maximum allowed yield to tensile stress ratio in DNV code (Eq. 2.10) 

a = Girth-weld factor in DNV 2000 (Eq. 2.10) 

£CRC = Critical buckling strain according to Column Research Council Equation (Eq. 
cr 

2.5) 

s
s = Critical buckling strain according to Sherman Equation (Eq. 2.7) 

S
B = Critical buckling strain according to Battlle Equation (Eq. 2.8) 
cr 

scru = Critical compressive strain according to CAN/CSA Z662-03 (Eq. 2.9) 

sc = Critical compressive strain according to DNV 2000 (Eq. 2.10) 

s = Yield strain 

y 

v = Poisson's ratio 

ah = Hoop stress in DNV 2000 critical strain equation 

D = Measured outside diameter 

Da = Pipe diametric differential 

De = Diametric expansion 

Di = Largest outside diameter of the pipe 

Ds = Smallest outside diameter of the pipe 

DSAW = Doubly submerged arc weld 

ERW = Electric resistance weld 

E = Modulus of elasticity of steel 

fy = Yield strength of the pipe material in DNV-2000 critical strain equation (Eq. 

2.10) 

Fy = Yield strength 

Ov = Ovalization 

OD = Nominal outside diameter 

pe = External pressure CAN/CSA Z662-03 (Eq. 2.9) 

Pi = Internal pressure as in CAN/CSA Z662-03 (Eq. 2.9) 

r ~ Outer pipe radius 

SMYS = Specified Minimum Yield Strength 

xvn 



t = Wall thickness of the pipe 

tj = Wall thickness of the pressure containment resistance according to DNV Code 

TAPS = Trans-Alaska Pipeline System 

xvm 



Chapter 3 
CAN/CSA Z662 (2003) 

ceG - Load factor for permanent loads (ranges between 1.00 and 1.25) 

aQ = Load factor for operational loads (ranges between 1.00 and 1.13) 

/ = Class factor (ranges between 1.0 and 2.0 depending on the location class and the 
fluid conveyed) 

ecf = Factored compressive strain in the longitudinal or hoop direction 

gcrit - Ultimate compressive strain capacity of the pipe wall or weldement (as 
determined by valid analysis methods or physical tests) 

s
crtt = Ultimate tensile strain capacity of the pipe wall or weldement (as determined 

from valid fracture mechanics methods or physical tests. In the absence of more 
detailed information, the standards provide a limiting value for Et

crlt = 0.0075) 

etf = Factored tensile strain in the longitudinal or hoop direction 

£ = Dimensionless parameter relating length diameter and thickness in shell buckling 
analysis in circumferential direction 

A = Effective slenderaess factor 

v = Poisson's Ratio 

£> = Dimensionless parameter relating length diameter and thickness in shell buckling 
analysis in longitudinal direction 

a = Axial stress 
a 

crb = Bending stress 

er, = Maximum factored combined effective stress according to Von Mises criterion 

<jhf = Factored hoop stress due to pressure differential (tension positive) 

crhf = Factored longitudinal stress (tension positive) 

a6 = Circumferential stress 

Tf - Factored tangential shear stress 

= Shear/torsion stress 

= Resistance factor for compressive stability 

= Resistance factor for tensile strain (=0.7) 

*"* 

xix 



0y = Resistance factor for yielding strength (= 0.9) 

<f>ec = Resistance factor for compressive strain (=0.8) 

Afl = Ovalization deformation 

A/ r t f = Critical ovalization deformation, which can be taken as 0.03 in the absence of 
detailed information. If it can be shown that premature sectional collapse will not 
occur under the loads considered, the value can be increased to 0.06, allowing the 
passage of internal inspection devices 

A = Cross-sectional area 

D = Outside pipe diameter 

Anax = Maximum outside pipe diameter 

Drajn = Minimum outside pipe diameter 

E = Pipe material modulus of elasticity 

Fcr = Critical buckling stress 

Fei = Buckling stress for a given loading (/ = a (axial compressive stress), b (bending 

stress), 6 (circumferential stress), o (shear/torsion stress)) 

Fy = Effective specified minimum yield strength 

fa = Axial stress (equal to 0 for tensile aa, and cra for compressive <ra) 

fb = Bending stress (equal to 0 for tensile ab and <yb for compressive <rb) 

fg = Circumferential stress (equal to 0 for tensile <rg and oe for compressive <r0) 

Kt = Dimensionless coefficient depending on the type of the stress (i = a (axial 
compressive stress), b (bending stress), 6 (circumferential stress), v 
(shear/torsion stress)) 

h = Buckling coefficient dependent upon loading, geometric proportions, boundary 
conditions, and imperfections (/' = a, b,0, o) 

L = Pipe length 

Mf = Factored bending moment 

n = A constant which is 0 where aa, <rb or cr0 is positive (tensile) and 1 where aa, 
trb or crff is positive (compressive) 

Pf = Factored axial force 

pe = Minimum external hydrostatic pressure 

Pi = Maximum internal design pressure 

xx 



S = Elastic section modulus 

t = Pipe wall thickness 

Det Norske Veritas (DNV 2000) 

aA = Anisotropy factor which is equal to 0.95 in axial direction due to relaxed testing 
requirement in linepipe specifications. It can be taken as 1.00 for other cases 

ac = Flow stress parameter accounting for strain hardening (=1.0 for no strain 
hardening) 

ah = Maximum allowable yield strength to tensile strength ratio 

a = Girth weld factor (< 1) 

av = Material strength factor, which can be taken as 0.96 or 1.00 

ym - Material resistance factor of either 1.15 or 1.00 depending on the limit state 
category 

/ = Load effect factor for pressure loads (=1.05) 

y , = Resistance strain factor ranging between 2.0 to 3.5 depending on the safety 
classes 

y s c = Safety class resistance factor ranging from 1.04 to 1.308 depending on the 
safety class 

sc = Critical compressive strain 

ah — Hoop stress on the pipe 

bpd = Design differential over pressure 

D - Outside diameter of the pipe 

fu ten, = Temperature de-rating of the ultimate tensile strength of the pipe material 

/„ = Characteristic ultimate tensile strength 

fy = Characteristic yield stress 

fy.temp = The temperature de-rating of the yield stress of the pipe material 

Md = Design bending moment 

pe - External hydrostatic pressure 

p (t ) - Burst pressure 
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'Id Local design pressure 

Sd = Design effective axial force 

S = Characteristic plastic axial force resistance 

SMYS = Specified minimum yield strength 

t2 = Net pipe wall thickness free of possible corrosion 

API RP 2A-LRFD-93 

<j>b = Resistance moment for bending strength (=0.95) 

0c = Resistance factor for axial compressive strength (=0.85) 

(/>t = Resistance factor for axial tensile strength (=0.95) 

X = Column slenderness parameter 

X , X2 = Column slenderness parameters for member y and z axes, respectively 

Cmy, Cmx = Reduction factors corresponding to the member y and z, respectively 

D = Nominal outer diameter of the pipe 

E = Modulus of elasticity 

fb = M/S bending stress due to factored loads (M < Mp; when M>My,fb is the 

equivalent bending stress) 

Fy = Nominal yield strength 

Fb„ = Nominal bending strength 

fby = Bending stress about member y-axis (in-plane) due to factored loads 

fbz = Bending stress about member z-axis (out-of-plane) due to factored loads 

fc — Axial compressive stress due to factored loads 

Fen - Nominal axial compressive strength 

F^, Fez = Euler buckling strengths corresponding to the member y and z axis, respectively 

ft = Axial tensile stress due to factored loads 

Fxc = Inelastic local buckling strength 

Fxe = Nominal elastic buckling strength 

K = Effective length factor 

L = Un-braced length 
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M = Applied bending moment 

Mp = Plastic moment 

My = Elastic yield moment 

r = Radius of gyration 

S = Elastic section modulus 

t = Nominal pipe thickness 

Z = Plastic section modulus 

CAN/CSA-S16-01 
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= Axial load on the beam-column 

= Axial compression capacity 

= Pipe Diameter 

= Yield strength 

= Web height 

= Plastic moment capacity 

= Elastic section modulus 

= Pipe wall thickness 

= Web thickness 

= Plastic section modulus 

LRFD Specification for Structural Steel Buildings (1999) 

E = Modulus of elasticity of the pipe steel 

5 = Elastic section modulus 

Mn = Flexural capacity 

Z = Plastic section modulus 

S136-01 

= Resistance factor (=0.9) 

= Effective cross sectional area of a member in compression 

= Euler buckling strength 

= Compressive limit stress under compression 
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Sc = Compressive section modulus based on moment of inertia of effective cross-
sectional area divided by distance from centroidal axis to the extreme 
compression fiber 
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Angle of twisting rotation of the test setup 

Axial force applied to the specimens 

Net axial tensile force on the pipe due to the effect of internal pressure on pipe 

ends 

Eccentricity of the hydraulic jack from the pipe centerline in Ozkan and 
Mohareb Test Series 

Bearing frame 2=1,2, or 3 

Measured outer diameter of the pipe 

Inner diameter of the pipe 

Eccentricity of the hydraulic jack from pipe centerline in the University of 
Alberta Test Series 

Height-to-Diameter ratio 

Nominal outer diameter of the pipe 

Internal pressure 

Deflection of the test setup about the x-axis 

Deflection of the test setup about they-axis 

xxv 



Chapter 5 
a = Angle imaginary line ab makes with the horizontal in un-deformed position of 

the specimen 

ST = Lateral deflection of the top of the pipe 

5h = Lateral deflection of the location of the buckle 

s = Logarithmic strain 

B = Critical Strain 
cr 

s = Critical Strain calculated by Zimmerman (2004) method 
crQ 

ecr = Critical Strain calculated by Demec Gages 

s , = Critical strain obtained from other studies 
crii 

sf Critical strain obtained from CAN/CSA-Z662-03 

ee = Engineering Strain 

es = Tensile Strain at the tension side of the buckle 

6X = Rotation of Actuator 1 

0. = Rotation of Actuator 2 '2 

$. = Rotation of Actuator 3 

0b = Rotation of the bottom of the pipe measured by Clinometer CL4 

6bb Rotation of the bottom of the buckle 

6CL1 = Rotat ion taken by Cl inometer CL7 

0mh = Rotation of the mid-height of the buckle 

0 = Rotation of the end effect of the internal pressure at the top of the pipe 

0t = Rotation of the top of the pipe measured by Clinometer CL7 

0tb = Rotation of the top of the buckle 

crt = True stress 

<ficr = Curvature corresponding to Mmax 

d - Global curvature 
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Local curvature 

Change of force on Actuator 1 

Change offeree on Actuator 2 

Change of force on Actuator 3 

Length of the imaginary straight line connecting points a and b 

Axial force at the location of the buckle including 2nd order effects 

Horizontal force at the location of the buckle including 2nd order effects 

Axial tensile force induced on the pipe due to internal pressure effect on the 
closed top and bottom ends 

Axial force ratio 

Target axial force on the pipe 

Vertical force at the location of the buckle including 2nd order effects 

Axial yield capacity 

Angle measurement device (Clinometer, i=l, 2,3,..., 7) 

Measured outer diameter 

Diameter-to-thickness ratio 

Modulus of Elasticity 

Force on actuator 1 

Force on actuator 2 

Force on actuator 3 

Ultimate strength obtained from tension coupon curves 

Yield strength of the pipe material 

Horizontal distance between point of application of actuator force Fj and the 
location of the buckle 

Horizontal distance between point of application of actuator force F2 and the 
location of the buckle 

Horizontal distance between point of application of actuator force F3 and the 
location of the buckle 

Force on center of the top plate of the pipe along x-axis as measured from the 
experiments and used as FEA input 
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L' = Distance between the top of the pipe and the mid-height of the buckle 

Li = Distance between the demec gages intercepting the buckle in un-deformed 
configuration 

L2 = Distance between the demec gages intercepting the buckle in deformed 
configuration 

Lp = Pipe specimen length 

Lt-b = Distance between CL7 and CL4 in un-deformed configuration 

Ltb-bb - Vertical distance between top of the buckle and the bottom of the buckle in un-

deformed configuration 

LVD17 = Linear Variable Differential Transducer (z'=4,2,..., 5) 

Mb = Moment at the location of the buckle including 2nd order effects 

MhX = Moment at the location of the buckle about x-axis (taken approximately equal 

to zero) 

Mmax
 = Maximum moment in moment vs. curvature behavior of the specimen 

Mp = Plastic moment capacity calculated in the absence of other internal forces 

Mpm - Modified plastic moment capacity 

Mr = Modified plastic moment capacity-to-plastic moment capacity ratio 

OD = Nominal outer diameter 

p = Applied internal pressure 

pr = Internal pressure ratio 

py = Yield internal pressure capacity of the specimen 

PG/ = Pressure gage (/= 1,2) 

S3R = 3-node reduced integration shell element 

S4R = 4-node reduced integration shell element 

SMYS = Specified minimum yield strength 

t - Pipe wall thickness 

ti = Time when the internal pressure on the pipe reaches the target internal pressure 
along the loading history of the pipe 

t2 = Time when the axial force on the pipe reaches the target force along the loading 
history of the specimen 

Vb = Shearing force at the location of the buckle including 2nd order effects 
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Vertical distance between the top hinge of the Actuators 1 and the location of 
the buckle 

Vertical distance between the top hinge of the Actuators 2 and the location of 
the buckle 

Force on the center of the top plate of the pipe along z-axis as measured from 
the experiments and used as FEA input 

Shearing force ratio 
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Angle the imaginary line between points A and O is making by the center line of 
the loading arm 

Logarithmic strain 

Critical Strain 

Rotation of Actuator A 

Rotation of the bottom of the pipe 

Rotation of Actuator B 

Rotation of the force Fp 

Angle between line PC and the line of application of force Fp 

Rotation of the top of the pipe 

In-plane rotation of Actuator A 

In-plane rotation of Actuator B 

True stress 

Poisson's Ratio 

Twisting angle of the pipe 

Change in actuator force FA in ith iteration 

Change in actuator force FB in i'h iteration 

Change in position for Actuator A in ith iteration 

Deflection of the top of the specimens along jc-axis 

Deflection of the top of the specimens along y-axis 

Axial force applied 

Axial Tension at the mid-height buckle location calculated by taking 2nd order 
effects into consideration 

Dimensionless axial force ratio 

Yield axial force capacity 

Clinometer A 
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CLB = Clinometer B 

Chi = Clinometer i (K=l, 2, 3,4) 

D = Measured outer diameter 

DA - Stroke change in Actuator A 

DB - Stroke change in Actuator B 

D0 = Current position of the actuator 

Dt = Internal diameter 

Dt - Target position of the actuator 

D/t = Diameter-to-thickness ratio 

E = Modulus of elasticity 

FA = Force in Actuator A 

FAX = Force on Actuator A about the x-axis 

FAy = Force on Actuator A about the y-axis 

FB = Force in Actuator B 

FBx - Force on Actuator B about the x-axis 

FBy = Force on Actuator B about the y-axis 

Fu = Ultimate yield strength 

Fy = Measured Yield strength 

Fyfo^ = Yield strength along longitudinal direction 

Fytmns - Yield strength along transversal direction 

L = Distance OPA or O TA' 

Lp = Specimen length 

Lt = Centerline to centerline distance between the actuators in un-deformed position 

LVDT A = Linear variable differential transformer A 

LVDT B = Linear variable differential transformer B 

LVDT / = Linear variable differential transformer /' (/=1,2,3,4, 5) 

Mb = Bending moment at the mid-height buckle location calculated by taking 2n 

order effects into consideration 

Mp - Plastic moment capacity calculated in the absence of other internal forces 

Mpm = Modified plastic moment capacity 

Mr = Modified plastic moment capacity-to-plastic moment capacity ratio 
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Chapter 1 
Introduction and Scope 

Pipeline networks are the most economical means to transport large quantities of oil or natural gas 

over land from the centers of productions to the refineries and to centers of consumption. While 

buried pipelines are the preferred option in pipeline networks given their reduced construction costs 

compared to elevated pipelines, engineers resort to elevated pipes in necessary situations (refer to 

Section 1.1.2). 

Massive expansions in the oil and gas networks both buried and elevated are contemplated in the 

coming decade in Canada in order to convey oil and gas from the northern parts of Canada to the 

centers of consumptions in the USA. In this context, the present study focuses on the deformation 

and load capacity of pipe segments subject to complex load combinations inducing bending, axial 

tension, torsion, and internal pressure. Another line of applications that could potentially benefit 

from the current study relates to round hollow structural steel (HSS) members subject to complex 

load combinations. In these applications, internal pressure effects become irrelevant while the other 

internal forces remain of interest. 

1.1 Description of Oil/Gas Pipeline Systems 
A pipeline network consists of gathering systems, main trunk lines, and distribution systems. The 

gathering system transports a mixture of oil, gas, and sometimes water from the production wells to 

collection points such as gas processing plants or treating facilities where the water is removed and 

the oil and gas are separated (The Canadian Encyclopedia.com). The trunk or main pipelines move 

oil or gas at high pressures over long distances through large diameter pipes from the collection 

points to the market centers. The energy necessary to convey the fluids along the pipeline is supplied 

by pumping (or compressor stations) spaced at approximately 100 km intervals (The Canadian 

Encyclopedia.com). In the case of oil, trunk lines supply the refineries, which, in turn, distribute the 

products to the retailer by truck or product pipelines. Natural gas is withdrawn from the trunk line 

and is delivered to the consumer via the distribution system. This part of the network is the longest 

of the three systems. Typically, pipes in this system are of relatively smaller diameter and are 

operated at low pressure. 
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Among the three pipeline systems (gathering system, main trunk lines, and distribution system), 

while the gathering systems and the pipeline systems in the refineries and petrochemical plants are 

mostly elevated, the main trunk lines can be either elevated or buried. The Trans Alaska Pipeline 

System (TAPS), which was designed and constructed between 1970 and 1977 between Prudhoe Bay 

in Northern Alaska and a terminal at the head of the Prince William Sound near Anchorage, is an 

example of a pipeline system half elevated, half buried. The system has a total of 1280 km with 672 

km aboveground and 608 km belowground (tapseis.anl.gov). 

1.1.1 Buried Pipelines 
The primary loads acting on the buried pipelines include internal pressure caused by the highly 

pressurized fluids conveyed. These can be associated with axial forces due to Poisson's Ratio effects 

and temperature differentials between the tie-in temperature and the operating temperature. 

Secondary loading involve imposed curvatures induced by differential frost heave and thaw 

settlements, inducing local buckling of pipe segments when the longitudinal strains on the 

compressive side of the pipe are excessive. Thus, when designing buried pipelines, these phenomena 

directed researchers to limit the strains on the pipe wall (buckling strain) or other related 

deformation criteria such as the ovalization of the cross section rather than the stresses, in contrast to 

design criteria for elevated pipelines, which are stress based. 

Design standards provide compressive strain limits as a function of only Diameter-to-thickness ratio 

(D/t) and internal pressure ratio (pr). This neglects the possible beneficial effect of axial tension, 

which may take place as a pipe segment undergoes differential settlements (Section 1.2.1.1). 

1.1.2 Elevated Pipelines 

Elevated pipes become the preferred design alternative when easier deformation detection, 

replacement of the damaged parts, and geographical constraints such as river crossings and seismic 

faults are present. For example, TAPS crosses over 900 rivers and streams and three fault lines. The 

above ground component of this pipeline system was constructed on specially designed supports, 

which were 18 m apart (tapseis.anl.gov). Elevated pipelines are also used in pipeline systems in 

refineries and petrochemical plants. 
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For elevated pipes in petrochemical plants, in order to relieve the internal axial forces induced by 

thermal effects, it is common practice to introduce horizontal pipe loops into pipelines at regular 

intervals. The loops provide flexible axial links between straight pipe segments and allow the pipe to 

expand or contract longitudinally without inducing excessive internal axial forces. The presence of 

loops introduces twisting moments in the loop arms of the same order of magnitude as that of the 

bending moments in the straight section. 

Pipes used in these applications are also subject to bending moments and shear forces under 

common gravity and lateral loads and internal pressure due to the effect of the fluids they convey. 

Under these load combinations, non-compact pipe sections (pipes with moderate D/t ratio) can be 

designed according to their elastic resistances using established principles of mechanics in 

conjunction with metal yield criteria. On the other hand, stockier pipes (pipes with lower D/t ratio) 

have the ability to develop additional resistance by deforming into the plastic range of the 

deformation. Current design provisions for pipelines CAN/CSA Z662 (2003) recognize this 

additional resistance. However, they do not provide general interaction relations for pipe sections 

under combined loads. These have been formulated in Mohareb (2002 and 2003). Nevertheless, the 

border delineating compact sections from non-compact sections for a pipe under general loads 

remains to be determined. 

1.2 Objectives 
In the above context, the two main objectives of the present study are: 

(1) Developing deformation based design criteria (buckling strain limits) for the design of buried 

pipelines subjected to internal pressure, axial tension, and imposed curvatures. In contrast to most 

previous studies, the present study aims at quantifying the effect of axial tension on the buckling 

strain limits. This objective is detailed in Section 1.2.1. 

(2) Quantifying the effect of a) D/t ratio, b) internal pressure, c) axial force, and d) torsion on the 

ability of a pipe to attain its modified plastic moment capacity. 
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1.2.1 Deformation Based Design Criteria for Design of Buried Pipes 
In this section, a discussion of the Catenary Effect, which is commonly associated with the local 

buckling of buried pipelines is described (Section 1.2.1.1) and the relevant objective of the present 

study is summarized in Section 1.2.1.2. 

1.2.1.1 The Catenary Effect 

A deformed buried pipe segment as a result of soil settlements is shown in Fig 1.1. The catenary 

action is induced as a result of the fact that the deformed pipe segment length La in the inclined 

configuration becomes longer than its originally horizontal length Lt prior to deformation. In most 

previous experimental investigations and resulting design rules the effect of the catenary action has 

been neglected, leading to conservative predictions for buckling strains and related deformation limit 

state criteria. In contrast the present study aims at investigating and quantifying the beneficial effect 

of axial tensile forces on buckling strain limits for steel pipes. 

Initial R>sition 

Fig. 1.1 Catenary Action 

trned Fbsition 

Local buckling in buried line pipes is normally associated with differential settlements, which is 

associated with catenary action. Thus, more realistic and possibly less conservative design buckling 

strain criteria can be obtained by incorporating the effect of the resulting tension on compressive 

buckling strains. The conventional design buckling strain expressions take the form 
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£cri K £cri {D/t,pr) (refer to Chapter 2, Section 2.2.1) in which the design buckling strain ecrl is a 

function of the pipe diameter to thickness ratio (D/t) and the dimensionless pressure ratio pr 

(defined as the ratio of the internal pressure applied to the pressure that yields the pipe wall in hoop 

direction) and does not recognize the beneficial effect of the tensile force associated with catenary 

action. 

1.2.1.2 Related Objective 

A main objective of this study is to lay the foundation for developing better descriptions for design 

buckling strains by incorporating the effect of the tension force ratio effect Ar (defined as the ratio of 

the axial force applied to the axial force that yields the pipe wall in longitudinal direction). 

Specifically, the goal for the proposed study and possible future work is to propose a new 

description scr2 for the design buckling strain such \ha\.scr2 « scrl (D/f,/?,., 4-) > scrl. The new design 

rules, when consistently applied to the design of new pipeline networks and the assessment of 

existing pipelines, are expected to realize significant cost savings. 

In order to achieve this goal, a test setup was designed and constructed to apply complex load 

combinations to pipe specimens. Six tests were conducted under combinations of internal pressure, 

axial tension, and imposed curvatures from which critical strains were measured. An FEA model 

was developed, which can predict the pipe deformational behavior and calibrated against the tests 

conducted. Design equations were then proposed based on the critical strain values obtained from 

the tests. 

1.2.2 Developing Classification Rules for Elevated Pipes 

In elevated pipes, effects such as bending and torsion become primary load effects in addition to 

internal pressure. Thus, design standards adopt a stress-based-design methodology when designing 

elevated pipes. (Refer to Chapter 3, Section 3.3) 

1.2.2.1 Background to the Problem 

Recently, general interaction relations for pipe sections, which can develop their plastic capacity 

prior to local buckling when subjected to combinations of axial forces, internal or external pressure, 
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twisting moments, biaxial bending moments, and shearing forces, have been derived (Mohareb 2002 

and 2003). These equations are 

{Mpm/Mpf =Mr
2 = Mrx

2
+Miy

2 = ( l - fp r
2 - ^ 2 ) cos 2 j 

1 -' 2 2 

( l . l ) 

vj+vj JXTA rx ' ' ry 2 

• = cos ,2r , 
V r J 

(1.2) 

In Eqs. l.l and 1.2, Mpm is the modified plastic moment capacity of the pipe, M = 4r2tF is the 

plastic moment capacity of the pipe calculated in the absence of other forces, Mn is the ratio of 

bending moment Mx to the plastic moment resistance Mp, M^ is the ratio of bending moment My to 

the plastic moment resistance Mp,pr is the ratio of the pressure/? (positive for a net internal pressure) 

to the yield internal pressure py =Fyt/{r-i), Ar is the ratio of the axial force A to the axial 

resistance^ =2m"tFy, Vrx is the ratio of shear force Vx to the plastic shear resistance 

Vp = Art\Fyl^2>), Vry is the ratio of shear force Vy to the plastic shear resistance Vp, and Tr is the 

ratio of twisting moment TXo the plastic twisting moment Tp = 2m-2tFyj~j3 . The terms r, t, and Fy 

are the radius, wall thickness, and yield strength of the pipe, respectively. The shear ratio rr is a 

dimensionless parameter that intrinsically relates the twist and shear force ratios (Eq. 1.2) to the 

moment, axial force, and internal pressure ratios (Eq. l.l). Equations l.l and 1.2 relate the seven 

loading parameters, Mm Mry, Vrx, Vry, Tr, pr, and Ar when the section reaches its fully plastic state 

and can be used to judge whether a given internal force combination is attainable only when the 

following applicability limits are met. 

O^V 2 + V 2 <T 2, 0<T <r , a n d F 2 +V 2 <cos2f — T 
rx ry — r ' r -~ * rJ "^xv* r rx y ry — w o | * r 

-*f=t<>'"n 

(1.3a, b,c) 

(1.4) 
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1 1 3 * 2 ^ , ^ 1 1 3 * (1.5) 

The limits in Eqs. 1.3 through 1.5 are based on geometric constraints (Mohareb 2002). In the 

absence of shear forces and twisting moments, and under uni-axial moments by taking M = 0 and 

Mr = Mn, the interaction relations take the simpler form 

M. 1 3 2 1-JP, cos2^ 

* \ A 1 

2 V*-!*' 
1 3 2 
l-4Pr 

(1.6) 

Several recent studies (Chapter 2) have assessed the applicability of Eq. 1.6. 

/ . 2 2 2 Related Objective 

The validity of interaction relations was experimentally assessed for a database of limited pipe 

geometries and load combinations (Refer to Chapter 2, Section 2.3.2). However, the conditions 

under which the interaction relationships are applicable for more general geometries and internal 

force combinations are yet to be determined. Pipe sections with large D/t ratio (non-compact or 

slender sections) are susceptible to local buckling and the plastic interaction relations in Mohareb 

(2002 and 2003) are likely to overestimate the resistance of these pipes. In the current design 

provisions for structural steel codes (CAN/CSA-S16.1-01, and LRFD 1999), the border delineating 

compact and non-compact pipes is provided only for simple loading (pure bending and pure axial 

force). For more general loads, it is not well defined (Fig 1.2). 
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Fig. 1.2 Borders Delineating Pipe Behavior 

In this context, the second main objective of this study is to document the effect of the geometric 

parameter (D/f) and loading conditions (pr, Ar, and Tr) under which the predicted modified plastic 

resistance of a pipe as determined by Eqs 1.1 and 1.2. will be attained. Towards this goal, two series 

of tests were conducted on pipes subject to combinations of internal pressure, axial tension, torsion, 

shear, and bending (Six specimens under internal pressure, axial tension, and bending moments as 

presented in Chapter 5 and two specimens under internal pressure, axial tension, torsion, shear, and 

bending moments as presented in Chapter 6). Additionally, FEA models were developed to predict 

pipe capacity under combined loads. The results of the models are compared against the test results 

and subsequently used in a parametric study to study the effect of different variables (D/t, pr, Tr, and 

Ar) on the ability of pipes to develop their modified moment capacity. This study is considered as a 

necessary step towards mathematical description of Border 1 in Fig. 1.2. 

1.2.3 Implications of the Study on Structural Applications 

A by-product of the present research is the development of classification rules for round Hollow 

Structural Steel Section (HSS) in various structural applications such as piles of offshore platforms. 

Current design provisions for steel structures AISC-LRFD (1999) and CAN/CSA S16 (2001) 

recognize the additional resistance of stockier tubular sections that can deform into the plastic range 

of the deformation before buckling locally. They provide classification rules for pipe sections under 

8 



pure axial force and pure bending, however, they do not provide general classification rules for pipe 

sections under combined loads involving torsion. 

The interaction relationships presented by Eqs. 1.1 and 1.2 are also valid in the design of round 

tubular HSS sections used in structural applications. When the internal pressure term (pr), is omitted 

from Eqs. 1.1 and 1.2, the relations take the form in Eqs. 1.7 and 1.8. 

M2=M„2+MV
2 =( l - r r

2 )cos 2 
-A 
2 r 

V ^ 
(1.7) 

V +V 
1 rx ry i 

= cos^ 
(1.8) 

In order to adopt Eqs. 1.7 and 1.8 in structural design codes, the conditions under which these 

interaction relations are applicable should be assessed. In this respect, the outcome of the second 

objective of this study (Section 1.2.2) provides in part this information and can have implications on 

the design of HSS sections under complex loads. 

1.3 Outline of the Thesis 

The research encompasses the following tasks: 

(1) Reviewing experimental work related to steel pipes under combined loads. Relevant 

analytical work related to the development of plastic interaction relations is also provided. 

This is presented in Chapter 2. Also, a review of various standards and codes for the design 

of buried pipelines, submarine pipelines, elevated pipelines, offshore structures, and tubular 

HSS sections is presented in Chapter 3. 

(2) Conducting two sets of full-scale tests with large D/t ratios (D/t=80), representative of those 

used in the pipeline industry. In the first set of tests, it is aimed to observe and document the 

longitudinal compressive buckling strains of pipes under combinations of bending, internal 
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pressure, and axial tension. The other objective of this test series is to determine maximum 

moment capacity of pipes. This task is presented in Chapter 5. In the second series of tests, it 

is aimed to observe and document the maximum load carrying capacity of pipes under 

combinations of axial force, shear, bending, twist, and internal pressure. This task is 

presented in Chapter 6. 

(3) Developing a Finite Element Model (FEM) for steel pipes including material and geometric 

non-linearity effects, which is capable of accurately predicting local buckling behavior and 

pipe capacity under general load combinations (This task is presented in Chapter 5 for the 

first test series and Chapter 6 for the second test series). 

(4) Comparing the results of FEA model in item 3 to those of experimentally observed in item 2. 

This task is presented in Chapter 5 for the first test series and Chapter 6 for the second test 

series. 

(5) Developing design rules based on critical buckling strains obtained from Test Series 1 for the 

design of the buried pipelines. This task is presented in Chapter 5. 

(6) A comparative review of previous major experimental studies and their FEA counterparts in 

order to verify the ability of FEA to predict pipe capacity under combined loading. This task 

is accomplished in Chapter 7. 

(7) Conducting a parametric FEA study to determine the effect of D/t ratio, axial force ratio Ar, 

internal pressure ratio/v, and torsion ratio Tr on the ability of pipes to develop their modified 

plastic moment capacity as predicted by interaction relations (Eqs. 1.1 and 1.2). This task is 

presented in Chapter 7. 

(8) A summary of conclusions and recommendations is provided in Chapter 8. 
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Chapter 2 
Review of Previous Research 

This chapter presents a review of deformation criteria for buried pipelines (Section 2.1) and 

overview of studies for buried pipes (Section 2.2). Section 2.3 presents an overview of analytical 

work on plastic interaction relations. A detailed review of the outcome of experimental studies on 

pipes is presented in Section 2.4. These studies are separated into two groups; a) experiments aimed 

at monitoring deformation behavior and b) experiments aimed at determining the moment capacity 

of pipes 

2.1 Deformation Criteria for Buried Pipelines 

Since strains are easier to measure or estimate in the field than stresses and since the stress vs. strain 

relationship of pipe steel is generally flat in the plastic range of the deformation, limiting strain 

criteria have been suggested in practice by many researchers (Bouwkamp and Stephen 1973, Reddy 

1978, Workman 1981, and Kim and Valesco 1988) when designing buried pipelines. Deformation 

limits can be based on different criteria. These are summarized below. 

2.1.1 Buckling Initiation Criterion 

The compressive longitudinal strain at onset of local buckling can be considered as a deformation 

limit state for buried pipeline design. Bouwkamp and Stephen (1973) were the first to measure and 

document compressive strain values based on this critaria in their full-scale tests on pipes. 

2.1.2 Rapid Wrinkle Growth Criterion 

In order to set less conservative limits for pipe deformation, Lara (1987) proposed the adoption of a 

longitudinal compressive strain value after which rapid wrinkle growth was observed. He defined 

"rapid wrinkle growth" as a rapid change in wrinkling curvature on the compression side of the 

specimen with respect to the change in the overall curvature of the specimen. 
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2.1.3 Longitudinal Compressive Strains Corresponding to the Peak Moment 
Criterion 

It was observed by Murphy and Langner (1985) that deformations grew rapidly after the peak 

moment was reached. Therefore, they suggested the use of longitudinal compressive strain value at 

which the maximum moment is reached as a limiting deformation limit state. However, since the 

moment vs. curvature diagram generally exhibits a flat plateau after the elastic range of deformation 

for pressurized pipes, the point of significant softening (in the moment curvature diagram) can be 

considered as a better deformation limit state for these types of pipes (Zhou and Murray 1993). 

2.1.4 Cross-Sectional Deformation Criteria 

Researchers also suggested limiting criterions for the cross-sectional deformation of the pipes in 

order to allow easy passage of the fluids conveyed and pigging devices. Some of these suggested 

criteria are presented in this section. 

Gresnigt (1986) studied the ovalization of thin pipes under flexural stresses due to the presence of 

hoop stress components at the extreme compression and tension fibres, which force the pipe wall at 

these two locations to move towards the centroid of pipe cross section. He proposed limiting the pipe 

out-of-roundness (Or) to 0.15, where 

D K J 

In which, D is the original outside diameter of the pipe and Ds is the smallest outside diameter of the 

pipe. The same expression was suggested as a deformation limit state by Price and Barnett (1987). 

Arbitrary limiting values of Or of 15% were given for un-pressurized pipes and 6% for fully 

pressurized pipes by Price and Anderson (1991). 

Row et al. (1987) limited the ovalization (Ov) to 7.5%, where 

. 2(D,-D,) 
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in which Di is the largest outside diameter of the deformed cross-section. 

Zhou and Murray (1993) suggested the Pipe Diametric Differential (DJ) expression as another 

limiting criterion for cross-sectional deformation, where 

0 . - ^ 1 (23) 

2.1.5 Maximum Tensile Hoop Strain Criterion 

In the outward bulging mode buckle, which is characteristic of pressurized pipes, the diameter of the 

pipe enlarges, leading to excessive circumferential hoop tensile strains at the crest of the buckle. In 

order to prevent the pipe from rupturing in these situations, a diametric expansion (De) criteria, was 

also introduced by Zhou and Murray (1993) to limit outward bulge type of buckles, where 

a.-Ml (2.4) 

2.2 Studies on Buckling Strains for Buried Pipes 
Timoshenko and Gere (1961) derived an expression for the prediction of buckling strain of axially 

loaded pipes based on the elastic small strain theory. Material plasticity was accommodated by 

Batterman (1965) in determining critical elastic buckling strains. Schilling (1965) summarized the 

available information on the local buckling for tubes of moderate length under pure axial force, 

bending, torsion, shear, and combinations thereof. Bouwkamp and Stephen (1973) conducted a 

series of seven tests including the combined effect of internal pressure, axial force, and bending 

moments on 1220 mm diameter pipes to obtain the compressive buckling strain of the pipes that are 

going to be used in Trans-Alaska Pipeline System (TAPS). Reddy (1978) conducted a series of pure 

bending tests on aluminum and steel tubes with a diameter of 25 mm and D/t ratio ranging between 

30 and 80. The critical buckling strain measured showed a trend relative to D/t ratio similar to that 

based on Bouwkamp and Stephen (1973) tests. Workman (1981) was able to analytically predict the 

critical strain values obtained in the tests of Bouwkamp and Stephen (1973) within a margin error 

ranging from -32.4% to 22.4%. Lara (1987) suggested adopting the longitudinal compressive strains 
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corresponding to rapid wrinkle growth initiation as a critical buckling strain criterion providing less 

conservative limits. Gresnigt (1986) investigated the pipe deformational behavior and capacity under 

different load combinations by conducting over 70 small-scale and two full-scale tests, which had a 

diameter of 610mm with a D/t=95. In his full-scale tests, curvature was applied to the pipes along 

with external pressure. After the specimen buckled, internal pressure was increased until the 

specimen ruptured. Based on the tests, Gresnigt (1986) proposed a critical buckling compressive 

strain expression of pipe D/t ratio, internal and external pressure, and the modulus of elasticity. Later 

on, Gresnigt equation was adopted by Canadian Steel Line Pipe Code (CAN/CSA Z662 2003). 

Based on experimental results of Reddy (1979) and Gellins (1980), Ellinas et al. (1987) proposed an 

inelastic critical bifurcation strain expression for steel cylinders made of with a low strain hardening 

modulus steel subjected to pure bending. Kim and Valesco (1988) presented an overview of 

buckling modes of pipes for pipes with different D/t ratios and subjected to various loading 

conditions. Workman (1988) experimentally documented the difference between pipe material 

properties in the longitudinal and transversal directions. Zimmerman et al (1995) conducted an 

experimental and numerical program on pipes with D/t-87 to establish a less conservative design 

limit criteria for buried pipelines subject to internal pressure and bending. One of the tests they 

conducted was subject to combinations of internal pressure, tension, and bending. Since 1992, 

experimental, and numerical studies were conducted on plain or girth-welded line pipes under 

combinations of axial force, bending moments, and internal pressure at the University of Alberta (U 

of A). This includes the work of Mohareb et al. (1994) who conducted full-scale tests on seven pipe 

specimens subject to internal pressure, axial force, and bending moments. Yoosef-Ghodsi et al. 

(1995) extended the study to girth-welded pipes. The FEA conducted by Souza and Murray, (1996) 

was in good agreement with the experimental observations for girth-welded pipes. Dorey et al. 

(1999) extended the experimental database on pipe sections under internal pressure, axial force, and 

bending moments for specimens with D/P=92. By comparing the experimental findings from 

previous studies at the University of Alberta to available formulations in the literature and existing 

codes, Dorey et al. (2000) showed that the available expressions for critical strains do not adequately 

quantify pipe critical buckling strain limits. Das et al. (2000 and 2001) experimentally showed that 

pipe material does not fracture under monotonically increasing axial strains within operational load 

conditions. However, strain reversals were shown to create fracture under low cycle fatigue. Dorey 

et al. (2002) investigated the material grade effects on critical buckling strain. They showed that an 
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increase in the grade of the material decreases the value of the critical buckling strain. They also 

demonstrated that pipes made of steel having a yield plateau have lower buckling limiting strains 

compared to pipes made of gradually yielding steel. Zimmerman et al (2004) tested 762 mm 

diameter spirally welded line pipes with D/t ratios of 82 and 48 and material grades of X70 (483 

MPa) and X80 (552 MPa), respectively, under combinations of internal pressure, bending, and axial 

compressive forces. The tests showed that spirally welded pipes are as good as their longitudinal 

counterparts in terms of limiting buckling strains. Dorey et al (2006) conducted a finite element 

analysis (FEA) based parametric study and derived critical buckling strain equations as a function of 

Diameter-to-thickness (D/t) ratio, internal pressure ratio (p/py), material properties (yield strength-to-

modulus of elasticity ratio-iyii), and initial imperfections. The limiting buckling strain predictions 

of these new equations were shown to be in good agreement with the ones measured in previous 

experiments. 

2.2.1 Buckling Strain Expressions 

The following expressions for critical strains were proposed as a result of the studies outlined in 

Section 2.2 based on deformational behavior of the pipes: 

1) The classical elastic equation for local buckling of tubular shell structures (Column Research 

Council, 1966) for bending. 

CRC _ 

W^). '- (2-5) 

Where, v is Poisson's Ratio, r is the radius of the tube, t is the wall thickness of the tube. 

Since the Poisson's Ratio value for all pipes under consideration ranged from 0.27 to 0.30, by 

taking v * 0.30 as a close approximation, Eq. 2.5 can be simplified as 

CRC - ~ t 
*1.2— (2.6) 

D V 

Where D is the outside diameter of the pipe section. 
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2) The Sherman equation (1976) for bending. 

* • ' < 

\2 

(2.7) 

3) The Battelle Equation (Stephen et al. 1991) for bending. 

4-2A2^D 
t V'59 

(2.8) 

4) The Canadian Oil and Gas Pipeline System Code equation (CAN/CSA Z662-03) for the load 

combinations including axial compression, bending, and internal/external pressure. 

£°"<= 0.5 — -0.0025 + 3000 
D 

{P,-Pe)D 
2tE 

(2.9) 

Where, pt is the internal pressure, pe is the external pressure, and £,=207,000MPa (the 

modulus of elasticity of steel). The Canadian code equation is based on Gresnigt Equation 

(Gresnigt 1986). 

5) Det Norske Veritas Offshore Standard for Submarine Pipeline Systems, DNV-OS-F101-2000 

equation for the load combinations including bending and internal/external pressure. 

£.=0.781-!*—0.01 1 + 5 ^ 
/ , 

a*"1"5"^ (2.10) 
y J 

Where, tx is the wall thickness of the pressure containment resistance, <jh is the 

characteristic hoop stress, fy is the yield strength of the pipe material, ah is the maximum 
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allowed yield to tensile stress ratio, a^ is the girth weld factor (ctgw=1.0 for specimens with 

no weld present). 

2.2.1.1 Assessment of Limiting Buckling Strain Expressions 

Dorey et al. (2000) compared the data collected from experimental studies on critical buckling 

strains, which were conducted at the University of Alberta (Mohareb et al. 1994, Yoosef-Ghodsi et 

al. 1995, and Dorey et al. 1999) with the critical buckling strain expressions presented previously 

(Eqs. 2.5 to 2.10). 

The following observations were made on the data collected: 

• The critical strain values were a function of inverse of D/t to a power larger than 1. 

• The critical strain values were highly dependant on the internal pressure, therefore, any 

reliable critical strain formulation should include internal pressure ratio. 

• Critical stain values also depend on Yielding Strain [sy = Fy/E),a factor not recognized in 

current codes. 

• The presence of girth-welds is an important factor which affects the critical strain values 

The following observations were made by Dorey et al. (2000) when comparing the experimental 

data with various models and code equations: 

• Equation 2.6 was un-conservative for most load combinations. However, Eqs. 2.7 and 2.8 

were conservative for all loading combinations. Since Eqs. 2.6, 2.7, and 2.8 are solely based 

on the D/t ratio, they are not capable of capturing the effect of internal pressure. 

• Both Eqs. 2.9 and 2.10 included internal pressure and material property parameters. 

However, they were providing poor prediction of experimental critical strain values. 

• Both Eqs. 2.6 and 2.10 have a linear D/t ratio term, which is shown to be inadequate. 

• DNV code equation (Eq. 2.10) is the only equation attempting to differentiate between plain 

and welded specimens. 
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2.3 Studies on Plastic Interaction Relations 
This section presents and overview of studies on plastic interaction relations. Analytical studies are 

presented in Section 2.3.1 while experimental studies aimed at studying the interaction relationships 

under combined loads are presented in Section 2.3.2. 

2.3.1 Analytical Studies 

A summary of early work (Gerald and Becker 1957) provides a number of interaction relations for 

pipes under various combinations of internal forces. These are limited to pipes with large D/t ratios 

that undergo local buckling prior attaining their plastic resistance. Lower bound plastic interaction 

relations for hollow structural sections including thin walled tubular sections were established under 

combinations of biaxial bending moments, twisting moments, and axial forces by Fenves and Morris 

(1969). Pillai and Ellis (1971) conducted an experimental study on pipe sections subject to combined 

axial force and biaxial bending moments and proposed a simplified interaction relation. Chen and 

Atsuta (1972) formulated lower and upper bound interaction relations for tubular sections under 

biaxial bending moments and axial forces. The exactness of their solution was demonstrated through 

the agreement between the two bounds. Their solution also agreed with that developed by Fenves 

and Morris (1969) when the torque term is omitted. Chen and Sohal (1988) suggested that tubular 

members under longitudinal force and bending with D/t higher than 35 are susceptible to local 

buckling on their compressive side before attaining their fully plastic capacity. On the other hand, 

when tension has a dominant effect on the pipe capacity, it is more likely that pipes can develop their 

plastic capacity (Haunch and Bai 1999). Mohareb et al. (1994) and Mohareb and Murray (1999) 

developed interaction expressions including internal pressure, axial force, and bending moments. 

Their analytical predictions agreed well with experimental results (Mohareb and Murray 1999). 

Haunch and Bai (1999) modified the solution of Mohareb et al (1994) by incorporating a strength 

anisotropy factor and revised the equation by including usage/safety factors for design purposes. In 

Haunch and Bai (2000), the corrosion effect was included. Mohareb (2002) developed a lower bound 

general plastic interaction relation for pipe sections under normal force, torsion, biaxial bending 

moments, biaxial shear forces, and internal or external pressure by assuming statically admissible 

stress fields. Using Lagrange multipliers, the interaction expressions obtained were shown to 

maximize the lower bound solution (Mohareb 2001). An upper bound solution was developed by 

Mohareb (2003) by assuming kinematically admissible strain fields. The solution obtained coincided 

with that based on the lower bound formulation, demonstrating the exactness of the solution within 
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the limitations of the assumptions. It is of interest to note that by omitting the shear and torsion terms 

from the general expressions, the axial force-bending-internal pressure interaction expressions 

reported in Mohareb et al. (1994) are recovered. 

2.3.2 Experimental Studies 

Sherman (1976) experimentally investigated the flexural behavior of the tube sections beyond 

ultimate moment capacity (bending and shear interaction). Yamaki (1976) conducted tests on 

fiberglass pipes to investigate the post-buckling behavior of pipe sections under pure torsion. Prion 

and Birkemoe (1988) conducted a series of tests on large fabricated tubes subjected to combinations 

of axial compressive load and bending. Obaia et al. (1991) investigated analytically and 

experimentally the inelastic shear behavior of large diameter pipes subjected to combinations of 

shear and bending. They proposed an interaction equation for the bending and shear capacities based 

on regression analysis of their test results. The experimental results in Mohareb and Murray (1999) 

on pipes bending moment-axial force-internal pressure combinations demonstrate the validity of the 

interaction relations (Mohareb et al. 1994) for pipes with a diameter to thickness ratio of 51 and 64. 

Upon full-scale experimental verification, these interaction relations were adopted in limit state 

design of submarine pipelines by DNV (1996). Ozkan and Mohareb (2003) conducted tests on pipes 

with D/t ratio of 43 under combinations of bending, shear, and twist. The pipe capacities recorded 

from the experiments agreed well with the ones predicted by Mohareb (2002 and 2003) for the 

special case where axial force and internal pressure were omitted. 

A summary of experimental studies on pipes is provided in Table 2.1. It is observed that a very 

limited number of tests involving axial tensile force were performed. Also, pressurized pipes under 

torsion appear to have not been investigated to detail. The objective of the proposed program is to 

partially fill these voids by conducting tests on pressurized pipes under combinations of tension, and 

bending (Test Series 1 in Chapter 5) and pressurized pipes under torsion and bending (Test Series 2 

in Chapter 6). The details of the program are provided in the next section. 
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2.4 Detailed Review of Full-Scale Tests 
In this section, observations from full-scale tests on pipe sections are presented. These are grouped 

in two categories based on the goal of the experiments. 

(A) Experiments aimed at observing the deformational behavior and measuring critical buckling 

strains under combined loads, and 

(B) Experiments aimed at determining pipe resistance under combined loads 

2.4.1 Experiments on Deformational Behavior and Critical Buckling Strains 

2.4.1.1 Berkeley Test Series 

The first experimental study on pressurized line pipes was conducted by Bouwkamp and Stephen 

(1973). The goal of the study was to establish the pipe deformation criteria for buried 48in OD 

(1219mm) line pipes with a D/t=\QA under combinations of axial load, bending moments, and 

internal pressure. The study also investigated the effect of full penetration longitudinal and 

circumferential welds on the local buckling behavior of pipes. The following observations were 

made 

• The local buckle was confined to a short length of the pipe. 

• Under higher levels of internal pressure, the pipe wall exhibited outward buckling over the 

compression zone. Under lower levels of internal pressure, the compression zone of the pipe 

wall exhibited an inward diamond buckling shape. 

• The failure of the specimen occurred in the pipe wall exhibiting a shear tearing failure around 

the connection between the test segment and the end zone pipes. 

• The displacements at rupture were about 20 times of those during initiation of buckling, 

showing a highly ductile behavior for the pipe specimens. 

• Highly pressurized pipes exhibited more plastic deformations than lowly pressurized pipes. 

• The buckling and rupture strains were reported along both the compression and the tension 

fibers. As the specimen buckled, the neutral axis under bending shifted significantly towards 

the tension side of the section 

2.4.1.2 University of Alberta Test Series 

The University of Alberta test series were conducted for the primary purpose to obtain critical 

buckling strains for pipes with different D/t subjected to combinations of internal pressure, axial 
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force, and imposed curvatures. As a bi-product, the modified plastic moment capacity was obtained 

on some of the tests. In this section, the outcome of the research on deformational behavior is 

presented. 

Behavior of 508mm OD and 324mm OD Pipes 

Mohareb et al. (1994) conducted experiments on seven pipe specimens with D/t ratios of to 64 and 

51 with outer diameter (OD) of 508mm and 324 mm, respectively. The specimens were tested under 

load combinations involving internal pressure, axial load, and bending moments. The lengths of the 

specimens were chosen as 1,690 mm (slightly greater than three diameters of the specimens with 

508mm diameter, in an attempt to force local buckling to develop in the mid region of the pipes). 

Other than the cross sectional dimensions and applied load combinations, pipe manufacturing 

technique, pipe grade, and end conditions were varied as test parameters. Specimens with 508mm 

OD were made of grade X56 steel (SMYS=z3S6MPA), manufactured using the doubly submerged arc 

weld (DSAW) technique and those with OD 324mm were made of grade X52 steel 

(SMYS=359MPA\ manufactured by using the electric resistance weld (ERW) technique. Two types 

of end conditions were studied, namely (1) active condition in which the axial force in the pipe was 

maintained constant; (2) reactive condition in which the length of the pipe was maintained constant. 

In both cases, the stroke of the eccentric jack was monotonically increased in order to increase the 

end rotations of the specimen leading into a displacement controlled loading scheme. 

The numerical component of the study was conducted using finite element analysis (FEA) under the 

finite element simulator ABAQUS for the prediction of the post-buckling response of the specimens. 

Following are the observations made. 

• Local buckling modes vary with internal pressure. An outward bulging mode of buckling 

took place in fully pressurized specimens while the buckling of the unpressurized specimens 

can be characterized as diamond-shape mode in agreement with Bouwkamp and Stephen 

(1973). 

• The buckling modes were insensitive to imperfections of the pipe segments. 

• The location of the local buckle depends on the second order effect of the axial load and end 

condition disturbances. Wrinkling took place in the mid region of the specimens when the 
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second order effects were predominant. On the other hand, when the end effects were 

predominant, wrinkling occurred in the end region of the pipe segments. 

• After initiation of wrinkling, the average curvature was observed to be a function of the 

length of the specimen considered, Thus, global curvature was concluded to be inadequate to 

characterize the deformational behavior of the pipe after the occurrence of wrinkling. 

• Compressive strain values prior to initiation of wrinkling of importance of buried pipelines 

with properties similar to the ones tested were documented as part of the study. 

Effect of the Circumferential Girth-Welds (OD=S08mm and 324mm, D/t=64 and 51) 

Yoosef-Ghodsi et al. (1995) conducted a series of full-scale tests on girth welded line pipe segments 

subjected to combinations of constant axial force, internal pressure, and monotonically increasing 

curvature. The effects of the girth weld on the local buckling behavior of the pipe segments were 

experimentally investigated by adopting the experimental setup in Mohareb et al. (1994) to test 

specimens with girth weld at mid-height. 

An FEA under ABAQUS was also conducted for the prediction of the post buckling response of the 

tested specimens (Souza and Murray, 1996). Observations were as follows. 

• The wrinkling configurations observed were similar to those of plain pipe segments with the 

difference that the wrinkles being located always within 150 mm from the girth welds. This 

contrasted with plain pipes in which the location of the wrinkle was random along the length 

of the pipe. It was concluded that the residual stresses generated by welding process and the 

eccentricities induced when aligning the two cans when forming the specimen were 

responsible for triggering the buckles near the girth-welds. 

• The limiting strains in both series of experiments (plain and girth-welded pipes) were linearly 

dependant on the internal pressure. 

• The initiation of wrinkling for girth-welded pipes took place at strain levels of about 60% of 

those of plain pipes. 

• The buckled configuration in the tests (Yoosef-Ghodsi et al. 1995) and the FEA models 

(Souza and Murray 1996) of the tests were in good agreement. 
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Large Diameter Pipes (OD=762 mm and D/t=92) 

The test program of Dorey et al. (1999) extended the experimental database to larger diameter pipes 

(p/t ratio of 92, OD = 762 mm) under internal pressure, bending moments, and axial force. The 

specimens tested were 2700 mm long. The pipe material was grade X70 (SMYS = 483 MPa). All 

specimens were manufactured using DSAW(doubly submerged arc weld) process. 

• Two different types of buckles were observed, "Diamond-shape" mode for low internal 

pressure specimens and "bulge" mode for high internal pressure specimens. 

• Two types of bulge modes were observed namely (1) mid-height bulge; (2) elephant's foot 

bulge. The latter one is considered as a type of failure that is governed by the experimental 

test setup and may not be representative of true pipe behavior. 

• Whenever there was a girth weld, the buckle occurs around its vicinity due to perturbations 

introduced by the weld. 

• The pipe specimens soften less rapidly in the post buckling range as the internal pressure is 

increased. 

2.4.1.3 The C-FER Test Series 

Large diameter pipes with OD=610mm (D/t=87 and 41) and made ofX70 (483MPa) material 

Zimmerman et al. (1995) conducted an experimental and numerical study to determine a less 

conservative limiting strain criteria than those commonly used for the design of buried pipes under 

bending, axial force, and internal pressure. Five experiments were conducted on 10m long girth 

welded pipe specimens with QZ>=610mm, SMFS=483MPa, and D/t of 87 and 41. These five tests 

were also numerically modeled using the FEA simulator ADINA. After calibrating the FEA model, a 

parametric study was conducted to expand the experimental database of buckling strains and develop 

more conservative design criteria. Following were observed: 

• All pressurized specimens exhibited "bulge" mode buckling while those with no internal 

pressure exhibited a "Diamond-shape" mode of buckling. 

• The data obtained from the parametric FEA study for the maximum compressive strain value 

were compared with the available design curves. It was shown that empirical equations 

resulting from previous research (Sherman 1976, Murphey and Langner 1985, Stephens et al. 

1991, and Gresnigt 1986) provided lower bounds while the classical elastic equation 

provided an upper bound for the data collected. Through curve fitting and linear regression, a 
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semi-empirical equation for critical strain corresponding to the maximum moment was 

proposed. 

• It was observed that the design criteria for buried pipes available, which limit the 

compressive strain either by a) the strain corresponding to the maximum moment or b) the 

strain at the initiation of buckling were overly conservative as they do not reflect the ability 

of the pipe to deform well into the inelastic range of deformation. 

• A less conservative limiting strain criterion was recommended based on limiting the tensile 

hoop strains at the crest of the wrinkle since it is known that rupture would normally occur at 

strains between 10% and 38%. A semi-empirical equation for the limit state associated with a 

maximum 10% tensile hoop strain was proposed. 

Spirally Welded Pipes 

Zimmerman et al. (2004) conducted a series of experiments consisting of four tests on 762 mm 

diameter spirally welded pipes with material grades of X70 (483 MPa) and X80 (552 MPa) and D/t 

ratios of 48 and 82 with a specimen length of 3,200 mm. The experiments were also modeled by the 

FEA simulator ABAQUS. The compressive strains corresponding to the peak moment capacity were 

recorded and compared with the FEA predictions. Following were the observations. 

• Specimens with no internal pressure showed diamond shape buckle while the fully 

pressurized specimens buckled in an outward bulge mode. 

• Spirally welded pipes were observed to behave identically to longitudinally welded pipes of 

similar dimensions. 

• The results obtained from the FEA model were compared with experimental results. While 

the FEA successfully predicted pipe buckling modes and peak moment capacities, large 

discrepancies reaching up to 60% were reported in compressive strain predictions. 

2.4.2 Experiments aimed at Determining Pipe Moment Resistance 

2.4.2.1 University of Wisconsin Test Series 

Sherman (1976) reports tests to investigate flexural behavior of circular steel tubes up to and beyond 

the ultimate moment capacity subject to combinations of shear and bending. A total of 18 

experiments were conducted by using six different D/t ratios (varying from 18 to 35). The end 

conditions and shearing force ratio were investigated. Also, the effect of manufacturing process of 
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the specimens was investigated. These included hot-formed seamless pipe, with a stress vs. strain 

curve having a visible yield plateau (Fy *400MP<3), Electric Weld Resistance (ERW), with a 

gradual yielding stress vs. strain curve (Fy « 290MPa). Following are Sherman's conclusions based 

on the tests. 

• The fixed ended specimens with D/t of 35 and less were able to develop their fully plastic 

moment capacity for spans up to 22 diameters without significant ovalization at the location 

of plastic hinge. For the specimens with simple supports, the plastic moment resistance was 

not attained in the constant moment region. These results were contrary to those from 

previous work (Schilling 1965) suggesting that a pipe section with a D/t smaller than 

3,300/Fj, would attain its plastic moment capacity. 

• In simply supported and fixed-ended test specimens, shear up to 28% of plastic capacity did 

not have any significant effect on the hinge development for specimens with D/t of 18, 35, 

and 102. 

• In Cantilever specimens with D/t of 49, 55, and 77, the presence of shear had a variable 

influence on strength. While the presence of shear for the section with D/t of 49 allowed the 

plastic moment to be nearly achieved, for the member with D/t of 77, the presence of shear 

prevented the attainment of the plastic capacity. The presence of shear had little influence on 

the specimen with D/t of 55. Sections with D/t of 102 buckled after reaching the elastic 

flexural resistance but prior attaining their fully plastic capacity. 

• While in the previous studies (Schilling 1965), it was reported that the critical strain (the 

strain value in the initiation of buckling) is a function of the parameter {t/D)(F IE\, the 

data obtained from Sherman's experimental study appeared to be correlated better with the 

parameter (t/D) [FyjEy 

2.4.2.2 University of Toronto Test Series 

Prion and Birkemoe (1987 and 1988) conducted a study on fabricated steel pipes subjected to the 

combinations of bending moments and axial force. Twenty-two specimens were tested with 450 mm 

diameter and wall-thicknesses varying between 4.5 mm and 8.8 mm. The measured yield stress 

varied between 250 MPa and 450 MPa. The lengths of the specimens ranged between 1.5m and 

10m. 
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The load-deflection relationship up to and beyond ultimate load was monitored. Test results were 

compared with existing and proposed design rules with respect to local buckling, strength, and 

stability interaction (API 1981, Code 1982, Steel 1984, Plantema 1946, and Sherman 1986). The 

following conclusions were made based on the experimental observations. 

• Three types of local buckles were observed in axially loaded specimens, these are a) single 

symmetric ring buckle (elephant's foot buckle), b) symmetric buckle, and c) asymmetric 

buckle. 

• Cross-sectional strength interaction relations used in codes and previous research (API 1981; 

Code 1982, Steel 1984, Plantema 1946, Sherman, 1986) were compared with the 

experimental results and a more realistic interaction relation was proposed which reflects the 

observations made in the experiments. 

• The stability interaction relations from different specifications (API 1981; Code 1982; Steel 

1984) showed reasonable agreement with the experimental results. 

• No direct correlation was found between imperfections, which were induced during the 

fabrication of the specimens, and the ultimate loads. 

2.4.2.3 University of Alberta Test Series 

Behavior of 508mm OD and 324mm OD Pipes 

The observations in Mohareb et al. (1994) test series related to the development of the modified 

plastic moment capacity of the pipes subject to internal pressure, axial compression, and bending are 

as following. 

• The derived interaction relations reliably predicted the capacity of the pipes. 

• The FEA model was able to predict both the post-buckling deformation and moment 

curvature response of the experiments. 

Large Diameter Pipes (OD=762 mm and D/t=92) 

In the test series by Dorey et al. (1999), the plastic moment capacity of the specimens were predicted 

by using previously derived interaction relations (Mohareb et al. 1994) and compared with the 

experimental moment capacities reached. They observed that the interaction equations overestimated 

the pipe flexural capacity. An exception was the specimens tested at an internal pressure of 80%, 
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where the ratio between the experimental moment capacity observed and the plastic moment 

capacity predicted ranged between 95% and 124%. 

2.4.2.4 University of Ottawa Test Series 

Ozkan and Mohareb (2003) reported a full-scale experimental program consisting of six tests aimed 

at verifying the validity of the interaction relations (Mohareb 2002 and 2003) under load 

combinations including shearing force, bending, and twisting moments. All pipes tested had a 

nominal outside diameter of 406mm and a thickness of 9.5mm with, aD/t ratio of 42.7. 

The principal conclusions of the work are: 

• All specimens exhibited significant deformations in the plastic range of deformation. The 

onset of local buckling was detected immediately prior the attainment of the peak loads. 

• The pipe post buckling behavior is characterized by softening of the resistance curve as a 

single wrinkle develops and amplifies. 

• The local buckling configuration is dependant on the bending, torsion, and shear ratios. For 

the short specimens with lower bending moments and higher torsion and shear, wrinkling 

appeared as a diagonal buckle. For medium and tall specimens with lower shear force and 

higher bending moment and torsion, a wrinkle initiated at the maximum compression fiber 

and progressed into an un-symmetric mode. For specimens with no torsion but with high 

bending moments and relatively low shear, an outward bulging local buckle symmetric about 

the plane of bending was observed. An example of each local buckle type encountered during 

the experiments can be seen in Fig. 2.1. 

Test FEA Test FEA 

(a)Outward bulge (b) Un-symmetric wrinkle 

Fig. 2.1 Buckled Specimens and FEA Results 

Test FEA 

(c) Diagonal buckle 
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• In all tests, the analytical moments predicted by the interaction relations in Mohareb (2002 

and 2003) were lower than those measured in tests. The average ratio between the analytical 

moment predictions and those measured in tests was 94% based on the yield strength 

determined by extension-under-load method and 91% based on offset method. Strain 

hardening effects, which were not taken into consideration in the formulation, are believed to 

be responsible for this difference. 

2.5 General Comments 

During the review of the literature, it was observed that although there was some experimental and 

numerical research conducted on pipes under complex load combinations, none of these previous 

studies investigates the beneficial effect of tensile axial force on the critical stains of line pipes at 

differential settlement locations except a single test in Zimmerman et al. (1995) and four tests in 

Dorey (2001) on pipes with D/t=92. It is the aim of the current study to partially fill this void by 

conducting full-scale tests on pipe segments with £>/f=80, under combinations of axial tension, 

internal pressure, and imposed curvatures. It was also observed that the code equations for critical 

strains do not recognize the effect of axial tension. Critical strain design equations for pipes with 

D/t=S0 are to be developed by using the critical strain data measured from the experiments as a 

function of internal pressure and axial tension. 

Evidence in the current literature demonstrates that interaction relations can predict the pipe capacity 

accurately in some cases. However, it is not yet known under which geometric and loading 

conditions pipes can develop their modified plastic capacity. The development of the plastic capacity 

is highly dependant on the geometric properties (D/t) of the pipe cross-section and the load 

combination (internal pressure, axial force, and torsion) on the pipe. It is the objective of this study 

to investigate the effect of D/t ratio, axial force, internal pressure, and torsion on the ability of a pipe 

to develop its modified plastic moment capacity as predicted by Eqs 1.1 and 1.2. 
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Chapter 3 
Review of Design Standards for Pipes 

The objective of this chapter is to present a comprehensive review of various codes and standards 

related to the design of pipes. This includes buried pipelines, elevated pipelines, submarine 

pipelines, and circular hollow structural members. 

3.1 Design of the Buried Pipelines 

Strain based design criteria are the basis adopted in the design of buried pipelines. The Canadian 

Standards on Pipelines (CAN/CSA-Z662-03) gives the designer two options when designing buried 

pipeline design: a) working stress design and b) Limit states design. In contrast to most structural 

steel codes (CAN/CSA-S16.1-01, LRFD 1999, etc), limit states design is not a mandatory part of 

CAN/CSA-Z662 (2003). It is presented as an appendix to the code "to provide guidance for the 

design of oil and gas industry steel pipelines, excluding steam distribution pipelines". The limit 

states design option of the code has the advantage of accounting for the variability in resistance and 

loading by using partial safety and resistance factors determined by probabilistic analysis and is 

considered advantageous to the more traditional working stress design methodology. 

The limit states identified in clause C3.4 of the standard are Ultimate Limit States (ULS) and 

Serviceability Limit States (SLS). Ultimate limit states are those associated with burst or collapse of 

the pipe segment. This type of limit state includes rupture, yielding caused by primary loads (i.e., 

yielding of the pipe wall due to internal pressure), buckling due to primary or secondary loads (i.e., 

collapse due to external pressure, imposed curvature due to differential soil settlements), and fatigue. 

Serviceability Limit States are those that restrict normal operations or affect durability, which 

includes yielding caused by secondary loads and buckling not resulting in collapse (stable local 

buckling, some upheaval buckling modes). 

3.1.1 Ultimate Limit States 

Buried pipelines are subject to two types of loading; primary loads and secondary loads. Primary 

loading is load controlled loading. This includes internal pressure and axial forces due to 

temperature changes. Secondary loading are deformation controlled loads, which are bending and 
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axial tension due to soil settlements. Under these two loading types, the Canadian Standards on 

Pipelines (CAN/CSA-Z662-03) identifies the following limits states for buried pipelines: 

(1) Rupture limit state 

(2) Yielding limit state 

(3) Local buckling limit state 

(4) Ovalization limit state, and 

(5) Global buckling limit state 

(1) Rupture Limit State 

The tensile strain limit state against rupture due to primary loads, secondary loads, or both, is given 

in clause C6.3.1, which limits the tensile strains in the vicinity of the local wrinkle or collapse zone 

in both the longitudinal and hoop directions: 

where 

^, = resistance factor for tensile strain (=0.7) 

st
cr" = ultimate tensile strain capacity of the pipe wall or weldement (as determined from valid 

fracture mechanics methods or physical tests. In the absence of more detailed information, 

the standards provide a limiting value for et
cr" = 0.0075) 

Sp = factored tensile strain in the longitudinal or hoop direction 

(2) Yielding Limit State 

Clause C6.3.2.1 of the code limits the tensile hoop stress due to internal pressure to a fraction ^ of 

the yielding strength Fy of the pipe material according to the following equation. 

W*°v (3-2) 

where 

<t>y - resistance factor for yielding strength (= 0.9) 
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Fy = effective specified minimum yield strength 

Y{aOpi ~aGPe)D 
<rhf = factored hoop stress due to pressure differential = • • -—, where 

pi - maximum internal design pressure 

pe = minimum external hydrostatic pressure 

D = outside pipe diameter 

t - pipe wall thickness 

aQ = load factor for operational loads (ranges between 1.00 and 1.13) 

aG = load factor for permanent loads (ranges between 1.00 and 1.25) 

y = class factor (ranges between 1.0 and 2.0 depending on the location class and the fluid 

conveyed) 

(3) Local Buckling Limit State 

The longitudinal compressive strains scf for pipes under primary loads (axial force and internal 

pressure), secondary loads (imposed bending deformation), or under both effects combined are 

limited in Clause C6.3.3.2 by 

AA"**V (3-3) 

where 

<f>EC = resistance factor for compressive strain (=0.8) 

ec
cr" - ultimate compressive strain capacity of the pipe wall or weldment (as determined by valid 

analysis methods or physical tests). The longitudinal compressive strain can be determined 

by: 

e?' = 0 . 5 — - 0.0025 + 3000 \p'~p<)D 

D [ ItE 

in the absence of more detailed information 
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A major objective of this study is to develop an experimental database to determine ef" for pipes 

with D/t=$0, subject to bending and tension. 

(4) Ovalization Limit State 

Cross-sectional ovalization of pipe segments subject to bending should also be limited to prevent 

sectional collapse, thus, limiting the passage of internal inspection devices. The following limiting 

condition based on the work of Row et al. (1987) is adopted in CAN/CSA-Z662-03 (C6.3.3.3) 

A ^ A / " (3.4) 

where 

A„ = ovalization deformation defined as A0 = 2 max nun 

V max min J 

Z)max - maximum outside pipe diameter, 

Dmia = minimum outside pipe diameter, and 

A/"' = critical ovalization deformation, which can be taken as 0.03 in the absence of more detailed 

information. If it can be shown that premature sectional collapse will not occur under the 

loads considered, the value can be increased to 0.06, allowing the passage of internal 

inspection devices. 

(5) Global Buckling Limit State 

Clause C6.3.3.4 CAN/CSA Z662 (2003) stipulates designing pipelines against global buckling 

where such buckling could be detrimental to the pipeline (i.e., upheaval buckling exposing a buried 

line) 

3.2 Design of Submarine Pipelines 

Det Norske Veritas (DNV 2000) is a well-detailed set of standards aimed at providing thorough 

design rules for the design of submarine pipes. Offshore pipes generally have smaller D/t ratios 

compared to their onshore counterparts due to the presence of external pressure effects in deep 

water. 
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The possible limit states as identified in DNV (2000) are classified into four groups. These are: 

Serviceability Limit States (SLS) due to ovalization/ratcheting, accumulated plastic strain. If 

exceeded, these will cause problems for normal operations of the pipeline. 

Ultimate Limit States (ULS) due to bursting, ovalization/ratcheting, local buckling, global buckling, 

unstable fracture and plastic collapse, impact. If exceeded, these will cause problems related to the 

integrity of the pipeline, 

Fatigue Limit State (FLS): A condition to accommodate cyclic loading patterns (fatigue due to cyclic 

loading). 

Accidental Limit State (ALS): A ULS due to accidental loads (ultimate limit state due to infrequent 

loading, e.g., gouging due to construction machinery activity). 

In the design of the pipes resting on the sea base, similar to the design of buried pipes, strain based 

design criteria are adopted. 

Among these limit states (SLS, ULS, FLS, and ALS), the ULS for longitudinal compressive strain is 

based on compressive longitudinal bending strain associated with displacements induced by axial 

force, bending, and net internal pressure when D/t<A5,pj ^pe, in which pt is internal pressure 

and pe is external pressure. The design compressive strain,^, is given by 

ed* —. (3.5) 
Ye 

where 

t ^ 
= critical compressive strain0.78( — - 0.01 

1 + 5 ^ 

v Jy J fv 

ah
 hSagw (Also, presented as Eq. 

2.10), 

t2 = net wall thickness free of possible corrosion, 

D = outside diameter of the pipe, 

ah = maximum allowable yield strength to tensile strength ratio, 

agw = girth weld factor (< 1), 
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CT, 

fy 

= 4ft 

r. 

in which pressure differential Apd = / p (pw - /?e) 

where 

pld - local design pressure, 

Yp = load effect factor for pressure loads (=1.05), and 

pe = external hydrostatic pressure, 

= characteristic yield stress given by fu=(SMYS- fyMmp)oCu in which fy,temP is the 

temperature de-rating of the yield stress of the pipe material and av is the material strength 

factor which can be taken as 0.96 or 1.00, and 

= resistance strain factor ranging between 2.0 to 3.5 depending on the safety classes 

In the design of free-spanning submarine pipe segments, stress based design criteria are used similar 

to the design of elevated pipes (Section 3.3). 

The Offshore Pipeline Standard, DNV-OS-F101 (2000) provides a design requirement for pipes with 

relatively low D/t ratio (D/t< 45) and pf>pe under load-controlled deformation subject to 

combinations of net internal pressure, axial force, and bending: 

YscVm 
y<XcSpJ 

+ rscr„ 
M, 

aMP 

1- &Pa 
y^oPbik), 

+ 
APd 

aepb{t2) 
* 1 , (3.6) 

where, 

Sd = design effective axial force, 

Sp = characteristic plastic axial force resistance, 

ac - flow stress parameter accounting for strain hardening (=1.0 for no strain hardening), 

ysc = the safety class resistance factor ranging from 1.04 to 1.308 depending on the safety class, 
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ym - the material resistance factor of either 1.15 or 1.00 depending on the limit state category, 

Md = design bending moment, 

bpd = design differential over pressure defined as Apd = yp (p!d -pe) in which 

pld = local design pressure, 

yp = load effect factor for pressure loads (=1.05), and 

pe = external hydrostatic pressure 

M p = plastic moment resistance in the absence of axial force and design differential overpressure, 

and 

PP{ti) = burst pressure for thickness ^ given by Min (pbs(t2)^Pbu{t2)) i*1 which 

P»,('2) = - ^ - / v - 7 - and A , ( 0 = — — — ^ r 

where, 

fiT characteristic tensile strength given by: 

{SMYS-fu,temp)avaA 

in which 

fu,temP is the temperature de-rating of the tensile strength of the pipe material, 

av is the material strength factor which can be taken as either 0.96 or 1.00, 

aA is an anisotropy factor, which is equal to 0.95 in axial direction due to 

relaxed testing requirements in linepipe specifications. It can be taken as 

1.00 for other cases. 

3.3 Design of Elevated Pipelines 
The Canadian Standards on Pipelines (CAN/CSA-Z662-03) does not include a classification of pipe 

section according to local buckling under axial compression or flexure. In the design of elevated 

pipelines, Clause 6.3.2.2.1 of the standards stipulates that "For pipeline sections where longitudinal 

stresses are induced by primary loads (e.g. suspended spans), the stresses at all points in the pipe 

cross section shall be limited by the following requirement" 
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<t> F ><rf (3.7) 

where 

^ = resistance factor for yield strength, 

Fy = effective specified minimum yield strength, and 

<ref = maximum factored combined effective stress according to von Mises criterion 

= Jahf
2 + crLf

2 - crhf(TLf + 3rf
2, in which 

ahf = factored hoop stress (tension positive), 

cxLf = factored longitudinal stress (tension positive), and 

Tf = factored tangential shear stress 

In case of combined bending, axial force, and internal pressure, crLf can be calculated according to 

C6.3.2.2 (Eq. 3.8) if the calculated state of stress falls on or within Von Mises Yield Criterion. 

(3.8) <j,,=—J-Lf S 

where 

Mf = 

Pf = 

S 

A 

Pf 
+ — 

A 

factored bending moment, 

factored axial force, 

elastic section modulus, and 

cross-sectional area 

Clause 6.3.3 also provides an alternative stress-based design method, which states "Pipe sections 

that are subjected to significant compressive stresses due to primary loads, secondary loads, or both 

shall be designed to prevent undesirable global or local buckling". In order to avoid global or local 

buckling in the case of significant compressive principal membrane stresses, Clause 8.12 limits the 

compressive stress on the pipe cross section to a critical buckling stress (Eq. 3.9) based on 

cylindrical shell analysis. 
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F„Z<J¥ (3.9) ~ c cr 

where 

^c = resistance factor for compressive stability 

F 
Fcr = critical buckling stress given by , y in which Fy is taken as the Specified Minimum 

yl + A 

Yield Strength and effective slenderness factor for shell buckling is given 

by/l = 
rF. 

\^f 

J a , Jb , J 6 

,ea ^eb *'e0 ev JJ 

where 

fa = axial stress (=«|o"a|) 

fb = bending stress (=«|cri|) 

fg = circumferential stress (=«|cri9|) 

rz6 = shear/torsion stress 

n = 0 where <ra, ab or a9 is positive (tensile) 

1 where <ra, erb or cr̂  is positive (compressive) 

7t2E (t y2 

for axial compression, Fea = ka —-. p- — , in which axial compression buckling 

coefficient ka can be calculated by following in the absence of more detailed information; 

0.36 
ka = Jl + (Kj)2, where Ka = 

l + -D 

300t 

38 



a?E f t V 
for bending, Feb = kb —-. rH — in which bending compression buckling coefficient kb 

12( l -u )\L) 
can be calculated by following in the absence of more detailed information; 

kh = ^l + (Kb£)2, where Kb = 0.36 

u-D 

300? 

for shear/torsion, F = k —-, -H — in which shear/torsion buckling coefficient k can 

" "12(l-u2)UJ 
be calculated by following in the absence of more detailed information; 

\3/2 / T n ft v T n 
kv = 5.34^1 + 0.009C3/2 for — < 0 . 9 6 3 ^ or Feu = 0.636£ — for ^ > 0.963-

2 77 ( t\ 
for external pressure, FeB = k6 —-. -y — in which external pressure buckling 

12(l-t> )\L) 

coefficient kv can be calculated by following in the absence of more detailed information; 

*, = 4Jl +0.0254- for — <; 0.563^1 or F0 = E(—} for — > 0.563-^ where 

Dt 

in which E is the modulus of elasticity, v is the Poisson's Ratio, t is the pipe wall thickness, 

and L is the distance between points of supports 

cref = maximum factored combined effective stress 
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3.4 Design of Process Piping 
Besides the limit states codes, the ASME B31.3 Process Piping Code is based on working stress 

design and consists of equations to determine the stress levels in a piping system and compares them 

with allowable stress limits, which are generally determined by multiplying the yield strength of the 

pipe material with predefined safety factors. The code equations are based on the maximum 

principal stress failure theory and maximum shear stress failure theory (Tresca). Since the 

fundamental approach of the code is limiting stresses in the pipe wall within the elastic range of the 

deformation, no distinction is made between pipes that are capable of developing their fully plastic 

capacity and those that fail prior to the attainment of the plastic capacity. 

3.5 Design of Tubular Members in Offshore Structures 
3.5.1 API Code 

The American petroleum institute API RP 2A-LRFD-93 code is a recommended practice for 

construction of offshore platforms. The recommendations given for the design of cylindrical 

members are valid for cylinders with t > 6 mm, D/t < 300, and materials with yield strength less 

than 414 MPa. 

Pipe Sections under Pure Axial Force 

According to Clause D.2.1, cylindrical members under axial tensile loads are required to satisfy the 

requirement. 

f,*+fy (3-10) 

in which Fy is the nominal yield strength,./? is the axial tensile stress due to factored loads, and </>t is 

the resistance factor for axial tensile strength (=0.95). According to Clause D2.2 of the 

recommended practice, members under axial compression are required to satisfy Eq. 3.11. 

where 
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Fcn - nominal axial compressive strength given either by: 

[LO-0.251 2 ]^ when X<4l or 

—Fy when X>4l 
X 

in which X =— 
F

y 

where 

X = column slenderness parameter, 

E = modulus of elasticity, 

K = effective length factor, 

L = un-braced length, and 

r = radius of gyration 

fc = axial compressive stress due to factored loads, and 

0C = resistance factor for axial compressive strength (=0.85) 

The recommendation does not provide an equation to categorize local buckling and allows the use of 

thin sections, which would buckle locally before the attainment of the yield strength. However, in 

the calculation of compressive strength Fc„, in order to account for interaction between local 

buckling and column buckling modes of failure, the standard introduces a modification on Fy. It 

stipulates the substitution of smaller of nominal elastic buckling strength, Fw or inelastic local 

buckling strength, i v for Fy. Stresses Fxe and Fxc can be calculated by Eqs. 3.12 and 3.13, 

respectively. 

(3.12) 

for D/t<60 (3.13a) 

(3.13b) 

" xe 2C4is) 
Fxc=Fy 

Fxc = 1.64-0.23^—1 Fy for D/t > 60 

where 
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Cx = critical elastic buckling coefficient (The theoretical value is 0.6 but a reduced value of 0.3 

is recommended) 

Pipe Sections under Pure Bending 

The practice recommends the application of Eq. 3.14 in the design of cylindrical members against 

pure bending. 

fb±faFbn (3 1 4> 

where 

ft, - M/S bending stress due to factored loads (M £Mp; when M>My, fo is the equivalent 

bending stress), 

S = elastic section modulus, 

M = applied bending moment, 

Mp = plastic moment, 

My = elastic yield moment, 

fa = resistance moment for bending strength (=0.95), and 

Fbn - nominal bending strength in stress unit (MPa), which can be calculated as 

(Z/S) Fy for D/t <: 10340/Fy, 

[l.B-2.58(FyD/Et)~](Z/S)Fy for 10340/Fy < D/t <20680/Fy , 

[0.94-0.76(FyD/Et)](Z/S)Fy for 20680/F, < D/t £300. 

In the above definitions, Z is the plastic section modulus 

Pipe Sections under Axial Force and Bending 

In the design of fabricated cylindrical members under axial tensile force and bending, the API 

Practice for Planning and Design of Fixed Offshore Platforms (1993) recommends satisfying Eq. 

3.10 and the following interaction equation (Eq. 3.15) at all cross-sections along the length of the 

member. 
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1-cos 

where 

+ J 
(4)2+(/fe)2 

<t>bFbn 

-|0.5 

<1 (3.15) 

fby = bending stress about member y-axis (in plane) due to factored loads 

fbz = bending stress about member z-axis (out-of-plane) due to factored loads 

When the cylindrical members are under axial compression and bending Eq. 3.11 along with Eqs. 

3.16a and b must be satisfied for all sections of the member along its length. 

Jc • + -

^cFon 4bFlm 

fc < &** 

^mvJk my J by 

1 - fc 
<bF 
Tc ey 

t-mzJb mzJ bz 

1 Jc 

V 0cFeJ 

0.5 

*1 (3.16a) 

(3.16b) 

where 

Fey, F, ey, *• ex 

Ay, K 

: reduction factors corresponding to the member jy-axis and z-axis, respectively. They 

are calculated depending on the bracing conditions as a function of ratio of the 

smaller end moment to the larger end moment (Mi/M2) of the section or fc/0cFe, 

•• Euler buckling strengths corresponding to the member y and z axis, respectively 

given by Fey = Fy/Ay
2 and Fez = F2/Az

2, and 

: column slenderness parameters for the member y and z axes, respectively, 

calculated by k = KL 

Ttr E 

i0.5 

by taking the properties (K, L, and r) of the member 

in the direction considered 
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3.6 Design of Circular Hollow Structural Members 
In this section, the approach of North American codes (The Canadian Steel Standards, CAN/CSA-

S16-01 and LRFD Specification for Structural Steel Buildings, 1999) in the design of circular HSS 

members under combined loads is presented. 

3.6.1 The Canadian Steel Standards, CAN/CSA-S16-01 

Pipe sections under pure axial forces 

The Canadian Steel Standards (CAN/CSA-S16-01) categorizes circular hollow structural steel 

sections into four classes according to their diameter to thickness ratios. These four classes are 

defined as follows: 

(a) Class 1 sections (plastic design sections) will attain the plastic capacity and subsequent 

significant redistribution of the load; 

(b) Class 2 sections (compact sections) will attain the plastic capacity but need not to allow for 

subsequent significant redistribution of the load considered; 

(c) Class 3 sections (non-compact sections) will attain the yield capacity but not the plastic 

capacity; and 

(d) Class 4 sections will generally undergo local buckling prior attaining yield capacity (Should 

be designed according to North American Specification for the Design of Cold-Formed Steel 

Structural Members, CAN/CSA S136-01). 

According to the standard, a pipe section under pure axial compression can be considered to meet 

Class 3 requirements when D/t < 23000/Fy, which ensures that local buckling will not occur prior 

attaining the member axial compression capacity as determined by Section 13.3 of the code 

CAN/CSA S16-01, which takes into consideration the interaction between cross-sectional yielding, 

global buckling, and residual stresses of the member. 

Pipe sections under pure bending 

According to CAN/CSA-S 16-01, for a circular hollow section under pure flexure, when the 

condition D/t <IS,000/Fy is satisfied (Class 2 requirement), the member can be designed 

according to its plastic moment capacity (Mp = FyZ in whichMp is the plastic moment capacity, Fy 
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is the yield strength, and Z is the plastic section modulus). Members satisfying Class 3 requirements 

(D/t<,66,000/Fy) should be designed according to their elastic moment capacity (My =FySin 

which My is the elastic moment capacity and S is the elastic section modulus). 

Pipe sections under axial force and bending 

In the design of wide flange sections, square or rectangular HSS sections or channels, which have 

webs subjected to compressive axial force and bending (beam columns), CAN/CSA-S16-01 uses 

different classification equations than pure bending and pure axial force cases. The web of a section 

is classified as Class 1 if h/w <^{l\Q0/JF^l-0.39 (Cf/Cy)} in which h is the height of the web, 

w is the thickness, C/is the axial load on the beam-column, and Cy is the axial compression capacity. 

It is considered as Class 2 if the web satisfies the condition 

(ll00/A /^;)(l-0.39(C / /C^))</2/>v^(l700/> /^;)(l-0.6l(C / /Cy)). Class 3 sections should 

satisfy the condition ( l 700 /^ ; ) ( l -0 .6 l (C / /C ) ; ) )< / ? /w<( l900 /^ ) ( l -0 .65 (C / /Cy) ) . A set 

of design equations is provided, which approximates the convex plastic interaction relations for 

sections under axial force and bending by two straight lines depending on their classification. 

However, there are no classification rule given for circular hollow sections under combined bending 

and axial compression. 

3.6.2 LRFD Specification for Structural Steel Buildings (1999) 

Pipe sections under pure axial forces 

LRFD Specification for Structural Steel Buildings (1999) classifies steel sections as follows: 

(a) Compact sections, which will attain their plastic capacity under the load considered (Class 1 

and 2 in CAN/CSA-S16-01) and 

(b) Non-compact sections, which will attain their yield capacity under the load considered 

(Class 3 in CAN/CSA-S 16-01), and 

(c) Slender sections, which will buckle locally before the attainment of the yield capacity (Class 

4inCAN/CSA-S16-01). 
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For a circular hollow section under pure axial force, a section is categorized as minimum non-

compact if D/t<0.llE/Fy where E is the modulus of elasticity of the pipe steel. The axial 

compressive capacity of these circular hollow steel columns can be calculated by an equation, which 

takes into account the interaction between cross-sectional yield strength and global flexural buckling 

of the member. 

Pipe sections under pure bending 

For a circular hollow section to qualify as compact under flexure, the requirement D/t < 0.07 E/Fy 

must be satisfied. The section would be non-compact if 0.07 EjFy < D/t < 031E/Fy while a section 

with D/t>0.31E/F is considered as slender. In LRFD (1999), no distinction is made between 

Class 1 and 2 sections as both are classified as "compact" sections. For compact circular sections, 

the flexural capacity, M„, is taken equal to Mp, where Mp = FyZ and for non-compact circular 

sectionsMn is calculated by {[0.021£/(D/*)] + Fy}S . 

Pipe sections under axial force and bending 

In LRFD (1999), as in Canadian Steel Standards CAN/CSA S16 (2001), classification equations are 

provided for W sections, channels, and square or rectangular HSS sections depending on the 

slenderaess of their webs. However, no classification rule is given for circular HSS sections under 

the combined action of bending and axial compression. A bilinear design interaction equation 

(different from that of CAN/CSA S16-01) is provided in the LRFD (1999). 

3.6.3 The Canadian standard on design of cold-formed steel members (CAN/CSA 
S136-01) 

Pipe sections under pure axial forces 

CAN/CSA SI36-01 requires Cr = <l>aAeFp to be satisfied for tubular sections under axial 

compression, which satisfy the condition; D/t<0A4lE/Fy in which </>a is the resistance factor 

(=0.9), Ae is the effective cross sectional area of a member in compression, and Fp is the compressive 

limit stress under compression (F/=0.833F<,). In this equation when E is set equal to 200,000MPa, it 

will take the form D/t < 88,000/i^ , a condition that is easily met for pipe sections used in the oil 

and gas industry. An exception takes place when Fy is very high. 
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For these sections, 

whcnFp<Fy/2, Ae=A, 

when Fp > Fy/2 and D/t < 0.113E/Fy , Ae=A, 

and when Fp > Fy/2 and 0.113E/Fy < D/t £ O.U\E/Fy ,Ae=A0+ [(Fy/(2Fp))(A - A0) 

In these equations A is the unreduced cross-sectional area and Fe = n1 E/{KL/r) . 

Pipe sections under pure bending 

According to CAN/CSA S136-01, pipe sections under bending with D/t not exceeding 0.441E/Fy are 

required to satisfy Mr = </)ScFc in which ^ is the resistance factor (=0.9), Sc is the compressive 

section modulus based on moment of inertia of effective cross-sectional area divided by distance 

from centroidal axis to the extreme compression fiber. The buckling stress Fc is calculated based on 

D/t ratios. 

Fc = 1.25Fy for D/t < 0.07E/Fy (3.17a) 

Fc = [0.965 + 0.02(E/Fy)/(D/t)\Fy for 0.07E/Fy <D/t£0.319E/Fy (3-17b) 

Fc = 0.32SE/(D/t) for 0.319E/Fy < D/t £ 0M1E/Fy (3.17c) 

Pipe sections under axial force and bending 

Two interaction relations are provided by the code. These are to be satisfied by all member types 

including cylindrical tubular sections. In the interaction relations, the moment and axial compression 

capacities are calculated as detailed in the previous section on bending moments. 

No design rule is given for circular hollow sections under more complex load combinations 

including twisting moments and shear. The present codes, do not provide the conditions under which 

pipe sections can develop their plastic capacity when subjected to complex load combinations 

including torsion, shear, and internal pressure. This issue is addressed in part in the present study. 
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Chapter 4 
Experimental Setup 

The first part of this chapter (Section 4.1) presents a review of experimental setups developed in 

major experimental studies on steel pipes subjected to combined loads. The second part (Section 4.2) 

presents the details of the test setup designed and constructed as part of the current experimental 

investigation. 

4.1 Experimental Setups in Previous Studies 

The test setups used in previous studies includes those of the Berkeley Test Series (Section 4.1.1), 

the University of Wisconsin Test Series (Section 4.1.2), the University of Toronto Test Series 

(Section 4.1.3), the University of Alberta Test Series (Section 4.1.4), the University of Ottawa Test 

Series (Section 4.1.5), and C-Fer Test Series (Section 4.1.6). These are detailed in the following 

sections. 

4.1.1 Berkeley Test Series 

A typical test setup for the Berkeley Test Series (Bouwkamp and Stephen, 1973) is shown in Fig. 

4.1. The experiments were a four-point bending test with the addition of the internal pressure (p) and 

axial force (̂ 4). The 3,353 mm long test section was fabricated by full-penetration welding of two 

1,677 mm long, 1,220 mm OD grade X60 pipes with a Specified Minimum Yield Strength (SMYS) 

of 414 MPa and a nominal wall thickness of 11.7 mm. (D/t = 104). In order to reduce the possibility 

of premature buckling in the end sections, these parts are fabricated from grade X65 pipe (SMYS = 

448 MPa) with a nominal wall thickness of 14.3 mm. The tests are conducted under constant internal 

pressure, constant axial force, and step-wise increasing lateral deformation which induced pure 

bending moments along the test section. 
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Bid section 
X65, D/t= 85 

'Actuators 

Fig. 4.1 Test Setup of Bouwkamp and Stephen 

4.1.2 University of Wisconsin Test Series 

Since one of the parameters investigated in the Wisconsin Test Series (Sherman 1976) was the effect 

of end conditions on pipe behavior, three different test setups with different support conditions were 

adopted. These setups include a four-point bending setup with simply supported ends (Fig. 4.2a), a 

four-point load bending with fixed ends (Fig. 4.2b), and cantilevers with end load (Fig. 4.2c). 

(a) Four-Point Bending Tests with Simple Supports 

J _ _ l . L 
(b) Four-Point Bending Tests with Fixed Supports 

Fig. 4.2 Test Setup 

(c) Cantilever Tests 

49 



4.1.3 University of Toronto Test Series 

The Toronto Test Series (Prion and Birkemoe 1987) setups used can be seen in Fig. 4.3. Six 10 m 

long specimens were tested as four-point bending tests with the addition of a horizontally applied 

axial load A (Fig. 4.3a). The remaining specimens tested were loaded eccentrically (Fig. 4.3b) or 

concentrically (Fig. 4.3c) depending on the load combination sought. 

(a) 

Concentric ED centric 
Axial Force Axial Force 

(b) (c) 

Fig. 4.3 Test Setup (Toronto Test Series) 
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4.1.4 University of Alberta Test Series 

The University of Alberta tests (Mohareb et al 1994, Yoosef-Ghodsi 1995, and Dorey et al. 1999) 

are conducted as eccentrically loaded beam columns (Fig. 4.4). Specimens are welded between two 

loading arms through end plates and concentrically located under the head of the universal testing 

machine, which applies axial loading to the specimen. A hydraulic jack was placed eccentrically 

between the loading arms in order to apply bending moments and axial load on the specimen, 

independent of the axial load exerted by the universal testing machine. Internal pressure was applied 

to the specimen by filling it with pressurized water using a pneumatically operated pump. 

8 
CO 

Compression Head 

Knife Edges 

•Collar 

-Specimen 

.End Plate 

e 

Loading 
Arm 

Load Cell 

-Jack 

Fig. 4.4 Test Setup of the University of Alberta (from Mohareb et al. 1994) 
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4.1.5 The C-FER Test Series 
The C-Fer Test Series (Zimmerman et al. 1995 and 2004) were conducted under two different 

setups. Initially, pipes were tested in a four-point bending test setup (Zimmerman et al. 1995) 

conceptually resembling the one used in Berkeley Test Series. Later on, the setup was changed to a 

setup resembling the one used in the University of Alberta test series with a pipe specimen located 

under the head of a universal testing machine which applies a concentric axial forces while bending 

to the specimen was applied by an eccentrically located actuator (Zimmerman et al. 2004). 

4.1.6 University of Ottawa Test Series 

The test setup developed (Ozkan and Mohareb 2003) in order to apply combinations of torsion, 

shear, and bending to pipe specimens is illustrated in Fig. 4.5. The pipe specimen was welded to a 

thick base plate, which was connected to the thick concrete floor by means of anchor rods. The 

loading arm welded on the specimen consisted of a built up section, which had three sets of four 

holes along its length in order to provide three possible attachment locations for the hydraulic jack to 

vary the eccentricity, b, accordingly. An MTS hydraulic actuator was used to provide a horizontal 

force at an eccentricity, b, from the centerline of the specimen. The actuator was pin connected at 

one end to the loading arm and to a stiff loading frame at the other end. The height of the specimen 

was varied in order to change the moment arm a. 

Three Positions of 

A \ / ^ 
Shear Keys-^ 

(a) Side view (b) Elevation 

Fig. 4.5 Test Setup (from Ozkan and Mohareb 2003) 
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4.2 Setup Developed in the Present Study 
The objective of the present study is to test pipes under more general load combinations including 

axial tension, internal pressure, bending, and torsion to document the pipe local buckling behavior 

and capacity. In the first series of tests, pipes under internal pressure, axial tension, and bending are 

tested. In the second series of tests, pipes under internal pressure, axial tension, torsion, and bending 

are tested. Thus, the test setup developed as part of this study had to be versatile and flexible enough 

to accommodate these (and other) load combinations. In order to achieve this goal, a new test setup 

is designed and constructed at the University of Ottawa, Structural Engineering Laboratory. 

4.2.1 Main Concepts 

The setup is capable of providing complex load combinations to pipe specimens by using multiple 

MTS actuators. A three dimensional loading arm was designed and constructed as part of the 

experimental program. The loading arm can be connected to series of horizontal and vertical 

actuators to achieve the desired load combinations. The potential locations for these actuators are 

shown by dashed lines in Fig. 4.6. When the horizontal Actuators A, B and C are connected to the 

loading arm, they are supported by bearing frames (Bl, B2, and B3) in their other ends. Base plates 

and anchor rods are also provided in order to connect the specimen and the vertical Actuators 1, 2, 

and 3 to the 914mm thick strong concrete floor. A water pump is used to apply the desired internal 

pressure. 
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Fig. 4.6 Test Setup and Possible Actuator Positions 

4.2.2 Detailed Description 

The three-dimensional loading frame is made of four rigidly welded box section arms. Each arm is 

constructed by welding four 600 mm wide by 25 mm thick steel plates to form a built-up square 

hollow section. The loading arms are internally stiffened by several transverse plates in order to 

prevent possible cross-sectional distortions under twisting moments (Refer to Appendix A for the 

Detailed drawings for the test setup). 

In a plan view, the three horizontal arms AB, AC, and AD are arranged in a T shape configuration. 

Each of the dimensions AB, AC, and AD of the loading arms are 1,828 mm in length. Each arm can 

be connected to a horizontal and a vertical actuator, as needed. The fourth arm AE is oriented 

vertically and its bottom end is welded to a 635 mm x 635 mm x 50 mm steel plate (Plate 1 in Fig. 

4.6), which is to be welded to the top end of the pipe specimen. The function of the vertical arm AE 

is to shorten the length, EF of the specimen required for the test, since the dimension AF is dictated 

by the height of the vertical actuators (1,2, and 3). 
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The horizontal arms AB and AC of the loading frame are symmetric with respect to the specimen. 

By connecting both arms to vertical actuators 1 and 3, and by controlling both actuators to apply 

equal forces, a pure concentric axial force (compression or tension) can be applied to the specimen. 

Also, by connecting the two horizontal actuators (A and B) to both arms and controlling their forces 

to be equal in magnitude and opposite in direction, pure torsion can be applied. The horizontal arm 

AD can be connected to a third vertical actuator (2), which can be programmed to apply a force 

eccentric to the specimen in a displacement controlled mode in order to simulate imposed bending 

deformations to the specimen. For complex loading combinations such as the ones related to the 

present study, control modules (Ozkan 2007) are developed relating all actuator forces and strokes as 

desired to control actuators to satisfy any set of user defined constraints. 

The top end of the vertical actuators is connected to the loading frame while their bottom end is 

connected to custom-made spacers concentrically welded to base plates (2, 3, and 4 in Fig. 4.6). The 

base plates (1219 mm x 1219 mm x 76 mm) are connected to a 915 mm thick strong concrete floor 

by means of four 75 mm diameter anchor rods. 

Each horizontal actuator is connected to the loading frame at one end and to a 3,627 mm high 

bearing frame at the other end (Figs. 4.6 and 4.7). Intermediate spacers of various geometries are 

also provided to maximize the use of the available actuator stroke as needed (Fig. 4.7). Each reaction 

frame is connected to the strong concrete floor through four 75mm diameter anchor rods. 
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Fig. 4.7 A View from the Test Setup (Bearing Frame + Fittings + Actuator + Loading Arm + 
Specimen) 

At the beginning of a test, the pipe specimen is welded concentrically to plate 5 (635 mm x 635 mm 

x 50 mm in dimension), which is concentrically welded on plate 6 (1,219 mm x 1,219 mm x 76 

mm). The loading arm is inverted so that plane ABCD lies on the floor while plate 1 is oriented 

upwards. The pipe specimen-plate 6 arrangement is rotated so that the top end of the specimen 

becomes oriented downwards. The pipe end is then welded to plate 5. The whole plate 6-pipe-

loading arm arrangement is then lifted by an overhead crane and rotated though a system of chains 

and pulleys so that plane ABCD becomes on top again (Fig. 4.8). 
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Fig. 4.8 Loading Arm and Welded Specimen are rotated during the Test Setup 

Four anchor rods are inserted into plate 6 in order to connect it to the concrete floor. All actuators 

and necessary spacers are then connected to the loading frame through high-strength bolts. 

The internal pressure is applied by filling the inside the specimen with water through an inlet hole 

located in plate 5. Another bleeding hole in the top plate (Plate 1) allows the dissipation of air as the 

inside of the pipe is filled with water. The water is then pressurized by an electrically operated water 
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pump until the target pressure value is reached. End forces take place on the bottom of the top plate 

leading to a net axial tensile force (A,) in the pipe wall of (nD?/4jxp in which A is the inside 

diameter of the pipe and p is the applied internal pressure. Throughout the test, the volume within 

the pipe changes as a result of pipe deformations. The internal pressure changes accordingly. Thus, 

when a pressure change is detected by the pressure gages, it is restored to its target value either by 

pumping additional water using an electric pump or by releasing water through the bleeding hole in 

Plate 1. 

At the end of each test, all actuators are disconnected and the loading arm is inverted so that plane 

ABCD rests on the floor while plate 6 is positioned on top. The specimen is flame cut at both ends. 

The top plate and the bottom plates (plates 1 and 5) are ground smooth. The procedure is then 

repeated for the next specimen. 

By using the actuators in locations (1), (2), and (3), axial load and bending moment combinations 

can be applied. Also, by using the actuators in locations (A), (B), and (C) bending moment, twisting 

moment, and shear force combinations can be applied to pipe specimens. 

4.2.3 Description of Main Components 

In this section, a brief description of different components of the test setup is presented. These 

components include the actuators, loading arm, bearing frames, fittings, and water pump. 

4.2.3.1 Actuators 

The actuators available at the U of O structural engineering laboratory are MTS jacks, with a 

maximum stroke of 508 mm. Three actuators (Type 243.70t) have a capacity of 1,459 kN in 

compression and 961kN in tension. The fourth actuator (Type 243.60t) has a capacity of 1013 kN in 

compression and 648 kN in tension. Both ends of actuators are pin connected to swivel ends. Thus, 

all actuator ends can be considered to be pin-connected about both axes. The swivels are connected 

to the setup fittings (spacers, loading arms, etc.) by means of four 38 mm diameter bolts. A 

representative picture of the actuators is presented in Fig. 4.9. 
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S#rvovalv* 

Fig. 4.9 Actuators available at the University of Ottawa Structural Engineering Laboratory 

Also, Table 4.1 presents the dimensions of both actuator types available. 

Table 4.1 Actuator Dimensions 

Type 
243.60t 

243.70t 

Stroke 
500 

500 

Cylinder w/ 
Swivel Base 

*(A) 
1803 

1943 

Load Cell & 
Mounting 

Hardware Length 
**(C) 
489 

457 

Swivel Head 
Length 
**(D) 
457 

546 

* Dimensions are lengths with the actuator positioned at mid-stroke 
**Dimensions include spiral washers or other mounting hardware for attachment of the load cell 
and swivel head assembly 

4.2.3.2 Loading Arm 

Loading arm is a member of the experiments through which complex load combinations are applied 

to the pipe specimen (Fig. 4.10). A T-shape from plan view and L-shape from elevation (Fig. 4.10a 

and Fig. 4.10b, respectively) is selected for the loading arm in order to be able to attach the actuators 

in different orientations. 

During the deformation of the specimen, it is required that the loading arm remains in the elastic 

range of deformation in order to a) control its deformations throughout the tests and b) to make the 

loading arm reusable in future tests. Thus, the structural design of the loading arm is undertaken by 

ensuring this condition is met under the maximum attainable loads of the actuators. 
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The dimensions of the loading arm were selected to match the foot-print of the actuators, the 

maximum loads that can be applied on the loading arm, and the spacing of the anchoring mesh 

available on the thick concrete lab floor. Detailed drawings of the loading arm can be found in 

Appendix A while a schematic view is presented in Fig. 4.10. 

cut 

00mm diameter 
hole5to access 
bolts connecting to 
actuator fittings 

(a) Plan View 

A holes to match 
the footing of the 
actuators 

(b) Side View C-C 

i f — — 

(c) Back View A-A (d) Front View B-B 

Fig. 4.10 Schematic Loading Arm 

4.2.3.3 Bearing Frames 

Two ,4-shaped bearing frames were designed and constructed in order to bear the horizontal 

actuators which were used to apply twisting moments and bending to the pipe specimens (Frames Bl 

and B2 in Fig. 4.6). The maximum height of the bearing frames were selected to accommodate a 

1500mm length pipe specimen welded under the loading arm. The bearing frames were made of a 

vertical W840x299 section on which actuators are connected by high strength bolts and one diagonal 
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and one horizontal square HSS sections as illustrated in Fig. 4.11. Detailed drawings for the bearing 

frames are provided in Appendix A. 

HSS 203 x 203x13 

Center line 
of the Actuators 

Anchor Rods 

Fig. 4.11 Bearing Frame (Side View) 
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An existingA-Frame available at the structural engineering lab (Frame B3 in Fig. 4.6) can be used as 

an additional bearing frame when Actuator C is to be connected. Since the height of this bearing 

frame is less than that of Frames Bl and B2, the centerline of the arm AD of the loading arm in Fig. 

4.6 was placed below that of arm BC in order to position actuators horizontally between arm AD and 

Bearing Frame B3 (Fig. 4.10b). 

4.2.3 J End Fittings 

Spacers, base plates, anchor rods, and a bracing system between the bearing frames are used as part 

of the test setup. Spacers were used to connect the actuators to the bearing frames (Fig. 4.7) and the 

base plates, through which the pipe specimen and the actuators are connected to thick concrete floor 

(Fig. 4.12). Also, in Fig. 6.2 of Chapter 6, the bracings system between bearing frames Bl and B2 is 

illustrated. The detailed drawings of these items are provided in Appendix A. 

(a) (b) 

Fig. 4.12 Actuator Swivel, Spacer, Base Plate, and Anchor Rod Arrangement 
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4.2.3.5 Water Pump 

A 15 horsepower electric water pump is used for the application of internal pressure. A picture of the 

pump with its base saddle can be seen in Fig. 4.13a. The pump is connected to the inlet hole on Plate 

5 in Fig. 4.6 through high-pressure hoses and fittings (Fig. 4.13b). During the tests, the pump was 

operated through an electric toggle switch. 

.-%V4 

' * *7-ir*>%&* 

*•** 

^ ' * ' f ~™t^» t B ^ ^ ^ ^ ^ 

(a) Water Pump 

(b) Connection to Plate 5 in Fig. 4.6 

Fig. 4.13 Electric Water Pump and Connections 
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4.2.4 Advantages and Limitations of the Test Setup 
The setup described has the advantage of handling complex load combinations including axial forces 

both compressive or tensile, bending, torsion, shear, and internal pressure. Under the current test 

configuration, pipe specimens up to 24 in diameters can be tested. 

The height of the specimen is dictated to some extent by the dimensions of the vertical actuators 

(specimen height ranges typically from 1500 mm to 1800 mm). For 20 in OD diameter pipes, this 

corresponds to a specimen length-to-diameter (L/D) ratio of about three. For tests related to local 

buckling behavior, this ratio has been used by other researchers and is not restrictive. 

For loading combinations applying a tensile axial force to the specimen, Actuators 1, 2, and 3 (pin-

connected at both ends) will be subjected to high compressive forces. When the pipe specimen is 

sufficiently stiff, it will tend to preserve the stability of the loading frame, as the lines of action of 

the three actuators would remain vertical. Conversely, when the pipe softens (through a combination 

of local buckling and yielding) it is conceivable, under the destabilizing effect of the horizontal 

components of the forces in the actuators, that the loading arm undergoes in-plane rotation and 

lateral displacements as depicted in the schematic plan view in Fig. 4.14. Thus, the stability of the 

loading frame can be a limiting factor in the load magnitudes to be applied to the specimen. 
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Destabilizing 
Force component 
of Actuator (1) 

Fbint of application 
of force (deforme 

angle of rotation 

Fbint of application 
of force (undeformed) 

Displacement of 
pipe in ydirection 

isp la cement of 
pipe in xdirection 

Fig. 4.14 Possible Destabilizing Effects on Loading Frame (Plan View) 

While an inherent buckling mechanism is conceivable, it did not take place in the tests conducted 

within this study. 
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Chapter 5 
Testing and Analysis of Pressurized Pipes under Tension and 

Bending 
In this chapter, the first series of full-scale tests is described. Six tests are conducted on pipe 

specimens under combinations of internal pressure, axial tension, and monotonically increasing 

curvatures. The details of the experimental program are presented in Section 5.1. The critical strains 

and the moment capacity of the specimens are experimentally determined. A nonlinear shell finite 

element model is also developed using the FEA simulator ABAQUS in order to predict the moment 

capacity and the local buckling behavior (Section 5.2). The definitions provided and expressions 

presented in Section 5.3 are necessary to interpret the results and comparisons presented in Section 

5.4. The chapter conclusions are presented in Section 5.5. These include the moment vs. curvature 

relations (Section 5.4.1), critical strain values measured from the tests, their comparison with similar 

tests from previous studies, and design recommendations (Section 5.4.2), local buckling behavior of 

the specimens (Section 5.5.3), and a comparison between the peak moments (Section 5.5.4). 

5.1 Testing of Steel Pipes 

This section presents the details on selection of the pipe specimens (Sub-section 5.1.1), selection of 

load combinations applied (Sub-section 5.1.2), the specifics of the experimental setup (Sub-section 

5.1.3), the load sequence and control (Sub-section 5.1.4), the data acquisition instrumentation (Sub­

section 5.1.5), and determination of material properties (Sub-section 5.1.6). 

5.1.1 Selection of Pipes 
The size of the pipes selected is representative of those typically used in the oil/gas industry. Most 

oil and gas pipelines in current practice have a D/t ranging between 30 and 100 (Kim and Velasco, 

1988). A common pipe size used in the pipeline industry in Alberta which lies within the above 

limits, is 508mm OD with a thickness of 6.35mm and a corresponding D/t ratio of 80, made of X65 

grade steel (SMYS=448MPa). The measured average wall thickness for the specimens tested is 

6.26mm and the measured OD is 508mm, corresponding to D/MJ 1.2. 
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The local buckling behavior of a pipe segment is generally independent of the specimen length. 

Therefore, specimens with a length Ly=l,740mm were selected. This length corresponds to about 3.5 

pipe diameters. 

5.1.2 Load Combinations 

Six specimens were tested under combinations of internal pressure, axial tension, and bending. 

Internal pressure corresponding to hoop stress of 0%, 40%, and 80% of the SMYS were selected. 

Also, axial tensile forces corresponding to 0%, 20%, and 40% of the longitudinal yield capacity (Ay) 

are targeted. The loading combinations selected are presented in Table 5.1. 

Each specimen is assigned a designation of the form Pxx-Ayy-Mzz in Column 1, in which the 

descriptors P, A, and M denote the ratios of internal pressure pr, axial tension Ar, and modified 

plastic moment ratio Mr =MpmjMp, respectively. The descriptor xx is the target pressure as a 

percentage ratio to the pressure value that would cause the hoop stresses to attain SMYS in the 

absence of other internal forces. The xx descriptor takes the values 00, 40, and 80, respectively 

corresponding to the cases of no internal pressure, internal pressure causing a hoop stress of 40% of 

SMYS, and 80% of SMYS. Also, the yy descriptor takes the values 00, 20 and 40, denoting the 

cases of zero axial tension, an axial tensile force of 20% of the yield tensile force (based on SMYS), 

and 40% of the yield tensile force, respectively. Finally, the zz descriptor denotes the moment 

capacity as predicted based on the plastic interaction equation (Eq. 1.6) as a percentage ratio the 

plastic moment capacity of the pipe section in the absence of other internal forces. For example, 

specimen P40-A40-M89 is initially pressurized until a hoop stress in the pipe wall of 40% SMYS. 

The target tension force for the specimen is 40% of the pipe axial yield capacity. Under these applied 

forces, the modified moment capacity Mpm of the specimen as predicted by the interaction relation 

(Eq. 1.6) is 89% of its plastic moment capacity Mp calculated in the absence of other internal forces. 

Hence, the final descriptor zz takes the value 89. It is noted that all three descriptors xx, yy, and zz, 

are based on the nominal diameter, nominal thickness, and SMYS as opposed to their measured 

values. 
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Table 5.1 Test Load Ratios (all ratios are provided as percentages) 
Target Load Ratios based on Load Ratios applied in the test based on 

SMYS=448MPa J^=541MPa 
Test Identifier 

(1) 
P00A0M100 
P00A20M95 
P40A00M89 
P40A20M94 
P40A40M89 
P80A40M72 

Pr 
(2) 

0.00 
0.00 
0.40 
0.40 
0.40 
0.80 

Ar 

(3) 
0.00 
0.20 
0.00 
0.20 
0.40 
0.40 

M* 
(4) 
1.00 
0.95 
0.89 
0.94 
0.89 
0.72 

A* 
(5) 

0.00 
0.00 
0.34 
0.34 
0.34 
0.67 

Ar* 
(6) 

-0.01 
0.16 
-0.01 
0.16 
0.33 
0.33 

Vr* 
(7) 

0.00 
0.01 
0.00 
0.02 
0.06 
0.07 

M? 
(8) 
1.00 
0.97 
0.92 
0.96 
0.92 
0.81 

*Load applied during the experiments 
# Calculated by interaction relations based on nominal properties 
& Calculated by interaction relations based on measured properties in the absence of shear 

5.1.3 Experimental Setup 

The experimental program was carried out at the Structural Engineering Laboratory of the 

University of Ottawa. The general test setup illustrated in Fig. 4.6 is employed by using only the 

vertical actuators (Actuators 1, 2, and 3) for the application of axial tension and bending. The 

modified version of the test setup is illustrated in Fig. 5.1. The detailed sketches of the test setup are 

presented in Fig. 5.2 in which the actuators are represented by solid lines. 
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Loading Frame 

Rate 1 

Rate 5 

Rate 

Rpe 
Specimen 

Rate 3 

AnchorFbds 

Rate 4 

Rjmp 
Fig. 5.1 Test Setup (Internal pressure + Axial Tension + Bending) 
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5.1.4 Load Sequence and Control 

Figure 5.3 schematically shows the loading sequence to be achieved during the test. First, water is 

pumped into the pipe and pressurized to the target pressure value using an electric pump. As the 

pressure is increased, its effects on the closed top and bottom end plates induce an axial tensile force 

At at time ti as shown in Fig. 5.3b. In general, the magnitude of this axial force is different from the 

target axial force A, (as specified in the identifier yy of the specimen in Table 5.1). The target value 

is attained by controlling the magnitude of the forces in Actuators 1 and 3 in Fig. 5.1, to satisfy the 

relation Fl+Fi+Ai= At at time t2. Throughout the ramping process {time > tx), the forces applied 

by Actuators 1 and 3 are maintained equal, i.e., Fl = F3. 

Internal 
Ressure (p) 

Axial Force 
(A) A 

A 

Curvature 

time 

ime 

ime 

Fig. 5.3. Loading Scheme; (a) internal pressure, (b) axial force, and (c) curvature 
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Lastly, monotonically increasing imposed bending deformations are subsequently applied to the 

specimen by ramping (decreasing) the stroke of Actuator 2 in the range time > t2. This change in 

stroke will induce a change in the axial force applied to the pipe specimen. In order to maintain the 

net axial force A equal to the target tensile force A, throughout the test, a control program, 

developed under Labview VII, is used to iteratively satisfy the condition A = Fx + F3 + Ai + F2 = A^ 

or AFj + AF3 + AF2 = 0. Further details related to the control program can be found in Ozkan (2007). 

5.1.5 Instrumentation 

The instrumentation for the experiments is shown in Fig. 5.4 in which the centerlines of the actuators 

are depicted as solid lines. Clinometers (electronic rotation measurement sensors), Linear Variable 

Differential Transformers (LVDTs), pressure gages, load cells, and temposonics are used in order to 

measure the rotations, deflections, water pressure, actuator forces, and actuator strokes, respectively. 

Assuming ideal test conditions and no pipe imperfections, the top end of the specimen is expected to 

undergo three types of deformations: (a) an axial displacement along the z-axis (measured by 

LVDTs 3, 4, and 5), (b) a horizontal displacement along the x-axis (measured by LVDTs 1 and 2 

(hidden), and (c) a rotation in the vertical plane about y-axis. The rotation of the vertical Actuators), 

2, and 3 were measured by three Clinometers CL1 (hidden), CL2, and CL3, respectively in order to 

capture second order effects of the actuators as they undergo rotations throughout the test. The 

angles of rotation of the pipe at different heights were measured by four Clinometers CL4, CL5, 

CL6, and CL7, which were mounted on the pipe wall at approximately 65mm, 580mm, 1,160mm, 

and 1,675mm from the bottom end plate of the pipe for specimens P00-A00-M100 and P00-A20-

M95 (Clinometer CL3 is located at 0mm from bottom for this specimen) and 65mm, 573mm, 

1,167mm, and 1,675 mm from the bottom end plate for the rest of the specimens. The angles of 

rotation can be subsequently processed to determine the curvature of the pipe based on various gage 

lengths as needed. 
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As a result of slight imperfections in the test setup or specimen, the top of the pipe may undergo a 

displacement along the y-axis and a rotation with respect to the z-axis, which can be measured by 

LVDTs 1 and 2. The measurement of LVDTs 4 and 5 also provide an indication of the rotation of 

the loading arm about the x-axis. 

The loads applied by the actuators are measured by load cells, which were internally mounted within 

each actuator. Stroke readings of the actuators were also measured by temposonics embedded in the 

actuators. The pressure of the water inside the specimen was measured by pressure gages, PG1 and 

PG2, which were mounted to the holes available on the top and the bottom plates welded to the pipe. 

Strain gauges were mounted on different locations on the specimens. These locations are shown in 

Fig. 5.5. They were attached to the extreme compressive and tensile fibers of the specimens. Two 

different strain gage arrangements were used for un-pressurized and pressurized tests. Strain gages 

were located uniformly over the length of the pipe for un-pressurized specimens (Fig. 5.5a). On the 

other hand, for pressurized specimens, as it was observed in previous research that the local buckle 

generally tends to occur close to one of the ends of the pipe (Mohareb 1994). Thus, the strain gauges 

were concentrated within a height of one diameter of the pipe from the ends of the specimen (Fig. 

5.5b). Also, at the pipe mid-height, around the specimen circumference, strain gauges were located 

at 45 degree intervals along the pipe circumference in order to detect any eccentricity of the applied 

axial load with respect to the pipe centerline. 

Besides the strain gages, Brillouin fiber optic sensors were applied along the extreme compression 

and tension fibers of the specimens in order to have a better understanding of the strain distribution 

at these locations. The details regarding to the application of Brillouin fiber optic sensors and 

measurements collected by these sensors can be found in Zhang et al. (2007). 
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Compression Side 

Banding Axl 

Compression 3de 

Tension Sde 

Srain Gages^ 

• • 4-

Tension 9de 

0.57D 

0.57D 

0.57D 

0.57D 

Specimen 
Banding Axl 

Strain Gage 

Tension Sde 

• 

i ' • • • < 

• 

• 

/"' 

D 

D 

Compression 3d Tension Sde Compression Sde 

(a) Strain Gage arrangement for Specimens (b) Strain Gage arrangement for Pressurized 
P00-A00-M100 and P00-A20-M95 Specimens 

Fig. 5.5 Strain Gage Arrangements on the Specimens 

5.1.6 Material Properties 

The engineering stress vs. engineering strain relationship of the pipe material was determined by 

testing 14 longitudinal tension coupons with dimensions according to ASTM-E8 (2001) 

specifications. The locations of these specimens around Pipe Cross-Section are shown in Fig. 5.6a. 

13 Tension Coupon 
6 Specimen 

Identification 

1 2 T — 1 
Seam Weld Location 

Location of the 
nsion Coupon 

Specimens 

(a) Tension Coupon Locations around Pipe Cross-Section 

Fig. 5.6. Tension Coupon Tests 

(b) Curved Grips used 
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Since the specimens were cut from the curved pipe surface, they had a slight curvature. Curved grips 

(Fig. 5.6b) with an OD identical to those of the pipes were used in order to ensure that the line of 

action of the tensile force for the machine coincided with the center of area of the coupon cross-

section. 

Stress vs. strain values representative of those measured are tabulated in Table 5.2. These were used 

in the finite element model. The extension-under-load method corresponding to a specified total 

strain of 0.005 was used to determine the yield strength of the pipe material ( according to ASTM E 

8M-01), which was found as 541MPa. This value is 21% higher than the specified value (448MPa). 

The ultimate strength (Fu) was found as 587MPa. The modulus of elasticity (E) of the pipe was 

209,000 MPa with a proportional limit of 415MPa. The Poisson's ratio was measured as 0.26 and 

the measured rupture strain was 0.31 corresponding to a rupture stress of 387MPa. 

Table 5.2 Stress vs. Strain Readings 
Engineering 
Stress (MPa) 

(1) 
415 
459 
501 
541 
541 
570 
584 
587 
583 
568 
496 
472 
387 

Engineering 
Strain 

(2) 
0.00198 
0.00224 
0.00250 
0.00377 
0.00604 
0.04004 
0.06004 
0.08708 
0.13461 
0.17829 
0.22648 
0.23409 
0.30804 

True Stress 
(MPa) 

(3) 
415 
460 
502 
543 
544 
593 
619 
638 
661 
669 
608 
582 
506 

Logarithic 
Strain 

(4) 
0.00198 
0.00224 
0.00249 
0.00377 
0.00602 
0.03926 
0.05831 
0.08350 
0.12629 
0.16406 
0.20415 
0.21033 
0.26853 

Appendix B includes the data obtained from 14 tension coupon tests conducted. 
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5.2 Numerical Analysis 
In this section, a finite element study for the tests is conducted for the prediction of the pipe 

deformational behavior and capacity. Section 5.2.1 introduces the finite element program 

(ABAQUS) employed in this study. In Section 5.2.2, a general description on the shell element 

selected for the modeling of the pipe is presented. The material model idealization employed under 

ABAQUS is described in Section 5.2.3. Section 5.2.4 presents the finite element mesh selected for 

the model while Section 5.2.5 provides the modeling details of the boundary conditions. In Section 

5.2.6, the application sequence of the loads is presented. 

5.2.1 Finite Element Program 

The FEA simulator ABAQUS, was selected since it includes features that are important in predicting 

the pipe deformational behavior as it includes a) an elastoplastic, isotropic hardening constitutive 

material model suitable for the modeling of the pipe material, b) capabilities of accounting for 

geometric non-linear effects, c) the shell element S4R, which is reliable for the large displacements, 

large rotation, and finite membrane strain analysis, d) various capabilities of accurately modeling 

complex boundary conditions, e) a feature for modeling of the internal pressure as a follower force, 

and f) load control and displacement control capabilities as well as post-processing capabilities to 

view deformed configurations, contour lines for different variables and ability to plot selected 

variables. 

In previous studies (Mohareb 1994, Yoosef-Ghodsi 1995, Souza 1996, Mohareb et al. 2001), it was 

shown that by using ABAQUS, the moment vs. curvature behavior were accurately predicted for the 

pipes with various D/t ratios subjected to combinations of axial compressive force, bending moment, 

and internal pressure. 

5.2.2 Shell Element Features 

In order to model the required conditions for pipe local buckling, the shell element type S4R was 

used from ABAQUS Shell Element Library. Element S4R is a four-node shell element. Each node 

has five degrees of freedom. These are three orthogonal translations and the change in the direction 

cosines of a unit vector normal to shell surface. Two of the three direction cosines are independent 

quantities and the third one is obtained from the condition that the normal vector is equal to unity. 
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Each of the independent degrees of freedom is linearly interpolated. Externally, the user has access to 

three translational and three rotational degrees of freedom per node. The S4R element uses a mixed plate 

bending formulation. In this formulation, neither the pure Kirchoff nor the pure Mindlin theory is used. 

A transverse shear strain field is assumed, which is similar to that of the Bathe-Dvorkin plate element 

(1985). The transverse shear strain is defined as the change in the projection of a vector initially normal 

to the reference surface onto the tangent to the reference surface of the shell (Hibbit et al. 2006). 

5.2.3 Material Model Idealization 

Although Workman (1988) recognized that the pipe material properties are slightly different in the 

longitudinal and circumferential directions, it is assumed in the model that the pipe material is isotropic 

and follows the properties in longitudinal direction. A piecewise linear isotropic hardening stress-strain 

model is used. The stress vs. engineering strain data points are input to ABAQUS as true stresses <r,, 

and logarithmic strains s. These are related to the engineering strain se and the engineering stress ae 

through the formulas at =cre{\ + ee) and ln(l + £e) respectively (Hibbit et al. 2006). The stress vs. 

strain values measured from coupon tests modified as logarithmic strain and true stress (Table 5.2) were 

input to the FEA model. 

5.2.4 Finite Element Mesh 

The finite element model generated for the prediction of test results can be seen in Fig. 5.7. The model 

consists of two main parts: (1) the pipe specimen, which is modeled by S4R shell elements (32 elements 

in the circumferential direction x 35 elements along the height of the pipe. Further mesh refinements for 

Specimen P40A40M89 to 4480 elements (64 x 70) were observed not to cause any change in the 

predicted moments, the deformed configurations in the pre-peak range of deformation, and the general 

buckling configuration, on the other hand, the finer mesh resulted in a slightly more negative slope in 

the post peak range of curvature), (2) the top plate, modeled by S3R shell elements (a degenerated 3-

node form of the S4R element), which is modeled as rigid body by the Rigid Body option of ABAQUS. 

Within this option, a group of nodes and elements can be defined as rigid body whose motion is 

governed by the motion of a single node (rigid body reference node). In this application, the center node 

of the numerical model of the top plate is selected as the reference node. The nodes and elements of the 

top plate move as a rigid body throughout the simulation. 
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Loading Node 

Pipe modeled by 
Flexible S4R shell 
elements 

Fig. 5.7 Finite Element Model 

5.2.5 Boundary Conditions 

The kinematics of the test require that each end of the pipe specimen remains perfectly circular after 

deformation since the specimen ends are welded to thick end plates with nearly infinite in-plane and 

out of plane rigidities. The bottom end of the pipe specimen is welded on a thick base plate, which is 

firmly connected to the floor. In order to model this condition, all six degrees of freedom of the 

bottom nodes of the pipe model were restrained. Also, all points of the top end should remain in a 

single plane, which is allowed to undergo rigid body displacements and rotations under the imposed 

loads. In order to accomplish that, the nodes at the top plate are coupled to those of the rigid plate. 

The in-plane rigidity of the top plate ensures that the top of the specimen remains circular. 

5.2.6 Sequence of Load Application in Analysis 

The load magnitude time history input in the numerical analysis is prepared by calculating the 

horizontal component (Ha) and vertical component (Va) of the resultant force acting on the top plate 

of the pipe specimen at its center due to actuator forces, axial tension due to internal pressure, and 

self-weight of the loading arm corresponding to each rotation reading of Clinometer CL7 (Fig. 5.4). 

Also, the internal pressure time history consistent with the tests is prepared for each specimen. These 

load amplitudes are then applied to the Loading Node (Fig. 5.7) of the numerical model along with 

the internal pressure, which is applied to the pipe wall as a follower pressure load. 

Top plate 
modeled by 
S3R elements 
as rigid body 
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5.3 Key Definitions and Expressions 
In this section, various definitions and expressions used in the comparison of experimental and 

numerical results are presented. These include an expression for moments accounting for second 

order effects (Section 5.3.1), an expression for shearing and axial forces (Section 5.3.2), global 

curvature definition (Section 5.4.3), local curvature definition (Section 5.4.4), and critical strain 

definition (Section 5.4.5). 

5.3.1 Expression for Moments 

After the initiation of a local buckle in a specimen, the loading arm was observed to undergo gradual 

sway (Fig. 5.8). The free-body diagram of the test specimen in the deformed state is illustrated in 

Fig. 5.9 where the loading arm was considered to undergo rigid body displacement and rotation. 

(a) Beginning of the test (b) End of the test 

Fig. 5.8 Test setup (Specimen P40-A40-M89) 

The figure shows forces F2 and F3 (note that the force Fi, is hidden behind the specimen and its line 

of action is approximately parallel to that of Actuator 3). As the specimen deforms throughout the 

test, the lines of action of Actuators 1, 2, and 3 rotate through angles 61, 02, and <93, respectively 

(Fig. 5.9), which were measured by clinometers CL1, CL2, and CL3 in Fig. 5.4. 
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The reactions on the pipe at the location of the buckle consists of a bending moment (Mb), an axial 

tension force (Ab) as well as a second order shear force (Vb), which arises from the horizontal 

component of the actuator forces and end effect of the internal pressure undergoing rotations. 

.Centerline of Actuator 2 
in undeformed position 

B92mm 

Centerline of pipe, 
Actuator 1 and Actuator3 in 
undeformed position 

. Location of pipe centroid at the 
buckled cross section 

Fig. 5.9 Free-body Diagram of the Test in Deformed State of the Specimen 
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The reaction moment (Mb) at the location of the buckle including second order effects due to the 

rotation of the actuators and the specimen is calculated by 

Mb = -F^Hpy cos 0X + FyFl sin 6X + F2HF1 cos Q2 - F2VF2 sin 62 

-F3HF3cosd3 + FyF3vnd3-FpHFpcosdp + F/FpSindp + WHw W 

In Eq. 5.1, distances Hpi, Hp2, HF3, Hpp, and Hw are the respective horizontal distances from the 

centerline of the specimen at the buckling section mid-height to points of application of actuator 

forces Fj, F2, F3, the force that is applied on the top plate of the pipe due to internal pressure Fp, and 

the self-weight W o£ the loading arm. In the same equation, the distances VFI, VF2, VF3, and VFP are 

the vertical distance between points of application of forces Fj, F2, F3, and Fp, to the centerline of 

the specimen at the buckling section. Table 5.3 gives the definitions and expressions of the variables 

used in Eq. 5.1. 
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Table 5.3 Definitions and the Calculations of the Variables in Eg. 5.1 

Variable Definition Calculation 
Hpi Horizontal distance between point of 

application of actuator force Fj and the 
location of the buckle 

1,51 lsin(<9Ci7) + ST - Sb 

HF3 Horizontal distance between point of 
application of actuator force F3 and the 
location of the buckle 

l,511sin(^CL7) + ^ r - ^ 

HF2 Horizontal distance between point of 
application of actuator force F2 and the 
location of the buckle 

acos(a-0CL4) + ST-Sb 

The length of an imaginary straight line 
connecting points a and b 

tf = ^(1,511 +100-494)2 + l,8292 

VFi Vertical distance between the top hinge 
of the Actuators 1 and the location of 
the buckle 

l,511cos(6>Ci7) + L' 

VF2 Vertical distance between the top hinge 
of the Actuators 2 and the location of 
the buckle 

l,511cos(6>a7) + L' 

L' Distance between the top of the pipe and 
the location of the mid-height the buckle 

Measured in the end of Each 
experiment. 

a The angle the imaginary line ab makes 
with the horizontal in un-deformed 
position of the specimen 

a = taxf1 [(1,511 + 100-494)71,829] 

0, CLl Rotation of the top of the pipe measured 
by Clinometer CL7 

Rotation measurement taken by 
Clinometer CL7 in Fig. 5.4 

6„ Rotation of the end effect of the internal 
pressure at the top of the pipe 

QP
 K QCLI 

Lateral deflection of the top of the pipe Measured by LVDTs 1 and 2 (Fig 

53 
The lateral deflection of the location of 
the buckle 

Taken as zero when the buckling 
location is in the bottom of the pipe 

and taken as Sb-St-t tan 6CL1 

when the local buckle is close to the 
top of the pipe specimen 

Equation 5.1 predicted a nearly uniform moment along the height of the pipe specimens with a local 

buckle occurring at specimen mid-height. This is the case for Specimen P00-A00-M100 for which 

the peak moment at the top of the specimen was 783kNm while the moment at the bottom was 

778kNm. Also, for Specimen P00A20M95, the top moment was 771kNm while the bottom moment 

was 787kNm. For these two specimens, the average of bottom and top moment values was used to 

estimate the moment at the location of the buckle, which occurred around specimen mid-height. 

83 



Since the location of the buckle was either at the bottom or top of the rest of the specimens, the 

determination of the moments at the location of the buckle was simpler. When calculating the 

internal forces (Mb, Vb, and Ab) at the location of the buckle for specimens that buckled close to their 

bottom ends, it was assumed that the lateral deflection of the pipe centerline of the location of the 

buckle was approximately equal to zero. For the specimen with a local buckle close to its top end 

(P40-A00-M89), a linear deflected shape is assumed between the location of Clinometer CL7 and 

the location of the buckle with a slope equal to the rotation measured by Clinometer CL7 and the 

lateral deflection of the location of the buckle is calculated accordingly 

5.3.2 Expressions for Shearing and Axial Forces 

The shear (Vb) (Fig. 5.9) at the location of the buckle can be calculated as 

Vb=Ahzosdmb+Avsin6mb (5.2) 

Also the axial force (Ab) (Fig. 5.9) is calculated as 

4 = - 4 sm fl^ + ^ c o s ^ (5.3) 

In Eqs. 5.2 and 5.3 the definitions Ah = F2 sin 62 - F3 sin <93 - F1 sin Ox - Fp sin Op and 

Av - -F2cos02 + F3cos93 + Fxcos&x + Fpcos9p-W were adopted. Angle 9mb is the rotation at the 

mid-height buckle. 

In the sixth and seventh columns of Table 5.1, the shear and axial force ratios for each specimen as 

calculated by Eqs., 5.2, and 5.3 based on measured material yield strength (Fy) and measured cross-

sectional properties (D, t) are tabulated. (The comparison of the moment capacity predicted by the 

interaction relation (Eqs. 1.1 and 1.2) in the presence of shear (V) coincide with that based on 

neglecting the shear force (Eq. 1.6) within a maximum difference of 0.02% for the Specimen P80-

A40-M72, which had the largest shear force). 
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Besides moment, axial force, and shear, there also exist out of plane bending moment (A/fa) and 

torsion at the location of the buckle. For all of the tests, Mbx was negligible when compared to the 

magnitude of Mb. For the tests P00-A20-M95 and P40-A40-M89, when the specimens reached their 

maximum bending capacity, torsion values of 9kNm and 18kNm were observed, respectively, 

corresponding to 1% and 2% of the plastic torsion capacity of the pipes calculated in the absence of 

other forces. This amount of torsion was judged negligible. 

5.3.3 Global Curvature 

The global curvature 0g is the average curvature measured along the distance Lt.b between the two 

clinometers placed at the top and bottom of the pipe in the un-deformed configuration of the pipe 

specimen as illustrated in Fig. 5.10 and is obtained by 

K = ^ (5.4) 

Ui 

CL7 

CL4 

(a) Un-deformed Specimen (b) Deformed Specimen 

Fig. 5.10 Global Curvature 

in which, 6t is the rotation of the top of the pipe specimen as measured by the Clinometer CL7 (Fig. 

5.4), 6h is the rotation of the bottom of the pipe specimen as measured by the Clinometer CL4 (Fig. 
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5.4), and Lt_b = 1,610mm for all of the specimens except P00-A20-M95 for which the clinometers 

were spaced by a distance Lt_h = 1,615mm . 

Post-buckling curvatures determined by Eq. 5.4 are dependent upon the gage length Lt.b. Thus, they 

are not a reliable indicator of local buckling deformations. A better indicator is the local curvature 

values as discussed in the following section. 

5.3.4 Local Curvature 

Local curvature ($) is the average curvature based on a specified gage length Ltb_bb. The 

conventional gage length taken by the pipeline industry is as one diameter Ltb_bb = D, which 

intercepts the local buckle (Fig. 5.11). Thus, in each of the tests, a gauge length of one diameter is 

targeted, whenever possible. The actual gauge lengths taken for each specimen are presented in 

Column 2 of Table 5.4. 

Lfo-bb 

cui 
9 

• ^ 

ottom 

(a) Un-deformed Specimen (b) Deformed Specimen 

Fig. 5.11 Local Curvature 
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The average local curvature ($) is expressed as 

&tb ~ &bb 

Ltb-bb 
(5.5) 

where #r4 is the rotation measured by the Clinometer CLtop located at the top of the gage length Ltb-

bb, 9bb is the rotation measured by Clinometer CLbottom located at the bottom of the gage length Ltb-bb, 

and Ltb-bb is the distance between these two clinometers. 

In pressurized tests, Ltb-bb was taken as 1.0D. For Specimen P00-A00-M00, the buckle occurred 

between two clinometers spaced at 1.14D while for Specimen P00-A20-M95, the buckle took place 

at the location of one of the clinometers. Thus, a longer gauge length of 2.29D was adopted in order 

to properly intercept the buckle. 

5.3.5 Critical Strains 

In this study, the critical strain scr is defined as the average strain on the compression side of the 

specimen corresponding to a local curvature value (critical curvature, $CT) associated with the 

maximum moment, Mmax (Fig. 5.12) as determined from moment Mb (as defined in section 5.3.1) vs. 

local curvature $ (as defined in section 5.3.3) diagram. 

0C = (sJDys, 0 = (eJD)-£t 

Fig. 5.12 Definition of Critical Curvature 
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In the literature review conducted, it was also found that critical curvature tf>cr could be obtained 

from Local Curvature $ vs. Global Curvature <frg relations. As previously mentioned, since after the 

initiation of buckling, local curvatures deviates from global curvatures, the Local Curvature ^ vs. 

Global Curvature 0g have distinct behaviors in pre-buckling and post-buckling regions. The point 

where the slope changes in Local Curvature $ vs. Global Curvature 0g relations could be 

considered as a point of initiation of buckling and the local curvature value corresponding to this 

point can be regarded as the critical curvature (Dorey et al. 2000). Appendix C illustrates the plots 

for Local Curvature 0, vs. Global Curvature 0g relations for each of the tests conducted. 

Two methods are used in extracting the critical strain values. Both methods were found to agree 

reasonably well. 

5.3.5.1 Clinometer/Strain Gage Readings 

The method documented in Zimmerman et al. (2004) was used to obtain average compressive strains 

(scr.). In the experiments of Zimmerman et al. (2004), the tensile strains (£,) were measured using 

strain gauges. In contrast to longitudinal strains on the compression side, those on the tension side 

are expected to be uniform. Thus, the tensile strains measured by strain gauges tend to be reliable. 

The local curvature ($) intercepting the local buckle is calculated by Eq. 5.5. Knowing the local 

curvature, the critical strain [scr.a) is calculated from 

£cra=£<-0,D (5.6) 

Equation 5.6 is based on the "plane sections remain plane" assumption at both ends of the gage 

length Ltb-bb=D, which is approximately valid away from the local buckle. 
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5.3.5.2 Demec Gage Readings 

Average compressive strains for pressurized specimens were also determined through Demec gauges 

intercepting the buckle on the extreme compression fiber of the specimen (Fig. 5.13). 

L, 

(a) Un-deformed Pipe (b) Deformed Pipe 

Fig. 5.13 Demec Gages 

The average compressive strain values based on Demec gages were calculated by Eq. 5.7 

p — —i i. (5.7) 

in which Lj is the distance between the Demec points in the un-deformed configuration (taken as 

LX=D) and L2 is the distance between the same Demec points after local deformation. 

5.4 Results 

This section presents the results as obtained from the tests and FEA. These include: Comparisons 

between moment vs. local curvature diagrams (Section 5.4.1), critical strains (Section 5.4.2), 

buckling patterns and location (Section 5.4.3), and moment capacity (Section 5.5.4). 
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5.4.1 Moment vs. Local Curvatures 
The effects of axial tension on the Moment-Local curvature results are illustrated in Fig. 5.14. On 

the same figure, the FEA predictions of the moment-Local curvature results are overlaid for a) 

comparison with experimental results and b) to augment the experimental database where no tests 

were conducted. 

Figure 5.14a illustrates the behavior of non-pressurized specimens (Specimens P00-A00-M100 and 

P00-A20-M95) while Figure 5.14b relates to specimens with 40% internal pressure (Specimens P40-

A00-M89, P40-A20-M94, and P40-A40-M89), and in Fig. 5.14c, the moment curvature of Specimen 

P80-A40-M72 is provided. 

As a general observation, the presence of axial tensile force increased the ability of the specimens to 

deform into the plastic range of the deformation prior buckling. It is also observed that the increase 

in the axial tensile force increases the post peak stiffness (characterized by the mild negative slope of 

the moment vs. curvature relationship) of the pipe. 

The FEA model was able to predict the magnitude of the peak moments with reasonable accuracy. 

Also, the Moment vs. Curvature behavior of the experiments was reasonably well predicted. (An 

increase in axial tensile force was found to increase (a) the ability of the specimens to deform into 

the plastic range of the deformation prior buckling and (b) the stiffness of the pipes in the post-

buckling range of the deformation for the specimens). However, the post-peak moment curvature 

response was found somewhat different. Similar observations were made in the single specimen 

subjected to tension in Zimmerman et al. (1995). 

Figures 5.14(d) through 5.14(f) provide the bending moments normalized with respect to the 

modified plastic moments for all tests. A peak normalized bending moment with a ratio of unity 

indicates that the experimental moment (or an FEA moment) is equal to the modified plastic moment 

predicted by the interaction relations (Eq. 1.1 and 1.2) in the presence of tensile force and internal 

pressure. A peak ratio less than unity indicates that the FEA or the pipe in the test was unable to 

attain the modified plastic moment while a peak ratio more than a unity indicates that the pipe was 

able to exceed the modified plastic moment. 
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All specimens were able to preserve their integrity until the end of the test except for Specimen P40-

A40-M89, which was deformed significantly and eventually ruptured on the tension side after a 

curvature of 1.92 xl0~4 1/mm was attained. The location on the rupture on this specimen is 

presented in Fig. 5.15. 

(a) Tension Side (b) Bending Axis 

Fig. 5.15 Rupture Location of the Specimen P40-A40-M89 

5.4.2 Critical Strain Values 

The critical strain values as obtained based on Clinometer/Strain gages, Demec gauges, and as 

predicted by the code equation (Can/CSA Z662 2003) are shown in Table 5.4. Comparisons with 

FEA predicted strains are also presented. 

Table 5.4 Critical Strains 
Based on Demec Gage 

Based on Clinometers Readings 
Test/ 

Gage Test/ Test/ 
Test ID Length Test FEA Code' Code Test FEA FEA 

P00-A00-M100 1.14D 0.48% 0.68% 0.70 0.37% 1.30 
P00-A20-M95 2.29D 0.53% 1.09% 0.49 - . . . 
P40-AOO-M89 1.00D 0.63% 0.96% 0.66 0.61% 1.03 0.54% 1.17% 0.46 
P40-A20-M94 1.00D 0.86% 0.98% 0.88 - - 0.67% 1.22% 0.55 
P40-A40-M89 1.00D 0.93% 0.91% 1.02 - - >0.53% 1.19% 
P80-A40-M72 1.00D 1.52% 3.03% 0.50 - - 1.52% 3.05% 0.50 
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Critical Strain Values Calculated According to CAN/CSA-Z662-03 

The critical strain values based on the Demec gauges were found to be slightly less than those based 

on the clinometers, with an average ratio of 0.88 between both methods. 

5.4.2.1 Comparison with Code Predictions 

In the absence of tension, Clause 6.3.3.3 of Oil and Gas Pipeline Systems Code CAN/CSA-Z662-03 

provides limiting compressive strains ec
cr" through the equation 

ef =0.5—-0.0025 + 3, OOof^-1 (5.8) 
D \2tE) 

in which E is Young's modulus. Equation 5.6, based on the work of Gresnigt (1986), was applied 

for Specimens P00-A00-M100 and P40-A00-M89, which have zero axial force. For Specimen P00-

A00-M100, the critical strains based on CAN/CSA Z66 (2003) were 0.37%. This compares to a test 

value of 0.48%, which is 30% larger. For Specimen P40-A00-M89, the critical strain based on the 

standard is 0.61% and the measured critical strain is 0.63%, which is 3% larger than the code value. 

5.4.2.2 Comparison with Other Experimental Results 

In order to assess the validity of the test results reported, comparisons with critical strain 

measurements in other studies are presented in this section. Only those tests with reasonably close 

D/t,p/py, Fy/E, and A/Ay ratios to the ones tested in this program are selected for the comparison. 

Specimen P00-A00-M100 

Tables 5.5 presents experimentally determined critical strain as obtained from different tests in the 

literature along with the specimen properties (material properties F/E, internal pressure ratios p/py, 

D/t ratios, axial tension ratios A/Ay, an indication of whether the pipe section tested includes a girth-

weld or not, and percentage imperfections reported). These include a specimen in Sorenson et al. 

(1970), a specimen in Bouwkamp and Stephen (1974), and a specimen in Zimmerman et al. (2004). 

The data for Specimen P00-A00-M100 is also provided at the bottom of the table for comparison. 

Even though the specimens have slightly different F/E values, imposed material imperfections, and 

internal pressure for the first three tests, the critical compressive strain values for all four specimens 
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were reasonably close. As expected, the critical compressive strain value for Specimen P00-A00-

M100 tested in this series is within the range of those reported by Sorenson et al. (1970), Bouwkamp 

and Stephen (1974), and Zimmerman et al. (2004). 

Table 5.5 Comparison of Critical Strain of the Specimen P00-A00-M100 with other Experimental 
Results 

Reference 
Sorenson et al. 

(1970) 
Bouwkamp and 
Stephen (1974) 

Zimmerman et al. 
(2004) 

P00-A00-M100 

D/t 
80.9 

82.1 

82.0 

81.2 

p/Pv 
0.00 

0.08 

0.00 

0.00 

F/E 
0.21% 

0.25% 

0.24% 

0.26% 

A/Av 

0.00 

0.00 

0.00 

0.00 

Girth 
Weld/Plain 

Plain 

Plain 

Spirally 
welded 
Plain 

% 

Imperfections 
11 

11 

-

-

^crit 

0.42 

0.48 

0.52 

^ = 0 . 4 8 

Specimen P80-A40-M72 

The closest test to Specimen P80-A40-M72 is the one specimen from Zimmerman et al. (1995) test 

series. Table 5.6 provides the material properties loading conditions, and the critical strain of this 

specimen along with those of Specimen P80-A40-M72 of the present study. 

Table 5.6 Comparison of Critical Strain of the Specimen P80-A40-M72 with other Experimental 
Results 

Reference 
Zimmerman et al. 

(1995) 
PS0-A40-M72 

D/t 
87 

81.2 

P/Pv 
0.80 

0.80 

F/E 
* 0.22% 

0.26% 

A/A, 
0.40 

0.40 

Girth 
Weld/Plain 
Girth-weld 

Plain 

/o 
Imperfections 
Less than 0.5% 
of the diameter 

P 

0.72 

^ - 1 . 5 2 

Both tests have reasonably close D/t, p/py, F/E, and A/Ay, ratios. The major difference is related to 

the presence of a girth-weld in Zimmerman et al. (1995) while for P80-A40-M72 the pipe tested was 

plain. 

For 12" and 20" OD pipes with D/t=5\ and 64, respectively, Yoosef-Ghodsi et al. (1995) observed 

that the critical strain for girth-welded pipes were about 60% of those for plain pipes. A ratio of 
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critical strain between the specimen of Zimmerman at al. (1995) and Specimen P80-A40-M72 tested 

in this program is found to be 47%. A likely reason for this small ratio (compared to 60% value 

reported in Yoosef- Ghodsi et al., 1995) is the fact that the specimen of Zimmerman et al. (1995) had 

a higher D/t ratio. 

5.4.2.3 Critical Strains based on Current Study 

The critical compressive strain vs. axial tension for the six specimens tested is presented in Fig. 5.16. 

Since code equations provide critical strain values for the case of only zero axial force, three critical 

strain values as predicted by the code for internal pressure levels of p=0.0py, p=0Apy, and p=Q&py 

are overlaid on the figure. With only one experimental critical strain value available for the case 

p=0.8py, a linear critical strain vs. axial tension relationship is generated by using the code prediction 

for 80% internal pressure and 0.0% axial force and experimental measurement for 80% internal 

pressure and 40% axial force ratio. For/>=0.0, a constant critical strain vs. axial force relationship is 

adopted for axial force values higher than 20% axial force ratio, which assumes the critical strain 

value of Specimen P00-A20-M95 since there is no experimental data available in this range. 

1.60 T — — r — : — i — — — i — — - — i — r ~\ 1 — 1 1 

0 . 2 0 • • • 

0.00-1 1 1 1 1 1 1 1 1 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 

Axial Tension Ratio 

Fig. 5.16 Critical Strain vs. Axial Tension Ratio (Experimental) 

As a general observation, the experimental results consistently demonstrate an increase in critical 

strain values by increasing axial tension. When Specimens P00-A00-M100 and P00-A20-M95 are 
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compared, a 20% increase in axial tension, increased the critical strain capacity by 10%. The same 

amount of increase in axial tension, increased the critical strain capacity of Specimen P40-A00-M89 

by 36.5%. When the specimens P40-A00-M89 and P40-A40-M89 are compared, 40% increase in 

axial tension, increased the critical strain capacity by 48%. 

5.4.2.4 Critical Strains based on FEA 

The critical strains as predicted by FEA were tabulated in Table 5.4. Also, Fig. 5.17 provides a plot 

of critical strains versus axial tension ratio based on FEA predictions overlaid on those from the 

tests. 
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Fig. 5.17 Comparison of Critical Strain vs. Axial Tension Ratio based on FEA and Experiments 

As a general observation, FEA results over-predicted critical strains. On the average, the FEA 

predicted critical strain-to-test measured critical strain ratio was found to be 1.41. Also, a 

comparison of Figs. 5.16 and 5.17 suggests that the FEA model yields unreliable results when 

predicting critical strains. 
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A possible reason for the discrepancy is the presence of the residual stresses within the specimens, 

which are not modeled in FEA model. 

5.4.2.5 Design Recommendations 
Based on the rather limited experimental data provided in this study, the proposed limits for critical 

strains are: 

For p = 0.0 

fcr= 0.254+ 0.48 0 ^ 4 <0.2 5.7a 

ecr = 0.53 Ar * 0.2 5.7b 

For p = 0Apy 

£^=1.154+0.63 0<4<0 .2 5.7c 

scr= 0.354 + 0-79 0.2 £ 4 < 0.4 5.7d 

ecr=0.93 4*0 .4 5.7e 

For p = 0.8py 

ecr = 0.454+ 1.34 0<4<0 .4 5.7f 

£^=1.52 4^0 .4 5.7g 

In Eqs. 5.7a to 5.7g, all critical strains are provided as a percentage, Ar is the axial force ratio, which 

is positive (i.e., all equations are valid for tensile forces only). Also, linear interpolation is 

recommended for internal pressure values different from 0,0Apy, and 0.Spy. 

5.4.3 Buckling Patterns and Location 
Figure 5.18 shows the final buckled configurations of the specimens and their FEA simulations. The 

buckles for all specimens initiated at the extreme compressive fiber. As the curvature was increased, 

they spread in the circumferential direction symmetrically with respect to the plane of bending. The 

un-pressurized specimens exhibited a diamond shape local buckle within the middle third region of 
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the specimen on the compression side. While the buckle of specimen P00-A00-M100 was confined 

within a length of 0.5D, the buckle in specimen P00-A20-M95 was spread over a longer segment of 

the pipe of about 0.75D, suggesting that the presence of a tensile force tends to increase the length of 

localization of the pipe. Specimens with 40% internal pressure exhibited an outward bulge local 

buckle near their bottom ends, except for the Specimen P40-A00-M89, which buckled near its top 

end. All outward bulge buckles occurred within a length of 0.25D. For the fully pressurized 

Specimen P80-A40-M72, the deformation patterns observed near the peak moment consisted of 

three outward bulges with small amplitudes on the compression side. As the deformations 

progressed during the test, the bottom outward bulge was amplified while the amplitudes of the other 

two buckles dampened and eventually disappeared. The finite element model was able to predict the 

buckling modes accurately. However, the location of the predicted buckles for the specimens (P40-

A00-M89, P40-A20-M94, and P40-A40-M89) did not match the ones observed in the test. 
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Numerical experimentation with the FEA has shown that the location of the buckle is highly 

sensitive to material properties, which have shown little variability in the tension tests conducted 

(Fy = 541MPa ± 7.78MPa). By varying the material yield within this range, the buckles in the FEA 

model were successfully triggered at the locations observed in the test. Similar results were observed 

by slightly varying the thickness of the pipe. An example is demonstrated in Fig. 5.19. By decreasing 

the thickness of the elements to 6.13mm (98% of average measured thickness 6.26) at the location of 

the buckle in the test, the buckle was triggered at this location for Specimen P40-A00-M89. It is thus 

believed that the difference in the location of the buckle between the test and FEA could be 

attributed to possible variability of material properties and/or geometric imperfections (Measured 

specimen thickness values are tabulated in Table 5.7). 

(a) Test (b) FEA 

Fig. 5.19 Local Buckle Triggered at the Location observed during the Test for 
Specimen P40-A00-M89 by decreasing the Thickness of the Elements 

at the Buckling Location 

For specimen P80-A40-M72, five outward bulges were observed in FEA model compared to the 

three outward bulges observed in the test. As in the test, the bottom bulge amplified while the others 

disappeared when the global curvature was further increased. 
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Table 5.7 Measured Thickness Values 

Measured Thickness (mm) 
6.13 
6.23 
6.27 
6.35 
6.27 
6.35 
6.30 
6.21 
6.30 
6.27 
6.27 
6.30 
6.32 
6.30 
6.32 
6.21 
6.09 
6.20 
6.30 
6.23 
6.30 
6.26 
6.27 

6.27 
6.30 
6.25 
6.30 
6.25 
6.17 
6.27 
6.25 
6.23 
6.28 
6.26 
6.19 
6.26 
6.26 
6.23 
6.25 
6.29 
6.30 
6.31 
6.25 
6.21 
6.19 

Average 6.26 

Standard Deviation 0.052 

5.4.4 Moment Capacity 

Table 5.8 summarizes the analytical moment capacity predictions, the FEA moment capacity 

predictions, and experimentally measured moment capacity of the specimens. 

The experimental and FEA results were in good agreement with an average moment ratio of 0.96 

and a standard deviation of 3.2%. It is concluded that the FEA model is capable of predicting pipe 

moment capacity when the pipes are subject to the combinations of internal pressure, axial tension, 

and bending. 
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Table 5.8 Moment Capacity 
Test 

Identification 
(1) 

P00A00M100 
P00A20M95 
P40A0OM89 
P40A20M94 
P40A40M89 
P80A40M72 

Local Moment Capacity (kNm) 
Test FEA Analytical 
(2) 
780 
779 
687 
794 
788 
748 

(3) 
802 
791 
739 
802 
806 
820 

(4) 
853 
826 
784 
818 
784 
690 

Moment 
Test/FEA 

(5) 
0.97 
0.98 
0.93 
0.99 
0.98 
0.91 

Capacity Ratios 
Test/Analytical 

(6) 
0.91 
0.94 
0.88 
0.97 
1.01 
1.08 

A comparison between the analytical moment capacity with the predicted from the tests (Column 6 

of Table 5.8) shows that Specimens P40-A40-M89 and P80-A40-M72 show a test-to-analytical ratio 

higher than unity. For other tests, the ratio was less than unity. Thus only, Specimens P40-A40-M89 

and P80-A40-M72 were able to develop their modified plastic capacities due to the fact that the 

biaxial state of tension induced by internal pressure and axial tension in these specimens delayed the 

point of onset of local buckle. 

5.5 Conclusions 

In this chapter, the critical buckling strains and moment capacity of pipe sections with D/t=8l.2 and 

iy=541MPa under internal pressure and axial tension are experimentally and numerically 

determined. The principal conclusions of the work are provided in the following. 

5.5.1 Conclusions related to Critical Buckling Strains 

1. As a general observation, specimens under axial tension exhibited significant deformations 

in the plastic range of deformation reaching higher curvature values when compared to 

specimens with zero or lower levels of axial tension. The FEA was able to predict this 

behavior along with the buckling modes reasonably well. However, it over-predicted 

critical curvatures and strains when compared to the tests. 

2. Compressive strain limits were observed to increase significantly with axial tension for 

specimens tested under internal pressure, on the other hand, the increase was not as 
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significant for un-pressurized specimens. Design equations accounting for this beneficial 

effect were proposed. 

3. The local buckling configuration is dependant on load combination acting on the pipe. Un-

pressurized pipes exhibited a diamond shape mode buckle. The presence of internal 

pressure induced outward bulging buckles. The FEA provides very good predictions of the 

local buckling mode. Nevertheless, the predicted locations of the buckle were found to be 

very sensitive to the input stress-strain relationships and pipe cross-sectional properties. 

4. Un-pressurized specimens with higher axial tensile forces experienced a more distributed 

local buckle along their length, for instance, while the buckle for specimen POO-A0O-M10O 

was confined within a length of 0.5D, the buckle in specimen P00-A20-M95 was spread 

over a longer segment of the pipe of about 0.75D. 

5.5.2 Conclusions related to Moment Capacity 

5. The interaction equations in Mohareb (2002 and 2003) predicted a higher capacity than 

those recorded in the tests for four out of six specimens tested. Specimens P40-A40-M89 

and P80-A40-M72 were able to develop their plastic capacities. 

6. Based on the experimental program, it is judged that the ability of the pipes to develop their 

plastic capacity is dependant on the load combinations acting on the pipe. The stabilizing 

effect of internal pressure and axial tension is beneficial for pipes to develop their modified 

plastic moment capacity. 

7. The FEA provides very good predictions of the bending moment capacity and FEA model 

developed in the study can be used for the capacity prediction of pipes subject to 

combinations of internal pressure, axial tension/compression, and bending in the absence of 

experimental data. 
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Chapter 6 
Testing of Pressurized Pipes under Tension, Torsion, and 

Bending 

6.1 Scope 
In this chapter, two full-scale tests on pipes subject to combinations of internal pressure, axial 

tension, torsion, shear, and bending are presented. As mentioned in Chapter 3, although pipeline 

standards (CAN/CSA Z662 2003) recognize the ability of stocky pipe sections to develop their 

plastic capacity prior to local buckling in the design of elevated pipelines, they do not include 

general classification rules for these sections under complex load combinations including torsion. 

Previous experimental work (Chapter 2) has focused on testing pipes under internal pressure, axial 

force (mainly compression), and bending. The experiments presented in Chapter 5 extended the 

experimental database to pipes under tension. It is the objective of this chapter to further extend the 

existing experimental database by testing pipes under more complex loading involving axial tension, 

internal pressure, shear, torsion, and bending. An FEA model is also developed as part of the study. 

It is shown for both pipes tested that FEA is a reliable tool in predicting moment capacity for pipes 

under complex loads. The FEA model validated in this chapter and in Chapter 5 will be used in 

Chapter 7 in order to expand the database numerically and systematically assess the effect of various 

parameters on the ability of pipes to attain the modified plastic resistance. 

6.2 Design of Experiments 
A description of the specimens selected is presented in Section 6.2.1. The test setup specifics are 

presented in Section 6.2.2. Section 6.2.3 presents the loading protocol while Section 6.2.4 presents 

the instrumentation. 

6.2.1 Specimen Geometry and Material Properties 

Two pipe specimens with 508mm OD with a thickness of 6.35mm and a corresponding D/t ratio of 

80 and made of X65 grade steel (SMYS=448MPa) are tested. The pipes have the same nominal 

material and geometric properties as the first test series. However, the supplier of the specimens of 

this series of tests (LaBarge Pipe & Steel) is different from that of specimens described in Chapter 5. 
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Thus, another set of geometric measurements and material properties were taken. The measured 

average wall thickness (t) of the specimens was found to be 6.37mm and the measured diameter D is 

508mm, corresponding to D/t=19.1. The length Lp of the specimens was selected as 1,500mm, which 

corresponds to about 3.0 pipe diameters. 

6.2.2 Description of the Test Setup 

The general test setup in Fig. 5.1 was modified for the requirements of this test series. The figure for 

the modified test setup is schematically illustrated in Figs. 6.1 and a photo of the test setup is 

presented in Fig. 6.2. Among the six possible actuator locations, only horizontal Actuators A and B 

were used in order to apply the desired load combinations of torsion and bending to pipe specimens. 

Fig. 6.1 Test Setup for the Test Series 2 (Internal Pressure + Axial Tension + Torsion + Shear + 
Bending) 

Actuators A and B were connected to the loading arm through high strength bolts at one end and to 

the bearing frames (Bl and B2) at the other end. The bearing frames were anchored to the strong 

floor by means of anchor rods (Fig. 6.2). Also, a K-truss bracing system (not shown on Fig. 6.1 for 
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clarity but depicted in Fig. 6.2) made of a horizontal square HSS 152x152x13 and two diagonal 

angles L152xl52xl6 between the two bearing frames were provided to prevent potential lateral 

torsional buckling of the vertical members as the actuators are ramped against the loading arm (Fig. 

6.2). An electric water pump was used in order to provide the internal pressure and axial tension on 

the specimen. At the beginning of the test, the pipe was filled with water. The water was then 

pressurized to the desired level by means of an electric switch, which controls the water pump. 

Throughout the test, the pressure was monitored through two pressure gages located at the top and 

bottom plates (Plates 1 and 5 in Fig. 6.1). The water pressure acting on the top and bottom plates 

also provided an axial tensile force on the specimen. Torsion was then applied to the specimen by 

ramping the actuator forces by equal amounts in opposite directions. Subsequently, the stroke of 

both actuators was ramped in the same direction, thus inducing bending moments and an associated 

shearing force. 

Fig. 6.2 Test Setup 

106 



6.2.3 Loading Protocol 

Both specimens were tested under the same combination of internal pressure and axial tension while 

the torsion, shear, and bending combination was different. The load ratios applied to both specimens 

are presented in Table 6.1. 

Table 6.1 Test Load Ratios (all ratios are provided as percentages) 
Target Load Ratios based on Load ratios applied in the test based 

SMYS=448MPa on Fv=464MPa 
Test ID ~~Jr ~Ar Tr V? M* ~p? A, Tr' Vr M?~ 

(!) (?) O) (4) (5) (6) (7) (8) (9) (10) (11) 
Test-1 40 20 50 9 75 39 18 48 11 76 
Test-2 40 20 75 6 50 39 18 72 9 54 

*Load applied during the experiments 
^Predicted by interaction relations based on nominal properties (Eqs. 1.1 and 1.2) 
&Predicted by interaction relations based on measured properties (Eqs. 1.1 and 1.2) 

For both tests, an internal pressure corresponding to a hoop stress of 40% of the SMYS was applied. 

An associated axial tensile force corresponding to 20% of the longitudinal yield capacity (Ay) was 

applied through the action of the pressurized water on the end of the pipe. The twisting moment 

applied was different in both tests. For Test-1, 50% of the plastic torsion capacity of the pipes 

(calculated in the absence of other internal force components) was applied to the specimen. In Test-

2, this value was increased to 75%. After the application of torsion, lateral displacements were 

applied to the top of the specimen by the actuators leading to a constant shear and linear moment 

along the specimen height (the details are discussed in Section 6.3). When second order effects 

resulting from the deformation of specimen are ignored, shearing force Vb and bending moment Mb 

at the location of the buckle can be related through. 

Mb=Vbz (6.1) 

where z is the vertical distance between the point of application of the actuators and the mid-height 

of the local buckle on the pipe. For Test-1, distance z was 3,449mm and for Test-2 z=3,386mm. By 

substituting the applied load ratios for internal pressure (pr), axial tension (Ar), and torsion (Tr) given 

in Table 6.1, and expressing the moment ratio MbjMp in terms of shear from Eq. 6.1, one obtains 

Mb/Mp =VbzJMp . Further substitutions into interaction relations (Eqs. 1.1 and 1.2) yield to the 
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modified moment ratio M^/Mp. Based on this procedure, one obtains predicted shear ratios of 9% 

and 6% of the plastic shear capacity (Vp) and modified moment ratios MpmjMp of 75% and 50% for 

specimens 1 and 2, respectively. The shear ratios predicted are tabulated in Column 5 of Table 6.1 

while the bending ratios predicted were tabulated in Column 6. 

6.2.4 Instrumentation 
The instrumentation for the experiments is shown in Fig. 6.3. In the figure, the centerlines of both 

actuators are depicted as solid lines. 

Assuming ideal conditions, the top section of the specimen is expected to undergo four types of 

displacements. These are: (1) axial displacement along the z-axis, (2) angle of twist about the z-axis, 

(3) angle of rotation about the y-axis, and (4) horizontal displacement along the x-axis. Because of 

possible imperfections (such as any slight asymmetry of the test setup, eccentricity of the pipe, out-

of-straightness, etc.) and second order effects, there could be some minor displacements along the y-

axis and rotations about the x-axis, respectively, which increase the number of degrees of freedoms 

at the top section to six. 

As illustrated in Fig. 6.3, Clinometers CLA and CLB are mounted on Actuators A and B in order to 

measure their rotation about the y-axis (Fig. 6.3c) throughout the test. Clinometers CL1, CL2, CL3, 

and CL4 are mounted at 500mm intervals along of the specimen to obtain the rotations about the y-

axis (Fig. 6.3a). LVDTs A and B are located on the loading arm along the centerline of the actuators 

in order to measure the deflections along the x-axis (Fig. 6.3a). LVDTs 1 through 5 are located at the 

top of the specimen in the directions shown to measure the deflections at this level (Figs 6.3a and 

6.3b). Position transducers (PT101-1, 2, 3, and 4) are used to measure the horizontal deflection of 

the actuators from which the rotation of the actuators about the z-axis (vertical) can be calculated 

(Fig. 6.3c). 

The loads applied by the actuators are measured by load cells, which were internally mounted within 

each actuator. Stroke readings of the actuators were also measured by temposonics embedded in the 

actuators. The pressure of the water inside the specimen was measured by pressure gages PG1 and 

PG2 (Fig. 6.3b), which were mounted on holes located on the top and the bottom plates. 
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6.3 Load Sequence and Control 
Water is pumped into the inside of the pipe using an electric pump and pressurized until the hoop 

stress reaches 40% of the nominal yield stress i.e., pDt lit = 0AFy. The internal pressure acting on 

plates 1 and 5 induces a tensile force of 20% of the pipe axial tensile yield capacity. 

The loading scheme described in Fig. 6.4 was implemented through a control program developed 

under Labview VII. The program consists of two modules. Module 1 applies a pure twisting moment 

to the specimen through a user input target force magnitude for Actuators A and B, both forces being 

equal and apposite, while Module 2 preserves the previously attained twisting moment magnitude 

while increasing the displacement of Actuator A by a user specified amount. 

Internal 
Ressure (p) 

Axial Force 
(A) 

Torsion 
(7) 

Displacem 

time 

ime 

ime 

ime 

Fig. 6.4 Load Application Sequence 
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Module 1 starts by increasing the force FA in Actuator A, by a small increment kxFA specified by 

the user. As a result of the increment force \FA of Actuator A, the force FB on Actuator B is 

increased by an equal amount in the opposite direction ( \FB = - A ^ ) . The change in force of 

Actuator B initiates another incremental change (A2FA) in force FA. The force in Actuator B is 

readjusted by an amount A2FB = -A2FA. The process is repeated until the force change in Actuator 

A, &tFA, drops below a prescribed tolerance value, say 0.5 kN. The procedure is repeated for the 

next load increment automatically until the specified target force (or twisting moment) is attained. 

When this condition is reached, the procedure stops and the user is prompted to initiate Module 2. 

When Module 2 is started, the current position (D0) of Actuator A is read and its target position (Dt) 

is input to the program by the user. The process of going from D0 to (£>r) is performed incrementally 

by applying a number (») of displacement increments \DA to Actuator A such that 

\DA=(Dt-D0)/n. 

During an applied stroke increment (AjD^), the force in Actuator A is recorded and the 

corresponding force change \FA is determined. The force in Actuator B is increased by an equal 

amount ( \ F A ) m the same direction. This preserves the initial magnitude of the torsion. The 

change in force in Actuator B causes an additional incremental change A2FB in force 0f Actuator 

A, which is recorded. Again, the force in Actuator B is changed by an equal amount (A2FA). A third 

cycle of iteration is started, and the iterations stop when the change &tFA drops below a user 

specified tolerance, say 0.5 kN. 

When the above condition is achieved, the following displacement increment is automatically 

applied. The procedure is repeated until the target displacement Dt is achieved. In each applied 

displacement increment, a linearly varying moment along with constant shearing force is applied to 

the pipe specimen. Further details related to the control program can be found in (Ozkan 2007). 
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6.4 Ancillary Tests 
The engineering stress vs. engineering strain relationship of the pipe material was determined by 

testing three longitudinal tension coupons with dimensions according to ASTM-E8 (2001) 

specifications. Figure 6.5 shows the locations where these coupons were taken from the pipe cross-

section. 

Very little material variation between the three tension coupon tests was observed. Thus, the stress 

vs. strain values measured from the maximum compression fiber (Coupon 2 in Fig. 6.5) is selected 

as a representative relationship of the material properties in the longitudinal direction. These values 

were also used in the finite element model (Section 6.6). Table 6.2 presents the stress-strain values 

measured from these coupons. 

Coupon 2 

Coupon 3 ^ ! ^ C o u p o n 1 

Ssam V\feld 
Fig. 6.5 Location of the Tension Coupon Specimens 
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Table 6.2 Stress vs. Strain Data 

Engineering Stress 

1 
0 
70 
103 
140 
180 
220 
241 
267 
301 
322 
340 
377 
412 
431 
461 
467 
471 
502 
513 
522 
528 
532 
532 
532 
532 
531 
531 
516 
476 
372 

Coupon 
2 

0 
76 
116 
154 
193 
232 
252 
277 
309 
330 
347 
385 
422 
445 
464 
465 
468 
503 
513 
521 
528 
531 
531 
531 
532 
531 
531 
516 
476 
372 

(MPa) 

3 
0 
76 
117 
156 
197 
236 
257 
282 
320 
335 
352 
388 
423 
437 
464 
475 
478 
507 
517 
524 
529 
533 
533 
533 
532 
532 
531 
516 
476 
372 

Engineering 
Strain 

0.0000 

0.0004 

0.0006 

0.0008 

0.0009 

0.0011 

0.0013 

0.0014 

0.0016 

0.0018 

0.0019 

0.0022 

0.0027 

0.0031 

0.0047 

0.0095 

0.0123 

0.0357 

0.0504 

0.0655 

0.0850 

0.1175 

0.1258 

0.1377 

0.1386 

0.1601 

0.1826 

0.2608 

0.2957 

0.4000 

True Stress 
(Mpa) 
Coupon 

2 

0 
76 
116 
155 
193 
233 
253 
277 
310 
331 
348 
386 
423 
446 
466 
469 
474 
520 
539 
555 
573 
594 
598 
604 
606 
616 
627 
650 
617 
521 

Logarithmic 
Strain 

0.0000 

0.0004 

0.0006 

0.0007 

0.0009 

0.0011 

0.0013 

0.0014 

0.0016 

0.0018 

0.0019 

0.0022 

0.0027 

0.0031 

0.0047 

0.0095 

0.0122 

0.0351 

0.0492 

0.0634 

0.0816 

0.1111 

0.1185 

0.129 

0.1298 

0.1485 

0.1677 

0.2318 

0.2591 

0.3365 

The extension-under-load method corresponding to a specified total strain of 0.005 was used to 

determine the yield strength of the pipe material (ASTM E 8M-01), which was found as 464 MPa. 

This value is 3.6% higher than the specified value (448 MPa). The ultimate strength (Fu) was found 
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as 532 MPa. The modulus of elasticity (E) of the pipe was 208,968 MPa with a proportional limit of 

193 MPa. The Poisson's ratio was measured as 0.27 and the measured rupture strain was 0.40 

corresponding to a rupture stress of 372MPa. 

6.5 Internal Forces Obtained from Experiments 
The calculation of internal force components including the second order effects is presented in this 

section. These internal forces include torsion (Section 6.5.1), bending moment (Section 6.5.2), and 

axial tension and shear (Section 6.5.3). 

The plan view of the test setup in the deformed configuration can be seen in Fig. 6.6. Also, the free-

body diagram in an elevation view for the deformed test specimen is illustrated in Fig. 6.7. In these 

figures, the loading arm was assumed to undergo rigid body displacements and rotation. 

In the deformed configuration in Fig. 6.6, Point O of the loading arm undergoes displacement Ax and 

thus moves to O'. Also, the four corner points of the loading arm C, D, E, and F move to C , D', E', 

and F', respectively. Points PA and PB, located at the hinges of the swivel of Actuators A and B, 

respectively, move to positions PA ' and PB ' after the deformation. Throughout deformation, the line 

of action of actuator forces FA and FB undergo in-plane rotation angles £A and %B, respectively. As a 

result of the asymmetry of the buckling modes due to torsion, it was observed that the top of the 

specimens underwent a displacement along y-axis (A^) after the initiation of the buckle, which 

coincides with the peak moment. However, no instruments were used to measure this deflection. 

Finite element model of the tests predicted a deflection of 0.30 mm along >>-axis for Test 1 at the 

peak moment. This value increased to about 1.97 mm at the end of the deformation history. 

Deflection along y-axis was 1.14 mm at the peak moment for Test 2. This value demonstrated a 

rapid increase after the initiation of buckle and reached to 5.63 mm at the end of the deformation 

history. As a conclusion, it was judged that the deflection along y-axis results in very small rotations 

of Actuators A and B and was ignored in the calculation of torsion. 
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LVDTA lop end of 
pipe specimen 

LN/DTB 

00 

C\f 

*& 
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Lt~ 3,658 
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CD 

: CM" 

*k-

Fig. 6.6 Plan View of the Deformed Test Setup after the Application of Internal Pressure, Torsion, 
Axial Tension, and Bending (all dimensions are in mm) 
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t Z 

-x 

Centerline of the top of the 
pipe 

Centerline of pipe in 
undeformed position 

Fig. 6.7 Elevation after the Application of the Displacements 

Figure 6.7 shows force FB (note that force FA, is hidden behind the line of action of force FB and is 

approximately parallel to that of Actuator B). As the specimen deforms throughout the test, the lines 

of action of Actuators A, andB rotate through angles 9A and 9B, respectively (Fig. 6.7), which were 

measured by clinometers CLA and CLB in Fig. 6.3. It was observed that rotations 9A and 6B reach a 

maximum of around 0.65 degrees at the end of the tests, which is judged to be negligible. Thus, 

second order effects that arise from rotations 9A and 9B are disregarded. 

6.5.1 Expression for Torsion 

In the deformed position, the twisting moment acting at the bottom section of the pipe can be 

calculated by taking the moments of the inclined forces FA and FB about Point O in Fig. 6.6. 

Tb = FAxLcos{</> + / ? ) - FAy(x + uA) + FBxLcos(/3-0) + FBy{x-uB) (6.2) 
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in which J ^ = F x c o s ^ , FAy=FA$mgA, FBx = FBco&£B, and FBy = FBsmgB. The definitions of 

other variables appearing in Eq. 6.2 are given in column 2 of Table 6.3. Column 3 of Table 6.3 

provides either the equation used to determine the variables or identifies the instrument used to 

measure it 

6.5.2 Expression for Bending Moments 

The reactions at the buckle mid-height, (close to bottom of the pipe in both tests) consist of a 

bending moment (Mb) as calculated by Eq. 6.3, an axial tension force (Ab) as calculated by Eq. 6.6, 

shearing forces (Vbx and Vby) as calculated by Eqs. 6.4 and 6.5, and a twisting moment (Tb) as 

calculated by Eq. 6.1. 

The reaction moment (Mb) at the location of the buckle including second order effects due to the 

rotation of the specimen and the loading arm is calculated by summing the moment about point B. 

cos 9p + FpzFp sin 0p + Wxw (6.3) 

In Eq. 6.3, we recall that FAx = FAcosgA, FAy = FAsingA, FBx = FBcosgB, and FBy = FBsin£B. 

Distance zFp is the vertical projection of the distance between top plate centerline and the buckle 

mid-height. It takes the values 1,398mm and 1,335mm for Test-1 and Test-2, respectively. Length JCW 

is the horizontal distance between the center of gravity of the loading arm to the centerline of the 

pipe in its un-deformed position and is calculated by Lpc sin(0PC + 0p) + xFp in which Lpc is distance 

PC (LPC = VL6392+3852 =1,684) and angle 0PC is the angle between line PC and the line of 

application of force Fp. In the same equation, distance z is the vertical distance between the point of 

application of forces FAX and FBx, and the centerline of the specimen in its un-deformed position. 

Angle 0p is the rotation of the top of the specimen as measured by Clinometer CL4 (Fig. 6.3). 
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Table 6.3 Definition of the variables in Eq. 6.2 
Variable 

(1) 
FA 

FB 

L 

uA 

uB 

J> 

Lt 

P 

VA 

*B 

DA 

DB 

ZA 

xA 

4s 

xB 

X 

Definition 
(2) 

Force on Actuator A 
Force on Actuator B 
Distance OPA or 0'PA' 

Displacement of point PA along x-
axis 
Displacement of point PB along x-
axis 
Twisting angle of the pipe 

Centerline to centerline distance 
between the actuators in un-
deformed position 
Angle the imaginary line between 
points A and 0 is making with the 
center line of the loading arm 
Displacement of point PA along y-
axis 
Displacement of point PB along y-
axis 
Stroke change in Actuator A 

Stroke change in Actuator B 

In-plane rotation of Actuator A 

Length between the hinges of 
Actuator A in the un-deformed 
configuration 
In-plane rotation of Actuator B 

Length between the hinges of 
Actuator B in the un-deformed 
configuration 
Distance between the centerline of 
the loading arm to the hinge of the 
actuators 

Calculation 
(3) 

Measured by Load Cell A on Actuator A 
Measured by Load Cell B on Actuator B 

^jx2 + (LJ2)2 = ^540' +1,8292 = 1,907 mm 

Obtained from LVDT A 

Obtained from LVDT B 

arctan [(uB - uA )/Lt 

3,658mm 

arctan[jt/(Z,,/2)] = arctan(540/l,829) = 16.4° 

(Z r/2)-[Lcos(^ + ^ ) ] 

[Lcos(/?-(*)]-(L,/2) 

Measured by Temposonic A of Actuator A 

Measured by Temposonic B of Actuator B 

axcsin[vA/(xA+DA)] 

2,787mm 

arcsin[vB/(^+£>B)] 

2,645mm 

540mm 

6.5.3 Expressions for Shearing and Axial Forces 

The shearing force components (Vx and Vy) at the bottom of the pipe are calculated by 

Vbx = FM+FBx+Fpsmep (6.4) 
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Vby =FAy+FBy (6.5) 

Since Vby is very small compared to Vbx, it was ignored in the calculations of modified plastic ratio. 

Also the axial force (A) is calculated as 

Ab = Fpcos0p-W (6.6) 

Columns 7, 8, 9, and 10 of Table 6.1 provide internal pressure ratio pr, torsion ratio Tr, shear 

ratio Vr = VbxjVp , and axial force ratio Ar for each specimen as calculated by Eqs. 6.2, 6.4, and 6.6 

corresponding to the maximum moment observed in the experiments based on measured material 

yield strength (Fy) and measured cross-sectional properties (D and t). The modified bending ratio 

MpmjMp is calculated by the interaction relations (Eqs. 1.1 and 1.2). 

6.6 Description of the FEA Model 

The finite element model generated for the prediction of test results can be seen in Fig. 6.8. The 

model consists of three main parts: (1) the pipe specimen, which is modeled by using 40 S4R shell 

elements in the circumferential direction and 38 S4R shell elements along the height of the pipe (The 

features of element S4R have been discussed in Section 5.2.1), (2) the top plate, modeled by using 

S3R shell elements (a degenerated 3-node form of the S4R element), which is modeled as rigid body 

through the Rigid Body option of ABAQUS, and (3) loading arm, modeled as a rigid body through 

two beam elements (element type B31) through the Rigid Body option of ABAQUS, thus, assuming 

the deformation of the loading arm is negligible compared to that of the pipe specimen. 
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Loading Arm modeled 
as rigid body 

Top Plate modeled 
as rigid body 

Pipe modeled by 
S4R Shell 
Elements 

Fig. 6.8 Finite Element Model 

The loads and deformations are applied to the model through the nodes of the loading arm as 

follows: Firstly, the self-weight of the loading arm along with the moment it creates about the 

centerline of the pipe is applied to node 2 of the loading arm (Fig. 6.8). Secondly, internal pressure is 

applied as a follower pressure normal to the shell elements. Also, the axial force on the pipe ends 

due to the internal pressure is applied as follower force at node 3 of the top plate (Fig. 6.8). Lastly, 

the average displacements recorded, based on the readings of LVDTs A and B (Fig. 6.3), are applied 

to the FEA model through node 1 along the x-axis (Fig. 6.8). 

6.7 Results 
This section presents a comparison between the experimental and FEA results. They include the 

plastic moment capacity (Section 6.7.1), the buckled pipe configurations (Section 6.7.2), Moment vs. 

Curvature relations (Section 6.7.3), and buckling strains (Section 6.7.4) 
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6.7.1 Plastic Moment 

Table 6.4 provides the moment capacity based on the tests (column 2), FEA (column 3), and 

analytical predictions as provided by Eqs. 1.1 and 1.2 (Column 4). In Column 5, the Test-to-FEA 

ratio is provided 

Table 6.4 Moment Capacity 
Moment Capacity (kNm) Moment Capacity Ratios 

Test Test FEA Analytical Test/FEA Test/Analytical 
(D (2) O) (4) (5) (6) 

Test-1 601 597 568 1.01 1.06 
Test-2 457 471 402 097 U 3 

The proximity of this ratio to unity is an indication of the excellent ability of the FEA to predict test 

results in terms of moment resistance. 

Recalling the Canadian Steel Code (CAN/CSA SI6-01), classification for circular hollow sections 

subject to pure flexure, pipes, which satisfy the requirement D/t < 13,000/Fy are considered Class 1 

sections and can be designed against bending by plastic design requirements. Pipes that satisfy the 

requirement D/t < 18,000/Fy are considered Class 2 (compact) sections and can also be designed 

based on their plastic resistances. Pipes that satisfy the requirement D/t <, 66,000/F^ are considered 

Class 3 (sub-compact) sections and can be designed against bending by elastic design requirements. 

Pipes, which cannot satisfy Class 3 requirements are considered as Class 4 (slender) sections. 

According to the classification rules of Canadian Standards for steel structures (CAN/CSA SI6-01), 

if the specimens tested in this test series were subjected to pure bending moment, they are expected 

to develop their elastic moment capacity (Me), however, they would undergo local buckling prior to 

the attainment of their plastic moment capacity (Mp) (Class 3 section). In contrast to this prediction 

of CAN/CSA S16-01, Column 6 of Table 6.4 indicates that the test-to-analytical ratio for both 

specimens are slightly higher than unity indicating that in both tests, both pipes attained their 

modified plastic moment resistance. A possible reason for the fact that plastic moment resistance is 

higher than test results is the moment gradient along the specimen. The validity of this hypothesis is 

assessed in the following section. 
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6.7.1.1 Effect of Moment Gradient 

In order to assess the validity of the above hypothesis, two finite element runs were performed. The 

FEA model used for these runs can be seen in Fig. 6.9. In the first run, the specimen was initially 

loaded by internal pressure (/v=40%), axial tension (̂ 4^=30%), and torsion (7>=50%). Then, Node 1 

of top plate of the FEA model was displaced along the Jt-axis, which leads into a moment gradient 

along the length of the pipe associated with constant shear. The resulting maximum moment 

capacity predicted by FEA-to-moment capacity predicted by interaction relationships (Eqs. 1.1 and 

1.2) ratio was 1.26. In the second run, the specimen was again initially loaded by internal pressure 

(pr=40%), axial tension (^=30%), and torsion (7>=50%). Then, Node 1 of the top plate of the FEA 

model was rotated about the y-axis, which led to an approximately constant moment along the length 

of the pipe. The resulting moment capacity predicted by FEA-to-moment capacity predicted by 

interaction relationships (Eqs. 1.1 and 1.2) ratio was only 0.99. The comparison of results shows that 

constant moment along the length of the pipe is a more severe loading case than that of a moment 

gradient. 

Fig. 6.9 The FEA used to quantify the Effect of Linear Moment Gradient vs. Constant Moment 
along the Length of the Pipe 
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6.7.2 Buckled Configuration 

Figure 6.9 illustrates the local buckles obtained from the tests and FEA model. The local buckles 

occurred at the bottom of the pipes as a result of the maximum moment at that location. Un-

symmetric outward bulge buckles were observed with an inclination of about 20 degrees for Test-1 

and about 30 degrees for Test-2. The FEA model predictions agreed very well with the buckling 

modes observed during the tests. The modes observed are similar to those observed in tests of Ozkan 

and Mohareb (2003) on un-pressurized pipes (D/f=41) under torsion, shear, and bending. 

Test FEA Test FEA 
(a) Test-1 (b) Test-2 

Fig. 6.10 Buckling Modes 

6.7.3 Moment vs. Global Curvature Relations 

The moment at the location of the buckle (Mb) as calculated by Eq. 6.3 vs. Global Curvature (as 

defined by Eq. 5.4) for both specimens tested and their FEA simulation are presented in Fig. 6.11. 

When using the definition in Eq. 5.4 for global curvature for the tests, the rotation at the top of the 

pipe 9t is taken equal to that measured by Clinometer CL4. The rotation of the bottom of the pipe 

db is taken equal to that rotation measured by Clinometer CL1 in Fig. 6.3 (NOTE: since Clinometer 

CL1 was detached at the beginning of Test-1, 6b was not available. As a result, the global curvatures 
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for this specimen was calculated by taking 6b = 0 leading to a slight underestimation of the stiffness 

of the specimen in the elastic range of deformation). The corresponding FEA values are presented 

for two tests for comparison. The slight difference in initial slope for Test-1 between experiment and 

FEA is apparent. 

- • - T e s t 1 ^ — T e s t 1 -FEA 
*Bir"!,,Test 2 —""Test 2-FEA 

Fig. 6.11 Moment vs. Global Curvature Relationships 

In Fig. 6.11, the FEA predicted peak moments agree well with the experimental peak moments. 

However, the Moment vs. Global Curvature relations exhibit a suffer post-peak response. A possible 

reason for the difference is the difference of material properties of the pipe steel in longitudinal from 

the transversal directions as suggested by Workman (1988). According to Workman (1988) the pipe 

material in the longitudinal direction has a lower yield strength Fyi and plastic exponent value «/ than 

the yield strength Fyt and the plastic exponent value nt in the transversal direction (Fyi<Fyt and «/< nt). 

Representative true stress vs. logarithmic strain curves for longitudinal and transversal directions are 

presented in Fig. 6.12. Workman (1988) also suggests that pipe material with higher plastic exponent 
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(e.g., pipe material in transversal direction nt) causes the initiation of the buckling of the pipe earlier 

than pipe material with lower plastic exponent. Thus, pipes with higher plastic exponent reach their 

maximum load carrying capacity at earlier deformation levels. 

Fig. 6.12 Longitudinal vs. Transversal Stress-Strain Curves 

6.7.4 Critical Strains 

In most practical cases, since the pipes are laid horizontally (layout A in Fig. 6.13), torsion does not 

appear in buried pipelines. On the other hand, according to Gresnigt (1986), it can be considered as a 

loading type against which pipeline should be designed when the buried pipes is laid in a curved 

format (layout B in Fig. 6.13). 

Fbssible Rpeline 
Layouts/I 

. --""""" ""T^-L. © 

(A) 

Fig. 6.13 Plan View of Two Possible Crossings of a Pipeline Layout (Gresnigt 1986) 
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Critical strains scr for the two tests conducted under torsion are calculated as outlined in Section 

5.3.2.1. The critical strains were found as 0.67% for Test 1 and 0.65% for Test 2. Based on both 

tests, an increase in torsion ratio Tr from 50% to 75%, reduced the critical strain very slightly. Given 

the number of the samples tested, no definite trends can be inferred. 

6.8 Conclusions 
In this chapter, two tests on pipes made of X65 material (SMYS=448MPa) with D/P=80 subjected to 

general load combinations including internal pressure, axial tension, shear, torsion, and bending 

were presented. Finite Element Models were also developed. The principal conclusions of the work 

are: 

1. The FEA moment predictions of moment capacities were in very good agreement with the test 

results leading into a conclusion that FEA is a reliable tool in predicting moment capacity for 

pipes under complex load combinations. 

2. The buckled shapes as obtained from the tests and FEA were also in excellent agreement. The 

local buckles occurred at the bottom of the pipes since the maximum moments along the pipes 

occurred at this location. 

3. The specimens were able to develop a higher modified moment capacity than those predicted by 

interaction relations (Eqs. 1.1 and 1.2). The FEA shows that this is due to the moment gradient 

along the length of the pipe, which is a less severe case than a constant moment along the length 

of the pipe. 

4. Some differences were observed between the experimental Moment vs. Global Curvature curves 

and those based on FEA. It was postulated that that the difference is due to varying material 

properties of pipes in longitudinal and transverse directions, which cannot be modeled by the 

constitutive model available within ABAQUS. 

5. The very good agreement between the moment capacity and buckling configuration of the pipes 

obtained from the tests and FEA provide confidence in employing the FEA model in a 

parametric study through which the effect of different parameters on the ability of a pipe to 

develop its modified plastic moment capacity can be quantified. This will be presented in 

Chapter 7. 
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6. An increase in torsion ratio Tr, reduced the critical strain very slightly. Given the number of the 

samples tested, no definite trends can be inferred. 



Chapter 7 
Parametric Study 

In this Chapter, the FEA model developed and verified in Chapters 5 and 6 is used in a parametric 

study to assess the effect of the cross-sectional geometric property (D/t) and loading conditions 

(internal pressure, axial force, and torsion) on the ability of a pipe to develop its modified plastic 

moment capacity as predicted by Eqs. 1.1 and 1.2 and the modified elastic moment capacity as 

developed in Appendix D. In the FEA study conducted, both material and geometric non-linear 

effects are modeled using the FEA simulator ABAQUS. 

In Section 7.1 of this chapter, a review of major studies involving full-scale testing and finite 

element analysis of pipe segments under combined loads is provided. The finite element mesh 

employed in the present parametric study is introduced in Section 7.2. A discussion of the 

parameters studied is presented in Section 7.3. The assumed material properties, boundary 

conditions, and load application sequence are presented in Sections 7.4, 7.5, and 7.6, respectively. 

Section 7.7 provides a discussion of the results of the parametric study. 

7.1 Comparative Review of Pipe Moment Capacity 

This section presents a comparative summary between experimentally measured moment resistances 

and FEA predicted moments in previous studies (Section 7.1.1) as well as the current study (Section 

7.1.2). 

7.1.1 Previous Experimental Studies 

In this section, emphasis is placed on research programs which have two components: a) a recent 

full-scale testing program on pipes subjected to combined loads, b) an FEA finite element analysis 

based on shell elements, including material and geometric non-linear effects. Table 1 summarizes 

results from test series of Prion and Birkemoe (1988) (The FEA modeling of the tests were 

conducted by Hu at al. (1992)), Mohareb et. al (1994), Yoosef-Ghodsi et al. (1995) (The FEA 

modeling of the tests were conducted by Souza and Murray (1994)), Zimmerman et al. (1995), 

Dorey (2001), and Zimmerman et al. (2004). Column 1 of Table 7.1 cites the main publication in 

which the test series is documented. Column 2 assigns a serial number for each specimen. Column 3 
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provides test descriptors as used in the relevant publication. Columns 4, 5, and 6 respectively 

provide the nominal outer diameter OD, D/t ratio, and Specified Mean Yield Strength (SMYS). 

Column 7 provides the internal pressure ratio pr (i.e., the applied internal pressure to the pressure 

causing hoop the yield stress) maintained throughout the test and the axial force ratio Ar (i.e., the 

applied axial force to the axial yield resistance). Ratio Ar is positive for tension. Column 8 is the 

moment resistance as measured in the tests while Column 9 provides the ratio of the moment 

resistance measured (Mtest) to the moment resistance as predicted by FEA (MFEA)-

Table 7.1 Experimentally measured and FEA predicted moment capacity comparison of previous 
studies 

Reference 
(1) 

Prion and 
Birkemoe 
(1988)(a) 

No 
(2) 
1 
2 
3 
4 

Test 
Descriptor 

(3) 
ST-6 

ST-12 
ST-7 

ST-13 

OD 
(mm) 

(4) 
455 
450 
450 
511 

D/t 
(5) 
70 
100 
100 
70 

SMYS 
(MPa) 

(6) 
304 
266 
266 
450 

Loading 
Conditions 

i 

PrW 

0.00 
0.00 
0.00 
0.00 

w ,> 
Af> 
0.94 
0.81 
1.04 
0.98 

Mtest 

(kNm) 
(8) 

64.9 
68.0 
0.00 
0.00 

Mtest/ 

MFEr 
(9) 

0.93 
0.98 
0.94 
0.99 

Mohareb et al. 
(1994)(e) 

Yoosef-Ghodsi et 
al. (1995)(f) 

Zimmerman et al. 
(1995) 

Dorey (2001) 

5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
24 
26 
27 
28 
29 

UGA508 
UGR508 
DGA508 
DLR508 
UGA324 
HGA324 
DGA324 

UGA20W-1 
UGA20W-2 
HGA20W 
DGA20W 
UGA12W 
HGA12W 
DGA12W 

Bl 
B2 
B3 
B4 
B5 

CP0W-2 
CP20W 
CP40W 
CP80W 

CP20N-2 
CP40N-2 

508 
508 
508 
508 
324 
324 
324 
508 
508 
508 
508 
324 
324 
324 
610 
610 
610 
611 
611 
762 
762 
762 
762 
762 
762 

64 
64 
64 
64 
51 
51 
51 
63 
63 
63 
63 
50 
50 
50 
87 
87 
87 
87 
41 
92 
92 
92 
92 
92 
92 

391 
391 
391 
391 
378 
378 
378 
391 
391 
391 
391 
378 
378 
378 
440 
440 
400 
470 
470 
483 
483 
483 
483 
483 
483 

0.00 
0.00 
0.80 
0.80 
0.00 
0.36 
0.72 
0.00 
0.00 
0.40 
0.80 
0.00 
0.36 
0.72 
0.80 
0.00 
0.80 
0.80 
0.00 
0.00 
0.20 
0.40 
0.80 
0.20 
0.40 

-0.27 
-0.27 
-0.03 
+0.24 
-0.29 
-0.19 
-0.08 
-0.27 
-0.27 
-0.15 
0.00 
-0.29 
-0.18 
-0.08 
0.00 
0.00 

+0.39 
0.00 
0.00 
-0.22 
-0.26 
-0.30 
-0.37 
-0.26 
-0.30 

685 
769 
416 
579 
211 
192 
146 
460 
640 
595 
440 
210 
190 
142 
774 

1,086 
997 

1,869 
2,421 
1,684 
1,910 
1,833 
1,626 
1,924 
1,805 

1.00 
1.10 
1.00 
0.92 
1.08 
1.10 
1.12 
0.87 
1.21 
1.11 
1.10 
1.10 
1.06 
1.08 
0.99 
0.99 
0.98 
1.00 
1.08 
1.00 
1.05 
1.06 
1.16 
1.02 
0.97 
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Table 7.1 Continued 

Zimmerman et al. 
(2004) 

30 
31 
32 
33 
34 
35 
36 
37 
38 

CP80N-2 
T20P40W 
T20P40N 
T20P80W 
T20P80N 

1 
2 
3 
4 

762 
762 
762 
762 
762 
762 
762 
762 
762 

92 
92 
92 
92 
92 
82 
82 
48 
48 

483 
483 
483 
483 
483 
483 
483 
552 
552 

0.80 
0.40 
0.40 
0.80 
0.80 
0.00 
0.80 
0.80 
0.00 

-0.37 
+0.20 
+0.20 
+0.20 
+0.20 
0.00 
0.00 
0.00 
0.00 

1,547 
2,315 
2,350 
1,920 
1,861 
2,667 
1,845 
3,718 
5,198 

Average 
Stand. 

Dev 

1.02 
1.02 
1.04 
1.04 
1.01 
0.98 
1.01 
1.03 
0.99 
1.03 

0.068 

(a) The FEA modeling was conducted by Hu at al. (1992) 
(b) Ratio of Internal pressure applied (p)-to-yield internal pressure capacity (py) 
(c) Ratio of Axial force applied (A)-to- Yield axial force capacity (Ay) (positive when^ is tensile) 
(d) Ratio of Moment capacity measured in the tests (M^-to-Moment capacity predicted by FEA 

(MFEA). 
(e) Moment capacity predicted by FEA (MFEA) values are approximated from the Moment vs. 

Curvature relations provided in the document 
(f) Moment capacity measured in the tests (Mtesl) and Moment capacity predicted by FEA (MFEA) 

values are approximated from the Moment vs. Curvature relations provided in Souza and Murray 
(1994) 

The average Mte!JMFEA for all 38 tests reported in Table 7.1 is 1.029 with a standard deviation of 

0.068. 

7.1.2 Present Study 

The descriptions of Columns (1) through (9) are similar to those of Table 7.1. The ratio of the 

moment resistance measured from the tests-to-FEA moment capacity predictions from the current 

study is presented in the Table. 

While the previous studies have focused mostly on pipes under internal pressure, axial force 

(compression for the most part), and bending, the present study has expanded the experimental 

database to include the pipes subjected to tensile forces and torsion in addition to internal pressure 

and bending. 
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Table 7.2 Experimentally measured and FEA predicted moment capacity for the present study 

Reference 
(1) 

Chapter 5 
series 

Chapter 6 
series 

No 
(2) 
39 
40 
41 
42 
43 
44 
45 
46 

Test 
Descriptor 

(3) 
P00A00M100 
P00A20M95 
P40A00M89 
P40A20M94 
P40A40M89 
P80A40M72 

Test-1 
Test-2 

OD 
(mm) 

(4) 
508 
508 
508 
508 
508 
508 
508 
508 

D/t 
(5) 
80 
80 
80 
80 
80 
80 
80 
80 

SMYS 
(MPa) 

(6) 
448 
448 
448 
448 
448 
448 
448 
448 

Loading 
Conditions 

Pr 

0.00 
0.00 
0.40 
0.40 
0.40 
0.80 
0.00 
0.00 

(7) 
Ar

(h) 

0.00 
+0.20 
0.00 

+0.20 
+0.40 
+0.40 
+0.20 
+0.20 

M^ 
(kNm) 

(8) 
780 
779 
687 
794 
788 
748 
601 
457 

Average 
Stand. 

Dev 

Mtes/ 
MFEA

(C) 

(9) 
0.97 
0.98 
0.93 
0.99 
0.98 
0.91 
1.01 
0.97 
0.97 

0.032 

(a) Ratio 
(b) Ratio 
(c) Ratio 

MFEA-

of Internal pressure targeted /yto-yield internal pressure capacity pe 

of Axial force targeted ^ rto-Yield axial force capacity Ae (positive when .4, is tensile) 
of Moment capacity measured from the tests M^-to-Moment capacity predicted by FEA 

The average Mtes/MFEA of the eight tests in Table 7.2 is 0.97 with a standard deviation of 0.032. For 

the 46 specimens in Tables 7.1 and 7.2, the average ratio MtestfMmA is 1.018 with a standard 

deviation of 0.067, indicating the reliability of FEA in predicting the modified moment capacity of 

pipes subject to general combined loading. 

7.2 Finite Element Model 
A finite element model resembling the one generated for Test Series 1 (Chapter 5, Section 5.2.4) is 

used for the parametric study in this chapter. It is recalled that the model consists of two main parts: 

(1) the pipe specimen, which is modeled by S4R shell elements (40 elements in the circumferential 

direction x 38 elements along the height of the pipe), (2) the top plate, modeled by S3R shell 

elements (a degenerated 3-node form of the S4R element), which is modeled as a rigid body by 

means of the Rigid Body option of ABAQUS. The material non-linear effects on the pipe elements 

(S4R elements) are modeled according to idealized material properties (Section 7.4). Geometric non-

linearity was also modeled. 
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7.3 Parameters Investigated 
The OD of the numerical pipe model was selected as 508mm. The length of the pipe model was 

taken as 1,500mm, which corresponds to about three pipe diameters. The diameter-to-thickness ratio 

ip/t), internal pressure ratio (pr), axial force ratio (Ar), and Torsion ratio (Tr) were selected as the 

varying parameters. Diameter-to-thickness ratio (D/t) ratio was taken as 60, 80, and 100 by varying 

the thickness of the pipe model. The internal pressure ratio was taken as 0%, 20%, and 40%. The 

axial force ratio on the pipe was taken as -30% (compression), 0%, and 30% (tension), and the 

torsion ratio was taken as 0%, 25%, and 50%. Each of the four parameters identified had three 

different values, leading to a total of 81 combinations. For pipes with D/t=S0, three additional runs 

with a torsion ratio Tr=75% were conducted in order to observe and assess trends which were not 

clear in the initial 81 runs. Thus, the total number of FEA runs was 84. 

An identifier system similar to that introduced for Test Series 1 (Chapter 5) is adopted for each finite 

element simulation in the present parametric study. For example, finite element run Dt60P40A-

30T25 represents an FEA analysis for a pipe with a D/t=60 subjected to internal pressure of 40% of 

SMYS, 30% of the yield axial compression capacity (compression is negative), and 25% of the 

plastic torsion. After the application of these forces, imposed bending rotation was applied to the top 

end of the pipe and the analysis was conducted past the peak moment capacity. 

7.4 Idealized Material Properties 
An idealized isotropic elastic-perfectly plastic Engineering Stress vs. Engineering Strain constitutive 

model is assumed for the pipe material. The initial elastic region had a modulus of elasticity of 

207,000 MPa and a yield strength of Fy=448MPa (similar to an X65 pipe) and a Poisson's Ratio of 

0.3. The plastic region consisted of a flat yielding plateau (Fig. 7.1). The stress-strain idealization 

leads to conservative results compared to a real Engineering Stress vs. Engineering Strain 

relationship, which includes strain-hardening effects. The bilinear model is input to the FEA model 

in terms of the true stress vs. logarithmic strain (Fig. 7.1). 
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500 

w 200 

100 

0 # 

True stress vs. 
Logarithmic strain 

Engineering Stress 
vs. Strain curve 

0.00 0.05 0.10 0.15 
Strain 

0.20 0.25 0.30 

Fig. 7.1 Idealized Stress vs. Strain Curve used in the Parametric Study 

7.5 Boundary Conditions 
All six degrees of freedom of the bottom nodes of the pipe model were restrained (Fig. 7.2) and the 

top of the pipe was kept circular throughout the deformation by the rigid top plate. 

x 

Free 
End Loading Node 

at the center of 
the top plate 

Fixed 
End 

/777777777Y7 
Fig. 7.2 FEA Model 

133 



7.6 Load Application Sequence 
The load application sequence is illustrated in Fig. 7.3. Firstly, internal pressure was applied as a 

follower force normal to the shell elements surface forming the pipe. Secondly, the axial force effect 

was introduced by applying a follower force to the center node of the top plate (loading node in Fig. 

7.2) initially acting along the z-axis direction. Thirdly, the desired twisting moment was applied to 

the loading node as a concentrated moment about the z-axis. Fourthly, by rotating the loading node, 

imposed curvatures were applied until the pipe model reached its peak moment capacity. The 

analysis was continued slightly past the peak moment. 

Internal 
Ftessurel 

Axial force 

Torsion 

Top Bid 
Rotation 

•time 

Fig. 7.3 Load Application Sequence 

*time 

time 

lime 

7.7 Results 
In this section, the effect of each of the parameters investigated on the ability of a pipe to develop its 

plastic moment capacity is assessed. 

7.7.1 General 

Figure 7.4 illustrates the free-body diagram of the FEA model after the buckle formed on the pipe. 

Point P is the center node of the top plate (loading node in Fig. 7.2). Force A is the applied follower 
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axial force. Forces Ax and Az are the components of axial force Aa along the x and z directions, 

respectively. Moment Mtop is the reaction moment at Point P and Point B is the centroid of the cross-

section at the buckle mid-height in the deformed configuration. Its coordinates were calculated by 

averaging the coordinates of the nodes obtained from ABAQUS corresponding to the buckle mid-

height (i.e., (•*4,Zj) = (^*(/wJ][]z //w)in which «=40 is the number of the nodes around the 

circumference, x, is the x coordinate of the Ith node of the model in the deformed state, and z, is its z 

coordinate. 

. A 

7~//////7///////>/ /S 

Buckle 
mid-height 

Fig. 7.4 FEA Model in Deformed State 

The peak moment (MFEA) at Point B (Fig. 7.4) is calculated by taking into consideration second order 

effects, which arise as a result of the rotation and displacement of the top of the pipe under the 

applied rotations, i.e., 

MFEA=MtoP+AZb-AXb (7.1) 
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Tables 7.3, 7.4, and 7.5 provide the parametric run results for pipes with D/t ratios of 60, 80, and 

100, respectively. Column 1 in all there tables provides the identifier of the parametric run 

conducted. The FEA peak moments (MFEA) are tabulated in Column 2 of of Tables 7.3 through 7.5. 

In the same tables, Column 3 provides the modified plastic moment Mpm as predicted by the plastic 

interaction relations in Mohareb (2003) while Column 4 provides the modified elastic moment 

capacity (Mem) as predicted by elastic interaction relations, which are developed in Appendix D. 

Column 5 provides the ratio MpuA/Mm, which is a measure indicating whether or not the pipe model 

was able to develop the modified plastic moment capacity. This ratio exceeds unity when the pipe is 

able to develop its modified plastic moment capacity as provided in Column 3 (i.e., the pipe section 

can be considered as "Compact" according to LRFD 1999 terminology). On the other hand, this ratio 

is less than unity when the pipe is unable to develop its modified plastic moment capacity predicted 

for the load combination considered. Column 6 provides the ratio of the elastic modified moment to 

the modified plastic moment MeJMpm. When the ratio MjtE^Mpm is greater than Men/Mpm, the pipe is 

able to develop its modified elastic moment capacity and can be considered to meet the non-

compactness requirement (according to LRFD 1999 terminology). On the other hand, in the event 

the ratio MpEA/Mpm is less than Mem/Mpm, the pipe is unable to develop its modified elastic moment 

capacity (and thus the section can be classified as "slender" according to LRFD 1999 definitions). 

This was not the case in any of the parametric runs performed in this study, but could conceivably 

occur to pipes with D/t greater than 100. Column 7 provides a parameter 

a = (MFEA -Mem) [Mpm -Mem}, which is an indicator of the proximity of the moment MFEA is 

from the limiting value Mpm. When a ^1.00, the moment capacity as predicted by FEA 

MFM > Mpm, which signifies that the pipe is able to develop its modified plastic moment capacity, 

under the load combination considered. Conversely, when l>or>0.00, the moment capacity 

predicted by FEA Mpm > MFEA > Mem i.e., the pipe is able to develop its modified elastic moment 

capacity but buckles prior to the attainment of its modified plastic moment capacity. 
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Table 7.3 Finite Element vs. Plastic Interaction Moment Predictions for D/t=60 and SMYS=448MPa 
(Mp=947kNm andMe=731kNm) 

Moment Capacity 
predicted by FEA, Plastic, Moment Ratios 

and Elastic Interaction Normalized w.r.t. 
Relations (kNm) Modified Plastic Moment 

FEA ID 
(1) 

Dt60P00A-30T00 
Dt60P00A-30T25 
Dt60P00A-30T50 

Dt60P00A00T00 
Dt6OP0OA0OT25 
Dt60P00A00T50 

Dt60P00A+30T00 
Dt60P00A+30T25 
Dt60P00A+30T50 

Dt60P20A-30T00 
Dt60P20A-30T25 
Dt60P20A-30T50 

Dt60P20A00T00 
Dt60P20A00T25 
Dt60P20A00T50 

Dt60P20A+30TOO 
Dt60P20A+30T25 
Dt60P20A+30T50 

Dt60P40A-30T00 
Dt60P40A-30T25 
Dt60P40A-30T50 

Dt60P40A00T00 
Dt60P40A00T25 
Dt60P40A00T50 

Dt60P40A+30T00 
Dt60P40A+30T25 
Dt60P40A+30T50 

MW0 

(2) 
758 
721 
599 
911 
884 
784 
826 
795 
708 
667 
632 
502 
882 
851 
760 
900 
871 
767 
524 
480 
353 
804 
774 
665 
900 
870 
767 

Mpm™ 
(3) 
844 
814 
701 
947 
919 
824 
843 
814 
701 
748 
710 
593 
920 
890 
790 
885 
853 
749 
595 
553 
413 
839 
805 
694 
877 
844 
737 

Mj* 
(4) 
512 
489 
414 
731 
708 
633 
512 
489 
414 
428 
404 
328 
647 
623 
547 
574 
550 
474 
320 
296 
215 
540 
515 
434 
613 
588 
507 

MFEAlMpm 

(5) 
0.898 
0.885 
0.855 
0.962 
0.962 
0.952 
0.980 
0.976 
1.010 
0.892 
0.890 
0.847 
0.958 
0.956 
0.962 
1.016 
1.021 
1.024 
0.881 
0.868 
0.855 
0.958 
0.962 
0.958 
1.026 
1.031 
1.041 

M<JMpm 

(6) 
0.61 
0.60 
0.59 
0.77 
0.77 
0.77 
0.61 
0.60 
0.59 
0.57 
0.57 
0.55 
0.70 
0.70 
0.69 
0.65 
0.64 
0.63 
0.54 
0.54 
0.52 
0.64 
0.64 
0.63 
0.70 
0.70 
0.69 

« ( d ) 

(7) 
0.741 
0.713 
0.645 
0.833 
0.836 
0.791 
0.949 
0.940 
1.025 
0.747 
0.744 
0.657 
0.859 
0.853 
0.877 
1.047 
1.059 
1.065 
0.743 
0.716 
0.697 
0.883 
0.893 
0.888 
1.087 
1.103 
1.132 

Class(e) 

(8) 
NC 
NC 
NC 
NC 
NC 
NC 
NC 
NC 
C 

NC 
NC 
NC 
NC 
NC 
NC 
C 

c 
c 

NC 
NC 
NC 
NC 
NC 
NC 
C 

c 
c 

(a) Moment capacity Calculated by Eq. 7.1 based on FEA predictions 
(b) Moment capacity predicted by Plastic Interaction Relations (Eqs. 1.1 and 1.2) 
(c) Moment capacity predicted by Elastic Interaction Relations (Appendix D) 
(d) Calculated by a = {MFEA -Mem)/(Mpm -Mem) 

(e) NC=Non-compact section and C=Compact section 
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Table 7.4 Finite Element vs. Plastic Interaction Moment Predictions for D/t=$0 and SMYS=448MPa 
(Mp=716kNm andMv=555kNm) 

FEAID 
(1) 

Moment Capacity 
predicted by FEA, Plastic, 

and Elastic Interaction 
Relations (kNm) 

Moment Ratios 
Normalized w.r.t. 

Modified Plastic Moment 
MFEA™ 

(2) 
Mpm™ 

(3) 
Mem (0 MFEAIMpm 

(5) 
M. em'M.pm 

M. 
a 
J21 

(d) Class(e) 

(8) 
Dt80P00A-30T00 
Dt80P00A-30T25 
Dt80P00A-30T50 

531 637 389 
503 616 371 
423 530 314 

0.83 
0.83 
0.80 

0.61 
0.60 
0.59 

0.572 
0.539 
0.504 

NC 
NC 
NC 

Dt8OPO0A00T00 
Dt8OPOOA00T25 
Dt80P00A00T50 
Dt80P00A00T75 

667 
654 
583 
443 

716 
695 
623 
473 

555 
538 
481 
367 

0.93 
0.94 
0.94 
0.94 

0.78 
0.77 
0.77 
0.78 

0.696 
0.742 
0.720 
0.717 

NC 
NC 
NC 
NC 

Dt80P00A+30T00 
Dt80P00A+30T25 
Dt80P00A+30T50 

Dt80P20A-30T00 
Dt80P20A-30T25 
Dt80P20A-30T50 

Dt8OP20AO0T0O 
Dt80P20A00T25 
Dt80P20A00T50 

621 
595 
531 
458 
432 
354 
648 
624 
550 

637 
616 
530 
566 
537 
448 
696 
673 
597 

389 
371 
314 
325 
307 
249 
491 
473 
415 

0.97 
0.97 
1.00 
0.81 
0.80 
0.79 
0.93 
0.93 
0.92 

0.61 
0.60 
0.59 
0.57 
0.57 
0.56 
0.71 
0.70 
0.70 

0.935 
0.915 
1.005 
0.553 
0.544 
0.527 
0.766 
0.755 
0.741 

NC 
NC 
C 

NC 
NC 
NC 
NC 
NC 
NC 

Dt80P20A+30T00 
Dt80P20A+30T25 
Dt80P20A+30T50 
Dt80P20A+30T75 

675 
633 
573 
410 

669 
645 
566 
403 

436 
418 
360 
243 

1.01 
0.98 
1.01 
1.02 

0.65 
0.65 
0.64 
0.60 

1.024 
0.947 
1.032 
1.044 

C 
NC 
C 

c 
Dt80P40A-30T00 
Dt80P40A-30T25 
Dt80P40A-30T50 

Dt80P40A00T00 
Dt80P40A00T25 
Dt80P40A00T50 

367 
336 
246 
589 
565 
476 

450 
418 
312 
634 
609 
525 

243 
225 
163 
410 
391 
330 

0.82 
0.80 
0.79 
0.93 
0.93 
0.91 

0.54 
0.54 
0.52 
0.65 
0.64 
0.63 

0.600 
0.575 
0.556 
0.798 
0.800 
0.750 

NC 
NC 
NC 
NC 
NC 
NC 

Dt80P40A+30TOO 
Dt80P40A+30T25 
Dt80P40A+30T50 
Dt80P40A+30T75 

660 
635 
554 
405 

663 
638 
557 
388 

465 
446 
385 
257 

1.00 
1.00 
0.99 
1.04 

0.70 
0.70 
0.69 
0.66 

0.985 
0.985 
0.982 
1.130 

C 
C 

NC 
C 

(a) Moment capacity Calculated by Eq. 7.1 based on FEA predictions 
(b) Moment capacity predicted by Plastic Interaction Relations (Eqs. 1.1 and 1.2) 
(d) Moment capacity predicted by Elastic Interaction Relations (Appendix D) 
(d) Calculated by a = (MFEA -Mem)/(Mpm -Mem) 

(e) NC=Non-compact section and C=Compact section 
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Table 7.5 Finite Element vs. Plastic Interaction Moment Predictions for D/t=l00 and SMYS=448MPa 
(Mp=576kNm andMv=438kNm) 

Moment Capacity 
predicted by FEA and 

Plastic and Elastic Moment Ratios 
Interaction Relations Normalized w.r.t 

(kNm) Modified Plastic Moment 

FEA ID MFEA™ MpJ® Mem^ MFEA/Mpm MemIMpm « ( d ) Class(e) 

(1) m (?) (4) (5J (6) (7) (8) 
Dtl00P00A-30T00 400 513 314 0.78 0.61 0.572 NC 
Dtl00P00A-30T25 396 493 300 0.80 0.61 0.539 NC 
Dtl00P00A-30T50 319 427 254 075 059 0.504 NC 
DtlOOPOOAOOTOO 522 576 448 0.91 0.78 0.696 NC 
DtlOOPOOAOOT25 512 559 434 0.92 0.78 0.742 NC 
Dtl00P00A00T50 452 501 388 O90 0/77 0.720 NC 

Dti00P00A+30T00 494 513 314 0.96 0.61 0.935 NC 
DtlOOPOOA+30T25 478 495 300 0.96 0.60 0.915 NC 
DtlOOPOOA+30T50 414 426 254 097 O60 1.005 NC 
DtlOOP20A-30TOO 351 455 262 0.77 0.58 0.553 NC 
Dtl00P20A-30T25 327 432 248 0.76 0.57 0.544 NC 
DtlOQP20A-30T50 263 361 201 073 056 0.527 NC 
Dtl00P20A00T00 505 560 397 0.90 0.71 0.766 NC 
Dtl00P20A00T25 486 541 382 0.90 0.71 0.755 NC 
DtiQ0P20A00T50 424 480 335 088 070 0.741 NC 
Dti00P20A+30T00 523 539 352 0.97 0.65 1.024 NC 
Dti00P20A+30T25 504 519 337 0.97 0.65 0.947 NC 
PtiO0P20A+3OT5O 444 456 290 097 064 1.032 NC 
Dtl00P40A-30T00 280 361 196 0.78 0.54 0.600 NC 
Dtl00P40A-30T25 268 336 181 0.80 0.54 0.575 NC 
DtlQ0P4OA-30T50 183 251 132 073 052 0.556 NC 
Dtl00P40A00T00 452 510 331 0.89 0.65 0.798 NC 
Dtl00P40A00T25 434 490 316 0.89 0.64 0.800 NC 
Dtl00P40A00T50 361 422 266 086 063 0.750 NC 
Dtl00P40A+30T00 517 533 376 0.97 0.70 0.985 NC 
Dtl00P40A+30T25 498 513 360 0.97 070 0.985 NC 
DtlOOP40A+30T50 437 448 311 098 069 0.982 NC 
(a) Moment capacity Calculated by Eq. 7.1 based on FEA predictions 
(b) Moment capacity predicted by Plastic Interaction Relations (Eqs. 1.1 and 1.2) 
(e) Moment capacity predicted by Elastic Interaction Relations (Appendix D) 
(d) Calculatedby cc = {MFEA-Mem)/(Mpm-Mm) 

(e) NC=Non-compact section and C=Compact section 
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7.7.2 Classification of Pipes under Pure Bending 

Table 7.6 provides the section classification rules according to Canadian Steel Code CAN/CSA SI 6-

01 and American Steel Code LRFD (1999) and under pure bending. 

The equivalent rule in CAN/CSA SI6-01, circular hollow sections subject to pure bending, which 

satisfy the requirement D/t< 18,000/Fy are considered as Class 2 sections and can be designed 

based on their plastic resistance Mp. 

According to CAN/CSA S16-01, pipe sections subject to pure bending are classified as Class 2 

sections (i.e., attain their plastic moment resistance Mp prior buckling locally) 

whenD// < 18,000/F^ . For Fy = 448 MPa, the requirement becomes D/t < 40.2. When pipes meet 

the requirement 18,000/Fy < D/t < 66,000/Fy = 147.3 they are classified as Class 3 sections and are 

designed based on their elastic resistance Me. 

According to LRFD (1999), pipe sections subject to pure bending are classified as compact (i.e., 

attain their plastic moment resistance Mp prior to buckling locally) when D/t <, 0.07E/Fy = 31.2. For 

i?=200,000Mpa and Fy = 44SMPa, the requirement becomes D/t < 31.2. When pipes meet the 

requirement0.07£'/F>, <D/t£0.31E/Fy = 138.4 they are classified as non-compact and are 

designed based on their elastic resistance Me. 

In the present study, all runs were based on pipes with D/t=60, 80, and 100. Thus, they are expected 

to behave as Class 3/non-compact sections and thus, are expected to develop their elastic moment 

capacity Me and buckle locally before reaching their plastic moment capacity Mp when subjected to 

pure bending. This is indeed the case in Tables 7.3, 7.4, and 7 5 for runs Dt60P00A00T00, 

Dt80P00A00-T00, and DtlOOPOOAOOTOO (which involve the case of pure bending) which developed 

their elastic moment capacity Me but not their plastic moment capacity Mp. The MFEA-to-Mpm ratios 

are less than unity (0.96, 0.93, and 0.91, respectively) but higher than Mem-to-Mpm ratios. Also, the 

indicator a takes the respective values of 0.83, 0.70, and 0.58. The moment capacity for specimen 

with D/t=60 was closest to the plastic moment capacity (0.96Mp) since its D/t is closer to lower 
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classification limit D/f £31.2 according to LRFD (1999) and D/t <40.2 according to CAN/CSA 

S16 (2001). As expected, as D/t increases, the value of indicator a reduces. For the run with the 

largest diameter-to-thickness ratio of 100, (DtlOOPOOAOOTOO), it is observed that the predicted finite 

element moment is only 0.91 of the plastic moment Mpm as predicted by the plastic interaction 

equation. The above discussion shows that the FEA results are consistent with the classification rules 

in LRFD 1999 and CAN/CSA S16 (2001). 

Table 7.6 Section Classification Rules according to Canadian and American Codes 

Section Class Can/CSA S16-01 LRFD Specification' 

Classification 
(Fv=448MPa) 

D/t=60 D/t=S0 D/t=l00 
Class 2 

(Compact) ^ < ! M ? ! = 40 2* 
t F, 

£<!iooo = 31.2 
t F„ 

Class 3 
(Non-Compac) F„ t 

66,000 
147.3 

liM = 312<^< 

62,000 + + + 

F„ 
138.4 

Class 4 
(Slender) t R. 

£>«^0 = 138.4 
t F„ 

MFEAIM„ 0.96 0.93 0.91 
a 0.83 0.70 0.58 

*In LRFD Specification, the section classification equations are a function of Modulus of Elasticity (E). 
The equations presented in this table are calculated by setting i?=200,000MPa 

**BasedonF>)=448MPa 

A principal objective of the present study is the to assess whether the concept of section 

classification used in structural steel codes could be extended to steel pipes which are subject to 

more general load combinations by assessing whether a pipe under a given load combination 

(torsion, internal pressure, and axial force) is able to attain its modified plastic (or elastic) capacity. 

7.7.3 Effect of Loads and Geometry 
Figures 7.5, 7.6, and 7.7 depict moment ratio as a function of torsion and internal pressure ratios for 

D/t ratios of 60, 80, and 100, respectively, for axial force ratios o f - 3 0 % , 0, and 30%. In the figures, 

Surface 1 represents moment ratio Mem/Mpm-\.0 as a function of internal pressure ratio and torsion 

ratio, Surface 2 represents the moment ratio M/Mpm is intended to represent the limiting case where 
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the moment capacity is equal to the modified plastic moment capacity, and Surface 3 is moment 

ratio MFEA/Mpm as a function of internal pressure ratio and torsion ratio (Fig. 7.5a). Surface 3 is 

above Surface 2 {MFEAjMpm > 1) when the specimen is able to develop its modified plastic moment 

capacity and thus meets the compactness requirement. Surface 3 stays below Surface 2 but above 

Surface 1 when the specimen is unable to develop its modified plastic moment capacity but is able to 

develop its modified elastic moment capacity and thus, is classified as a non-compact section. In 

Figs. 7.5a and b, Surface 3 stays below Surface 2 meaning that pipes with D/t=60 and /y=448MPa, 

were unable to develop their modified plastic moment capacities for axial force ratios of-0.30 and 0, 

respectively. On the other hand, in Fig. 7.5c, where the axial force ratio is 0.30 (tensile), for some 

combinations of torsion and internal pressure ratios, pipes were observed to develop their modified 

plastic moment capacity (Surface 3 is above Surface 2) i.e., compact section behavior. Within the 

rest of the domain pipe exhibited a sub-compact behavior. The border delineating these two 

behaviors is illustrated in the same figure. 

Figures 7.5 to 7.7 indicate that effect of internal pressure and torsion ratios on the ability of the pipes 

to develop their plastic moment capacity is not very significant. This is characterized by the nearly 

horizontal shape of Surface 3. 
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Surface 2 
M,=l 

Surface 3 
MFEA/Mpm 

Border Delineating 
Compact from 
Non-compact 
Pipes 

Non-compact 
Pipes 
M FEA/^pm <1 

Surface 1 
MeJMpm 

'<%>*>•&• 

(a) Axial Force Ratio ̂ 4r=-0.30 

*a.o? 

(b) Axial Force Ratio A=0.00 

Compact 
Pipes 

'<®>oS» vcs» 
j C C * * ' 

(c) Axial Force Ratio Ar=030 
Fig. 7.5 Moment Ratio as a Function of Torsion and Internal Pressure Ratios for D/f=60 
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(a) Axial Force Ratio Ar=-0.3 

«.--

v < « ^ 

(b) Axial Force Ratio ^=0.0 

, 0 VC***" 

(c) Axial Force Ratio Ar=0.3 

Fig. 7.6 Moment Ratio as a Function of Torsion and Internal Pressure Ratios for D/if=80 
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*e>o 

(a) Axial Force Ratio Ar=-03 

(b) Axial Force Ratio Ar=0.0 

<2>o^ 

(c) Axial Force Ratio Ar=03 

Fig. 7.7 Moment Ratio as a Function of Torsion and Internal Pressure Ratios for D/t=100 
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7.7.3.1 Effect of Torsion 

From Columns 5 of Tables 7.3 to 7.5 and Figures 7.5, to 7.7, one can observe that the gradient 

d(MFEAlMp}ldTr takes slightly negative values with axial compression (Ar=-30%), becomes 

almost zero for zero axial force (Ar=0%), and takes slightly positive values with axial tension 

(/4r=30%). This suggest that an increase in torsion decreases the ability of the pipe to develop its 

modified plastic moment capacity in the presence of axial compression, has almost no effect for zero 

axial force, and slightly increases the ability of the pipes to reach their modified plastic moment 

capacity when subject to tension. For practical purposes, when determining the ability of a pipe to 

attain its modified plastic moment capacity, the effect of torsion can be neglected 

(d(MFEA jM\ ldTr » 0). Thus, in subsequent plots in Fig. 7.8, the torsion ratio is omitted. 

7.7.3.2 Effect of Internal Pressure 

From Columns 5 of Tables 7.3 to 7.5 and Figures 7.5, to 7.7, one can draw the following 

conclusions. 

1) For pipes subjected to axial compression, the presence of internal pressure had a detrimental 

effect on the ability of a pipe to develop its modified plastic moment capacity. This is 

evidenced by the negative moment gradient d^MFEA/Mp')/dpr < 0. 

2) For pipes with D/N60 subject to zero axial load, internal pressure was observed to essentially 

have no effect (i.e., d(MFEA/Mp)/dpr « OJ on the ability of a pipe to develop its modified 

plastic moment capacity. On the other hand, while internal pressure had a slight detrimental 

effect on the development of the modified plastic moment capacity for pipes with D/t=S0 

(i.e., d{MFEAlMp^/dpr £0\, this detrimental effect was more pronounced for pipes with 

D/f=100 and zero axial force. 

3) For pipes with D/t=60 and 80, combinations of internal pressure and axial tension had a 

beneficial effect (i.e., d{MFEAjM \ dpr >0J and these pipes were able to develop their 

modified plastic moment capacity. Internal pressure had no effect with D/t=l00 pipes subject 

to axial tension (i.e., d{MFEAjMp)/dpr * OJ. 
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The effect of internal pressure can be characterized as mild though more pronounced than the effect 

of torsion. 

(a) Internal Pressure Ratiopr=0.0 

«g»e£> 

(b) Internal Pressure Ratio/v=0.2 

(c) Internal Pressure Ratio/v=0.4 

Fig. 7.8 Moment Ratio as a Function of D/t and Axial Force Ratios 
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7.7.3.3 Effect of D/t Ratio 

Figure 7.8 illustrates the moment ratio as a function of D/t and axial force ratios for each internal 

pressure ratio (pr=0, 0.2, and 0.4). The diameter-to-thickness ratio is observed to have a significant 

effect on the ability of the pipes to develop their plastic moment capacity. An increase in D/t ratio is 

observed to significantly decrease the MFEA/MP. This is clear by the negative sign of the gradient 

8(MFEA/Mp)/d(D/t). 

7.7.3.4 Effect of Axial Force Ratio 

Figure 7.8 also shows that the axial force has a significant effect on the ability of a pipe to develop 

its modified plastic moment capacity {d{MFEA/Mp)jdAr >0). The FEA runs conducted indicates 

the presence of axial compression accelerates local buckling and triggers it before the pipes reach 

their modified plastic moment capacity. On the other hand, the presence of axial tension is observed 

to delays local buckling and allows the pipes to develop their modified plastic capacity in some cases 

(Figs 7.8b and c). Relatively thin-walled pipes with D/t=\00 were able to develop around 97% of 

their modified plastic moment capacity in the presence of axial tension (A=30%). 

7.7.4 Buckled Configurations 

The buckling modes obtained in the FEA study are illustrated in Fig. 7.9. Pipes under axial 

compression, zero torsion, and zero internal pressure exhibited a symmetric diamond-shape buckle 

(Fig. 7.9a). This type of buckle was also experimentally observed in previous studies for pipes under 

axial compression and bending (Mohareb 1994, Zimmerman 1995, Zimmerman 2004, etc.) and 

pipes under axial tension and bending in this study (Chapter 5). 

Pipes tested under axial compression, zero internal pressure, and 25% of their plastic torsion 

capacity exhibited asymmetric diamond shape buckle (Fig. 7.9b). 

Regardless of the amount of axial force on them, pipes under 50% of their plastic torsion capacity 

and zero internal pressure exhibited a diagonal buckle (Fig. 7.9c). A buckle type resembling the one 

in Fig. 7.9c was observed in Ozkan and Mohareb (2003) in experiments on short pipes subjected to 

bending, shear, and torsion. 
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Some of the pipes tested under zero axial force or 30 % axial tension, zero internal pressure, and 

zero torsion exhibited a slightly different diamond shape buckle with a major depression in the 

middle of the buckle and four small depressions around the major depression (symmetric diamond 

buckle-2 in Fig. 7.9d). It was observed that this type of buckle was spread along a greater pipe length 

than symmetric diamond buckle (Fig. 7.9d) possibly due to the presence of axial tension. 

Pipes under internal pressure, axial force, and zero torsion exhibited symmetric outward bulging 

buckle (Fig. 7.9e), which is the characteristic buckle type for this kind of loading (Bouwkamp and 

Stephten 1973, Mohareb 1994, Zimmerman 1995 etc.). Some of the pipes tested under internal 

pressure, axial tension, and zero torsion exhibited outward bulging buckle at the bottom 

(characterized as elephant foot buckle in Dorey 1999) as illustrated in Fig. 7.9f. 

Pipes tested under internal pressure, axial force, and torsion exhibited asymmetric outward bulging 

buckle (Fig. 7.9g), which was also observed as the buckling modes of the specimens of test series 2 

of this study (Chapter 6). 

Pipe Dt80P20A-30T00 exhibited two symmetric outward bulging buckles (Fig. 7.9h). Pipe 

Dt80P20A30T25 exhibited two asymmetric outward bulge buckles (Fig. 7.9i). 
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(a) Symmetric 
Diamond 
Buckle of 

Dt60P00A-
30T00 

(f) Elephant foot 
buckle of 

Dt80P20A30T0 

(b) Asymmetric 
Diamond Buckle 

ofDt60P00A-
30T25 

(g) Asymmetric 
Outward Bulging 

Buckle of 
Dt80P20A-

30T50 

(c) Diagonal 
Buckle of 

Dt60P00A-30T50 

(h) Two 
Symmetric 

outward bulging 
buckles of 

(d) Symmetric 
Diamond Buckle-

2 of 
Dt60P00A00T00 

(i) Double 
Asymmetric 

Outward Bulging 
Buckle 

Dt80P20A-30T00 Dt80P20A30T25 

(e) Symmetric 
Outward Bulging 

Buckle of 
Dt60P20A-30T00 

Fig. 7.9 Sample Buckling Modes 

7.8 Conclusions 
The effects of torsion, internal pressure, axial force (compression/tension), and D/t on the ability of 

the pipes to develop their modified plastic moment capacity were systematically assessed by FEA 

parametric study documented in this chapter. Following are the main conclusions of the work. 

1) While torsion had a slight detrimental effect on the ability of the pipes to develop their modified 

plastic moment capacity in the presence of axial compression, its effect can be considered as 

practically negligible. 

2) Combinations of compression and internal pressure cause a slight decrease in MmAlMpm ratio. In 

contrast, combined axial tension and internal pressure, has a favorable effect on MpEAlMpm ratio. 

However, the effect of internal pressure up to 40% is observed to be small. 

3) An increase in D/t ratio has a pronounced detrimental effect on the ability of the pipes to develop 

their modified plastic moment capacity. 
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4) Among the parameters investigated, the most effective on the ability of the pipes to develop their 

modified plastic moment capacity is the axial force. While the axial compression had a 

detrimental effect in attaining the modified plastic moment, axial tension had a beneficial effect 

in attaining the modified moment ratio. In both cases, the moment attained was always smaller 

than the fully plastic moment M . 

5) It is possible to extend the concept of classification rules adopted in structural steel codes for 

hollow sections under bending to the design of elevated pipelines, which involve complex loads. 

The classification rules for elevated pipes would depend on D/t and F/E similar to structural 

steel codes but also on Ar, pr and weakly dependent on Tr. 

6) In summary, the ability of a pipe to develop its modified plastic moment capacity is dependent 

on the following parameters. 

• Axial force ratio (most important parameter) 

• D/t ratio (strong dependence) 

• Internal pressure (weak dependence) 

• Torsion (negligible) 
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Chapter 8 
Summary and Recommendations 

In this chapter, a summary of the research conducted and the outcome is presented in Section 8.1. 

Recommendations for future research are provided in Section 8.2. 

8.1 Summary 
As a result of the comprehensive literature review conducted on previous experimental studies on 

steel pipes, it was observed that a very limited number of full-scale tests was conducted on pipes 

subjected to complex load combinations including internal pressure, axial tension, torsion, shear, and 

bending. In order to partially fill this void, an experimental program consisting of two full-scale test 

series on pipe specimens made of X65 material with OD=508mm and nominal D/t=8Q were 

undertaken. Experiments were conducted under an innovative test setup, which was developed at the 

Structural Engineering Laboratory of the University of Ottawa. The setup is capable of 

accommodating complex load combinations. 

The first test series (Chapter 5) consisted of testing six pipes under combinations of axial tension, 

internal pressure, and imposed curvatures. The main aim of the tests was to document the beneficial 

effect of axial tension on critical buckling strains of pipes, which are used in the design of buried 

pipelines. The moment capacities of pipe specimens were also measured in order to investigate 

whether or not relatively thin pipes (D/t=80) are able to attain their modified plastic moment 

capacity as predicted by analytically derived interaction relations (Mohareb 2002 and 2003). The 

study was also successful in obtaining deformation limit states of interest in designing buried pipes. 

An FEA model of the pipe specimens was developed under the FEA simulator AB AQUS in order to 

predict test results. Following is the outcome of the work. 

1. As characterized by Moment vs. Local Curvature relationships of the pipe specimens 

tested, pipes under high axial tension were able to reach higher curvature values prior 

buckling locally when compared to specimens with lower levels of axial tension. The FEA 

was able to predict this behavior reasonably well. However, it over-predicted critical 

curvatures and strains when compared to the tests. 
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2. Compressive strain limits were observed to increase with axial tension. Design equations 

accounting for this beneficial effect were proposed. The new compressive strain limits are s 

functions of axial tension ratio Ar and internal pressure ratio pr. 

3. Pipe local buckling configurations are dependant on load combinations. Un-pressurized 

pipes exhibited a diamond shape mode buckle. The presence of internal pressure induced 

outward bulging buckles. The FEA provides very good predictions of the local buckling 

modes. Nevertheless, the predicted locations of the buckle were found to be very sensitive 

to the input stress-strain relationships and pipe cross-sectional properties. The location of 

the buckle in the FEA model could be initiated where it took place in the tests by 

introducing slightly different stress-strain relationship. The same results can also be 

obtained by slightly decreasing the thickness of the pipe elements at that location. 

4. The interaction equations in Mohareb (2002 and 2003) predicted a higher resistance than 

those recorded in the tests except for specimens P40-A40-M89 and P80-A40-M82, which 

were able to develop their plastic capacities as predicted by the relations in Mohareb (2002 

and 2003). Based on the experimental program, it is judged that the ability of the pipes to 

develop their plastic capacity is dependant on the load combinations acting on the pipe. 

The combined stabilizing effect of internal pressure and axial tension is beneficial for pipes 

to develop their modified plastic moment capacity. 

5. The FEA provides very good predictions of the bending moment capacity and FEA model 

developed in the study and can be reliably used for the capacity prediction of pipes subject 

to combinations of internal pressure, axial tension/compression, and bending in the absence 

of experimental data. 

The aim of the second test series (Chapter 6) was to extend the experimental database to specimens 

tested under more complex load combinations and also to demonstrate that FEA model of the 

specimens were able to predict the pipe moment capacity reasonably well. In this respect, two pipe 

specimens were subjected to combinations of torsion, internal pressure, axial tension, shear, and 

bending. Their FEA model using ABAQUS Simulator was also developed to predict the test results. 

Following are the outcome of the work. 
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1. The FEA predictions of moment capacities were in very good agreement with the test 

results. The buckled shapes as obtained from the tests and FEA were also in excellent 

agreement. 

2. Although the presence of torsion is of importance only in fewer situations in the design of 

buried pipelines, critical strains of the specimens were measured. An increase in torsion 

ratio appears to very slightly reduce the critical strain. No definite trends could be inferred 

from the tests given the rather small sample size. 

As a last step of the research program, a comprehensive study based on FEA was conducted. 

Previous full-scale experimental studies on steel pipes under combined loading along with their FEA 

simulations were summarized. It was observed that FEA moment capacity predictions were in 

excellent agreement with experimental measurements. The quality of the agreement obtained in this 

program also gave confidence to apply the FEA model developed in a parametric study in order to 

investigate the effect of geometric property D/t and different load types (internal pressure, axial 

tension, and torsion) on the ability of the pipes to develop their modified plastic moment capacity as 

predicted by the interaction relationships (Mohareb 2002 and 2003). It was observed that the axial 

force ratio was the most important parameter affecting the ability of the pipes to develop their 

modified plastic moment capacity. This ability also showed strong dependence on the D/t ratio. 

While internal pressure had slight effect on the ability of the pipes to develop their modified plastic 

moment capacity, the effect of torsion was judged negligible. 

8.2 Recommendations for Future Research 
8.2.1 Recommendations for Critical Buckling Strains 

As a result of the experimental program conducted, it was observed that axial tension has a 

beneficial effect on limiting buckling strains. Given the small sample tested, it is recommended to 

undertake more tests in order to yield more reliable and possibly less conservative design rules. 

The FEA model developed was observed to overestimate the critical strain values. One reason for 

the discrepancy could be the presence of residual stresses in the pipes induced during the production 

process, which was not measured nor modeled in the FEA. It is recommended to measure the 

residual stress distribution in the pipe wall and develop an FEA model, which models residual 
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stresses. The introduction of residual stresses to the FEA model is likely to improve the prediction of 

critical buckling strains and possibly achieve a better agreement between the experimental 

measurements and the FEA predictions. 

8.2.2 Recommendations for Moment Capacity 

The present study investigated the effect of D/t ratio and loading such as internal pressure, axial 

force, and torsion on the ability of pipes to develop their modified plastic and elastic moment 

resistance. An extension of work to incorporate the effect of yield strength-to-Modulus of elasticity 

ratio (Fy/E) is a logical extension of the work and could generalize the result for material strength. 

Although it was shown that for some combinations of D/t, axial force, internal pressure, and torsion, 

pipes were able to develop their modified plastic moment capacity while for some other 

combinations they were not, the border delineating these two behaviors is yet to be mathematically 

defined. The definition of this border together with verified interaction relations could form a 

complete set of design rules to be incorporated in pipeline codes. 

In the second test series, bending was applied to the specimens by displacing the top of the 

specimen, which led into a moment gradient along the height of the pipe associated with constant 

shear. Further numerical experimentation in Chapter 6 showed that constant moment along the 

length of the pipe is a more severe case than that of a moment gradient. It is of interest to 

experimentally verify this hypothesis by applying combinations of internal pressure, axial tension, 

torsion, and constant moment along the length of the pipe. 
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Appendix A-Detailed Drawings of the Test Setup Equipment 

Appendix A consists of following sections. 

Section A1: Detailed drawings of Loading Arm. 
A key drawing for the loading arm is provided in Fig. Al while the detailed views are illustrated in 

Figs A2 through A7. 

Section A2: Detailed drawings of Bearing Frames and Bracings 
A key drawing for the bearing frames and bracings is provided in Fig. A8 while the detailed views 

are illustrated in Figs A9 through A13. 

Section A3: Detailed drawings of Fittings (Base plates, Spacers, and 

Anchor Rods) 
Drawings for Spacer types A, B, and C are provided in Figs. A14, A15, and A16, respectively. 

Figure A17 illustrates the base plates and Fig. A18 is the drawing for anchor rods and bottom plate. 
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A1 Detailed Drawings of Loading Arm 
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A2 Detailed Drawings for Bearing Frames and Bracing 
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Ŝ
 «

 
w

 a
-

ft
 

S
 

C
O

 

CO
 

"3
 c

o
 

as
 c

e
 

C
O

 

J'
 H

 
O

S
 o
 

o I' 



600 

500 

.-» 400 
a. 

i 300 

200 

100 

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 

Strain 

Fig. Bl Stress vs. Strain Relationships as obtained from 14 Tension Coupon Tests 

Stress vs. strain relationships presented in Fig. Bl shows little variability in stress vs. strain 

properties of tension coupons taken around the circumference of the specimens. As was mentioned 

in Section 5.1.6, material properties of the specimens used in Test Series 1 were represented by 

selecting a stress strain data within the boundaries of the curves presented in Fig. Bl (Table 5.2). 

The Engineering Stress vs. Engineering Strain and True Stress vs. Logarithmic Strain curves 

generated by the data presented in Table 5.2 are provided in Fig. B2. It is noted that after the peak 

stress is attained, the strain field within the specimen is no longer uniform. Thus, the post-peak 

branch of the stress-strain relationship becomes dependent on the gauge length chosen, and thus 

looses its significance as a measure of the material behavior 
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Fig. B2 Stress vs. Strain Relationship used in the Finite Element Model 
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Appendix C-Local vs. Global Curvatures 
Figure CI illustrates the local curvature vs. global curvature relations for the specimens tested in 

Chapter 5 for different pressure levels. The points where the slope of the curves changes (Initiation 

of buckling) are also shown. As can be seen in figures, curvature values corresponding to the 

initiation of buckling for the specimens tested under higher axial tensile force are higher than the 

specimens tested under lower levels of axial tension. 
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Appendix D - Elastic Interaction Relations 

D1 Statement of the Problem 

Interaction relations for pipe sections based on the elastic resistance of the pipes subject to combined 

action of bending, torsion, axial force, and internal pressure are sought. Consider a pipe section with 

a mean diameter Z)=2/*, thickness t, and yield strength Fy. (Fig. Dl) subjected to axial force A, 

twisting moment T, internal pressure p, and bending moment M which initiates yielding either at the 

extreme fiber 1 or fibre 2. 

Fiber 1 

Fig. D.l Internal Forces acting on Pipe Cross-section 

It is required to develop two piecewise interaction relations of the form ft (Ar,M/Me ,Tr,pr)<0 for 

fibers i=l,2) in which 4 = AjAp{Ap = FyApipe in which Apipe = litrt is the area of the pipe cross-

section), Me=Fyl/(r + Q.5t) = SFyis the elastic moment resistance calculated in the absence of 

other forces (/ is the moment of inertia and S is the section elastic modulus of the pipe cross-section), 
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Tr = T/Tp, is the ratio of the applied torsion to the elastic torsional resistance and pr = pjpy is the 

ratio of the applied internal pressure to the internal pressure corresponding to the yield hoop stress. 

The condition fx < 0 signifies that fibre 1 does not exceed yield and the condition f2 <, 0 signifies 

that fibre 2 does not exceed yield and the condition. For an admissible internal force state, both 

conditions ( ^ < 0 , / 2 < 0 ) have to be satisfied. A limiting internal force state is attained either when 

( / ;=0 3 / 2 <0)o rwhen( / 1 <0 , / 2 =0) 

02 Assumptions 

• It is assumed that pipe cross-section can fully develop its modified elastic capacity prior the 

occurrence of local buckling on the compression side of the section (i.e., section meets Class 

3 requirements according to CAN/CSA SI6-01). 

• The longitudinal stresses of the pipe are calculated from the Euler-Bernouilli beam theory. 

• The shearing stress of the pipe are obtained from the St. Venant torsion theory for closed 

sections 

• Pipe steel is assumed to yield in accordance with maximum distortional energy yield 

criterion (Boresi and Sidebottom 1985). For an element of pipe wall of thickness t of length 

dl along the pipe length and of length rdd along the circumference (Fig. D2), the relevant 

non-zero stress components are normal stress <rz due to axial force (A) and bending moment 

(M), the tangential shearing stress r due to torsion (7), and the hoop stress <rh due to internal 

pressure (p). 
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Fig. D2 Stress Components acting on Pipe Element 

D3 Yield Criterion 
For the above stress combination, an admissible state of stress based on the maximum distortional 

energy density yield criterion can be expressed as. 

cTh
2-<Thcrl + (Tl

2 + 3r2<Fy (Dl) 

By dividing both sides by the yield stress F , one obtains, 

f \ 

VFyJ \FyJ 
+ 

y J y J 

( \ 

KF>Kh 
<\ (D2) 

D4 Relating Hoop Stress to Internal Pressure 
With reference to Fig. D3a, the hoop stress is related to the applied internal pressure through 

°*=f('-°-*) (D3) 
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The pressure py that causes the hoop stresses to attain the yield strength Fy of the pipe material in 

the absence of other internal forces is 

Fy=Q-(r-0.5t) (D4) 

By dividing Eq. D3 by Eq. D4, one obtains 

°A P 
T=V=Pr (D5) 

D5 Relating Twisting Moment to shear Stress 

With reference to Fig. D3b, the St. Venant torsion theory relates the twisting moment Tto the shear 

stress r 

T = 2nr2tr (D6) 

The twisting moment Tp, which causes the pipe material to attain yielding in the absence of other 

internal forces, is 

(F ^ 
T =2nr2t\ -J-

By dividing Eq. D6 by Eq. D7, one obtains 

71 

(D7) 

TP IF /Ji) r (D 8> (F,W 
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(a) Hoop Stress (b) Shear Stress Distribution 

Fig. D3 Shear and Hoop Stresses 

D6 Relating Bending Moments and Axial Force to Normal Stress 

According to the Euler-Benoulli beam theory, a pipe section subject to normal force A and bending 

moment M (positive directions are shown in Fig. Dl), the longitudinal stresses <T15<X2 at fibers 1 and 

2 respectively, are 

Ol 

°"2 

A 
A 

P'Pe 

A 
A 

M 
•+ — 

S 

M 

S 

(D9) 

(D10) 

in which Apipe is the cross-section of the pipe, S = I/(r + 0.5t) is the elastic modulus of pipe cross-

section, and / is the moment of inertia. Stresses <Ju<r2 are positive when tensile. By dividing both 

sides of Eqs. D9 and D10 by F one obtains 

Fy~Ay
+Me~

A + Me 
(Dll) 
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£2__j4 M__ M_ 
Fy~Ay M~ r~Me 

(D12) 

In Eqs. Dl 1 and D12, Ay is the yield tensile resistance and Me is the elastic moment resistance 

D7 Expressing Yield Criterion in terms of Internal Forces 

From Eqs. D5, D8, Dl 1, by substituting into Eq. D2 and setting 07 = ox, one recovers the interaction 

relation based on the yield of fiber 1. 

fl(Ar,M/Me,Tr,pr) = p?-pr A+ — 
v Kj 

A + 
( M A 

\M«J 
+r<i (D13) 

Similar substitution of Eqs. D5, D8, D12 into Eq. D2 while setting <yl = <r2, yields 

f2{Ar,M/Me,Tr,pr) = p2
r-pr 

V Mej 
+ A-

1' M^ 

KMeJ 
+r<i (D14) 

which is the interaction relation based on the yield of fibre 2. 

The equation f1(Ar,M/Me,Tr,pr) = l is quadratic in M . The two roots Memll and MemX2 of Eq. 

D13 have opposite signs. Only one of the two roots, say Memll, will meet the interaction condition 

at fibre 2. 

Pr-PrlA — 
M em,\,\ 

M. 
A- (Mem,U 

M. K *V*e J 

+ 712<1 (D15) 

while the other root MemX2 will violate the interaction relation, i..e. 
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Pr-Pr 
'' A_M™^ 

V M„ + 
j 

A- +T:>\ (D16) 

Thus, the root Mm l2 has to be discarded for an admissible internal force state, and the modified 

elastic moment solution sought is Mem =MemXi. It is observed that if MemSl is a root of Eq. D13, 

M™,2,i = ~^emxi *s always a root of the interaction relation f2 (Ar ,M/Me, Tr, pr) = 1. 

D8 Summary 

In summary, the two possible solutions for the modified elastic moment areMem = ±MemXl where 

Meml j is obtained by satisfying the conditions 

P2r-Pr\A + Ar
Jr 

(M ^ em,1,1 

V Me J 
+r=i (D17) 

And 

PI-PAA- M + A-
e J 

+ Tf<l (D18) 
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