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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national center of
excellence in advanced technology applications that is dedicated to the reduction of earthquake losses
nationwide. Headquartered at the University at Buffalo, State University of New York, the Center
was originally established by the National Science Foundation in 1986, as the National Center for
Earthquake Engineering Research (NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions throughout the
United States, the Center’s mission is to reduce earthquake losses through research and the
application of advanced technologies that improve engineering, pre-earthquake planning and post-
earthquake recovery strategies. Toward this end, the Center coordinates a nationwide program of
multidisciplinary team research, education and outreach activities.

MCEER’s research is conducted under the sponsorship of two major federal agencies: the National
Science Foundation (NSF) and the Federal Highway Administration (FHWA), and the State of New
York. Significant support is derived from the Federal Emergency Management Agency (FEMA),
other state governments, academic institutions, foreign governments and private industry.

MCEER’s NSF-sponsored research objectives are twofold: to increase resilience by developing
seismic evaluation and rehabilitation strategies for the post-disaster facilities and systems (hospitals,
electrical and water lifelines, and bridges and highways) that society expects to be operational
following an earthquake; and to further enhance resilience by developing improved emergency
management capabilities to ensure an effective response and recovery following the earthquake (see
the figure below).
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A cross-program activity focuses on the establishment of an effective experimental and analytical
network to facilitate the exchange of  information between researchers located in various institutions
across the country. These are complemented by, and integrated with, other MCEER activities in
education, outreach, technology transfer, and industry partnerships.

This report describes the procedures and results of an empirical data research program designed
to determine the static and dynamic behavior of some typical restrained and unrestrained under-
ground pipe joints. Pipelines have suffered damage and failure during past earthquakes, and it is
well-documented that a majority of these failures occurred at unrestrained pipe joints, while
restrained joints have a capacity to resist pull-out. Therefore, both unrestrained and restrained pipe
joints need to be examined, and their axial and rotational stiffness, and strength characteristics need
to be investigated to help mitigate potential damage and failure.  Five different material types with
eight different joint types and several different pipe diameters were used in this testing program.  The
test results are given as load-displacement plots, moment-rotation plots, and tables listing the axial
and rotational stiffness, force capacities, and bending moment capacities.  A comparison is made
between static and dynamic results to determine if static testing is sufficient to characterize the
dynamic behavior of pipe joints.  This report also suggests methods to use the test results for a finite
element pipeline system analysis and for risk assessment evaluation.
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ABSTRACT 
           

This report describes the procedures and results of an empirical data research program 

designed to determine the static and dynamic behavior of some typical restrained and 

unrestrained underground pipe joints, such as their axial and rotational stiffness, axial 

force capacity, and moment bending capacity.  Pipelines have suffered damage and 

failure from past earthquakes and have been shown to be vulnerable to seismic motions.  

It has been well documented that a majority of pipeline failures have occurred at 

unrestrained pipe joints while restrained joints have a capacity to resist pull-out, and 

therefore, both unrestrained and restrained pipe joints need to be examined and their axial 

and rotational stiffness and their strength characteristics need to be investigated in order 

to help mitigate potential damage and failure.  Five different material types with eight 

different joint types and several different pipe diameters were used in this testing 

program.  The test results are given as load-displacement plots, moment-rotation plots, 

and tables listing the axial and rotational stiffness, force capacities, and bending moment 

capacities.  A comparison is made between static results and dynamic results to determine 

if static testing is sufficient to characterize the dynamic behavior of pipe joints.  This 

report also suggests methods to use the test results for a finite element pipeline system 

analysis and for risk assessment evaluation. 

 

 



 

 



 vii

ACKNOWLEDGMENTS 
The project described in this report was funded by the Multidisciplinary Center for 

Earthquake Engineering Research (MCEER) located at the State University of New York 

at Buffalo under a grant from the National Science Foundation (NSF).  The authors are 

grateful for this funding and support.  However, it must be noted that the opinions 

expressed in this report are those of the authors and do not necessarily reflect the views of 

MCEER.   

 

 



 

 



 ix

TABLE OF CONTENTS 
 
SECTION TITLE PAGE 
 
1 INTRODUCTION 1 

1.1 Background 1 

1.2 Past Performance of Pipelines 3 

1.3 Past Research 4 

1.4 Test Specimen Description 8 

 
2 AXIAL STATIC EXPERIMENTS 19 

2.1 Description 19 

2.2 Test Assembly Configuration and Instrumentation 20 

2.3 Test Methodology and Loading 22 

2.4 Test Results 23 

 
3 AXIAL DYNAMIC EXPERIMENTS 35 

3.1 Description  35 

3.2 Test Assembly Configuration and Instrumentation 36 

3.3 Test Methodology and Loading 38 

3.4 Seismic Motion Records 39 

3.5 Test Results 43 

3.6 Combined Load-displacement Plots 54 

3.7 Comparison Between Dynamic Loading and Static Loading Results 69 

 
4 STATIC AND DYNAMIC BENDING EXPERIMENTS 65 

4.1 Description  65 

4.2 Test Assembly Configuration and Instrumentation 66 

4.3 Test Methodology and Loading 69 

4.4 Test Results 69 

4.5 Combined Moment-Theta Plots 81 

 
 
 



 x

 
SECTION TITLE PAGE 
 
5 APPLICATION OF TEST RESULTS 87 

5.1 Description 87 

5.2 Risk Assessment Evaluation 87 

5.3 Analytic Finite Element Analysis 92 

5.4 Example: Computer Analysis of a Pipeline System 93 

 
6 OBSERVATIONS AND CONCLUSIONS 127 

 

7 FUTURE RESEARCH and INVESTIGATION 131 

 

8 REFERENCES 133 

 
Appendix A AXIAL STATIC EXPERIMENTS 

 TEST REPORTS and LOAD-DISPLACEMENT PLOTS A-1 

  

Appendix B AXIAL DYNAMIC EXPERIMENTS 

 TEST REPORTS and LOAD-DISPLACEMENT PLOTS B-1 

 

Appendix C STATIC AND DYNAMIC BENDING EXPERIMENTS 

 TEST REPORTS and MOMENT-THETA PLOTS C-1 

 

Appendix D RISK ASSESSMENT EVALUATION DEVELOPMENT D-1 

 

Appendix E DEVELOPMENT OF SOIL STRAIN - 

 SEISMIC VELOCITY RELATIONSHIP E-1 

 
 



 xi

LIST OF ILLUSTRATIONS 
 
FIGURE TITLE PAGE 
 
1-1  Ruptured 150 mm dia. cast iron bell from the Northridge earthquake  7 

1-2  Cracked bell on 200 mm dia. cast iron pipe from the Northridge earthquake 7 

1-3  Slip-out of joint on 450 mm dia. cast iron pipe from the Kobe earthquake  7 

1-4  Slip-out of joint on 200 mm dia. ductile iron pipe from the Kobe earthquake 7 

1-5  Slip-out of joint on 450 mm dia. cast iron pipe from the Kobe earthquake  8 

1-6  Shear failure on 200 mm dia. cast iron pipe from the Kobe earthquake  8 

1-7  Slip-out of joint on 300 mm dia. ductile iron pipe from the Kobe earthquake 8 

1-8  Failure of 300 mm (12”) dia. steel main from the Northridge earthquake  8 

1-9  Joint types for ductile iron pipe  9 

1-10  Cast iron pipe with lead-caulked joint  10 

1-11 Ductile iron pipe segments    11 

1-12  Ductile iron pipe with retaining ring  12 

1-13  Ductile iron pipe with a gripper gasket joint  13 

1-14  Ductile iron pipe with bolted collar joint  14 

1-15  Steel pipe with lap-welded joint  15 

1-16  PVC pipe with push-on rubber gasket joint  16 

1-17  Polyethylene pipe with butt-fused joint  17 

2-1  Load frame and actuator configuration for static load testing  21 

2-2  Exploded view of actuator, test specimen, and loading frame  21 

2-3  Location of external instrumentation for static load testing  22 

2-4  Typical smoothed load-displacement plot showing key zones and points  25 

2-5  Example of load-displacement plot with approximated bi-linear curve  25 

2-6  Load-displacement for ductile iron pipe with push-on rubber gasket joints  26 

2-7  Cut section of ductile iron pipe with push-on rubber gasket joint  26 

2-8  Load-displacement for cast iron pipe  27 

2-9  Load-displacement for ductile iron pipe with gripper gasket joints   27 

2-10  Load-displacement for ductile iron pipe with retaining ring joints   28 

 



 xii

FIGURE TITLE PAGE 
  
2-11  Load-displacement for ductile iron pipe with bolted collar joints   28 

2-12  Load-displacement for steel pipe with lap-welded joints   29 

2-13  Load-displacement for PVC pipe with push-on rubber gasket joints  29 

2-14  Load-displacement for PE pipe     30 

2-15  Maximum load capacity for different pipe diameters of restrained joints  33 

2-16  Elastic stiffness for different pipe diameters of restrained joints  33 

3-1  Dynamic test assembly and shake-table  37 

3-2  Plan view of shake-table, specimen, restraint frame and loading arm  37 

3-3  Location of external instrumentation for dynamic load testing  38 

3-4  Northridge Arleta station normalized velocity time-history  40 

3-5  Northridge Arleta station response spectra  40 

3-6  Northridge Sylmar station normalized velocity time-history  41 

3-7  Northridge Sylmar station response spectra  41 

3-8  Northridge Laholl station normalized velocity time-history  42 

3-9  Northridge Laholl station response spectra  42 

3-10  Typical elastic stiffness curves for restrained joints  45 

3-11  Load-displacement curves for 200 mm cast iron pipe  45 

3-12  Load-displacement curves for 150 mm DIP with push-on joint  46 

3-13  Load-displacement curves for 200 mm DIP with push-on joint  46 

3-14  Load-displacement curves for 150 mm DIP with gripper gasket joint  47 

3-15  Load-displacement curves for 200 mm DIP with gripper gasket joint  47 

3-16  Load-displacement curves for 150 mm DIP with retaining ring joint  48 

3-17  Load-displacement curves for 200 mm DIP with retaining ring joint  48 

3-18  Load-displacement curves for 150 mm DIP with bolted collar joint  49 

3-19  Load-displacement curves for 200 mm DIP with bolted collar joint  49 

3-20  Load-displacement curves for 150 mm steel pipe  50 

3-21  Load-displacement curves for 200 mm steel pipe  50 

3-22  Load-displacement curves for 150 mm PVC pipe  51 

3-23  Load-displacement curves for 200 mm PVC pipe  51 

 



 xiii

FIGURE TITLE PAGE 
 
3-24  Load-displacement curves for 150 mm PE pipe  52 

3-25  Load-displacement curves for 200 mm PE pipe  52 

3-26 Load-displacement curves for DIP with push-on joints  55 

3-27 Load-displacement curves for DIP with gripper gasket joints  55 

3-28 Load-displacement curves for DIP with retaining ring joints  56 

3-29 Load-displacement curves for DIP with bolted collar joints  56 

3-30 Load-displacement curves for steel pipe with lap-welded joints  57 

3-31 Load-displacement curves for PVC pipe with push-on joints  57 

3-32 Load-displacement curves for PE pipe with butt-welded joints  58 

3-33 Restrained joint axial stiffness   58 

3-34 Restrained joint ultimate load   59 

3-35 Static-dynamic ultimate load comparison for 150 mm diameter pipe  60 

3-36 Static-dynamic ultimate load comparison for 200 mm diameter pipe  61 

3-37 Static-dynamic elastic stiffness comparison for 150 mm diameter  

 restrained joints  61 

3-38 Static-dynamic elastic stiffness comparison for 200 mm diameter 

 restrained joints  63 

4-1  Test specimen and actuator configuration for bending testing  67 

4-2  Bending test assembly elevation   68 

4-3  Location of external instrumentation for bending testing   68 

4-4  Typical moment-theta plot with approximated straight-line curves  73 

4-5  Moment-theta plot for 200 mm dia.. cast iron pipe  74 

4-6  Moment-theta plot for 150 mm dia. ductile iron pipe with push-on joint  74 

4-7  Moment-theta plot for 200 mm dia. ductile iron pipe with push-on joint  75 

4-8  Moment-theta plot for 150 mm dia. ductile iron pipe with gripper gasket joint 75 

4-9  Moment-theta plot for 200 mm dia. ductile iron pipe with gripper gasket joint 76 

4-10  Moment-theta plot for 150 mm dia. ductile iron pipe with retaining ring joint 76 

4-11  Moment-theta plot for 200 mm dia. ductile iron pipe with retaining ring joint 77 

4-12  Moment-theta plot for 150 mm dia. ductile iron pipe with bolted collar joint 77 

 



 xiv

FIGURE TITLE PAGE 
 
4-13 Moment-theta plot for 200 mm dia. ductile iron pipe with bolted collar joint 78 

4-14  Moment-theta plot for 150 mm dia. steel pipe  78 

4-15  Moment-theta plot for 200 mm dia. steel pipe  79 

4-16  Moment-theta plot for 150 mm dia. PVC pipe  79 

4-17  Moment-theta plot for 200 mm dia. PVC pipe  80 

4-18  Moment-theta plot for 150 mm dia. PE pipe  80 

4-19  Moment-theta plot for 200 mm dia. PE pipe  81 

4-20  Static moment-theta plot for ductile iron pipe with push-on joints   83 

4-21  Static moment -theta plot for ductile iron pipe with gripper gasket joints   83 

4-22  Static moment -theta plot for ductile iron pipe with retaining ring joints   84 

4-23  Static moment -theta plot for ductile iron pipe with bolted collar joints   84 

4-24  Static moment -theta plot for steel pipe with lap-welded joints   85 

4-25  Static moment -theta plot for PVC pipe with push-on joints  85 

4-26  Static moment -theta plot for PE pipe with butt-fused joints     86 

4-27  Comparison of static rotational stiffness   86 

5-1  Pipe joint capacity chart  91 

5-2  Pipe-soil friction transfer chart  91 

5-3  Plan of piping system geometry  94 

5-4  Diagram of lateral spread displacement distribution  96 

5-5  Piping system elements  96 

5-6  Load pattern distribution  99 

5-7  Straight piping system model with soil springs  102 

5-8  Joint configuration  103 

5-9  Laboratory measured load-displacement plots for DIP joints  105 

5-10  Laboratory measured typical joint moment-rotation plot  106 

5-11  Load-displacement plot for axial soil spring input data  107 

5-12  Load-displacement plot for transverse soil spring input data  107 

5-13  Applied displacement amplitude pattern on main branch  109 

5-14  Applied displacement amplitude pattern on tee branch  109 

 



 xv

FIGURE TITLE PAGE 
 
5-15   Computed main branch nodal displacements along pipe axis   

   from applied displacements in the θ=0 direction  110 

5-16   Computed tee branch nodal displacements along pipe axis   

   from applied displacements in the θ=0 direction  111 

5-17   Computed main branch nodal displacements along pipe axis   

   from applied displacements in the θ=90 direction  111 

5-18   Computed tee branch nodal displacements along pipe axis   

   from applied displacements in the θ=90 direction  112 

5-19  Joint separation for unrestrained joints on the main branch   

   loaded in the θ=0 direction  114 

5-20  Joint separation for unrestrained joints on the tee branch   

   loaded in the θ=0 direction  115 

5-21  Joint separation for unrestrained joints on the main branch   

   loaded in the θ=90 direction  115 

5-22  Joint separation for unrestrained joints on the tee branch   

   loaded in the θ=90 direction  116 

5-23  Joint separation for retaining ring joints on the main branch   

   loaded in the θ=0 direction  116 

5-24  Joint separation for retaining ring joints on the tee branch   

   loaded in the θ=0 direction  117 

5-25  Joint separation for retaining ring joints on the main branch   

   loaded in the θ=90 direction  117 

5-26  Joint separation for retaining ring joints on the tee branch   

   loaded in the θ=90 direction  118 

5-27  Joint separation for gripper gasket on the main branch   

   loaded in the θ=0 direction  118 

5-28  Joint separation for gripper gasket joints on the tee branch   

   loaded in the θ=0 direction  119 

 



 xvi

FIGURE TITLE PAGE 
 
5-29  Joint separation for gripper gasket joints on the main branch   

   loaded in the θ=90 direction  119 

5-30  Joint separation for gripper gasket joints on the tee branch   

   loaded in the θ=90 direction  120 

5-31  Joint separation for bolted collar on the main branch   

   loaded in the θ=0 direction  120 

5-32  Joint separation for bolted collar joints on the tee branch   

   loaded in the θ=0 direction  121 

5-33  Joint separation for bolted collar joints on the main branch   

   loaded in the θ=90 direction  121 

5-34  Joint separation for bolted collar joints on the tee branch   

   loaded in the θ=90 direction  122 

5-35  Number of joints and corresponding separation distance for main branch   

   loaded in the θ=0 direction  122 

5-36  Number of joints and corresponding separation distance for tee branch   

   loaded in the θ=0 direction  123 

5-37  Number of joints and corresponding separation distance for main branch   

   loaded in the θ=90 direction  123 

5-38  Number of joints and corresponding separation distance for tee branch   

   loaded in the θ=90 direction  138 

A-1  Load-displacement plot for 200 mm cast iron pipe  A-2 

A-2  Load-displacement for 100 mm DIP with push-on rubber gasket joint  A-3 

A-3  Load-displacement for 150 mm DIP with push-on rubber gasket joint  A-4 

A-4  Load-displacement for 200 mm DIP with push-on rubber gasket joint  A-5 

A-5  Load-displacement for 250 mm DIP with push-on rubber gasket joint  A-6 

A-6  Load-displacement for 150 mm DIP with gripper gasket joint  A-7 

A-7  Load-displacement for 200 mm DIP with gripper gasket joint  A-8 

A-8  Load-displacement for 300 mm DIP with gripper gasket joint  A-9 

 



 xvii

FIGURE TITLE PAGE 
 
A-9  Load-displacement for 150 mm DIP with retaining ring joint  A-10 

A-10  Load-displacement for 200 mm DIP with retaining ring joint  A-11 

A-11  Load-displacement for 300 mm DIP with retaining ring joint  A-12 

A-12  Load-displacement for 150 mm DIP with bolted collar joint  A-13 

A-13  Load-displacement for 200 mm DIP with bolted collar joint  A-14 

A-14  Load-displacement for 100 mm steel lap-welded pipe  A-15 

A-15  Load-displacement for 150 mm steel lap-welded pipe  A-16 

A-16  Load-displacement for 200 mm steel lap-welded pipe  A-17 

A-17  Load-displacement for 250 mm steel lap-welded pipe  A-18 

A-18  Load-displacement for 150 mm PVC pipe  A-19 

A-19  Load-displacement for 200 mm PVC pipe  A-20 

A-20  Load-displacement for 300 mm PVC pipe  A-21 

A-21  Load-displacement for 150 mm PE pipe  A-22 

A-22  Load-displacement for 200 mm PE pipe  A-23 

B-1  Load-displacement Plot for 200 mm cast iron pipe  B-3 

B-3  Load-displacement for 200 mm DIP with push-on rubber gasket joint  B-4 

B-4  Load-displacement for 150 mm DIP with gripper gasket joint  B-5 

B-5  Load-displacement for 200 mm DIP with gripper gasket joint  B-6 

B-6  Load-displacement for 150 mm DIP with retaining ring joint  B-7 

B-7  Load-displacement for 200 mm DIP with retaining ring joint  B-8 

B-8  Load-displacement for 150 mm DIP with bolted collar joint  B-9 

B-9  Load-displacement for 200 mm DIP with bolted collar joint  B-10 

B-10  Load-displacement for 150 mm steel lap-welded pipe  B-11 

B-11  Load-displacement for 200 mm steel lap-welded pipe  B-12 

B-12  Load-displacement for 150 mm PVC pipe  B-13 

B-13  Load-displacement for 200 mm PVC pipe  B-14 

B-14  Load-displacement for 150 mm PE pipe  B-15 

B-15  Load-displacement for 200 mm PE pipe  B-16 

 

 



 xviii

FIGURE TITLE PAGE 
 
C-1  Dynamic moment-theta for 200 mm cast iron pipe  C-3 

C-2  Static moment-theta for 200 mm cast iron pipe  C-3 

C-3  Dynamic moment-theta for 150 mm DIP with push-on rubber gasket joint  C-5 

C-4  Static moment-theta for 150 mm DIP with push-on rubber gasket joint  C-5 

C-5  Dynamic moment-theta for 200 mm DIP with push-on rubber gasket joint  C-7 

C-6  Static moment-theta for 200 mm DIP with push-on rubber gasket joint  C-7 

C-7  Dynamic moment-theta for 150 mm DIP with gripper gasket joint  C-9 

C-8  Static moment-theta for 150 mm DIP with gripper gasket joint  C-9 

C-9  Dynamic moment-theta for 200 mm DIP with gripper gasket joint  C-11 

C-10  Static moment-theta for 200 mm DIP with gripper gasket joint  C-11 

C-11  Dynamic moment-theta for 150 mm DIP with retaining ring joint  C-13 

C-12  Static moment-theta for 150 mm DIP with retaining ring joint  C-13 

C-13  Dynamic moment-theta for 200 mm DIP with retaining ring joint  C=15 

C-14  Static moment-theta for 200 mm DIP with retaining ring joint  C-15 

C-15  Dynamic moment-theta for 150 mm DIP with bolted collar joint  C-17 

C-16  Static moment-theta for 150 mm DIP with bolted collar joint  C-17 

C-17  Dynamic moment-theta for 200 mm DIP with bolted collar joint  C-19 

C-18  Static moment-theta for 200 mm DIP with bolted collar joint  C-19 

C-19  Dynamic moment-theta for 150 mm steel lap-welded pipe  C-21 

C-20  Static moment-theta for 150 mm steel lap-welded pipe  C-21 

C-21  Dynamic moment-theta for 200 mm steel lap-welded pipe  C-23 

C-22  Static moment-theta for 200 mm steel lap-welded pipe  C-23 

C-23  Dynamic moment-theta for 150 mm PVC pipe  C-25 

C-24  Static moment-theta for 150 mm PVC pipe  C-25 

C-25  Dynamic moment-theta for 200 mm PVC pipe  C-27 

C-26  Static moment-theta for 200 mm PVC pipe  C-27 

C-27  Dynamic moment-theta for 150 mm PE pipe  C-29 

C-28  Static moment-theta for 150 mm PE pipe  C-29 

C-29  Dynamic moment-theta for 200 mm PE pipe  C-31 

C-30  Static moment-theta for 200 mm PE pipe  C-31 



 xix

 

LIST OF TABLES 
 

TABLE  TITLE PAGE 

 

1-1 Earthquake damage data summary  4 

2-1 Test results summary for static axial loading 30 

2-2 Joint static axial stiffness values and force levels for restrained joints 31 

2-3 Joint static axial stiffness values and force levels for unrestrained joints 32 

3-1 Northridge earthquake station record data 43 

3-2 Joint dynamic axial stiffness values and force levels for restrained joints 53 

3-3 Joint dynamic axial stiffness values and force levels for unrestrained joints 54 

3-4 Comparison of dynamic and static axial yield force and elastic stiffness 62 

4-1 Joint static rotational stiffness values 82 

5-1   Example analysis member types and material behavior 104 

5-2  Joint and member axial properties 106 

5-3 Joint rotational properties fro laboratory results 107 

5-4  Loading configurations considered 108 

5-5 Resulting maximum nodal displacements along pipe axis 112 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 



 1

 

SECTION 1 

INTRODUCTION 
 

1.1 Background        

 

Pipelines transporting water, gas, or volatile fuels are classified as part of the 

infrastructure "lifeline" system and are critical to the viability and safety of communities.  

Disruption to these lifelines can have disastrous results due to the threat they pose in the 

release of natural gas and flammable fuels, or in the restriction of needed water supply 

required to fight fires and for domestic use.  M. O’Rourke (1996), Iwamoto (1995), 

Kitura and Miyajima (1996), T. O’Rourke (1996) and other authors have documented 

pipeline damage and failures caused by wave propagation of seismic motions, surface 

faulting, and by permanent ground deformations resulting from liquefaction and 

landslides.  Figures 1-1 to 1-8 show examples of joint failures during the Northridge and 

Kobe earthquakes.  A large number of pipeline failures have occurred at joints due to 

pull-out of unrestrained bell and spigot type joints and the fracture and buckling of 

welded joints on steel pipes.  Singhal (1984) performed testing on 100 mm, 150 mm, 200 

mm and 250 mm diameter ductile iron pipe with push-on rubber gasket joints to 

determine their structural and stiffness characteristics when subjected to axial pull-out 

loads.  He showed that the resistance to pull-out of unrestrained push-on joints is quite 

low, less than 2 kN (500 lbs) in magnitude, which suggests that the cyclic nature of the 

forces induced by earthquakes and by the resulting ground deformations is an important 

design concern for pipelines with unrestrained joints.  The use of commercially available 

joint restraining devices such as retaining rings, gripper gaskets, and bolted collars can 

greatly increase a joint’s capacity to resist pull-out, and therefore, decrease the 

probability of joint failure. 

 

The resulting interruption in service and the economic consequences of repair and 

replacement of damaged pipe can be severe for communities as well as for pipeline 

owners.  Some preliminary strategies have been implemented to address the problem of 
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service disruption.  Some pipeline owners are willing to let the inevitable damage occur 

and to by-pass the damaged area with temporary flexible hosing until repair to the 

pipeline can be made.  This strategy is based on two assumptions: 1) the time of 

disruption until the by-pass can be installed is tolerable, and 2) the redundant lines will 

have the capacity to provide vital services.  Another strategy employed for seismic 

damage mitigation is to develop a long-term program of pipeline upgrade to a more 

seismic resistant design.  If this is in conjunction with regular replacement of older and 

corroded pipes, it may be part of a normal maintenance program and the cost can be 

incorporated into an annual maintenance expense.  Other pipeline owners may select to 

develop a seismic upgrade program for pipelines that still have remaining economic life, 

with the cost budgeted in a special seismic upgrade account.  In either case, there is a 

possibility that the time-span to complete the upgrade may be excessive and the 

probability of a major earthquake occurring during this time-span may be high.  

However, if pipeline owners were able to assess the damage potential of zones within 

their service area, certain portions of their system and corresponding upgrade plans could 

be prioritized according to the damage potential which would reduce the probability of 

major earthquake damage occurring within that zone.  A comprehensive program of this 

type can help in mitigating potential damage and the consequence of failures.   

 

This report discusses an empirical research project designed to determine the static and 

dynamic axial and rotational stiffness and the strength characteristics of a number of 

common types of pipe joints, both restrained and unrestrained.  It must be recognized that 

a pipe joint, especially one with a restraining device, is an assembly of structural 

mechanisms, each with highly non-linear properties such as friction sliding, compressive 

behavior, tensile restraint, and surface gouging and extrusion.  As such, the examination 

of the behavior of pipe joints requires empirical testing of the joint assembly as a whole.  

The results of this testing can help in assessing the response of pipelines to seismic 

motion and ground deformation and identify areas of potential damage.  The data from 

this research can be used in a computer based finite element pipeline system analysis or 

in a risk assessment evaluation to determine probable joint failure (see Section 5).  A 

complete evaluation of the effects of seismic motions on pipelines must also include the 
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evaluation of the soil-pipe interaction and how strains in the soil are transferred to the 

pipe (see Appendix E). 

 

This experimental project included testing of different types of pipe joints and materials 

and was divided into three phases: 1) static axial loading, 2) dynamic axial loading, and 

3) static and dynamic bending loading.  Static axial loading was initially done, not only to 

obtain static axial behavior characteristics, but also to get a benchmark of the maximum 

force level capacities of the individual pipe joints so that the dynamic axial testing phase 

of the project could be properly planned and designed.  Since static actuators are able to 

deliver a greater level of loading to a specimen than dynamic actuators, static axial 

loading was performed on a larger number of pipe joints and diameters, while the 

diameters of pipe for axial dynamic loading and bending loading were limited due to the 

load capacity limitations of the loading assemblies.  The results of the experiments 

produced extensive empirical data on the static and dynamic axial and bending stiffness 

and failure levels of the specimens tested.  They also allowed comparisons between 

restrained and unrestrained joints, between different pipe diameters, and between static 

and dynamic loadings.  However, the characterization of the behavior of joints are limited 

to the specimens tested and should not be extrapolated to other joint types or pipe 

diameters. 

 

 

1.2 Past Performance of Pipelines 

 

Pipeline damage that occurred during recent earthquakes has been well documented.  T. 

O'Rourke (1996) reviewed the performance and damage of pipelines for various 

earthquakes and its effects on different lifeline systems.  Table 1-1 summarizes the 

amount of damage that occurred to pipelines in some recent earthquakes.  In the 1989 

Loma Prieta earthquake, the major damage was concentrated in areas of soft soils, such 

as in the Mission district in San Francisco.  In the San Francisco, Oakland, Berkeley, and 

the Santa Cruz areas, there were almost 600 water distribution pipeline failures.  In the 

1994 Northridge earthquake, over 1400 failures were reported including 100 failures to 
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critical large diameter lines.  In the 1995 Kobe earthquake, 1610 failures to distribution 

water mains were reported along with 5190 failures to distribution gas mains. 

Figures 1-1 to 1-8 are field photographs of some typical types of failures that occurred in 

the Northridge and the Kobe earthquakes.  

 

TABLE 1-1  Earthquake Damage Data Summary (O’Rourke 1996) 
 

1989 Loma Prieta Earthquake     
San Francisco, Oakland, Berkeley 350 repairs to water lines 
Santa Cruz     240 repairs to water lines   
Overall area  >1000 repairs to gas lines 
1994 Northridge  
Los Angeles area    
   

1400 repairs to water lines  
107 repairs to gas lines 

1995 Kobe Earthquake  
Kobe City      1610 repairs to water lines 

5190 repairs to gas lines 
 

 

The evidence and documentation shows that earthquakes will cause damage and failure 

of pipelines due to transient wave motion and ground deformation, resulting in disruption 

to communities and utility services, and risking the life-safety of citizens.  Research into 

the behavior of pipelines and in particular, pipe joints, both restrained and unrestrained, 

must be done in order to understand how and where piping systems fail, and to develop 

mitigation methods to reduce the damaging results of earthquakes. 

 

 

1.3 Past Research 

 

Extensive research studies have been performed in the past, investigating the effects of 

seismic motions and ground deformations on buried pipelines, focusing on the extent and 

causes of failures, and the determination of their structural properties.  Current testing 

conducted by manufacturers has been limited to determining the pressure capacity and 

pressure rating of pipes and pipe fittings, and is essentially a proof-testing procedure to a 

pre-specified level.  Past earthquakes have shown that pipelines will fail during seismic 
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events and ground movements, and that research into pipeline behavior is essential.  Past 

research can be divided into three areas: 1) review and extent of pipeline damage, 2) 

theoretical and analytical evaluation of pipelines and pipe joint behavior, and 3) empirical 

testing of pipe joints to determine their structural properties. 

 

Iwamatu et al. (1998) document failures and the failure rate per km in the 1995 Kobe 

earthquake.  They provide a comprehensive summary on pipeline damage in terms of 

pipe material, joint type, and the failure mechanisms that were observed.  They also 

report that the majority of pipeline failures were at the joints, and the predominant modes 

of failure were slip-out of the joints and the intrusion of the spigot into the bell end.  They 

observed that in steel pipes, failure occurred in the welded joints. 

 

Kitura and Miyajima (1996) document failures in the 1995 Kobe earthquake.  They report 

that the majority of pipeline failures were at the joints and the predominate modes of 

failure were slip-out of the joints and the intrusion of the spigot into the bell end, 

especially in small diameter cast iron pipes.  These researchers provide a comprehensive 

summary on pipeline damage in terms of pipe material type, joint type, and the failure 

mechanisms that were observed.   

 

Wang and Cheng (1979) state that “ most literature on pipeline failure due to earthquakes 

indicated joints being pulled out and crushed are the most common modes of failures”. 

 

Trifunac and Todorovska (1997) have a detailed investigation for the amount and types 

of pipe breaks occurring during the 1994 Northridge earthquake.  They report that the 

"occurrence of pipe breaks in those areas during earthquakes can be correlated with the 

recorded amplitudes of strong ground motion....".  In their paper, they note the 

distribution of pipe breaks and present empirical equations which relate the average 

number of water pipe breaks per km of pipe length with the peak strain in the soil or 

intensity of shaking at the site.   
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T. O'Rouke and Palmer (1996) review the performance of gas pipelines in Southern 

California over a 61 year period.  Statistics are provided for 11 major earthquakes starting 

from the 1933 Long Beach earthquake up to the 1994 Northridge earthquake.  The paper 

states  "an evaluation is made of the most vulnerable types of piping, failure mechanisms, 

break statistics, and the threshold of seismic intensity to cause failure, and damage 

induced by permanent ground displacements".  

 

Newmark (1967), in a seminal paper on wave propagation in soil, develops the 

relationship between seismic motions and the resulting soil strains and curvatures, and 

shows that the strains induced in the soil are related to the velocity of the seismic motion 

and the shear wave velocity of the soil.  This paper is cited by almost all subsequent 

research publications that focus on the evaluation of pipeline behavior and earthquakes. 

 

Wang (1979) summarizes the seismic motion and soil strain relationships.  Using these 

relationships as a basis, Wang develops a simplified quasi-static approach to determine 

the relative pipeline displacements and rotations, and proposes design criteria and a 

methodology to resist seismic wave propagation effects. 

 

Singhal (1984) performed a number of experiments on rubber gasketed ductile iron pipe 

joints to determine their structural and stiffness characteristics.  The joints were subjected 

to axial and bending static loading for pipes that were encased in a "sand box" that 

allowed the soil-pipe interaction and overburden pressures to be included.  The author 

gives failure criteria in terms of deformations for various sizes of pipes and suggests a 

modified joint detail to provide greater deformation capacity.  His results showed that the 

resistance to pull-out of the spigot end from the bell end is low. 

 

Wang and Li (1994) conducted studies on the damping and stiffness characteristics of 

flexible pipe joints with rubber gaskets, both axial and lateral, and subjected to dynamic 

cyclic loading.  They provide expressions for energy dissipation and for equivalent axial 

and lateral stiffness.   
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Figure 1-1 Ruptured 150 mm Dia. Cast Iron Figure 1-2 Cracked Bell on 200 mm Dia. 
Pipe from the Northridge Earthquake Cast Iron Pipe from the Northridge 
(Ref: LADWP 1999) Earthquake  
  (Ref: LADWP 1999) 
 
 

 
Figure 1-3 Slip-Out of Joint on 450 mm Dia.     Figure 1-4 Slip-Out of Joint on 200 mm  
Cast Iron Pipe from the Kobe Earthquake Dia. Ductile Iron Pipe from the 
Kobe (Ref: Iwamoto 1995) Earthquake 
 (Ref: Iwamoto 1995) 
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Figure 1-5 Slip-Out of Joint on 450 mm Dia.     Figure 1-6 Shear Failure on 200 mm 
Cast Iron Pipe from the Kobe Earthquake Dia. Cast Iron Pipe from the Kobe        
(Ref: Iwamoto 1995) Earthquake 
 (Ref: Iwamoto 1995) 
 
 

 
Figure 1-7 Slip-Out of Joint on 300 mm Dia.     Figure 1-8 Failure of 300 mm Dia. Steel  
Ductile Iron Pipe from the Kobe Earthquake Main from the Northridge Earthquake 
(Ref: Iwamoto 1995) (Ref: LADWP 1999) 
   
     
1.4 Test Specimen Descriptions 

 

Common pipe material and joint types of various diameters were used in this 

experimental project.  The material types tested were: 1) cast iron, 2) ductile iron (DIP), 

3) steel, 4) PVC, and 5) polyethylene (PE).  Several different types of joints and pipe 

diameters were tested.  The most common joint type used for water distribution is ductile 

iron pipe with “push-on” joints that is comprised of a plain pipe or “spigot” end, which is 
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inserted into an enlarged or “bell” end.  A rubber ring gasket, which is compressed during 

the insertion of the spigot end, provides a water-tight seal at the joint.  Figure 1-9 shows a 

sketch of the ductile iron pipe tested with the following joint configurations: 

 

1) unrestrained push-on joint with rubber gasket seal (Figure 1-9a), 

2) bell-spigot joint restrained with retaining ring (Figure 1-9b),   

3) bell-spigot joint restrained with gripper gasket seal (Figure 1-9c), and,  

4) bell-spigot joint restrained with bolted collar (Figure 1-9d)   

 

The restraining mechanisms shown, as well as other restraining devices are commercially 

available and are commonly used on ductile iron pipe with unrestrained push-on type 

joints, especially as a replacement for conventional thrust blocks.  Other pipe materials 

and joints, such as welded steel joints and PE fused joints, have an inherent capacity to 

resist tension due to the continuity of material through the joint. The types and 

description of restrained pipe joints tested in this project are briefly described below. 

 
Figure 1-9 Joint Types for Ductile Iron Pipe 

 

bell end
spigot end

c) bell-spigot joint
with gripper gasket seal

gripper gasket

bell end

push-on joint with rubber gasket seal
a) bell-spigot unrestrained 

spigot end gasket
bell end

spigot end

b) bell-spigot joint
with retaining ring

gasket

retaining ring

d) bell-spigot joint
with bolted collar restraint

collar
bolts

weldment
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Cast iron pipe with bell and spigot lead caulked unrestrained joint (Figure 1-10).  Cast 

iron has been used for water transportation for many years, and was first introduced 

in the United States around 1817.  Today, more than 350 U.S. utilities have had cast 

iron distribution mains in continuous service for more than 100 years and cast iron is 

currently the most common type of pipe material in service for water distribution 

systems.  Graphite flakes are distributed evenly throughout the material.  They have a 

darkening effect on the material, giving it its proper name of “gray cast iron”.  

Historically, the most common type of caulking at the bell and spigot joint has been 

poured lead with tightly tamped oakum material.  These joint caulkings tend to 

become rigid with age, making it susceptible to damage during earthquake motion.   

 

 

Figure 1-10 Cast Iron Pipe with Lead-Caulked Joint 
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Ductile iron pipe with bell and spigot push-on rubber gasket unrestrained joint  (Figure 1-11).  

Ductile iron pipe is one of the most commonly used materials for new water distribution 

installations today.  It differs from cast iron in that its graphite is spheroidal or nodular in form 

instead of flakes, resulting in greater strength, ductility, and toughness due to this change in 

microstructure.  It is manufactured by a centrifugally casting system as opposed to the pit casting 

for cast iron.  Ductile iron was first introduced in about 1955, and has been recognized as the 

standard for modern water systems.  Normally, ductile iron pipe is furnished with cement-mortar 

interior lining.  The specifications for water transportation using ductile iron pipe are governed by 

the American Water Works Association (AWWA) C151. 

 

 
Figure 1-11 Ductile Iron Pipe Segments  
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Ductile iron pipe with bell and spigot retaining ring restrained joint.  Figure 1-12 

shows a ductile iron pipe joint with a retaining snap-ring and a weldment on the 

spigot end, both with beveled faces, ready to be inserted into the bell end.  A 

weldment is a steel bar bent to fit around the circumference of the spigot end and 

welded to the pipe surface.  After the joint is assembled, the retaining snap-ring snaps 

into a groove in the bell end behind the weldment.  When a tension force or 

withdrawal motion is applied to the joint, the weldment bears against the retaining 

ring and prevents the two ends from pulling apart.  This results in an outward radial 

pressure on the bell.   

 
 
 
 
 
         retaining 
         ring 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  weldment 
 
 
 
 

Figure 1-12 Ductile Iron Pipe with Retaining Ring 



 13

 
Ductile iron pipe with bell and spigot gripper gasket restrained joint.  Figure 1-13 

shows a ductile iron pipe with a gripper type gasket, which provides joint restraint 

against pull-out for ductile iron pipe joints.  Stainless steel locking segments in the 

form of angled teeth, which are embedded in the rubber gasket, grip and prevent the 

spigot end from withdrawing from the bell end.  By inserting this gasket into the bell 

socket, restraint is achieved when the joint is assembled.   

 
 
 
 
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  gripper type 
       gasket 
 
 

 
Figure 1-13 Ductile Iron Pipe with a Gripper Gasket Joint 
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Ductile iron pipe with bell and spigot bolted collar restrained joint (Figure 1-14).  

This type of assembly provides a restraining system for a pipe joint using a cast iron 

collar with wedge screws fitted with slanted teeth that is tightened firmly against and 

digs into the pipe surface.  One collar is bolted to a similar collar on the opposite side 

of the joint, preventing the joint from pulling apart.   

 
 

 
 
        bolted  
        collar 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure1-14 Ductile Iron Pipe with Bolted Collar Joint 
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Steel pipe with bell and spigot lap-welded restrained joint (Figure 1-15).  The joint is 

created by enlarging one end segment with a swedge so that it has an inside diameter 

that allows the other segment end to be inserted, forming a bell and spigot joint.  The 

joint is joined and sealed by fillet welding the overlap of the two segment ends.  Steel 

pipe is used for both water distribution lines and gas transmission lines.  The 

specifications for steel used for water supply are governed by the American Water 

Works Association (AWWA) C200. 

 
 
 
 
  lap welded 
   joint 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1-15 Steel Pipe with Lap-Welded Joint 
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PVC pipe with bell and spigot push-on rubber gasket unrestrained joint  (Figure 1-

16).  PVC pipe outside diameter dimensions are equivalent to the comparable sizes of 

cast iron outside diameters, so that they are interchangeable and can replace existing 

cast iron systems and connections.  The most obvious benefit of using PVC is its 

lower weight, which makes it easier to handle and place than the heavier ductile iron 

pipe.  Joint connections are similar to ductile iron pipe joints with a bell and spigot 

joint and rubber gasket seal.  PVC pipe is manufactured to meet the requirements for 

the American Water Works Association (AWWA) C900 “Polyvinyl Chloride 

Pressure Pipe”.   

 

 
Figure 1-16 PVC Pipe with Push-on Rubber Gasket Joint 
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Polyethylene (PE) pipe with butt-fused restrained joint (Figure 1-17).  The joint 

connection for PE pipe is made by “fusing” the ends of two pipe sections.  PE  pipe is 

made from high density extra high molecular weight material and has advantages 

similar to PVC pipe in that it is much lighter in weight than metal pipe, and therefore, 

it is easier to handle and install.  Segment lengths are joined by a fusion process using 

a special fusing device which is similar to the welding of steel sections.  PE pipe is 

used for both water distribution lines and gas transmission lines.  The governing 

specification for water transportation using PE pipe is American Water Works 

Association (AWWA) C906. 

 

 
Figure 1-17 Polyethylene Pipe with Butt-Fused Joint 
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SECTION 2 

AXIAL STATIC EXPERIMENTS 
 

2.1 Description 

 

This phase of testing was designed to determine the axial stiffness characteristics and 

force capacities of some common types of underground piping joints due to static loading 

conditions.  The types of joints tested fall into three categories: 1) unrestrained bell and 

spigot push-on joints with gasket seals, 2) bell and spigot joints with restraining devices 

to resist pull-out, and 3) welded or fused joints that have a continuity across the joint and 

can resist both compressive and tensile motions. 

 

The primary objective of this axial static testing was to develop values that can be used to 

provide stiffness as well as yield and failure force data which can be used for the 

development of analytical finite element modeling of pipeline networks and for risk 

analysis evaluation such as the risk assessment procedure proposed by T. O’Rourke 

(1996) (see Section 5).   

 

Another goal of this experimental phase was to determine the magnitude of force 

capacities to be used in the planning and design of the subsequent axial dynamic 

experiments.  Dynamic experiments can provide dynamic properties and characteristics 

of the joints which may be sensitive to the frequency content and loading rate of the 

seismic loading.  Static testing is more controlled and predictable and can impose higher 

levels of force from a hydraulic actuator than can be imposed in dynamic testing, and 

therefore, it can better achieve yield and failure conditions in the specimen.  The actual 

joint behavior due to seismic motions can be extrapolated from the results of both the 

static and dynamic experiments. 
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2.2 Test Assembly Configuration and Instrumentation 

 

The first part of the static testing phase was done on ductile iron pipe (DIP) of four 

different diameters, 100 mm (4”), 150 mm (6”), 200 mm (8”), and 250 mm (10”), with 

unrestrained push-on rubber gasket joints.  The DIP joints have a spigot end that is 

inserted into a bell end with a rubber gasket to create a water-tight seal.  There is no 

device or other method to provide restraint against pull-out of the two ends.  The 

specimens were tested in a SATEC compression testing machine with 500k capacity and 

were loaded axially in compression until noticeable fracture and load-shedding occurred.  

The instrumentation consisted of a Novatechnic LVDT (linear variable displacement 

transducer) to measure displacement and a load-cell internal to the SATEC to measure 

force levels.  Load-displacement values were recorded and stored using a Megadac data 

acquisition system.  

 

The remaining specimens were tested using a different test configuration and assembly.  

Figures 2-1 and 2-2 show the self-contained steel loading frame designed for the 

experiments which allows a hydraulic actuator to apply axial compression and/or tension 

load to a test specimen without the use of external reaction walls or blocks.  The 

assembly consisted of two end plates, one end to attach the actuator and the other to 

attach the test specimen.  The two end plates were connected by steel wide-flange 

members to create a frame.  The loading and the anchoring setup were designed to readily 

accept various diameters of pipe specimens and to assemble them within a reasonable 

amount of time.  Axial loads, both in tension and compression, were applied under 

incremental displacement control by a MTS 450k hydraulic actuator.  Figure 2-3 is a 

sketch of the instrumentation on a specimen.  The instrumentation consisted of a 

Novatechnic LVDT placed between the end flanges of the specimen to measure the 

actual displacement in the specimen, a LVDT and a load-cell internal to the MTS 

actuator, and strain gages placed circumferentially and along the length of the specimen 

barrel (normally at about 5 mm from the ends and at the bell section).  The specimens 

were filled with water and a pressure transducer was inserted into the specimen.  A low 

level of internal water pressure was applied at about 20 to 28 kPa (3 to 4 psi) in order to 
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monitor loss of pressure and water leakage without creating a substantial artificial 

hydrostatic restraining force that would alter the actual load applied to the specimen.  

Data was recorded and stored using a Megadac data acquisition system. 

 

 

 

 

 

 

 
 
 
 
 
 

Figure 2-1 Load Frame and Actuator Configuration for Static Load Testing  

 Figure 2-2 Exploded View of Actuator, Test Specimen, and Loading Frame 
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Figure 2-3 Location of External Instrumentation for Static Load Testing  
  

 

2.3 Test Methodology and Loading 

 

The loading procedure consisted of applying an axial displacement for a small increment, 

letting the load rest and relax or partially unload, then continuing to increase the 

displacement for the next increment.  Compressive displacements only were applied to 

those specimens that did not have tension restraint capacity (unrestrained), tension 

displacements only for specimens that had tension restraint devices (restrained), and both 

tension and compression displacements in cyclic loading for specimens that were able to 

inherently resist both tension and compression, such as steel pipe and PE pipe joints.   

 

The data obtained from this testing phase consisted of load-displacement values, barrel 

strains, and internal water pressures of the joint assembly.  Typically, at some level of 

loading, noticeable fracture and buckling, or major leaking, or a very noticeable load-

shedding occurred, indicating severe pipe damage and a probable failure condition.  A 

description of each individual test and the plot of the raw load-displacement data from 

each test are given in Appendix A. 

strain gages
one or more may be placed circumferentally
around the pipe barrel

water pressure transducer LVDT
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2.4 Test Results 

 

For graphical representation and comparison purposes, the resulting load-displacement 

curves for each specimen are combined into single plots for similar pipe material and 

joint type (Figures 2-6 and 2-8 to 2-14).  A “smoothened” load-displacement curve was 

created from the raw data by eliminating the noise and chatter in the data.  A typical 

smoothened plot is shown in Figure 2-4, which shows the key zones and specific points 

that define the smoothened curve.  The actual smoothened plots have a similar shape to a 

load-displacement curve for typical metals, which increases at a constant slope to a yield 

point, and either continues at a substantially lower slope or at a negative slope until 

failure.  In some cases they failed at the yield point.  The smoothened load-displacement 

curve for each specimen was used to develop a straight-line “approximated” bi-linear 

curve.  An example of a typical approximated bi-linear curve is shown in Figure 2-5. 

 

The load-displacement plots for the compression testing of unrestrained ductile iron pipe 

with push-on rubber gasket joints are shown in Figure 2-6.  It was observed during the 

testing that there were measurable amounts of seating distance that had to be overcome 

before the joints exhibited any resistance to the compression load.  As expected, the 

strengths of these pipe joints are proportional to the pipe diameter.  At the conclusion of 

the tests, the 200 mm (8 in.) specimen was cut in half longitudinally to observe the failure 

mechanism (Figure 2-7).  The failure mechanism can be described as a telescoping and 

intrusion of the spigot end into the bell end and a subsequent buckling and fracture of the 

spigot end.  It cannot be determined precisely when leakage would have occurred, 

however, the fracturing and buckling of the spigot end had severely damaged the rubber 

gasket seal.   

 

The testing of the remaining specimens was done using a 450k MTS hydraulic actuator 

which recorded load-displacement data as shown in Figures 2-8 to 2-14.  The load-

displacement plot for the cast iron specimen is shown in Figure 2-8 and as it can be seen, 

has a very high compression force capacity. This indicates that it would be difficult to 

have a pure axial compressive load failure from seismic motions.   
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Most ductile iron pipe specimens typically exhibited a load-displacement behavior with a 

distinguishable yield point, a post-yield zone, and a failure point.  However, some 

specimens, for example the 300 mm ductile iron pipe with a gripper gasket joint (Figure 

2-9) and the 150 mm, 200 mm, and 300 mm ductile iron pipe with a retaining ring joint 

(Figure 2-10), failed at their yield load level without any post-yield behavior.   

 

For steel pipe (Figure 2-12) and polyethylene (PE) pipe (Figure 2-14), the load-

displacement plots are hysteretic type curves due to the bi-directional cyclic loading.  The 

smoothened curves for these specimens were created by joining the peak values of the 

hysteretic curves and show an elastic zone, a yield point, and a post-yield zone.   

 

Table 2-1 provides a summary of the results of the testing for each material, joint type 

and pipe diameter and gives the maximum force capacities and brief comments about 

each test.  It must be noted that the data from the instrumentation were in standard 

English units and were converted to SI units.  The maximum force capacity Fmax, as listed 

in Table 2-1, is the maximum force level that was achieved during the test and is the 

maximum of either the force level at yield or at failure, whichever is greater.  For bi-

directional loading, the maximum force capacity listed is the lesser of the Fmax values 

from the tension and compression directions.  For compression only tests, Fmax is the 

maximum compression force level, but it must be noted that in the tension direction for 

these specimens, the force capacity is essentially zero. 

 

Table 2-2 lists the results of the testing in terms of yield force level and corresponding 

displacement, computed elastic stiffness, failure force level and corresponding 

displacement, and the computed post-yield stiffness values for each restrained specimen.  

Both the elastic stiffness and the post-yield stiffness values were calculated directly by 

determining the slope of the corresponding elastic and post-yield portions of the 

approximated bi-linear curve.  Table 2-3 provides similar information for unrestrained 

joints.  In some cases, the post-yield stiffness is a negative value indicating a degradation 

prior to failure.  The symbol “---” in the table indicates that the specimen failed at its 

yield point, without any post-yield behavior.  
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Figure 2-4 Typical Smoothened Load-Displacement Plot  

Showing Key Zones and Points 
 
 

Figure 2-5 Example of Load-Displacement Plot with  
Approximated Bi-Linear Curve 
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Figure 2-6 Load-Displacement for Ductile Iron Pipe with  

Push-On Rubber Gasket Joints 
  

 
 

 
Figure 2-7 Cut Section of Ductile Iron Pipe with Push-On Rubber Gasket Joint 
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Figure 2-8 Load-Displacement for Cast Iron Pipe   

 
 

 
Figure 2-9 Load-Displacement for Ductile Iron Pipe with Gripper Gasket Joints 
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Figure 2-10 Load-Displacement for Ductile Iron Pipe with Retaining Ring Joints 

  
 

 
Figure 2-11 Load-Displacement for Ductile Iron Pipe with Bolted Collar Joints 
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Figure 2-12 Load-Displacement for Steel Pipe with Lap-Welded Joints 

 

  
Figure 2-13 Load-Displacement for PVC Pipe with Push-On Rubber Gasket Joints 
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Figure 2-14 Load-Displacement for PE Pipe  
   
 

Table 2-1 Test Results Summary for Static Axial Loading 
 
Material Diameter Joint Type Fmax (kN) Comments 
cast iron 200 mm (8”) bell-spigot  

lead calked joints 
2046 C compression load only; 

probable fracture of the 
spigot end inside bell end 

ductile iron 100 mm (4”) 
150 mm (6”) 
200 mm (8”) 
250 mm (10”) 

bell-spigot, push-on 
rubber gasket joint 

792   C 
1054 C 
1112 C 
1557 C 

compression load only; 
spigot end telescoped into 
bell end; fracture of spigot 
end  inside bell end 

ductile iron 
 

150 mm (6”) 
200 mm (8”) 
300 mm (12”) 

bell-spigot, gripper 
gasket 

253 T 
539 T 
488 T 

tension load only; ultimate 
failure of metal teeth in 
gasket 

ductile iron 
 

150 mm (6”) 
200 mm (8”) 
300 mm (12”) 

bell-spigot, retaining 
ring joint 

538 T 
795 T 
750 T 

tension load only; ultimate 
failure in bell end at retaining 
ring groove 

ductile iron  
  

150 mm (6”) 
200 mm (8”) 

bell-spigot, bolted collar 195 T 
280 T 

tension load only; fracture at 
collar wedge screw holes 

steel  
  

100 mm (4”) 
150 mm (6”) 
200 mm (8”) 
250 mm (10”) 

bell-spigot, lap welded 522 B 
491 B 
401 B 
546 B 

bi-directional load; fracture 
occurred at weld and barrel 
adjacent to weld; severe 
buckling at bell. 

PVC 150 mm (6”) 
200 mm (8”) 
300 mm (12”) 

bell-spigot, push-on 
rubber gasket joint 

15 C 
13 C 
6   C 

compression load only; 
spigot end extruded into bell 
end; water seal maintained; 
no fracture 

PE 
polyethylene  

150 mm (6”) 
200 mm (8”) 

butt-fused joint 157 B   
232 B 

bi-directional load; fused 
joint remained ductile; severe 
bucking of pipe; failure 
occurred at end flange 

C = compression       T = tension      B = bi-directional 

PE butt-fused joint
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Table 2-2 Joint Static Axial Stiffness Values and Force Levels for Restrained Joints 
 

1 2 3 4 5 6 7 8 9 
 Pipe  
Material 
Joint type 

Pipe 
Diameter 
(mm) 

Test 
Load 
Direction 

Yield 
Force  
(kN) 

Yield  
Disp. 
(cm) 

Elastic 
Stiffness 
(kN/cm) 

Failure 
Force  
(kN) 

Failure   
Disp. 
(cm) 

Post-yield 
Stiffness 
(kN/cm) 

 
DIP 
bell-spigot 

150 (6”)  tension 253 
 

1.64 154 78 
 

5.90 -41 

gripper  
gasket 

200 (8”) tension 539 
 

2.31 233 300 
 

4.60 -104 

  300 (12”) tension 488 
 

1.87 261 --- 
 

--- --- 

 
DIP 
bell-spigot 

150 (6”) tension 360 
 

.60 600 538 
 

1.16 320 

retaining 
ring  

200 (8”) tension 795 
 

2.70 294 --- 
 

--- --- 

  300 (12”) tension 750 
 

1.55 484 
 

--- 
 

--- --- 

 
DIP 
bell-spigot 

150 (6”) tension 195 
 

1.90 103 150 
 

2.50 -75 

bolted 
collar 
 

200 (8”)  tension 220 
 

2.01 109 280 
 

4.94 20 

 100 (4”) tension 
 

342 .53 647 522 1.27 243 

   compression 
 

535 .52 1029 309 1.29 -294 

 
Steel 
bell-spigot 

150 (6”) tension 400 .50 800 554 .94 350 

lap-welded   compression 
 

491 .57 861 243 1.18 -407 

 200 (8”) tension 
 

316 .24 1317 711 1.00 520 

   compression 
 

401 .40 1003 350 .68 -182 

 250 (10”) tension 
 

343 .52 
  

660 761 1.38 486 

   compression 
 

546 .60 913 400 1.20 -243 

 
PE 

150 (6”) tension 133 1.50 89 157 6.20 5 

butt-fused   compression 
 

186 3.90 48 125 5.50 -38 

 200 (8”) tension 
 

125 .87 144 232 4.30 31 

   compression 
 

307 3.90 79 250 6.00 -27 
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Table 2-3 Joint Static Axial Stiffness Values and Force Levels for Unrestrained Joints 
 

1 2 3 4 5 6 7 8 9 
 Pipe  
Material 
Joint type 

Pipe 
Diameter 
(mm) 

Test 
Load 
Direction 

Yield 
Force  
(kN) 

Yield  
Disp. 
(cm) 

Elastic 
Stiffness 
(kN/cm) 

Failure 
Force  
(kN) 

Failure   
Disp. 
(cm) 

Post-yield 
Stiffness 
(kN/cm) 

Cast Iron 
 

200 (8”)  compression 1108 
 

1.27 872 2046 
 

2.46 788 

 
DIP 
bell-spigot 

100 (4”) compression 792 
 

.267 2966 734 
 

.406 -417 

push-on 
rubber 
gasket   

150 (6”) compression 1054 
 

.305 3456 934 
 

.460 -120 

joint 200 (8”) 
 

compression 1112 .372 2989 890 .829 -486 

  250 (10”) compression 1557 
 

.312 4990 
 

1179 
 

.477 -2290 

 
PVC 
bell-spigot 

150 (6”) compression 15 .30 50 --- --- --- 

push-on 
rubber 
gasket 

 200 (8”) compression 
 

13 .37 35 --- --- --- 

joint 300 (12”) 
 

compression 6 .16 38 --- --- --- 

 
 

The comparisons of maximum force capacity and of elastic stiffness for different types of 

pipe joints and diameters are shown in Figures 2-15 and 2-16.  From Figure 2-15, it can 

be seen that the force capacities for steel pipe with lap-welded joints, ductile iron pipe 

with retaining ring joints, and ductile iron pipe with gripper gasket joints generally 

increase with an increase in pipe diameter, while the force capacities for ductile iron pipe 

with bolted collar joints and for polyethylene pipe joints are independent of the pipe 

diameter. 

 

Figure 2-16 shows the comparison of the elastic stiffnesses for different joints and 

different pipe diameters.  It can be seen that the elastic stiffness values for ductile iron 

pipe with gripper gasket joints and steel pipe with lap-welded joints have some 

dependence on the pipe diameter.  The elastic stiffness of ductile iron pipe with bolted 

collar joints, ductile iron pipe with retaining ring joints, and polyethylene pipe joints 

appear to be independent of the pipe diameter.  
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Figure 2-15 Maximum Load Capacity for Different Pipe  

Diameters of Restrained Joints 
 

 
Figure 2-16 Elastic Stiffness for Different Pipe Diameters of Restrained Joints 
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SECTION 3 

AXIAL DYNAMIC EXPERIMENTS 
 

3.1 Description 

 

The overall objective of this phase of testing was to determine the axial stiffness 

characteristics and force capacities of some common types of underground piping joints 

due to dynamic loading conditions.  The types of joints tested fall into three categories: 1) 

unrestrained bell and spigot push-on joints with gasket seals, 2) bell and spigot joints 

with restraining devices to resist pull-out, and 3) welded or fused joints that have a 

continuity across the joint and can resist both compressive and tensile motions.  The 

diameters of pipe tested were determined from the axial static experiments, and were the 

diameters that could be tested with the available equipment.  The diameters of pipe joints 

tested were limited to 150 mm and 200 mm diameters. 

 

One goal of this experimental phase of testing was to determine whether dynamic testing 

is required to capture the dynamic behavior of pipe joints or is static testing sufficient.  

Included in this experimental phase is a comparison of the static results with the dynamic 

results to determine if dynamic effects such as the cyclic loading, loading rate, and 

frequency content have noticeable effects on the final results.   

 

In order to develop an effective dynamic testing program, a test assembly was designed, 

fabricated, and assembled, utilizing one of the shake-tables at the University of Nevada, 

Reno, Large Scale Testing Structures Laboratory.  The shake-table was used to simulate 

actual seismic motions with realistic frequency content and was operated under 

displacement control from actual earthquake records which can impart displacements to 

the specimen.  These displacements caused dynamic strains and forces in the specimens 

that were equivalent to the strains and forces that would be imposed on the specimen 

from the soil during an earthquake.  The shake-table can also impart these motions with a 

fixed head mount, so that any rotational motions which may cause bending strains were 

eliminated.   
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3.2 Test Assembly Configuration and Instrumentation 

 

The dynamic pipe joint testing assembly consisted of one of the lab’s shake-tables, 

concrete reaction blocks post-tensioned to the lab’s strong floor and used to provide end 

anchorage for the pipe joint specimens, a steel rectangular tube restraint frame used to 

maintain lateral stability for the pipe specimen during testing, and a 150 mm diameter 

steel pipe loading arm that connected the specimens to the shake table (Figures 3-1 and 3-

2).  The loading arm was divided into two sections with a load-cell installed in-between 

them.  

 

The instrumentation (Figure 3-3) consisted of a Novatechnic LVDT (linear variable 

displacement transducer) placed between the end flanges of the specimen to measure 

actual displacements in the specimen, a 150k load-cell located between the two loading 

arm sections to measure the applied load, and strain gages placed circumferentially and 

along the length of the specimen barrel (usually at about 5 mm from the ends and at the 

bell section).  The specimens were filled with water and a pressure transducer was 

inserted into the specimen.  A low level of internal water pressure was applied at about 

20 to 28 kPa (3 to 4 psi) in order to monitor water leakage without creating a substantial 

artificial hydrostatic restraining force that would alter the actual load applied to the 

specimen.   
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Figure 3-1 Dynamic Test Assembly and Shake-Table 
 

Figure 3-2 Plan View of Shake-Table, Specimen, Restraint Frame and Loading Arm 
 
 
 
 

restraint frame

PLAN - Dynamic Test Configuration
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test specimen
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Figure 3-3 Location of  External Instrumentation for Dynamic Load Testing  
  

 
 
3.3 Test Methodology and Loading 

 

Bi-directional dynamic axial loadings were applied to the specimens using actual seismic 

time-history records as displacement control.  Seismic motion records used in the testing 

were selected from a database of motions recorded during the 1994 Northridge 

earthquake which occurred in the Los Angeles area on January 7, 1994 (see Section 3-4).  

The specimens were tested using three separate station records: 1) Arleta station (Figure 

2-13), a near-field station, 2) Sylmar station (Figure 2-15), a far-field station, and 3) 

Laholl station (Figure 2-17), another far-field station.  It can be shown that the strains and 

applied forces on the pipe from the soil are a function of the velocity of the seismic 

motion (Newmark, 1967) (see Appendix E).  The shake-table was operated under 

displacement control using velocity time-history records, which applied displacements to 

the specimen that resulted in strains in the specimen containing the same shape and 

frequency content as would occur from seismic motions.  The motion magnitudes were 

applied starting at a low level amplitude and continued at increasing levels of amplitude 

for subsequent runs until a failure condition occurred or the limit of the shake-table was 

reached.  The resulting load-displacement values and the barrel strains were recorded 

using a Pacific data acquisition system and were used to produce test results.  Typically, 

around the pipe barrel

strain gages

water pressure transducer LVDT

one or more may be placed circumferentially
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at some level of loading, noticeable fracture and buckling, or major leaking, or very 

noticeable load shedding occurred indicating severe pipe damage and a failure condition.   

 

 

3.4 Seismic Motion Records 

 

The dynamic testing was done using three separate seismic time-history velocity records 

from the Northridge earthquake which were used as displacement control for the shake-

table.  The records have different cyclic and amplitude properties and were selected on 

the basis of their proximity to the epicenter and the shape and cyclic frequency of their 

velocity record.  Table 3-1 gives specific data on the epicentral distance, direction 

component, predominate period, duration, maximum acceleration, and maximum velocity 

amplitude for each station record.  The actual recorded amplitudes were not critical in 

this testing since the records used for the table control were normalized to one, and the 

testing was done by ramping-up the amplitude of the displacement control on successive 

tests.   

 

The Arleta record (Figure 3-4) is a near-field record with fairly evenly-spaced cycles and 

without a relatively high individual peak amplitude.  The predominant period of the 

motion was determined from the corresponding response spectra developed from the 

time-history record (Figure 3-5).  The primary testing case was done using this record, 

simulating a near-field event which would have the most severe effects on pipelines.  

This record was also used to bring the specimen to its ultimate loading state. 

 

The second motion was from the Sylmar station (Figure 3-6), a far-field record with a 

relatively high single peak amplitude at the beginning of the motion and relatively low  

 

level amplitude for the remaining portion of the motion.  The predominate period of the 

motion was determined from the corresponding response spectra (Figure 3-7).   
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The third motion used was the Laholl station (Figure 3-8), a far-field record with evenly-

spaced cycles and a relatively uniform level of amplitude.  The record appearance has 

distinguishable points of “P” wave, “S” wave, and coda waves.  The predominate period 

of this motion was determined from the corresponding response spectra (Figure 3-9).   

 

Figure 3-4 Northridge Arleta Station Normalized Velocity Time-History 
  

Figure 3-5 Northridge Arleta Station Response Spectra  
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 Figure 3-6 Northridge Sylmar Station Normalized Velocity Time-History 

  

Figure 3-7 Northridge Sylmar Response Spectra 
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Figure 3-8 Northridge Laholl Station Normalized Velocity Time-History 

 

Figure 3-9 Northridge Laholl Station Response Spectra 
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TABLE 3-1 Northridge Earthquake Station Record Data 

Station Epicentral  
dist. 

Component Predominant 
period 

Duration Max. accel. 
amplitude 

Max.  
velocity 

amplitude 
Arleta 9 km 90 deg .25 sec 59.98 sec .347g 40.362 cm/s 

Sylmar 16 km 360 deg .35 sec 59.98 sec .401g 22.263 cm/s 

Laholl 23 km 360 deg .15 sec 59.98 sec .892g 128.884 cm/s 

 

3.5 Test Results 

 

Each specimen was tested by dynamic loading imposed by one of the shake-tables 

located in the UNR Large Scale Testing Structures Laboratory and operated under 

displacement control.  A description of each test and the plot of the raw load-

displacement data for the loading of the highest level reached from the Arleta Station 

record are given in Appendix B.  “Approximated” straight line elastic stiffness curves 

were developed using the raw data hysteretic curves from the Artleta Station, the Sylmar 

Station, and the Laholl Station and were used to determine the dynamic stiffness of the 

joint due to the different input motions.  A typical approximated elastic stiffness curve for 

a restrained joint specimen is shown in Figure 3-10 and indicates the point of engagement 

of the restraint device and the straight line elastic stiffness curve.  The resulting elastic 

stiffness curves for each unrestrained and restrained specimen from the three stations as 

well as for the elastic portion of the static loading are shown in Figures 3-11 to 3-25.  It 

must be noted that the data from the instrumentation were in standard English units and 

were converted to SI units 

 

The dynamic stiffness curve for cast iron pipe is shown in Figure 3-11, for ductile iron 

pipe with unrestrained push-on joints in Figures 3-12 and 3-13, and PVC pipe with push-

on joints in Figures 3-22 and 3-23.  These joint specimens have no restraining devices for 

tensile load, and therefore, the tensile elastic stiffness is essentially zero and only the 

compressive elastic stiffness is shown.  For these tests, the imposed displacement was 
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limited to approximately 25 mm (1 in.) to ensure that there was no possibility that a pull-

out separation would occur during the test and potentially cause problems with the test 

assembly.  The objective was to obtain the elastic stiffness for these unrestrained joints, 

not to reach a failure load condition.  It can be seen from the load-displacement curves 

that the compressive dynamic elastic stiffness (slope of the load-displacement curve) for 

these specimens is greater by about twice or more than the compressive static elastic 

stiffness, and therefore, shows that the dynamic effects are an important consideration for 

design purposes.   

 

Load displacement curves for ductile iron pipe joints with tensile restraint devices are 

shown in Figures 3-14 and 3-15 for gripper gasket joints, Figures 3-16 and 3-17 for 

retaining ring joints, and Figures 3-18 and 3-19 for bolted collar joints.  For these joints, 

the plots show the tension elastic stiffness curves for the Arleta Station, the Sylmar 

Station, and the Laholl Stations, as well as the static elastic stiffness curves determined 

from the static phase of testing.  It can be seen that in all cases, similar to unrestrained 

joints, the dynamic elastic stiffness is greater by approximately twice or more than the 

static elastic stiffness.  For ductile iron pipe with gripper gasket joints (Figures 3-14 and 

3-15) and for bolted collar joints (Figures 3-18 and 3-19), the Sylmar and Laholl elastic 

stiffnesses are greater than the Arleta results.  For retaining ring joints (Figures 3-16 and 

3-17), the Sylmar and Laholl elastic stiffnesses are lower than the Arleta results.  The raw 

data load-displacement plots in Appendix B show that the tension load increases when 

the restraining devices are engaged, and in the compressive direction, the elastic stiffness 

is zero until the compressive resistance is engaged.  The actual compressive elastic 

stiffness for these joints can be obtained from the compressive results of the unrestrained 

push-on joint testing. 

 

Results for steel pipe joints (Figures 3-20 and 3-21)  and PE pipe joints (Figures 3-24 and 

3-25) are similar to the ductile iron pipe joints in the sense that the dynamic elastic 

stiffness is greater than the static stiffness.  For these two joint types, both tensile and 

compressive elastic stiffness curves are shown since they have resistance in both 

directions.   



 45

A summary of the tensile results for restrained joints in terms of tensile yield force, yield 

displacement, and elastic stiffness is given in Table 3-2.  These results were computed 

from the approximated straight line elastic stiffness curves.  Tensile stiffness prior to 

engagement of the restraint is essentially zero when compared with the stiffness after 

engagement.  As it can be seen from the raw data plots in Appendix B, the yield force 

level for restrained joints in tension is also the ultimate force level, without any post-yield 

behavior.  Table 3-3 is a similar summary for unrestrained joints.  It must be noted that 

the data acquisition values were in English units and were converted to SI units. 
 

Figure 3-10  Typical Elastic Stiffness Curve for Restrained Joints  

 Figure 3-11  Load-Displacement Curves for 200 mm Cast Iron Pipe 
(after compressive engagement) 
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Figure 3-12  Load-Displacement Curves for 150 mm DIP with Push-on Joint 

(after compressive engagement) 
 

 
Figure 3-13  Load-Displacement Curves for 200 mm DIP with Push-on Joint 

(after compressive engagement) 
 

150 mm DIP with push-on joint

0

4

8

0.0000 0.0001 0.0002 0.0003

disp (cm)

lo
ad

 (k
N

)

Arleta
static

compression

200 mm DIP with push-on joint

0

4

8

0.0000 0.0001 0.0002 0.0003

disp (cm)

lo
ad

 (k
N

)

Arleta
static

compression



 47

 
Figure 3-14  Load-Displacement Curves for 150 mm DIP with Gripper Gasket Joint  

  
 
 

 
Figure 3-15  Load-Displacement Curves for 200 mm DIP with Gripper Gasket Joint 
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Figure 3-16  Load-Displacement Curves for 150 mm DIP with Retaining Ring Joint 
 
 
 

 
Figure 3-17  Load-Displacement Curves for 200 mm DIP with Retaining Ring Joint 
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Figure 3-18  Load-Displacement Curves for 150 mm DIP with Bolted Collar Joint 

 
 

 
Figure 3-19  Load-Displacement Curves for 200 mm DIP with Bolted Collar Joint 
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Figure 3-20  Load-Displacement Curves for 150 mm Steel Pipe 

 
 
 

 
Figure 3-21  Load-Displacement Curves for 200 mm Steel Pipe 
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Figure 3-22  Load-Displacement Curves for 150 mm PVC Pipe 

 
 

 
Figure 3-23  Load-Displacement Curves for 200 mm PVC Pipe 
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Figure 3-24  Load-Displacement Curves for 150 mm PE Pipe 

  
 
 

 
Figure 3-25  Load-Displacement Curves for 200 mm PE Pipe 
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Table 3-2 Joint Dynamic Stiffness Values and Yield Force Levels  

for Restrained Joints 
 

1 2 3 4 5 6 
 Pipe  
Material 
Joint type 

Pipe 
Diameter 
(mm) 

Test 
Load 
Direction 

Yield 
Force  
(kN) 

Yield  
Disp. 
(cm) 

Elastic 
Stiffness 
(kN/cm) 

 
DIP 
bell-spigot 

150 (6”)  tension 110 
 

.350 314 

gripper  
gasket 

200 (8”) tension 343 
 

.565 607 

 
DIP 
bell-spigot 

150 (6”) tension 441 
 

.317 1390 

retaining 
ring  

200 (8”) tension 551 
 

.455 1210 

 
DIP 
bell-spigot 

150 (6”) tension 201 
 

1.149 175 

bolted 
collar 
 

200 (8”)  tension 212 
 

.675 314 

 
Steel 
bell-spigot 

150 (6”) tension 472 .252 1870 

lap-welded   compression 
 

516 .252 2050 

 200 (8”) tension 551 .092 6000 
 

   compression 
 

558 .142 3920 

 
PE 

150 (6”) tension 150 1.153 130 

butt-fused   compression 
 

151 1.51 100 

 200 (8”) tension 
 

220 1.244 170 

   compression 
 

286 1.682 170 
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Table 3-3 Joint Dynamic Stiffness Values and Final Force Levels 
for Unrestrained Joints 

 
1 2 3 4 5 6 
 Pipe  
Material 
Joint type 

Pipe 
Diameter 
(mm) 

Test 
Load 
Direction 

Final 
Force  
(kN) 

Final  
Disp. 
(cm) 

Elastic 
Stiffness 
(kN/cm) 

Cast Iron 200 (8”)  compression 549* 
 

0.022 24954** 

 
DIP  
push-on 
rubber 
gasket   

150 (6”) compression 7* 
 

.00009 77777** 

joint 200 (8”) 
 

compression 6.6* .00007 94285** 

 
PVC 
push-on 

150 (6”) compression 2.8* 0.022 125 

rubber 
gasket 
joint 

 200 (8”) compression 
 

7* 0.060 116 

* compressive failure force level not reached during test 
** after compressive engagement 

 
 
3.6 Combined Load-Displacement Plots 

 

Figures 3-26 to 3-32 show plots of each joint type for the 150 mm and 200 mm diameter 

pipe joints combined into single plots.  Ductile iron pipe with unrestrained push-on joints 

(Figure 3-26) and ductile iron pipe with retaining ring joints (Figure 3-28) show that the 

unrestrained stiffnesses are approximately equal for the two diameters of pipe.  For 

ductile iron pipe with gripper gasket joints (Figure 3-27), ductile iron pipe with bolted 

collar joints (Figure 3-29), steel pipe (Figure 3-30), and PVC pipe (Figure 3-31), the 

larger diameter pipe has about twice the stiffness of the smaller diameter pipe.   

 

Figure 3-33 shows a bar chart comparing joint stiffnesses for each restrained joint type 

and each pipe diameter.  Except for ductile iron pipe with restraining ring joints, the 

larger diameter pipes have a greater stiffness value.  Figure 3-34 shows the ultimate load 

capacity for each restrained joint type, and it can be observed that for each case, the 

larger diameter pipe has a greater ultimate force capacity. 
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Figure 3-26 Load-Displacement Curves for DIP with Push-On Joints 

(after compressive engagement) 
 
 

 
Figure 3-27 Load-Displacement Curves for DIP with Gripper Gasket Joints 
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Figure 3-28 Load-Displacement Curves for DIP with Retaining Ring Joints 

 
 

 
Figure 3-29 Load-Displacement Curves for DIP with Bolted Collar Joints 
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Figure 3-30 Load-Displacement Curves for Steel Pipe with Lap-Welded Joints 

 
 

 
Figure 3-31 Load-Displacement Curves for PVC Pipe with Push-On Joints 
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Figure 3-32 Load-Displacement Curves for PE Pipe with Butt-Welded Joints 

 
 

 

Figure 3-33 Restrained Joint Axial Stiffness  
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 Figure 3-34 Restrained Joint Ultimate Load 
 
 

3.7 Comparison Between Dynamic Loading and Static Loading Results 

 

One of the objectives of this testing program is to compare the results of the static and 

dynamic testing and determine whether dynamic testing is necessary in order to 

characterize the seismic behavior of pipe joints.  Table 3-4 shows the comparative results 

for static and dynamic loadings. 

 

For unrestrained joints, the compressive loading results are for conditions that have the 

spigot end engage the bell end and a true compression force transfer occurs through the 

pipe walls.  The maximum load applied for the dynamic compressive load was much less 

than the maximum compressive load for static loading by design, and a direct comparison 

of the maximum or ultimate loading for these specimens cannot be made.   

 

Figures 3-35 and 3-36 show the comparison of the ultimate load of the various joint types 
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able to capture the joint behavior under dynamic loading conditions.  The comparison of 

the elastic stiffness behavior for static and dynamic loadings is shown in Figures 3-37 and 

3-38.  The elastic stiffness values show that the dynamic stiffness values are greater by 

about twice or more than the static elastic stiffness, which indicates that the frequency 

content and the higher loading rate of the dynamic loading condition will increase the 

elastic axial stiffness.  Therefore, in terms of elastic axial stiffness, the static testing 

cannot capture the joint behavior under dynamic loading conditions.   

 
 
 

Figure 3-35 Static-Dynamic Ultimate Load  
Comparison for 150 mm Diameter Pipe 
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Figure 3-36 Static-Dynamic Ultimate Load 
Comparison for 200 mm Diameter Pipe 

 
 

 
Figure 3-37 Static-Dynamic Elastic Stiffness Comparison  

for 150 mm Diameter Restrained Joints  
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TABLE 3-4 Comparison of Dynamic and Static Yield Force and Elastic Stiffness 
 

Specimen Type Dir. Dia 
(mm) 

Ultimate 
(kN) 

Force  Elastic 
 (kN / 

Stiffness 
cm) 

    static  dynamic static dynamic 
cast iron 
 
 

unrestrained comp 200 2046 549* 8724 24954** 

DIP 
push-on joint 

unrestrained comp 150 1054 7* 4348 77777** 

 
 

    200 1112 6.6* 8724 94285** 

DIP  
gripper gasket   

restrained ten 150 253 110 154 314 

  
   

    200 539 343 233  607 

DIP 
retain.ring   

restrained ten 150 538 441 600 1390 

  
   

 
 

 
 

200 795 551 294 1210 

DIP  
bolted collar   

restrained ten 150 195 201 103 175 

 
 

    200 280 212 109 314 

steel    restrained ten 
 

150 554 472 860 1870 

lap-welded  comp 
 

 491 516 800 2050 

    ten 
 

200 711  551 1317 6000 

   comp 
 

 401 558 1000 3920 

PVC 
push-on joint 

unrestrained comp 150 15 2.8* 40 125 

  
 

    200 13 7* 30 116 

PE    restrained ten 
 

150 157 150 89 130 

butt-fused  comp 
 

 186 151 50 100 

    ten 
 

200 232 220 144 170 

   comp 
 

 307 286 80 170 

* compressive failure force level not reached during test 
** after compressive engagement 
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Figure 3-38 Static-Dynamic Elastic Stiffness Comparison  
for 200 mm Diameter Restrained Joints  
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SECTION 4 

STATIC AND DYNAMIC BENDING EXPERIMENTS 
 

4.1 Description 

 

This phase of testing was designed to determine the rotational stiffness characteristics of 

some common types of underground piping joints due to both static and dynamic loading 

conditions.  The types of joints tested fall into three categories: 1) unrestrained bell and 

spigot push-on joints with gasket seals, 2) bell and spigot joints with restraining devices 

to resist pull-out, and 3) welded or fused joints that have a continuity across the joint and 

can resist both compressive and tensile motions.  Seismic motions can result in soil 

movements of different displacements over a particular section of a piping system, which 

can cause bending in the system and rotation in the joints.  Piping systems that have a 

change of direction in their alignment will have a portion of their system in the general 

direction of the seismic motion while another portion will be at some angle to the seismic 

motion.  As a seismic motion travels through the system, bending moments can be 

imposed on a joint at the junction of the two directions which are connected by either 

“tee” or “elbow” sections.  Rigid anchor points in the system such as risers to fire 

hydrants or connections to rigid structures resist both displacements and rotations, which 

results in bending moments at the joint connection.  Permanent ground deformations 

which are caused by seismic events or by other conditions such as slope failures, can 

cause differential movements in a localized area normal or near normal to a piping 

system, resulting in bending or curvatures at the joints.   

 

While the first two phases of this testing program were concerned with the axial 

behavior, a failure condition of the joint most likely will be a combination of concurrent 

axial forces and bending, and therefore, to understand and properly analyze and design 

piping systems, both the axial and rotational stiffnesses of the joints need to be known.  

The rotational stiffness of joints, as determined from this phase of testing, can be used as 

part of the input data required in a finite element analysis of a piping system subjected to 

seismic motions or to permanent ground deformations.   Because of the limitations of the 
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testing assembly, the diameters of pipe tested in this phase were limited to 150 mm and 

200 mm. 

 

 

4.2 Test Assembly Configuration and Instrumentation 

 

A test assembly was designed and fabricated that can apply a four point simple beam 

cyclic bending load to a test specimen with a joint at the mid-span of the specimen.  The 

span length of the specimen was 122 cm (Figure 4-1).  For this loading, the concentrated 

load points, both upward and downward, were at the ¼ span points with the reaction at 

the specimen ends.  A 220k MTS dynamic actuator and its support frame was used to 

provide the loading force.  The actuator and its support frame are in a vertical position so 

that the loading was applied in a vertical direction.  Two steel tube frames (Figure 4-2), 

each consisting of two columns and a cross beam were fabricated to provide the end 

support and restraint in both the upward or downward directions, while allowing the end 

of the specimen to rotate.  These support frames were located outside the actuator frame 

and were post-tensioned to the lab’s strong floor.   

 

The assembly from the actuator head to the specimen consisted of: 1) a bolting plate with 

a welded bar forming a “tee” shape, 2) a load-cell with end flanges, 3) a spreader-beam to 

distribute the load to the load points, and 4) loading round bars that applied the load to 

the specimen.  The actuator head contains a hydraulically driven gripping jaw that is able 

to grab a specimen for tension or compression loading.  In order to provide a bolting 

surface to the actuator head, a steel plate with a steel bar welded vertically to the flat 

surface of the plate was fabricated.  The hydraulic jaws were clamped onto this bolting 

plate making a bolting surface for both compressive and tensile loadings.  A 150k load-

cell with end flanges was attached to the bolting surface, and a load spreader-beam was 

bolted to the load-cell’s other end flange.  Loading round bars above and below the 

specimen were bolted to the spreader-beam and provided the upward and downward 

loading points to the test specimen.  The restraint round bars at the end supports were 
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also above and below the specimen and were bolted to the support frame which 

constrained the upward and downward cyclic loading (see Figure 4-2). 

 

The instrumentation for this testing phase consisted of a LVDT internal to the dynamic 

actuator, a 150k load-cell placed between the actuator and the spreader beam, a laser 

extensionometer to measure mid-span vertical displacement at the pipe’s spring-line, and 

Celesco LVDTs placed under the specimen at the loading points to measure vertical 

displacements.  Strain gages were attached to the specimen’s top surface at about 35 cm 

from each of the end supports, and at the start of the bell at the joint (Figure 4-3).  The 

specimens were filled with water at a very low level of pressure in order to detect any 

leakage that would occur at the joint during the loading process. 

 

 
Figure 4-1 Test Specimen and Actuator Configuration for Bending Testing 
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Figure 4-2  Bending Test Assembly Elevation  

  

 
Figure 4-3 Location of External Instrumentation for Bending Testing 
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4.3 Test Methodology and Loading 

 

The loading procedure for the bending phase of testing consisted of both a dynamic 

loading step and a static loading step.  A four point bending configuration with two load 

points and two end reaction points was used to apply simple beam bending moments 

without any shear component at the mid-span.  For dynamic loading, the Arleta Station 

velocity record from the Northridge earthquake (see Section 3-5) was used for 

displacement control to the actuator to achieve a dynamic loading with a realistic 

frequency content, but at a low level of displacement amplitudes.  Displacements were 

applied by a 220k MTS actuator using the input earthquake record.  In order to maintain a 

comparison of testing results between the various specimens, and because only one 

specimen for each type of joint was available, it was important that failure did not occur 

during the dynamic step.  However, the dynamic load amplitude needed to be of 

sufficient level to provide useful data from the loading to determine dynamic behavior 

characteristics.  The dynamic loading results were used only to determine a trend of the 

initial unrestrained rotational stiffness under dynamic conditions. 

 

For the static loading, cyclic displacements were applied by the actuator in bi-directional 

loading, starting at a low level amplitude and increasing by incremental steps until a 

failure condition occurred, or it was obvious that other behavior was occurring and that a 

failure condition could not be reached.  The static loading provided rotational stiffness 

characteristics at higher displacement amplitudes than was imposed by the dynamic 

loading.  

 

 

4.4 Test Results 

 

Data were recorded and stored using a Megadac data acquisition system and consisted of 

load values, vertical displacement values at the mid-span and at the load points, and 

longitudinal barrel strain.  The load-displacement values were used to compute the 

corresponding mid-span moment and the mid-span rotation.  Each individual test is 



 70

documented in Appendix C along with the moment-rotation curves.  It should be noted 

that the rotation is computed at the mid-span. 

 

Each specimen was subjected to both dynamic and static loadings.  The dynamic loading 

resulted in data points with a large amount of scatter and non-uniform hysteretic curves, 

and therefore, “approximated” straight-line curves for the dynamic testing were 

developed, but with a high degree of subjectivity.  In order to maintain a consistency of 

the testing for comparative purposes of the various joint types and pipe material, the 

failure level or the last test amplitude reached for all specimens was reached during the 

static testing.  Figure 4-4 shows a typical moment-theta curve for a bell and spigot type 

joint, with “approximated” straight-line curves.  Theta is the rotational angle of the 

deflected specimen under loading.  The approximated straight-line curves were 

developed from the moment-theta curves and show critical zones such as the initial 

“unrestrained” rotational stiffness, the point of surface contact engagement, and the 

“restrained” rotational stiffness.  The initial unrestrained curve shows relatively low 

stiffness of the joint rotating about the gasket without any other restraint mechanism.  As 

the spigot end rotates in the bell end, and the point of contact engagement occurs, the 

outer tip of the spigot end contacts the inner surface of the bell end at the same time the 

inner tip of the bell end contacts the outer surface of the spigot end, forming a force 

couple and a restraining moment.  Once this couple is formed, the rotational stiffness 

increases 

 

Figure 4-5 shows the moment-theta curve for the 200 mm cast iron pipe.  The water seal 

of this specimen is a leaded caulking which had hardened over its service life.  This 

hardening resulted in a relative rigid joint condition even in its unrestrained rotational 

stiffness.  The specimen ultimately failed in its barrel due to the specimen assembly 

configuration.  The dynamic unrestrained rotational stiffness is noticeably larger than the 

static unrestrained stiffness. 

 

Figures 4-6 and 4-7 show the moment-theta curves for the two different diameters of 

ductile iron pipe with push-on rubber gasket joints.  The plots show that the dynamic 
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unrestrained stiffness is noticeably greater than the static stiffness.  In the static cyclic 

loading, these joints exhibited an incremental creep of withdrawal of the specimen’s 

spigot end from the bell end, where at each cycle of loading, the spigot end incrementally 

slipped out of the bell end and would have eventually lead to a complete separation and 

joint failure.  This phenomenon is likely due to the surface contact between the spigot end 

and the bell end in its rotated state.  The spigot end is able to slide on the inner surface of 

the bell end during the withdrawal motion, while in the inward motion, the spigot tip will 

dig into the bell’s rough inner surface, restraining the movement in that direction.  The 

result is that the withdrawal movement is essentially free to move while the inward 

movement is restricted.  This ratcheting effect caused the spigot end to incrementally 

move outward at each loading cycle and the static testing was stopped when it was 

apparent that the spigot end was in danger of completely separating from the bell end.  

The dynamic unrestrained rotational stiffness is noticeably larger than the static 

unrestrained stiffness 

 

Ductile iron pipe with gripper gasket joints (Figures 4-8 and 4-9) and ductile iron pipe 

with retaining ring joints (Figure 4-10 and 4-11) have similar characteristics as the ductile 

iron pipe with push-on joints.  However, due to the restraining devices of these joints that 

hold the spigot end and the bell end together, the incremental creep of withdrawal did not 

occur.  The restraining mechanism creates a greater rotational stiffness because the 

contact surface slippage is prevented or at least restrained.  Similar to a push-on joint, the 

dynamic unrestrained stiffness is greater than the static unrestrained stiffness. 

 

Bolted collar restrained joints show a different behavior (Figures 4-12 and 4-13).  The 

restraint mechanism is on the outer surface of the pipe, not inside the joint.  Due to the 

bolted collar assembly, the compressive motion of the bending is completely unrestrained 

which allows free movement in the compressive or inward direction, while the tensile 

motion is restrained.  For both the gripper gasket and the retaining ring joints, the 

restraining mechanism is evenly distributed around the circumference for the pipe, while 

for bolted collar joints, the restraining mechanism is at the points where the four wedge 

screws contact and dig into the pipe surface.  This imposes a greater localized stress level 
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and allows greater slippage to occur.  For this reason, the rotational stiffness of bolted 

collar joints for dynamic loading and for static loading are much closer together.   

 

The moment-theta curves of steel pipe joints are shown in Figures 4-14 and 4-15.  It can 

be seen that the bending behavior of these joints resembles that of simple beam action.  

Since the pipe is thin wall and the fillet lap-weld provides only a minor increase in 

thickness, the joint has only a slight eccentricity in the stress load-path.  Unlike bell and 

spigot joints where the joint itself acts like a rotational spring connected by rigid pipe 

segments, the joint of the steel pipe is continuous and maintains a zero rotational slope at 

the mid-span similar to simple beam bending.  The joint rotation is determined from the 

difference of the slopes at the load point and the mid-span location.  The rotational 

stiffness would be linear up until a plastic hinge is formed, however this level was not 

reached in the testing.  As the vertical load increased, surface crushing at the load point 

limited the force amplitude that would be required to produce the plastic hinge moment 

and the testing was terminated when the loading resulted in major local surface 

deformations.  It can be seen that the dynamic rotational stiffness is noticeably larger than 

the static rotational stiffness.  PVC pipe (Figures 4-16 and 4-17) with push-on rubber 

gasket joints has the same assemblage as ductile iron pipe with push-on joints.  However, 

the plastic material for both the spigot surface and the bell end surface is extremely 

smooth, and therefore, the restraint of slippage in the compressive or inward direction did 

not occur and the incremental creep of withdrawal did not happen.  In addition, the 

ductility of the PVC material allows large strains to occur without fracture or permanent 

deformations.  The difference between the dynamic and the static rotational stiffnesses is 

not as great as for the case of ductile iron pipe. 

 

Similar to steel pipe, PE pipe (Figures 4-18 and 4-19) shows the behavior of a simple 

beam bending,  but with a much higher level of ductility.  The specimen acted as a beam 

mechanism and the rotational stiffness was linear for the entire range of the loading 

amplitude.  As with steel pipe, the dynamic rotational stiffness is close to the static 

rotational stiffness.  It was observed during the testing that large deformations and 

displacements occurred without any fracture or joint failure. 



 73

 

Table 4-1 summarizes the results of the static loading step for each specimen tested and 

lists its initial unrestrained moment and rotation, unrestrained rotational stiffness, 

restrained moment and rotation, and restrained rotational stiffness.  It must be noted that 

the data acquisition values were in English units and were converted to SI units for this 

report.  In this table, the symbol “---“ indicates that there were only restrained moments 

and rotations and no unrestrained values for the steel pipe and PE pipe specimens.  

 

 
Figure 4-4 Typical Moment-Theta Plot with Approximated Straight-Line Curves  
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Figure 4-5 Moment-Theta Plot for 200 mm Diameter Cast Iron Pipe  
 
 

 
Figure 4-6 Moment-Theta Plot for 150 mm Diameter Ductile Iron Pipe  

with Push-On Joint 
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Figure 4-7 Moment-Theta Plot for 200 mm Diameter Ductile Iron Pipe  
with Push-On Joint 

 
 
 
 
 

 
Figure 4-8 Moment-Theta Plot for 150 mm Diameter Ductile Iron Pipe  

with Gripper Gasket Joint 
 
 

200 mm DIP with push-on joint

-100
-50

0
50

100
150
200
250
300
350

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

theta (rad)

m
om

en
t (

kN
-c

m
)

static
dynamic

150 mm DIP with gripper gasket joint

-2000

0

2000

4000

6000

0 0.02 0.04 0.06 0.08 0.1 0.12

theta (rad)

m
om

en
t (

kN
-c

m
)

static

dynamic



 76

 

 
Figure 4-9 Moment-Theta Plot for 200 mm Diameter Ductile Iron Pipe  

with Gripper Gasket Joint 
 
 

 
 
 
 

 
Figure 4-10 Moment-Theta Plot for 150 mm Diameter Ductile Iron Pipe  

with Retaining Ring Joint 
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Figure 4-11 Moment-Theta Plot for 200 mm Diameter Ductile Iron Pipe  

with Retaining Ring Joint 
 

 
 
 
 

 
Figure 4-12 Moment-Theta Plot for 150 mm Diameter Ductile Iron Pipe  

with Bolted Collar Joint 
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Figure 4-13 Moment-Theta Plot for 200 mm Diameter Ductile Iron Pipe  

with Bolted Collar Joint 
 

 
 
 
 

 
Figure 4-14 Moment-Theta Plot for 150 mm Diameter Steel Pipe  
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Figure 4-15 Moment-Theta Plot for 200 mm Diameter Steel Pipe  

 
 
 
 

 
Figure 4-16 Moment-Theta Plot for 150 mm Diameter PVC Pipe  
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Figure 4-17 Moment-Theta Plot for 200 mm Diameter PVC Pipe  

 
 
 
 
 

 
Figure 4-18 Moment-Theta Plot for 150 mm Diameter PE Pipe  
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Figure 4-19 Moment-Theta Plot for 200 mm Diameter PE Pipe 
   

4.5 Combined Moment-Theta Plots 

 

Figures 4-20 to 4-26 show the static loading moment-theta plots for the 150 mm and the 

200 mm diameter pipes.  In these figures, similar material and joint types are combined 

into a single plot in order to see the comparable behavior of the larger and smaller pipe 

diameters.  Except for ductile iron pipe with push-on rubber gasket joints, the larger 

diameter pipe had a higher level of rotational stiffness than the smaller pipe.  This would 

be expected since in a bending mode, the specimen with a larger equivalent section 

modulus, i.e. deeper section, would have a larger resistance to bending and a larger 

rotational stiffness.   

 

A comparison of static loading rotational stiffnesses for all specimens is given in the bar 

chart shown in Figure 4-27.  It can be seen that the restrained joints have a higher 

rotational stiffness than unrestrained joints, except for the cast iron pipe, which had a 

level of joint restraint due to the hardening of the gasket material.  It can also be seen that 

in general, larger diameter pipes have a higher rotational stiffness than smaller diameter 

pipes. 
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Table 4-1 Joint Static Rotational Stiffness Values  

 
1 2 3 4 5 6 7 8 
 Pipe  
material 
joint type 

Pipe 
diameter 
(mm) 

Unrestrained 
moment 
(kN-cm) 

Unrestrained 
rotation 
(rad) 

Unrestrained 
stiffness 
(kN-cm/rad) 

Restrained
moment 
(kN-cm) 

Restrained
rotation 
(rad) 

Restrained 
stiffness 
(kN-cm/rad) 

 
Cast iron 
 

 
200 (8”) 

 
200 

 
.025 

 
8000 

 
3000 

 
.050 

 
112000 

 
DIP 
bell-spigot 

 
150 (6”)  

 
50 

 
.050 

 
1000 

 
301 

 
.100 

 
5000 

push-on 
joint 
 

 
200 (8”) 

 
50 

 
.050 

 
1000 

 
300 

 
.120 

 
4236 

 
DIP 
bell-spigot 

 
150 (6”)  

 
250  

 
.050 

 
5000 

 
2580  

 
.090 

 
65000 

gripper  
gasket 
 

 
200 (8”) 

 
200 

 
.070 

 
2857 

 
3150 

 
.100 

 
98333 

 
DIP 
bell-spigot 

 
150 (6”) 

 
200 

 
.060 

 
3333 

 
3000  

 
.110 

 
56000 

retaining 
ring  
 

 
200 (8”) 

 
200 

 
.070 

 
2857 

 
3000  

 
.100 

 
93333 

 
DIP 
bell-spigot 

 
150 (6”) 

 
200 

 
.050 

 
4000 

 
1950 

 
.090 

 
43750 

bolted 
collar 
 

 
200 (8”)  

 
200 

 
.050 

 
4000 

 
2950  

 
.100 

 
55000 

 
Steel 
bell-spigot 

 
150 (6”) 

 
--- 

 
--- 

 
--- 

 
560 

 
.017 

 
27765 

lap-
welded 
 
 

 
200 (8”) 

 
--- 

 
--- 

 
--- 

 
1264 

 
.016 

 
72500 

 
PVC 
push-on 

 
150 (6”) 

 
20 

 
.020 

 
1000 

 
384 

 
.080 

 
5567 

joint 
 
 

 
200 (8”) 

 
20 

 
.015 

 
1333 

 
410 

 
.035 

 
19000 

 
PE 
butt-fused 

 
150 (6”) 

 
--- 

 
---  

  
--- 

  
254 

 
.060 

 
4233 

 
 

 
200 (8”) 
 

 
--- 

  
--- 

  
--- 

 
 814 

 
.080 

 
10175 
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 Figure 4-20  Static Moment-Theta Plot for Ductile Iron Pipe with Push-On Joints 

 
 

 
Figure 4-21  Static Moment-Theta Plot for Ductile Iron Pipe  

with Gripper Gasket Joints 
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Figure 4-22  Static Moment-Theta Plot for Ductile Iron Pipe 

 with Retaining Ring Joints 
 

 
Figure 4-23  Static Moment-Theta Plot for Ductile Iron Pipe 

 with Bolted Collar Joints 
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Figure 4-24  Static Moment-Theta Plot for Steel Pipe with Lap-Welded Joints 

 
 
 

 
Figure 4-25  Static Moment-Theta Plot for PVC Pipe with Push-On Joints 
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Figure 4-26  Static Moment-Theta Plot for PE Pipe with Butt-Fused Joints  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-27  Comparison of Static Rotational Stiffness  
 
 
 
 

 PE pipe

-100

0

100

200

300

400

500

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

theta (rad)

m
om

en
t (

kN
-c

m
)

150 mm
200 mm

rotational stiffness comparison

0

40000

80000

120000

ca
st

 ir
on

pu
sh

-o
n

gr
ip

pe
r

re
ta

in
in

g

bo
lte

d

st
ee

l

P
V

C

P
E

st
iff

ne
ss

 (k
N

-c
m

/ra
d)

150 mm

200 mm



 

 

 

87 
 

 

SECTION 5 

APPLICATION OF TEST RESULTS 
 

5.1 Description 

 

The results of this testing program can be used directly for the design and analysis of 

pipeline systems subjected to seismic loading or permanent ground deformation, or for a 

simplified pipeline risk assessment analysis.  For computerized analytical studies of 

pipeline network systems (e.g. finite element analysis), the stiffness properties of all pipe 

segments including the joints and the surrounding soil medium must be known.  The 

elastic and post-yield stiffness properties of the pipe joints, as determined by this testing 

program, can be used as input data in such a numerical investigation.  For risk assessment 

evaluation, the maximum force capacities of the joint as determined by this research must 

be known. 

 

 

5.2 Risk Assessment Evaluation 

 

The results of this testing can be used in a simplified risk assessment procedure (see 

Appendix D) as described below.  This simplified procedure requires estimates on the 

maximum force capacities of the pipe joints.  Newmark (1967) showed that for simple 

traveling waves with a constant and coherent wave shape, the soil strain and thus the 

axial pipe strain can be computed using the expression (see Appendix E):  

 

εpipe = V                                                                             (5-1) 
   c 

 

where:  

εpipe  =  pipe or soil strain   

V  =  particle velocity from the seismic motion  

c  =  soil wave propagation velocity   
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Using this relationship, T. O’Rouke (1996) developed a simple risk assessment 

methodology based on comparing a pipe’s joint force capacity with the force level 

resulting from the soil strain that may be imposed on the pipe due to seismic motion.  

Although this procedure was originally designed for piping systems with continuous 

joints, it is also applicable to systems with segmented joints that have a tensile restraint 

capacity.  There is a limit to the force that can be transmitted from the soil to the pipe, 

since this force needs to be transmitted through interface friction, and if the imposed 

force is beyond the frictional limit, slippage will occur.  If the level of force induced by 

seismic motion is greater than the pipe joint force capacity, and if this force is able to be 

transferred from the soil to the pipe by friction, then a “probable failure” condition exists 

(see Appendix D).   

 

A modification to the T. O’Rourke (1996) procedure has been developed in this project 

that makes use of the pipe force capacities determined in this research.  Using the above 

relationships, an analyst is able to determine the probable “fail” or “no fail” condition of 

a piping system.  Analysis parameters consists of the particle velocity from the 

earthquake V, the predominant earthquake period T, soil wave propagation velocity c, the 

maximum possible frictional transfer force per unit length of pipe f, the pipe’s cross-

sectional area A, the pipe’s material property Young’s modulus E, and the maximum joint 

force capacity Fmax.  The maximum joint force capacity values are provided by the results 

of the static testing phase (Table 2-1) or from the dynamic testing phase (Table 3-2 and 3-

3).  Two expressions are provided, each indicating its own probable “fail” condition.  

 

 

( ) 3)-(5                                             condition  failfor    1                  
F 4
f c T

2)-(5                                             condition  failfor    1                       
F

E A 
c
V

max

max

≥







⋅
⋅
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




⋅






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Equation 5-2 is a criterion for the imposed force from the seismic motion.  Equation 5-3 

is a criterion for the maximum possible frictional force transfer between the soil and the 

pipe surface. The risk assessment criteria requires that both equations must have a “fail” 

condition for the pipe joint to have an overall probable “fail” condition.  This procedure 

is graphically represented by the use of two separate design charts shown in Figures 5-1 

and 5-2.  Figure 5-1 is a chart of the joint force capacity for different curves of imposed 

soil strains (V/c).  Figure 5-2 is a chart of the friction transfer force for different 

earthquake wave lengths (T x c).  These charts are applicable for any pipe material and 

configuration as well as any consistent geological site and seismic conditions.  It should 

be noted that the units of each expression must be consistent.  The parameters for Figure 

5-1 are unitless while the units for the parameters in Figure 5-2 are in meters. 

 

Example 

This example shows how results from this testing program may be utilized in a risk 

assessment analysis of transient seismic motion.  Consider a 200 mm (nominal) ductile 

iron pipeline with bolted collar restrained joints.  The pipe has a Young’s modulus E of 

165480 MPa and a cross-sectional area A of 4457 mm2.  The probable “fail” or “no fail” 

conditions need to be determined.  The pipeline is to be placed in a soil with a wave 

propagation velocity c of 800 m/s.  A postulated earthquake for the region has a peak 

particle velocity V of 32 cm/s with a predominant period of seismic motion T of 2.5s.  

The maximum possible friction transfer force between the soil and the pipe  f  is 18.3 

kN/m, and the dynamic force capacity of a 200 mm DIP bolted collar joint from Table 3-

2 is 212 kN.  After converting all values to consistent units, the following parameters are 

computed: 

 

1) Parameters:  V = .00040  and  A E = 3474 
   c     Fmax 
 

Using these values in Figure 5-1, it can be seen that the point falls in the “fail” zone, 

which means that the imposed force on the joint from the earthquake is greater than the 

force capacity of the joint. 
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2) Parameters:  T x c = 1250 m  and f          = .0215 (1/m) 
       4 Fmax 
 

Using these values in Figure 5-2, it can be seen that the point also falls in the “fail” zone, 

which means that the force level is able to be transferred from the soil to the pipe. 

 

Since both conditions indicate a “fail” condition, the joint has an overall probable “fail” 

condition, which is unacceptable.   

 

However, if the joint type were to be changed to a gripper gasket, which has a dynamic 

force capacity from Table 3-2 of 343 kN, the following parameters are computed: 

 

1) Parameters:  V = .00040  and  A E = 2147 
   c     Fmax 
 

Using these values in Figure 5-1, it can be seen that the point falls in the “no fail” zone, 

so that the imposed force from the earthquake is less than the force capacity of the joint. 

 

Since at least one condition in this case has an overall “no fail” condition, the joint has an 

overall “no fail” condition, and is satisfactory. 
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Figure 5-1 Pipe Joint Capacity Chart (see Eq. 5-2) 

 
Figure 5-2 Pipe-Soil Friction Transfer Chart (see Eq. 5-3) 
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5.3 Analytical Finite Element Analysis 

 

Current computerized methods of finite element analysis are very powerful and can 

provide the response of a complex two-dimensional pipeline system subjected to loading 

conditions such as transient motions or imposed ground deformations.  The use of these 

computational methods can indicate areas of possible pipeline failure and allow pipeline 

owners to prioritize upgrade plans to a more seismic resistant configuration.  An example 

of a finite element computer analysis of a pipeline system is given in Section 5.4. 

 

There are a number of different software products that are capable of performing the 

proper analysis which requires consideration of non-linear material properties and a load-

stepping process.  Typically, joints would be modeled as a finite element member with 

bi-linear material properties in both the tension and compression directions, as well as 

providing for a gap distance.  Also, the joint member must have a rotational stiffness 

property.  In most cases, a single member type will not be able to have all the stiffness 

properties required, but must be made up of several members, each with a specific 

behavior characteristic so that the total of these members can correctly model the joint 

assembly.   

 

The imposed loading can be either a time-varying seismic motion or a static nodal 

displacement loading representing permanent ground deformations using a load-stepping 

process.  Loading forces and displacements are applied to the system through nodes 

representing the soil with connecting members to the pipe that have properties of the soil 

such as described by the ASCE Technical Council on Lifeline Earthquake Engineering 

(ASCE, 1984).  The joint response from the imposed loading can be compared with 

specific criteria to determine if forces or relative separation displacements exceed 

acceptable conditions.  The value of computerized analysis is that several different 

scenarios can be run in a relatively short period of time, changing problem parameters 

and investigating a wide range of physical conditions. 
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A system model may be limited to a small physical area bounded by anchor points, or 

may include a much larger system encompassing a wide area and a larger number of 

anchor points  Anchor points or boundary nodes may consist of fixed nodes or may 

include soil spring elements with a prescribed displacement (including zero 

displacement) at its end node.  In either case, if a fail condition is detected, mitigating 

configurations and modifications can be investigated until a satisfactory condition is 

reached. 

 

 

5.4 Example: Computer Analysis of a Pipeline System 

 

5.4.1  Description 

 

The ultimate purpose of any empirical research project is its application to practical 

engineering analysis and design.  As an illustration of the use of the data derived from 

this experimental testing project, an example analysis of a simplified piping network 

consisting of a single straight run with a tee branch (Figure 5-3) subjected to a permanent 

ground deformation (PGD) is presented.  Note that piping systems can also be subjected 

to transient seismic motions, which can be analyzed using a similar approach to the one 

described here using a true time-domain dynamic analysis procedure. 

 

Buried pipelines can be subjected to several types of loading conditions.  Seismic events 

can cause forces and displacements to be transferred from the soil environment to the 

pipe surface due to transient motions passing through the piping system and causing 

differential strains.  The resulting expansions and contractions in the piping will cause 

tensile and compressive forces in the joint.  The seismic motions can also result in large 

permanent ground movements in the supporting soil.  These displacements in turn will 

cause piping joints within that zone to have differential displacements.  Permanent 

ground deformation, or PGD, is often a localized problem for pipelines and has the 

potential to cause major damage.  Similar to ground movements caused by seismic 

activity, non-seismic events such as slope failures can also cause substantial ground 
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movement, and therefore, can cause differential joint displacements.  Ground movement 

may happen in any orientation to the major axis of the piping system so that differential 

displacements may have longitudinal and transverse components. 

The example and the data used below are based on the work done by Kuruswamy (2002) 

at the University of Nevada, Reno.  The objective of Kuruswamy’s work was to do a 

study of a straight pipeline system and to investigate the influence of various parameters 

on the overall response of the system.  He has developed a methodology and procedure to 

use the data derived in this experimental testing project as input data to the non-linear 

computer program, ADINA.  

 

Figure 5-3 Plan of Piping System Geometry 
 

 

The following discussion is a summary of Kuruswamy’s procedure (Kuruswamy 2002).  

The loading configurations consisted of permanent ground deformations with varying 

displacement amplitudes, load directions, and loading patterns along the straight pipeline 

system.  The displacements that are applied to the piping system are defined by a lateral 

permanent deformation of the surrounding soil (Figure 5-4).  The soil deformation can be 

caused by many factors such as slope movement and lateral spreading resulting from 

liquefaction.  The parameters that define the applied displacement loading (Figure 5-4) 

and the piping system response are:  
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1. amount of PGD movement, δ 

2. transverse width of the PGD zone, W 

3. longitudinal length of the PGD zone, L, and 

4. pattern or distribution of the ground movement across and along the PGD zone 

 

The requirements of the ADINA program had to be considered and the input data were 

prepared so that they were acceptable and interpreted properly by the program.  The 

model consisted of pipe section (body) elements connected by joint section elements 

(Figure 5-5).  A procedure to link the stiffness of the various elements comprising the 

joint to account for a tension direction restraint and a compressive direction restraint was 

developed so that the cumulative behavior of the several different elements represented 

the actual measured behavior of the joint as a whole.   

 

A significant influence on the response of a piping system is the surrounding soil 

deformation and the soil properties.  Much of the development in this area is based on 

research by M. O’Rourke and Liu (1999), in which they describe the behavior of piping 

networks subjected to permanent ground deformations and the effect of various elements 

in the system.  The interaction of the soil and pipe can be modeled using linear or non-

linear springs and the analysis of the interaction can be undertaken using a “beam on an 

elastic foundation” approach (Figure 5-5).  
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Figure 5-4 Diagram of Lateral Spread Displacement Distribution  
(Ref: O’Rourke and Liu 1999) 

 
 

 
Figure 5-5 Piping System Elements (Ref: Kuruswamy 2002) 
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For Kuruswamy’s work and for this example, the axial and transverse soil spring 

stiffnesses were developed from the guidelines of the ASCE Technical Council on 

Lifeline Earthquake Engineering (TCLEE) (ASCE, 1984) (see Figures 5-11 and 5-12).  

The soil spring stiffnesses are determined from parameters of force resistance and elastic 

deformation as defined by the following expressions: 
 

For axial soil-spring:   Ka =    tu           (5-4) 
       xu /2 
 
For transverse soil-spring:  Kt =    pu          (5-5) 
       yu/2 
 

 where: Ka = soil stiffness in the axial direction per unit length 

  Kt = soil stiffness in the transverse direction per unit length 

tu = max. force resistance in the axial direction per unit length 

  xu = max. elastic deformation in the axial direction  

  pu = max. force resistance in the transverse direction per unit length 

yu = max. elastic deformation in the transverse direction  

 

The parameters for sand are defined as follows: 

 

    tu = π D γ H (1+k0) tan kφ   (5-6) 
  2 

  and  xu = (2.54 to 5.08) 10-3   (5-7) 

 

  where:  tu = force resistance 

    xu = elastic soil deformation 

    D = pipe diameter 

    γ = effective unit weight of the soil 

    H = depth of the center-line of the pipe 

    φ = angle of the shear resistance of the sand 

    k0 = coefficient of lateral pressure 

    k = reduction factor depending on the surface of the pipe 
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The xu value used for this analysis was:  xu = 3.8 10-3 

 

The stiffness parameters for sand for the transverse soil spring, from the ASCE guidelines 

are: 

 pu = γ H Nqh D      (5-8) 

 

 and yu =  (1.78 to 2.54)(H+D/2) 10-3 loose sand  (5-9) 

   (.76 to 1.27) (H+D/2)  10-3 medium sand  (5-10) 

   (.50 to .76) (H+D/2)  10-3 dense sand  (5-11) 

 

  where:  Nqh = horizontal bearing capacity factor for sand 

 

The yu value used for this example was: yu = 0.5 (H+D/2)  10-3 

 

These relationships are valid for relative displacements less than one-half of the 

maximum elastic deformations.  Above these levels of relative displacements, the soil is 

considered rigid plastic.  For pipelines placed in a liquefied soil, the response is 

dependent on the stiffness of the soil springs.  The soil spring stiffness increases as a 

function of the effective soil stress and is a decreasing function of excess pore water 

pressures.   

 
For the maximum amplitude of the displacement pattern in a liquefied soil, Hamada et al. 

(1986) propose an empirical relation as: 

 

 

  where: δ = maximum amplitude of the displacement pattern (m) 

   h = thickness of the liquefied soil layer (m) 

   θ = larger of the slope of the lower soil boundary or 

    the ground surface (%) 

)125(h75. 3 −θ=δ
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The soil-induced loading was defined using spatially distributed longitudinal and 

transverse PGD (Figure 5-4).  The deformation value is zero at the edge of the pattern, 

increasing to the maximum displacement amplitude, and then decreasing back to zero at 

the other edge of the pattern.  This displacement pattern is used for both longitudinal and 

transverse applied displacements.  Nodes outside the loading pattern and nodes with low 

amplitude of applied displacement become anchor points for the system.  Several pattern 

variation functions have been proposed, but most of them involve some trigonometric 

function.  M. O’Rourke and Liu (1999) proposed the following displacement function 

(Figure 5-6): 

 

  u(x) =  δ (1 – cos 2πx)  (5-13) 
   2 W 

  where: u(x) =  displacement function along the pattern 

   δ =  maximum displacement amplitude 

   x=  distance from start of the loading pattern 

   W =  total width (or length) of the loading pattern 

 

 

 

 

 

               
Figure 5-6 Load Pattern Distribution (Ref: M. O’Rourke and Liu 1999) 
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The ADINA non-linear step-wise processing computer program was used for the 

analysis.  It must be noted that other non-linear step-wise processing computer programs 

could have been used and would have produced similar results.  For the ADINA program, 

data is entered through a user interface pre-processor call ADINA-AUI (ADINA User 

Interface).  Menus and toolbars are provided to allow the user to enter data directly, while 

some of this data can be imported into ADINA from external files.  There are specific 

data generation capabilities within AUI, especially for nodal coordinates, member 

connectivity, and loading configurations.  Graphical plotting is available to aid in 

verifying the structure’s geometry and loading.  This program has the capability of doing 

load-stepping or time-stepping analysis on structures containing members with non-linear 

material properties.   

 

The analysis for Kuruswamy’s work used a load-stepping procedure where the final 

applied displacement was reached in ten steps with a sub-step increment being controlled 

by the program.  Each sub-step requires meeting a convergence criteria.  If convergence 

during a sub-step cannot be reached, the program automatically decreases the sub-step 

increment until convergence is reached, or if convergence cannot be reached within a 

specified tolerance, the program will terminate due to structure instability.  Structural 

members can have their material properties defined in several ways.  For Kuruswamy’s 

work, member properties were defined as being either linear or non-linear with the non-

linear properties being defined by either load-displacement curves or by stress-strain 

curves.  Each member type such as trusses, beams, or springs has its own method of 

defining material properties.   

 

The actual analysis was performed by invoking the ADINA program.  Specific analysis 

results were requested from the program and stored in an external file.  Data was 

reviewed using an ADINA post-processing program called ADINA-PLOT.  The ADINA 

output can be graphically plotted and tabular results such as nodal displacements and 

member forces can be specified and exported to an external file for processing by other 

programs such as Microsoft’s EXCEL spread-sheet program.  Nodal displacements for 

each start node and end node at a joint were requested and exported into an external text 
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file.  Joint separations or contractions were then computed from the relative nodal 

displacements from the analysis. 

 

However, the ADINA analysis was run using small displacement analysis only, and 

therefore, any large displacements occurring from a transversely applied displacement 

pattern were not accounted for.  To account for large displacement analysis, arc-length 

effects, which is the axial elongation resulting from the curvature of the displacement 

pattern, were computed independently and added to the computed joint separation.  The 

expression defining the arc-length effects from M. O’Rourke and Liu (1999) is: 

  

  

 where: ∆x = joint elongation resulting from arc-length effects 

  Lo = pipe segment length 

  δ = maximum applied displacement amplitude from PGD 

  x = distance from the start of the load displacement pattern 

  W = total width (or length) of the load pattern 

 

The total joint separation of pipes loaded transversely to their axis is the summation of 

the computed nodal separations of the joint from the ADINA analysis and the arc-length 

effects computed from Eq. 5-14.  It should be noted that Eq. 5-14 assumes that the 

pipeline displacement exactly conforms with the specified transverse soil displacement 

(no pipeline resistance).  The summation of the pipe joint deformation as determined by 

this method will result in a conservative estimate.  The displacement results and the joint 

elongation can be plotted for each analysis configuration along with plots of the number 

of joints in the model exceeding a specific separation amount.  Such results are presented 

independently. 
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5.4.2 Example Model Geometry and Boundary Conditions 

 

The model for this example analysis has a geometry which consists of a main branch 

approximately 800 m long and a tee branch approximately 200 m long, connected at 

about the 500 m point on the main branch (Figure 5-3).  The main branch is designated as 

the branch running in the global X direction and the tee branch is designated as the 

branch running in the global Y direction.  It must be noted that the units for all input data 

to the ADINA program for this example analysis are in meters and newtons.  The primary 

member is a pipe segment of 6 m long with a joint segment connecting the pipe segments 

of 0.2 m long.  The pipe is further divided into seven sub-segments at which soil springs 

are connected to the nodal points (Figure 5-5).  Several different ductile iron pipe joints, 

both restrained and unrestrained, were used in this example.  The soil springs are in pairs, 

one in the longitudinal direction and another in the transverse direction.  The far ends of 

the soil springs (designated “Axial Soil Spring” and “Transverse Soil Spring” in Figure 

5-7) have a boundary condition of an applied displacement (or zero displacement) in the 

direction of the soil spring member. 

 
 

 
 

Figure 5-7 Straight Piping System Model with Soil Springs  
(Ref: Kuruswamy 2002) 
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The joint segment is made up of four individual truss members, each with its own 

behavior characteristics, but in combination, they model the behavior of the joint as a 

whole (Figure 5-8).  One member represents the tension behavior, another member 

represents the compressive behavior, a third member links the tension and compression 

members, and the fourth member accounts for the rotational stiffness.  The compression 

truss member is connected at points 1 and 2 in Figure 5-8, and the tension truss member 

is connected at points 3 and 4.  In the model, points 2 and 3 are the same node which is 

the end node for one of the connected pipe barrel sections.  The rigid link is represented 

by the member connecting points 1 and 4 and the rotational spring is connected by points 

1 and 2, similar to the compression member.  The joint is modeled to have a gap 

condition for both tension and compression conditions.  However, the capabilities of the 

ADINA program allow gap specifications only for compressive loading conditions, and 

therefore, in order to have the tension members to be placed in a compressive state when 

the joint itself is in a tensile state, Kuruswamy (2002) developed this configuration.  

Member properties were input to have compression-only behavior (zero tension) and as 

can be seen for this configuration, when the joint is placed in compression (pushed 

together), the compressive member (member 1-2) will resist the compression, and when 

the joint is placed in tension (pulled apart), the member representing the tension behavior 

(member 3-4) will be put in a compressive state, which resists the tension movement of 

the joint.  In this way, any pipe joint behavior (tension, compression, and rotational) can 

be incorporated so that the overall behavior of the joint matches the behavior measured in 

the laboratory. 

 
      

 
 ggggggg 
 

 

 

 
Figure 5-8  Joint Configuration (Ref: Kuruswamy 2002) 

Truss element 
with a gap 

Pipe Pipe 

y 

  1 2

  3  4

 



 

 

 

104 
 

 

5.4.3 Member Section and Material Properties 

 

The piping system for this example is comprised of several different element types, each 

one selected for its unique structural behavior.  Element types have been formulated in 

such a way that they model the buried pipeline system in a realistic manner.  Table 5-1 is 

a list of the members in the structural system, its element type, and its material behavior. 

 

Table 5-1 Example Analysis Member Types and Material Behavior 

Member Element type Supported DOF Material behavior 
pipe barrel (body) beam 6 DOF non-linear  
joint compression truss 2 DOF non-linear with gaps 
joint tension truss 2 DOF non-linear with gaps 
joint rigid link truss 2 DOF linear elastic 
joint rotational spring 1 DOF non-linear 
soil spring transverse truss 2 DOF non-linear  
soil spring longitudinal truss 2 DOF non-linear  

 
 
Each member has specific material behavior attributes.  The results of this experimental 

testing project determined the overall joint assembly stiffness for axial compression, axial 

tension, and rotational response.  Since each of these stiffness characteristics can only be 

represented by a single member in the pipe-joint model, these characteristics are assigned 

to the individual members. Therefore, the stiffness of each of the individual members is 

specified by a unique material property.   

 

Figure 5-9 is a load-displacement plot for ductile iron pipe joints showing both axial 

tension and axial compression.  Values for both restrained and unrestrained joints are 

provided.  The equivalent elastic Young’s modulus and post-yield strain-hardening 

modulus that were determined from the laboratory investigation were used as input to 

ADINA  The Young’s modulus and strain-hardening modulus for the compression 

direction are the same for all the pipe joint types.  The figure shows a gap distance under 

compression of about 13 mm, while in tension, only the retaining ring has a gap distance 

before engagement.  Figure 5-10 shows a similar plot for the moment-rotational values of 

a typical joint.  The moment-rotational data was entered into ADINA as non-linear 
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moment-rotation (or moment-theta, where theta is the rotational angle) values similar to 

the load-displacement input.  Table 5-2 lists the numerical values of the load-

displacement behavior for beam and truss members and Table 5-3 is a similar list for 

rotational moment-theta values.  Figures 5-11 and 5-12 are force-displacement plots for 

the axial and transverse soil springs respectively with data entered into ADINA as the 

equivalent stress-strain values which were derived from the force-displacement values by 

Kuruswamy (2002) using references from M. O’Rourke and Liu (1999).  The pipe barrel 

beam section property values were defined by inputting dimensions into ADINA of a 

pipe shape with the diameter specified as .2297 m (200 mm nominal) and wall thickness 

of 0.00635 m.  It was necessary that the rigid link member to be extremely stiff in order 

to transfer loads without significant deformations.  To accomplish this, the value of the 

Young’s modulus of this member was set very high. 

 
 
tension 

 
compression 

 
Figure 5-9 Laboratory Measured Load-Displacement Plots for DIP Joints  

(Ref: Kuruswamy 2002) 
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Figure 5-10 Laboratory Measured Typical Joint Moment-Rotation Plot 
 
 

Table 5-2 Joint and Member Axial Properties 
 

Member 
or 
joint type 

Member 
type 

Young’s  
modulus 
(N/m2) 

Yield 
stress 
(N/m2) 

Strain- 
hardening  
modulus  
(N/m2) 

pipe barrel 
 

 1.7E10 2.9E8 7E9 

unrestrained 
joint 

joint compression 1.7E10 2.9E8 7E9 

  
 

joint tension 5.0E3 1.4E3 5.0E3 

retaining ring 
joint 

joint compression 1.7E10 2.9E8 7E9 

 
 

joint tension 8.7E6 8.0E5 1.0E4 

bolted collar 
joint 

joint compression 1.7E10 2.9E8 7E9 

 
 

joint tension 22.2E6 2.2E5 1.0E4 

gripper gasket 
joint 

joint compression 1.7E10 2.9E8 7E9 

 
 

joint tension 4.7E6 5.4E5 1.0E4 

joint rigid link 
 

 1E20   

 

typical joint moment-rotation plot
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Table 5-3 Joint Rotational Properties from Laboratory Results 
 

Joint type Yield 
moment 
(N-m) 

Yield 
rotation 
(rad.) 

unrestrained 
joint 

4.2E4 0.12 

retaining 
ring 

9.3E5 0.10 

bolted 
collar 

5.5E5 0.10 

gripper 
gasket 

9.8E5 0.10 

 

 
Figure 5-11 Load-Displacement Plot for Axial Soil Spring Input Data 

 
Figure 5-12 Load-Displacement Plot for Transverse Soil Spring Input data 
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5.4.4 Model Loading Configurations 

 

This example analysis considered a loading condition resulting from a PGD pattern as 

defined in Figure 5-4.  Table 5-4 lists the parameters for each analysis performed.  Figure 

5-13 shows the displacement amplitude pattern on the main branch which is the 

amplitude pattern for both longitudinally applied displacements (global X direction) and 

for transversely applied displacements (global Y direction).  The angle “θ” in Table 5-4 is 

defined as being zero degrees in the positive global X direction and 90 degrees in the 

negative global Y direction.  Figure 5-14 is a similar figure for the tee branch, but in this 

case, the displacements applied longitudinally to the member are in the negative global Y 

direction and the transversely applied displacements are in the positive global X 

direction.  The displacement pattern on the tee branch is only a half distribution pattern 

since, at the intersection with the main branch, the amplitude is at its peak value and is 

equal to the amplitude on the main branch at that point.   

 
Table 5-4 Loading Configurations Considered 

 
Piping system 
joint type 

Applied 
displacement 
load direction, θ 
 

Maximum 
displacement 
amplitude, δ 
 

Loading  
pattern 
width, W 

unrestrained 0 degrees 2.5 m 550 m 
 90 degrees 2.5 m 550 m 
retaining ring 0 degrees 2.5 m 550 m 
 90 degrees 2.5 m 550 m 
bolted collar 0 degrees 2.5 m 550 m 
 90 degrees 2.5 m 550 m 
gripper gasket 0 degrees 2.5 m 550 m 
 90 degrees 2.5 m 550 m 
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Figure 5-13 Applied Displacement Amplitude Pattern on Main Branch  

 

 
Figure 5-14 Applied Displacement Amplitude Pattern on Tee Branch 

 

 
5.4.5 Analysis and Results 

 

Once all data were input and verified, the ADINA program was invoked to perform the 

analysis.  The load-step to ramp-up from zero displacement to the final amplitude was 

initially set at ten, but because the automatic time stepping (ATS) capability of ADINA 

was specified, each defined step was further sub-divided until the load-stepping 

increment was able to converge.  If a sub-step was not able to reach convergence, the 

ATS further decreased the load-step increment until convergence was achieved. 

Analysis results were specified and retrieved by executing the associated program 

ADINA-PLOT.  Results from the analysis were stored in a binary file called a “porthole” 
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file, which contained the primary analysis results such as nodal displacements.  

Secondary results, such as element stresses and strains, are only computed upon request 

using the primary results.  For this analysis, nodal displacements at the end nodes of the 

joint compression members were requested and exported to an external text file.  The text 

file was then imported into Microsoft’s EXCEL spread-sheet program for post-

processing.  The objective of the post-processing was to compute the relative joint 

separations using the X and Y nodal displacements from the ADINA analysis.  In 

addition to these computed joint separations, large displacement effects, or arc-length 

effects, due to the curvature of the loading pattern had to be accounted for when 

displacement loading was transverse to the pipe axis (see Eq. 5-14).  The total joint 

separations were then computed as the sum of the analysis joint separations and the arc-

length effects. 

 

The nodal displacements for each branch resulting from the applied displacement in the 

θ=0 direction (global X) are shown in Figures 5-15 and 5-16, and from the applied 

displacement in the θ=90 direction (global Y) in Figures 5-17 and 5-18.  Table 5-5 lists 

the maximum nodal displacements for each joint type and load direction.  As it can be 

seen, the resulting nodal displacements are approximately the same as the applied 

displacement pattern, and therefore, are within the arc-length equation’s stated criteria. 

 

 
Figure 5-15 Computed Main Branch Nodal Displacements Along Pipe Axis From 

Applied Displacements in the θ = 0 Direction  
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Figure 5-16 Computed Tee Branch Nodal Displacements Along Pipe Axis From 

Applied Displacements in the θ = 0 Direction 
 
 
 
 

 
Figure 5-17 Computed Main Branch Nodal Displacements Along Pipe Axis From 

Applied Displacements in the θ = 90 Direction 
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Figure 5-18 Computed Tee Branch Nodal Displacements Along Pipe Axis From 

Applied Displacements in the θ = 90 Direction 
 
 

Table 5-5 Resulting Maximum Nodal Displacements Along Pipe Axis 
 

Joint type Load direction, θ 
 

Main branch 
displacements (m) 

Tee branch 
displacement (m) 

unrestrained 0 degrees 2.48 2.50 
 90 degrees 2.50 2.50 
gripper 0 degrees 2.47 2.50 
 90 degrees 2.50 2.49 
retaining ring 0 degrees 2.44 2.50 
 90 degrees 2.50 2.45 
bolted collar 0 degrees 2.48 2.50 
 90 degrees 2.50 2.50 

 

 

For a practical analysis of a pipeline system, failure criteria must be established in order 

to determine the potential for damage and failure.  For this example analysis, a specific 

failure criteria was not considered, however, plots were made in terms of the magnitude 

of joint separation along the length of each branch (Figure 5-19 to 5-34) and for the 

number of joints in the model having a joint separation exceeding a specific amount 

(Figures 5-35 to 5-38).    Considering each branch separately, when applied loadings are 
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parallel to the axis of the pipe, arc-length effects are not present.  However, when the 

applied displacements are transverse to the pipe’s axis, arc-length effects are substantial 

and in fact, are dominant, accounting for about 95 to 99% of the total separation value.  

In examining the joint separation plots (Figures 5-19 to 5-34), the shape and magnitude 

of the separations for the various joint types loaded transverse to the pipe axis are similar 

due to this dominance.  Arc-length effect values are identical for each joint type since 

each has the same applied displacement amplitude and pattern.  It must be noted that the 

joint separation displacements due to the arc-length effects are a function of the 

transversely applied displacements, and therefore, will vary at each load step as the 

applied displacements are ramped-up from zero to the maximum amplitude. 

 

For displacements applied in the θ=0 direction (global X), unrestrained joints in the main 

branch, where the applied displacement is axial, have little resistance from the anchor 

points because of their inability to transfer tension across the joint, and therefore, each 

joint moves exactly as the applied displacement at that joint.  The separation is therefore 

limited to the difference of applied displacements at each end of the joint element, which 

is extremely small.  In contrast, a restrained joint system is restricted in its movement due 

to the anchor points (nodes with prescribed zero or near zero applied displacement) and 

their capability of limiting differential movement due to the tensile restraint across a 

joint.  Nodes further away from the anchor points are more likely to have displacements 

the same as the surrounding soil movement due to slippage that occurs in the restraining 

mechanisms over the length of the pipe branch.  Nodes closer to the anchor points are 

more restrained in their displacements relative to the soil.  The end result is that a 

restrained joint system, contrary to what might be expected, can have larger joint 

separations than an unrestrained joint system in some localized areas.  It must be noted 

that the tensile restraint capacity of each of the restrained joint types is not significantly 

different so that the similarity of their results would be expected.  In the tee branch, when 

applied displacements are transverse to the pipe axis, arc-length effects dominate the 

separation values resulting in a similarity of results for all joint types. 
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For loading in the θ=90 direction (global Y), the separations in the main branch, which is 

loaded transverse to the pipe axis, are dominated by arc-length effects and are therefore 

similar in shape and magnitude for all joint types except for some anomalies at the 

intersection of the main branch with the tee branch.  The shape of the separation curves 

for the joints on the tee branch, which is loaded in its axial direction, are similar except 

for the unrestrained joints for reasons explained above. 

 

Figures 5-35 to 5-38 show the total separation values and the number of joints that have a 

separation exceeding a specific amount for similar loading directions and along each 

branch.  Again, the similarities of the different joint types for the same branch and 

loading direction can be seen.  

 

Once an analysis of a piping system has been completed, the analyst is able to use a 

specific failure criteria based on the joint’s total separation values.  Overall system failure 

may be based on the percentage of the joints exceeding the individual failure criteria or 

on the magnitude of separation of a selected number of joints.  The analyst can also look 

at the separation plots to see what areas of the system have joints exceeding the failure 

criteria.  By evaluating the extent and location of potential problems, a strategy to 

mitigate the problem may be proposed and evaluated.  

 
Figure 5-19 Joint Separation for Unrestrained Joints on the Main Branch  

Loaded in the θ = 0 Direction (Global X)  
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Figure 5-20 Joint Separation for Unrestrained Joints on the Tee Branch  

Loaded in the θ = 0 Direction (Global X) 
 
 
 
 
 

 
Figure 5-21 Joint Separation for Unrestrained Joints on the Main Branch  

Loaded in the θ = 90 Direction (Global Y) 
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Figure 5-22 Joint Separation for Unrestrained Joints on the Tee Branch  

Loaded in the θ = 90 Direction (Global Y) 
 
 
 

 
Figure 5-23 Joint Separation for Retaining Ring Joints on the Main Branch  

Loaded in the θ = 0 Direction (Global X) 
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Figure 5-24 Joint Separation for Retaining Ring Joints on the Tee Branch  

Loaded in the θ = 0 Direction (Global X) 
 
 
 
 
 
 

 
Figure 5-25 Joint Separation for Retaining Ring Joints on the Main Branch  

Loaded in the θ = 90 Direction (Global Y) 
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Figure 5-26 Joint Separation for Retaining Ring Joints on the Tee Branch  

Loaded in the θ = 90 Direction (Global Y) 
 
 
 
 
 
 

 
Figure 5-27 Joint Separation for Gripper Gasket Joints on the Main Branch  

Loaded in the θ = 0 Direction (Global X) 
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Figure 5-28 Joint Separation for Gripper Gasket Joints on the Tee Branch  

Loaded in the θ = 0 Direction (Global X) 
 
 
 
 

 
Figure 5-29 Joint Separation for Gripper Gasket Joints on the Main Branch  

Loaded in the θ = 90 Direction (Global Y) 
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Figure 5-30 Joint Separation for Gripper Gasket Joints on the Tee Branch  

Loaded in the θ = 90 Direction (Global Y) 
 
 
 
 
 
 

 
Figure 5-31 Joint Separation for Bolted Collar Joints on the Main Branch  

Loaded in the θ = 0 Direction (Global X) 
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Figure 5-32 Joint Separation for Bolted Collar Joints on the Tee Branch  

Loaded in the θ = 0 Direction (Global X) 
 
 
 
 
 
 

 
Figure 5-33 Joint Separation for Bolted Collar Joints on the Main Branch  

Loaded in the θ = 90 Direction (Global Y) 
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Figure 5-34 Joint Separation for Bolted Collar Joints on the Tee Branch  

Loaded in the θ = 90 Direction (Global Y) 
 
 
 
 

 
Figure 5-35 Number of Joints and Corresponding Separation Distance  

for Main Branch Loaded in the θ = 0 Direction (Global X) 
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Figure 5-36 Number of Joints and Corresponding Separation Distance for Tee 

Branch Loaded in the θ = 0 Direction (Global X) 
 
 

 
 

 
Figure 5-37 Number of Joints and Corresponding Separation Distance for Main 

Branch Loaded in the θ = 90 Direction (Global Y) 
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Figure 5-38 Number of Joints and Corresponding Separation Distance for Tee 

Branch Loaded in the θ = 90 Direction (Global Y) 
 

 

5.4.6 Example Summary 

 

The methodology and procedures for a finite element computer analysis of a simple 

piping system has been undertaken.  Each step and each piece of required data has been 

described with an explanation of how it was developed or derived.  The objective of this 

example was to demonstrate the use of joint stiffness data obtained in this experimental 

testing project for a practical application.  The analysis presented here used realistic 

material properties and modeling.  However, the interpretation of results is limited to the 

cases considered.  The procedures describe for the analysis of PGD loadings can be 

adapted to a variety of situations such as the analysis of transient or time-dependent 

motions resulting from seismic motions.   

 

The ultimate goal of any analytical procedure is to create a simplification of an actual 

physical system by creating a mathematical model that can be understood and analyzed 

using approximate properties, either derived by empirical investigation or by a 
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mathematical derivation.  The end result should be close enough within reasonable 

engineering tolerance to the response of the real structure so that a trained designer is 

able to make decisions that result in a structure that will maintain its structural integrity 

and remain within strength and service limits set by an established criteria.  The physical 

data obtained in this experimental testing project and the methodologies described in this 

example were designed to help in achieving this goal. 
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SECTION 6 

OBSERVATIONS and CONCLUSIONS 
 

This research establishes axial and rotational stiffness characteristics and maximum 

force/moment capacity levels for several different types of restrained and unrestrained 

pipe joints, pipe materials, and pipe diameters.  The joint stiffness values can be used as 

input data for a computerized finite element analysis of piping systems, and the 

maximum force capacity values can be used in a simplified pipeline risk assessment 

analysis (see Section 5).  The development and implementation of this testing program 

and the results have led to several observations and conclusions as described below: 

 

♦ Investigations by other researchers have shown that pipe joints have suffered damage 

from past earthquakes and are vulnerable to future earthquakes. 

 

♦ It has been established that unrestrained joints have a very low capacity to resist 

tension pull-out and are therefore, vulnerable to pull-out failure from seismic 

motions.  Restraining devices can significantly increase a joint’s capacity to withstand 

pull-out, and therefore, decrease the probably of joint failure.   

 

♦ The static axial testing phase was done under displacement control by incrementally 

increasing the applied displacements, then relaxing the displacement allowing for a 

partial unloading.  It would have been of value to have a much greater level of 

unloading to better monitor the unload and reload slopes and the continuation of the 

loading curve.  This should be considered in future experiments of this type. 

 

♦ For the static axial testing phase, a self-contained, stand alone test assembly proved to 

be extremely valuable.  It allowed specimens to be easily installed and removed 

within a reasonable amount of time and effort. 

 

 



 128

♦ A specimen length of approximately 60 cm (24 in.) is a suitable and convenient 

length to be used for axial testing.  Axial strains monitored along the length of the 

specimen show that any stress concentrations that may have developed near the joint 

or at a change of the cross-section were not present at locations away from the joint.  

 

♦ Monitoring of internal water pressure by a pressure transducer was not a valuable 

piece of information.  Actual pressure levels vary during the testing due to changes in 

the internal volume of the specimen as axial deformation takes place.  Any leakage of 

consequence is easily detected visually. 

 

♦ The axial compressive force capacity of cast iron and ductile iron pipes is very high 

and unless there are motions that cause concurrent bending, failure due to axial 

compressive thrust is unlikely. 

 

♦ The maximum axial force capacity of steel pipe with lap-welded joints, ductile iron 

pipe with retaining ring joints, and ductile iron pipe with gripper gasket joints is 

significantly influenced by the pipe diameter.  This is due to the fact that the force 

resistance is distributed around the circumference of the joint, and therefore, the 

greater the circumference, the greater the total resistance. 

 

♦ The maximum axial force capacity of ductile iron pipe with bolted collar joints is not 

greatly affected by the pipe diameter.  For bolted collar restraints, the resistance is 

through the bolts and the gripping power of the wedge screw teeth.  Since the number 

of wedge screws is approximately the same for the different diameters of pipe, the 

total resistance is not significantly different.   
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♦ Polyethylene (PE) pipe with butt-fused joints will remain extremely ductile for both 

axial and bending loadings.  PE pipe is a ductile, plastic material and can withstand 

major distortions without failure, as was seen during this testing program.  The severe 

deformations that occur will restrict the resistance levels, and therefore, if all 

diameters of PE pipe have severe distortions, there will not be a significant difference 

in the resisting force between them. 

 

♦ Simplified risk assessment charts have been developed, and along with the maximum 

joint force capacities as determined in this research, seismic risk can be evaluated.  

Pipeline owners can use this methodology to perform preliminary analysis of 

proposed system alignments, or to review existing systems to determine the most 

vulnerable zones within their system and to prioritize their upgrade plans.  

 

♦ The comparison of axial ultimate force capacities for static and axial dynamic 

loadings for joints with tensile restraint devices shows that they are approximately 

equal.  This indicates that static testing is able to capture the dynamic force 

characteristics of pipe joints.  However, the static loading curves have a definite 

elastic section and a post-yield section, while the dynamic loading has only an 

apparent elastic curve up to the failure point. 

 

♦ The comparison of axial elastic stiffness between static loading and dynamic loading 

indicates that there is an effect of the dynamic loading, and therefore, static testing 

cannot capture the dynamic behavior of pipe joints, and dynamic testing is essential in 

obtaining realistic dynamic stiffness characteristics for pipe joints. 

 

♦ For bending loading, providing some level of joint restraint can greatly decrease the 

probability of joint failure due to the prevention of incremental creep of withdrawal. 

 

♦ Stiffness characteristics have been established through the use of load-displacement 

and moment-theta curves from approximated bi-linear plots.  These values can be 

used as input data for a computerized finite element analysis of piping systems. 
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SECTION 7 

FUTURE RESEARCH and INVESTIGATION 
 

Although there has been extensive research on the subject of seismic response of 

pipelines, there is much left to do.  A piping system is made up of a number of 

components, fittings and attachments.  The characteristics of each element need to be 

investigated to determine how they affect the overall system and which component is 

most vulnerable to failure.  Some areas of needed future research are listed below: 

 

♦ This research project tested a single specimen for each joint type, material type and 

pipe diameter.  In order to gain statistical meaningful data on joint characteristics, a 

greater population of samples for each specimen needs to tested.  

 

♦ This research project tested only a limited range of joint types and restraining devices.  

Testing of additional joint types, restraint devices, and a wider range of pipe 

diameters should be undertaken to get a more comprehensive database of joint types 

and their characteristics.  

 

♦ The objective of this testing program was to examine pipe joints.  There are 

individual components of a piping system, such as “tees” and “elbows”, that need to 

be tested as individual components in order to determine their influence on the whole 

system.   

 

♦ There has been assumption that the buried pipe and the soil have perfect bond up to a 

frictional limit.  In reality, there is a flexibility between the two that can be modeled 

as a spring element that depends on a number of parameters such as burial depth and 

soil type.  This soil-pipe interaction needs to be examined further, especially under 

dynamic loading conditions.  
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♦ The bending testing phase for this research project was limited to static loading 

conditions and unrestrained rotation levels for dynamic loading.  Bending testing that 

examines the behavior of restrained joints at higher amplitudes under dynamic 

loading needs to be done.  

 

♦ A number of reported pipeline failures were due to shear.  This mode of behavior 

needs to examined more thoroughly in order to get a complete view of a joint’s 

response to seismic motions.  No shear tests were performed in this research 

described in this report. 

 

♦ The restraining devices tested were not designed specifically for seismic applications.  

Research and testing should be directed toward the development of a low cost, 

seismically resistant joint that would provide a greater level of safety against failures.  

 

♦ Engineering computer software is used for technology transfer.  Software should be 

developed that can use data developed in this and future research in a specific-use 

program to analyze piping systems for both transient analysis and permanent ground 

deformation analysis.  

 

♦ Design criteria and standards for the design of pipelines and pipe joints subjected to 

seismic motions need to be developed so that the potential for major damage and 

failure to these system can be reduced.  

 

♦ Further analytical research on the seismic behavior of segmental pipelines extending 

through different soil types needs to be performed.  
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APPENDIX  A 

AXIAL STATIC EXPERIMENTS  

TEST REPORTS and LOAD-DISPLACEMENT PLOTS 
 
 No. Specimen Page 
 

1. Cast iron pipe with lead caulked joint 200 mm A-2 
2. Ductile iron pipe with push-on rubber gasket joint 100 mm A-3 
3. Ductile iron pipe with push-on rubber gasket joint 150 mm A-4 
4. Ductile iron pipe with push-on rubber gasket joint 200 mm A-5 
5. Ductile iron pipe with push-on rubber gasket joint 250 mm A-6 
6. Ductile iron pipe with gripper gasket joint 150 mm A-7 
7. Ductile iron pipe with gripper gasket joint 200 mm A-8 
8. Ductile iron pipe with gripper joint 300 mm A-9 
9. Ductile iron pipe with retaining ring joint 150 mm A-10 
10. Ductile iron pipe with retaining ring joint 200 mm A-11 
11. Ductile iron pipe with retaining ring joint 300 mm A-12 
12. Ductile iron pipe with bolted collar joint 150 mm A-13 
13. Ductile iron pipe with bolted collar joint 200 mm A-14 
14. Steel pipe with lap-welded joint 100 mm A-15 
15. Steel pipe with lap-welded joint 150 mm A-16 
16. Steel pipe with lap-welded joint 200 mm A-17 
17. Steel pipe with lap-welded joint 250 mm A-18 
18. PVC pipe with push-on rubber gasket joint 150 mm A-19 
19. PVC pipe with push-on rubber gasket joint 200 mm A-20 
20. PVC pipe with push-on rubber gasket joint 300 mm A-21 
21. PE pipe with butt-fused joint 150 mm A-22 
22. PE pipe with butt-fused joint 200 mm A-23 

 
Nominclature: 
OD  pipe outside diameter 
ID  pipe inside diameter 
Wall thick  pipe wall thickness 
Bell OD  pipe bell section outside diameter 
Bell ID  pipe bell section inside diameter 
Cross area  pipe section cross sectional area of material 
Flow area  pipe section cross section of open area 
Flange thick flange section thickness at end of the specimen 
Length (OTO) actual overall length of the specimen, out-to-out of the end flanges 
Length segment actual length of the specimen not including the end flanges 
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1. Cast Iron Pipe with Lead Caulked Joint     . 
 
Material   cast iron 
Nominal dia.   200 mm (8”) 
Joint type   bell-spigot, lead caulked 
 
Material Characteristics cast iron pipe with lead caulked joint (in-service segment) 
 Ultimate stress  552 MPa compression 
 Modulus  96530 MPa 
 
Cross-Sectional Dimensions 
 OD   229 mm 
 ID   203 mm 
 Wall thick  12.7 mm 
 Bell OD  305 mm 
 Bell ID   229 mm 
 Bell thick  38.1 mm 
 Cross Area  8579 sq.mm 
 Flow area  32424 sq.mm 
 Flange thick  3.175 cm 
 Length (OTO)  61 cm 
 Length segment 54.65 cm 
 
Loading   compression only (incremental displacement control) 
Ultimate Load   2046 kN 
Ultimate Disp   2.6 cm 
Failure mechanism  fracture of barrel toward segment end  
 

Figure A-1 Load-Displacement Plot for 200 mm Cast Iron Pipe 
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2. Ductile Iron Pipe with Push-On Rubber Gasket Joint 
 
Material   ductile iron 
Nominal dia.   100 mm (4”) 
Joint type   push-on bell-spigot, rubber gasket 
 
Material Characteristics  ductile iron pipe with push-on rubber gasket joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   109.2 mm 
 OD   121.9 mm 
 Wall thick  6.35 mm 
 Bell OD  179.1 mm 
 Bell ID   146.1 mm 
 Bell thick  16.5 mm 
 Cross Area  2302 sq.mm 
 Flow area  9365 sq.mm 
 Flange thick  none 
 Length (OTO)  61.0 cm 
 Length segment 61.0 cm 
 
Loading   compression only (incremental load control) 
Ultimate Load   792 kN 
Ultimate Disp   .41 cm 
Failure mechanism telescoping of spigot into bell; fracture and buckling of spigot end  
 

Figure A-2 Load-Displacement for 100 mm DIP with Push-On Rubber Gasket Joint 
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3. Ductile Iron Pipe with Push-On Rubber Gasket Joint 
 
Material   ductile iron 
Nominal dia.   150 mm (6”) 
Joint type   push-on bell-spigot, rubber gasket 
 
Material Characteristics ductile iron pipe with push-on rubber gasket joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   162.6 mm 
 OD   175.3 mm 
 Wall thick  6.35 mm 
 Bell OD  235.0 mm 
 Bell ID   199.4 mm 
 Bell thick  17.8 mm 
 Cross Area  3367 sq.mm 
 Flow area  20750 sq.mm 
 Flange thick  2.54 cm 
 Flange thick  none 
 Length (OTO)  61.0 cm 
 Length segment 61.0 cm 
 
Loading   compression only (incremental load control) 
Ultimate Load   1054 kN 
Ultimate Disp   .46 cm 
Failure mechanism telescoping of spigot into bell; fracture and buckling of spigot end  
 

Figure A-3 Load-Displacement for 150 mm DIP with Push-On Rubber Gasket Joint  
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4. Ductile Iron Pipe with Push-On Rubber Gasket Joint 
 
Material Characteristics ductile iron   
Nominal dia.   200 mm (8”) 
Joint type   push-on bell-spigot, rubber gasket 
 
Material Characteristics ductile iron pipe with push-on rubber gasket joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   217.2 mm 
 OD   229.9 mm 
 Wall thick  6.35 mm 
 Bell OD  296.7 mm 
 Bell ID   258.6 mm 
 Bell thick  19.1 mm 
 Cross Area  4457 sq.mm 
 Flow area  37029 sq.mm 
 Flange thick  none 
 Length (OTO)  61.0 cm 
 Length segment 61.0 cm 
 
Loading   compression only (incremental load control) 
Ultimate Load   1112 kN 
Ultimate Disp   .84 cm 
Failure mechanism telescoping of spigot into bell; fracture and buckling of spigot end  
 

Figure A-4 Load-Displacement for 200 mm DIP with Push-On Rubber Gasket Joint 
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5. Ductile Iron Pipe with Push-On Rubber Gasket Joint 
 
Material   ductile iron 
Nominal dia.   250 mm (10”) 
Joint type   push-on bell-spigot, rubber gasket 
 
Material Characteristics ductile iron pipe with push-on rubber gasket joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   269.2 mm 
 OD   281.9 mm 
 Wall thick  6.35 mm 
 Bell OD  351.3 mm 
 Bell ID   310.6 mm 
 Bell thick  20.3 mm 
 Cross Area  5708 sq.mm 
 Flow area  56702 sq.mm 
 Flange thick  none 
 Length (OTO)  61.0 cm 
 Length segment 61.0 cm 
 
Loading   compression only (incremental load control) 
Ultimate Load   1557 kN 
Ultimate Disp   .48 cm 
Failure mechanism telescoping of spigot into bell; fracture and buckling of spigot end  
 

 
Figure A-5 Load-Displacement for 250 mm DIP with Push-on Rubber Gasket Joint 
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6. Ductile Iron Pipe with Gripper Gasket 
 
Material   ductile iron 
Nominal dia.   150 mm (6”) 
Joint type bell-spigot; gripper gasket  
 
Material Characteristics ductile iron pipe with gripper gasket 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   162.6 mm 
 OD   175.3 mm 
 Wall thick  6.35 mm 
 Bell OD  235.0 mm 
 Bell ID   199.4 mm 
 Bell thick  17.8 mm 
 Cross Area  3367 sq.mm 
 Flow area  20750 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  61.9 cm 
 Length segment 56.83 cm 
 
Loading   tension only (incremental displacement control) 
Ultimate Load   253 kN 
Ultimate Disp   8.44 cm 
Failure mechanism  failure of metal teeth   
 
 

 
Figure A-6 Load-Displacement for 150 mm DIP with Gripper Gasket Joint 
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7. Ductile Iron Pipe with Gripper Gasket 
 
Material   ductile iron 
Nominal dia.   200 mm (8”) 
Joint type bell-spigot; gripper gasket 
 
Material Characteristics ductile iron pipe with gripper gasket 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   217.2 mm 
 OD   229.9 mm 
 Wall thick  6.35 mm 
 Bell OD  296.7 mm 
 Bell ID   258.6 mm 
 Bell thick  19.1 mm 
 Cross Area  4457 sq.mm 
 Flow area  37029 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  61.0 cm 
 Length segment 55.88 cm 
 
Loading   tension only (incremental displacement control) 
Ultimate Load   539 kN 
Ultimate Disp   4.70 cm 
Failure mechanism  failure of metal teeth   

 

 
Figure A-7 Load-Displacement for 200 mm DIP with Gripper Gasket Joint 
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8. Ductile Iron Pipe with Gripper Gasket 
 
Material   ductile iron 
Nominal dia.   300 mm (12”) 
Joint type bell-spigot; gripper gasket 
 
Material Characteristics  ductile iron pipe with gripper gasket 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 OD   335 mm 
 ID   3211 mm 
 Wall thick  7.11 mm 
 Bell OD  414 mm 
 Bell ID   364 mm 
 Bell   22 mm 
 Cross Area  7335 sq.mm 
 Flow area  80955 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  62 cm 
 Length segment 56.83 cm 
 
Loading   tension only (incremental displacement control) 
Ultimate Load   488 kN 
Ultimate Disp   1.88 cm 
Failure mechanism  failure of metal teeth   
 

 
Figure A-8 Load-Displacement for 300 mm DIP with Gripper Gasket Joint 
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 9. Ductile Iron Pipe with Retaining Ring Joint 
 
Material   ductile iron   
Nominal dia.   150 mm (6”) 
Joint type bell and spigot; retaining ring  
 
Material Characteristics ductile iron pipe with retaining ring joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   162.6 mm 
 OD   175.3 mm 
 Wall thick  6.35 mm 
 Bell OD  235.0 mm 
 Bell ID   199.4 mm 
 Bell thick  17.8 mm 
 Cross Area  3367 sq.mm 
 Flow area  20750 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  67.31 cm 
 Length segment 64.77 cm 
 
Loading   compression only (incremental displacement control) 
Ultimate Load   538 MPa compression 
Ultimate Disp   1.17 cm compression 
Failure mechanism  block shear at bell 
 

 
Figure A-9 Load-Displacement for 150 mm DIP with Retaining Ring Joint 
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10. Ductile Iron Pipe with Retaining Ring Joint 
 
Material   ductile iron   
Nominal dia.   200 mm (8”) 
Joint type bell and spigot; retaining ring 
 
Material Characteristics ductile iron pipe with retaining ring joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   217.2 mm 
 OD   229.9 mm 
 Wall thick  6.35 mm 
 Bell OD  296.7 mm 
 Bell ID   258.6 mm 
 Bell thick  19.1 mm 
 Cross Area  4457 sq.mm 
 Flow area  37029 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  67.31 cm 
 Length segment 62.23 cm 
 
Loading   compression only (incremental displacement control) 
Ultimate Load   795 MPa compression 
Ultimate Disp   2.89 cm compression 
Failure mechanism  fracture in bell 
 

 
Figure A-10 Load-Displacement for 200 mm DIP with Retaining Ring Joint 
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11. Ductile Iron Pipe with Retaining Ring Joint 
 
Material   ductile iron   
Nominal dia.   300 mm (12”) 
Joint type bell and spigot; retaining ring 
 
Material Characteristics ductile iron pipe with retaining ring joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 OD   335 mm 
 ID   3211 mm 
 Wall thick  7.11 mm 
 Bell OD  414 mm 
 Bell ID   364 mm 
 Bell   22 mm 
 Cross Area  7335 sq.mm 
 Flow area  80955 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  67.31 cm 
 Length segment 62.23 cm 
 
Loading   compression only (incremental displacement control) 
Ultimate Load   750 compression 
Ultimate Disp   2.39 cm compression 
Failure mechanism  fracture in bell 
 

 
Figure A-11 Load-Displacement for 300 mm DIP with Retaining Ring Joint 
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12. Ductile Iron Pipe with Bolted Collar Joint 
 
Material   ductile iron 
Nominal dia.   150 mm (6”) 
Joint type bell-spigot, bolted collar  
 
Material Characteristics ductile iron pipe with bolted collar joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   162.6 mm 
 OD   175.3 mm 
 Wall thick  6.35 mm 
 Bell OD  235.0 mm 
 Bell ID   199.4 mm 
 Bell thick  17.8 mm 
 Cross Area  3367 sq.mm 
 Flow area  20750 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  61.0 cm 
 Length segment 55.9 cm 
 
Loading   tension only (incremental displacement control) 
Ultimate Load   195 kN 
Ultimate Disp   2.9 cm 
Failure mechanism  failure of cast iron collar at wedge screw hole   
 

 
Figure A-12 Load-Displacement for 150 mm DIP with Bolted Collar Joint 
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13. Ductile Iron Pipe with Bolted Collar Joint 
 
Material   ductile iron 
Nominal dia.   200 mm (8”) 
Joint type bell-spigot, bolted collar restrained joint  
 
Material Characteristics ductile iron pipe with bolted collar joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   217.2 mm 
 OD   229.9 mm 
 Wall thick  6.35 mm 
 Bell OD  296.7 mm 
 Bell ID   258.6 mm 
 Bell thick  19.1 mm 
 Cross Area  4457 sq.mm 
 Flow area  37029 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  61.0 cm 
 Length segment 55.9 cm 
 
Loading   tension only (incremental displacement control) 
Ultimate Load   280 kN 
Ultimate Disp   4.95 cm in 
Failure mechanism  failure of cast iron collar at wedge screw hole   
 

 
Figure A-13 Load-Displacement for 200 mm DIP with Bolted Collar Joint 
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14. Steel Pipe with Lap-Welded Joint 
 
Material   steel 
Nominal dia.   100 mm (4”) 
Joint type bell-spigot; lap-welded  
 
Material Characteristics steel pipe with lap-welded joint C-200 Grade A A53 
 Yield stress  207 MPa 
 Modulus  200000 MPa 
 
Cross-Sectional Dimensions 
 OD   108 mm 
 ID   102 mm 
 Wall thick  3.40 mm (10ga.) 
 Bell OD  108 mm 
 Bell ID   102 mm 
 Bell thick  3.40 mm (10ga.) 
 Cross Area  1109 sq.mm 
 Flow area  8108 sq.mm 
 Flange thick  1.91 cm 
 Length (OTO)  49.53 cm 
 Length segment 45.71 cm 
 
Loading   bi-directional  

(incremental alternating displacement control) 
Ultimate Load   536 kN compression; 522 kN tension 
Ultimate Disp   1.13 cm. compression; 1.29 cm tension 
Failure mechanism  fracture in tension in spigot end behind weld 

 
Figure A-14 Load-Displacement for 100 mm Steel Lap-Welded Pipe 
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15. Steel Pipe with Lap-Welded Joint 
 
Material   steel 
Nominal dia.   150 mm (6”) 
Joint type bell-spigot; lap-welded  
 
Material Characteristics steel pipe with lap-welded joint C-200 Grade A A53 
 Yield stress  207 MPa 
 Modulus  200000 MPa 
 
Cross-Sectional Dimensions 
 OD   159 mm 
 ID   152 mm 
 Wall thick  3.40 mm (10ga.) 
 Bell OD  159 mm 
 Bell ID   152 mm 
 Bell thick  3.40 mm (10ga.) 
 Cross Area  1664 sq.mm 
 Flow area  18234 sq.mm 
 Flange thick  1.9 mm 
 Length (OTO)  47.3 mm 
 Length segment 43.51 cm 
 
Loading   bi-directional  

(incremental alternating displacement control) 
Ultimate Load   491 kN compression; 554 kN tension 
Ultimate Disp   1.19 cm. compression; 1.17 cm tension 
Failure mechanism  fracture in tension in spigot end behind weld 
 

  
Figure A-15 Load-Displacement for 150 mm Steel Lap-Welded Pipe 
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16. Steel Pipe with Lap-Welded Joint 
 
Material   steel 
Nominal dia.   200 mm (8”) 
Joint type bell-spigot; lap-welded  
 
Material Characteristics steel pipe with lap-welded joint C-200 Grade A A53 
 Yield stress  207 MPa 
 Modulus  200000 MPa 
 
Cross-Sectional Dimension 
 OD   210 mm 
 ID   203 mm 
 Wall thick  3.40 mm (10ga.) 
 Bell OD  210 mm 
 Bell ID   203 mm 
 Bell thick  3.40 mm (10ga.) 
 Cross Area  2206 sq.mm 
 Flow area  32424 sq.mm 
 Flange thick  1.9 cm 
 Length (OTO)  47.31 cm 
 Length segment 43.51 cm 
 
Loading   bi-directional  

(incremental alternating displacement control) 
Ultimate Load   401 kN compression; 711 kN tension 
Ultimate Disp   .70 cm compression; 1.50 cm tension 
Failure mechanism  fracture in tension through water inlet hole. 
 

 
Figure A-16 Load-Displacement for 200 mm Steel Lap-Welded Pipe 
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17. Steel Pipe with Lap-Welded Joint 
 
Material   steel 
Nominal dia.   250 mm (10”) 
Joint type bell-spigot; lap-welded joint 
 
Material Characteristics steel pipe with lap-welded joint C-200 Grade A A53 
 Yield stress  207 MPa 
 Modulus  200000 MPa 
 
Cross-Sectional Dimensions 
 OD   261 mm 
 ID   254 mm 
 Wall thick  3.40 mm (10ga.) 
 Bell OD  261 mm 
 Bell ID   254 mm 
 Bell thick  3.40 mm (10ga.) 
 Cross Area  2754 sq.mm 
 Flow area  50658 sq.mm 
 Flange thick  1.9 cm 
 Length (OTO)  47.3 cm 
 Length segment 43.5 cm 
 
Loading   bi-directional  

(incremental alternating displacement control) 
Ultimate Load   546 kN compression; 761 kN tension 
Ultimate Disp   1.3 cm compression; 1.4 cm tension 
Failure mechanism  fracture in tension through water inlet hole. 
 

 
Figure A-17 Load-Displacement for 250 mm Steel Lap-Welded Pipe 
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18. PVC Pipe with Push-On Rubber Gasket Joint 
 
Material   PVC 
Nominal dia.   150 mm (6”) 
Joint type push-on bell-spigot; rubber gasket 
 
Material Characteristics PVC pipe with push-on rubber gasket joint C-900 
 Yield stress  41 MPa 
 Modulus  2100 MPa 
 
Cross-Sectional Dimensions 
 OD   175 mm 
 ID   152 mm 
 Wall thick  11.4 mm 
 Bell OD  251 mm 
 Bell ID   178 mm 
 Bell thick  36.6 mm 
 Cross Area  5882 sq.mm 
 Flow area  18241 sq.mm 
 Flange thick  none 
 Length (OTO)  61 cm 
 Length segment 61 cm 
 
Loading   compression only (incremental displacement control) 
Ultimate Load   15 kN compression 
Ultimate Disp   10 cm 
Failure mechanism  no observable failure; spigot end extruded into the bell end 
 

 
Figure A-18 Load-Displacement for 150 mm PVC Pipe 
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19. PVC Pipe with Push-On Rubber Gasket Joint 
 
Material   PVC 
Nominal dia.   200 mm (8”) 
Joint type push-on bell-spigot; rubber gasket 
 
Material Characteristics PVC pipe with push-on rubber gasket joint C-900 
 Yield stress  41MPa 
 Modulus  2100 MPa 
 
Cross-Sectional Dimensions 
 OD   229 mm 
 ID   203 mm 
 Wall thick  12.7 mm 
 Bell OD  305 mm 
 Bell ID   229 mm 
 Bell thick  36.6 mm 
 Cross Area  8611 sq.mm 
 Flow area  32424 sq.mm 
 Flange thick  none 
 Length (OTO)  50.5 cm 
 Length segment 50.5 cm 
 
Loading   compression only (incremental displacement control) 
Ultimate Load   13 kN compression 
Ultimate Disp   12 cm 
Failure mechanism  no observable failure; spigot end extruded into the bell end 
 

 
Figure A-19 Load-Displacement for 200 mm PVC Pipe 
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20. PVC Pipe with Push-On Rubber Gasket Joint 
 
Material   PVC 
Nominal dia.   300 mm (12”) 
Joint type push-on bell-spigot; rubber gasket 
 
Material Characteristics PVC pipe with push-on rubber gasket joint C-900 
 Yield stress  41MPa 
 Modulus  2100 MPa 
 
Cross-Sectional Dimensions 
 OD   335 mm 
 ID   305 mm 
 Wall thick  15.2 mm 
 Bell OD  406 mm 
 Bell ID   330 mm 
 Bell thick  38.1 mm 
 Cross Area  15319 sq.mm 
 Flow area  72950 sq. mm 
 Flange thick  none 
 Length (OTO)  61 mm 
 Length segment 61 mm 
 
Loading   compression only (incremental displacement control) 
Ultimate Load   6 kN compression 
Ultimate Disp   6 cm 
Failure mechanism  no observable failure; spigot end extruded into the bell end 
 

 
Figure A-20 Load-Displacement for 300 mm PVC Pipe 
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21. PE Pipe with Butt-Fused Joint 
 
Material   PE polyethylene, high-density 
Nominal dia.   150 mm (6”) 
Joint type butt-fused joint 
 
Material Characteristics PE pipe with butt-fused joint C-906 
 Yield stress  17 MPa 
 Modulus  827 MPa  
 
Cross-Sectional Dimensions 
 OD   178 mm 
 ID   152 mm 
 Wall thick  12.7 mm 
 Bell OD  178 mm 
 Bell ID   152 mm 
 Bell thick  12.7 mm 
 Cross Area  6585 sq.mm 
 Flow area  18234 sq.mm 
 Flange thick  none 
 Length (OTO)  61 mm 
 Length segment 61 mm 
 
Loading   bi-directional  

(incremental alternating displacement control) 
Ultimate Load   186 kN compression; 157 kN tension 
Ultimate Disp   5.7 cm compression; 7.4 cm tension 
Failure mechanism  fracture of the pipe at its end flange 
 

 
Figure A-21 Load-Displacement for 150 mm PE Pipe 
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22. PE Pipe with Butt-Fused Joint 
 
Material   PE polyethylene, high-density 
Nominal dia.   200 mm (8”) 
Joint type butt-fused joint 
 
Material Characteristics PE pipe with butt-fused joint C-906 
 Yield stress  17 MPa 
 Modulus  827 MPa  
 
Cross-Sectional Dimensions 
 OD   229 mm 
 ID   203 mm 
 Wall thick  12.7 mm 
 Bell OD  229 mm 
 Bell ID   203 mm 
 Bell thick  12.7 mm 
 Cross Area  8611 sq.mm 
 Flow area  32424 sq.mm 
 Flange thick  none 
 Length (OTO)  61 cm 
 Length segment 61 cm 
 
Loading   bi-directional  

(incremental alternating displacement control) 
Ultimate Load   307 kN compression; 232 kN tension 
Ultimate Disp   6.1 cm compression; 5.5 cm tension 
Failure mechanism  fracture of the pipe at its end flange 
 

 
Figure A-22 Load-Displacement for 200 mm PE Pipe 
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APPENDIX  B 

AXIAL DYNAMIC EXPERIMENTS 

TEST REPORTS and LOAD-DISPLACEMENT PLOTS 
 
 No. Specimen Page 
 

1. Cast iron pipe with lead caulked joint 200 mm B-2 
2. Ductile iron pipe with push-on rubber gasket joint 150 mm B-3 
3. Ductile iron pipe with push-on rubber gasket joint 200 mm B-4 
4. Ductile iron pipe with gripper gasket joint 150 mm B-5 
5. Ductile iron pipe with gripper gasket joint 200 mm B-6 
6. Ductile iron pipe with retaining ring joint 150 mm B-7 
7. Ductile iron pipe with retaining ring joint 200 mm B-8 
8. Ductile iron pipe with bolted collar joint 150 mm B-9 
9. Ductile iron pipe with bolted collar joint 200 mm B-10 
10. Steel pipe with lap-welded joint 150 mm B-11 
11. Steel pipe with lap-welded joint 200 mm B-12 
12. PVC pipe with push-on rubber gasket joint 150 mm B-13 
13. PVC pipe with push-on rubber gasket joint 200 mm B-14 
14. PE pipe with butt-fused joint 150 mm B-15 
15. PE pipe with butt-fused joint 200 mm B-16 

 
 
 

Nominclature: 
OD  pipe outside diameter 
ID  pipe inside diameter 
Wall thick  pipe wall thickness 
Bell OD  pipe bell section outside diameter 
Bell ID  pipe bell section inside diameter 
Cross area  pipe section cross sectional area of material 
Flow area  pipe section cross section of open area 
Flange thick flange section thickness at end of the specimen 
Length (OTO) actual overall length of the specimen, out-to-out of the end flanges 
Length segment actual length of the specimen not including the end flanges 
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1. Cast Iron Pipe with Lead Caulked Joint     . 
 
Material   cast iron 
Nominal dia.   200 mm (8”) 
Joint type   bell-spigot, lead caulked 
 
Material Characteristics cast iron pipe with lead caulked joint (in-service segment) 
 Ultimate stress  552 MPa compression 
 Modulus  96530 MPa 
 
Cross-Sectional Dimensions 
 OD   229 mm 
 ID   203 mm 
 Wall thick  12.7 mm 
 Bell OD  305 mm 
 Bell ID   229 mm 
 Bell thick  38.1 mm 
 Cross Area  8579 sq.mm 
 Flow area  32424 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  61 cm 
 Length segment 55.9 cm 
 
Loading   dynamic Arleta, Sylmar, Laholl records 
Ultimate Load   549 kN compression; 108 kN tension 
Ultimate Disp   .18 cm compression; 1.48 cm tension 
Failure mechanism  no failure 
 

 
Figure B-1 Load-Displacement for 200 mm Cast Iron Pipe 
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2. Ductile Iron Pipe with Push-On Rubber Gasket Joint 
 
Material   ductile iron 
Nominal dia.   150 mm (6”) 
Joint type   push-on bell-spigot, rubber gasket 
 
Material Characteristics  ductile iron pipe with push-on rubber gasket joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   162.6 mm 
 OD   175.3 mm 
 Wall thick  6.35 mm 
 Bell OD  235.0 mm 
 Bell ID   199.4 mm 
 Bell thick  17.8 mm 
 Cross Area  3367 sq.mm 
 Flow area  20750 sq.mm 
 Flange thick  2.54 cm 
 Flange thick  none 
 Length (OTO)  61.0 cm 
 Length segment 61.0 cm 
 
Loading   dynamic Arleta, Sylmar, Laholl records 
Ultimate Load   7 kN compression; 2.6 kN tension 
Ultimate Disp   1.0 cm compression; 1.63 cm tension 
Failure mechanism  no failure   
 

 
Figure B-2 Load-Displacement for 150 mm DIP with Push-On Rubber Gasket Joint 
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3. Ductile Iron Pipe with Push-On Rubber Gasket Joint 
 
Material   ductile iron 
Nominal dia.   200 mm (8”) 
Joint type   push-on bell-spigot, rubber gasket 
 
Material Characteristics ductile iron pipe with push-on rubber gasket joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   217.2 mm 
 OD   229.9 mm 
 Wall thick  6.35 mm 
 Bell OD  296.7 mm 
 Bell ID   258.6 mm 
 Bell thick  19.1 mm 
 Cross Area  4457 sq.mm 
 Flow area  37029 sq.mm 
 Flange thick  none 
 Length (OTO)  61.0 cm 
 Length segment 61.0 cm 
 
Loading   dynamic Arleta, Sylmar, Laholl records 
Ultimate Load   6.6 kN compression; 2.35 kN tension 
Ultimate Disp   .9 cm compression; 1.56 cm tension 
Failure mechanism  no failure   
 

 
Figure B-3 Load-Displacement for 200 mm DIP with Push-On Rubber Gasket Joint 
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4. Ductile Iron Pipe with Gripper Gasket 
 
Material   ductile iron 
Nominal dia.   150 mm (6”) 
Joint type bell-spigot; gripper gasket  
 
Material Characteristics ductile iron pipe with gripper gasket 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   162.6 mm 
 OD   175.3 mm 
 Wall thick  6.35 mm 
 Bell OD  235.0 mm 
 Bell ID   199.4 mm 
 Bell thick  17.8 mm 
 Cross Area  3367 sq.mm 
 Flow area  20750 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  61.9 cm 
 Length segment 56.83 cm 
 
Loading   dynamic Arleta, Sylmar, Laholl records 
Ultimate Load   110 kN tension; 3.0 kN compression  
      (no compression engagement) 
Ultimate Disp   .56 cm tension; .33 cm compression 
Failure mechanism  fracture and dislodgement of metal teeth   
 

 
Figure B-4 Load-Displacement for 150 mm DIP with Gripper Gasket Joint 
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5. Ductile Iron Pipe with Gripper Gasket 
 
Material   ductile iron 
Nominal dia.   200mm (8”) 
Joint type bell-spigot; gripper gasket 
 
Material Characteristics  ductile iron pipe with gripper gasket 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   217.2 mm 
 OD   229.9 mm 
 Wall thick  6.35 mm 
 Bell OD  296.7 mm 
 Bell ID   258.6 mm 
 Bell thick  19.1 mm 
 Cross Area  4457 sq.mm 
 Flow area  37029 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  61.0 cm 
 Length segment 55.88 cm 
 
Loading   dynamic Arleta, Sylmar, Laholl records 
Ultimate Load   343 kN tension; 171 kN compression  
       (no compression engagement) 
Ultimate Disp   2.52 cm tension; 1.78 cm compression 
Failure mechanism  fracture and dislodgement of metal teeth   

 

 
Figure B-5 Load-Displacement for 200 mm DIP with Gripper Gasket Joint 
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6. Ductile Iron Pipe with Retaining Ring Joint 
 
Material   ductile iron   
Nominal dia.   150 mm (6”) 
Joint type bell and spigot; retaining ring  
 
Material Characteristics ductile iron pipe with retaining ring joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   162.6 mm 
 OD   175.3 mm 
 Wall thick  6.35 mm 
 Bell OD  235.0 mm 
 Bell ID   199.4 mm 
 Bell thick  17.8 mm 
 Cross Area  3367 sq.mm 
 Flow area  20750 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  67.31 cm 
 Length segment 64.77 cm 
 
Loading   dynamic Arleta, Sylmar, Laholl records 
Ultimate Load   441 kN tension; 1.1 kN compression 
Ultimate Disp   .83 cm tension; .93 cm compression 
Failure mechanism  cracking at bell   
 

 
Figure B-6 Load-Displacement for 150 mm DIP with Retaining Ring Joint 
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7. Ductile Iron Pipe with Retaining Ring Joint 
 
Material   ductile iron   
Nominal dia.   200mm (8”) 
Joint type bell and spigot, retaining ring 
 
Material Characteristics ductile iron pipe with retaining ring joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   217.2 mm 
 OD   229.9 mm 
 Wall thick  6.35 mm 
 Bell OD  296.7 mm 
 Bell ID   258.6 mm 
 Bell thick  19.1 mm 
 Cross Area  4457 sq.mm 
 Flow area  37029 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  67.31 cm 
 Length segment 62.23 cm 
 
Loading   dynamic Arleta, Sylmar, Laholl records 
Ultimate Load   551 kN tension; 13 kN compression 
Ultimate Disp   .80 cm tension; 1.01 cm compression 
Failure mechanism  fracture at the bell   

. 

 
Figure B-7 Load-Displacement for 200 mm DIP with Retaining Ring Joint 
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8. Ductile Iron Pipe with Bolted Collar Joint 
 
Material   ductile iron 
Nominal dia.   150 mm (6”) 
Joint type bell-spigot, bolted collar  
 
Material Characteristics ductile iron pipe with bolted collar joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   162.6 mm 
 OD   175.3 mm 
 Wall thick  6.35 mm 
 Bell OD  235.0 mm 
 Bell ID   199.4 mm 
 Bell thick  17.8 mm 
 Cross Area  3367 sq.mm 
 Flow area  20750 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  61.0 cm 
 Length segment 55.9 cm 
 
Loading   dynamic Arleta, Sylmar, Laholl records 
Ultimate Load   201 kN tension; 3.1 kN compression 
Ultimate Disp   2.53 cm tension; 1.7 cm compression 
Failure mechanism  fracture at the wedge screw holes   

 

 
Figure B-8 Load-Displacement for 150 mm DIP with Bolted Collar Joint 
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9. Ductile Iron Pipe with Bolted Collar Joint 
 
Material   ductile iron 
Nominal dia.   200 mm (8”) 
Joint type bell-spigot, bolted collar restrained joint  
 
Material Characteristics ductile iron pipe with bolted collar joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   217.2 mm 
 OD   229.9 mm 
 Wall thick  6.35 mm 
 Bell OD  296.7 mm 
 Bell ID   258.6 mm 
 Bell thick  19.1 mm 
 Cross Area  4457 sq.mm 
 Flow area  37029 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  61.0 cm 
 Length segment 55.9 cm 
 
Loading   dynamic Arleta, Sylmar, Laholl records 
Ultimate Load   212 kN tension; 23.5 kN compression 
Ultimate Disp   1.23 cm tension; 1.0 cm compression 
Failure mechanism  fracture at the wedge screw holes   

 

 
Figure B-9 Load-Displacement for 200 mm DIP with Bolted Collar Joint 
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10. Steel Pipe with Lap-Welded Joint 
 
Material   steel 
Nominal dia.   150 mm (6”) 
Joint type bell-spigot; lap-welded  
 
Material Characteristics steel pipe with lap-welded joint C-200 Grade A A53 
 Yield stress  207 MPa 
 Modulus  200000 MPa 
 
Cross-Sectional Dimensions 
 OD   159 mm 
 ID   152 mm 
 Wall thick  3.40 mm (10ga.) 
 Bell OD  159 mm 
 Bell ID   152 mm 
 Bell thick  3.40 mm (10ga.) 
 Cross Area  1664 sq.mm 
 Flow area  18234 sq.mm 
 Flange thick  1.9 mm 
 Length (OTO)  47.3 mm 
 Length segment 43.51 cm 
 
Loading   dynamic Arleta, Sylmar, Laholl records 
Ultimate Load   472 kN tension; 516 kN compression 
Ultimate Disp   .9 cm tension; .71 cm compression 
Failure mechanism  no failure   
 

 
Figure B-10 Load-Displacement for 150 mm Steel Pipe 
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11. Steel Pipe with Lap-Welded Joint 
 
Material   steel 
Nominal dia.   200mm (8”) 
Joint type bell-spigot; lap-welded  
 
Material Characteristics steel pipe with lap-welded joint C-200 Grade A A53 
 Yield stress  207 MPa 
 Modulus  200000 MPa 
 
Cross-Sectional Dimensions 
 OD   210 mm 
 ID   203 mm 
 Wall thick  3.40 mm (10ga.) 
 Bell OD  210 mm 
 Bell ID   203 mm 
 Bell thick  3.40 mm (10ga.) 
 Cross Area  2206 sq.mm 
 Flow area  32424 sq.mm 
 Flange thick  1.9 cm 
 Length (OTO)  47.31 cm 
 Length segment 43.51 cm 
 
Loading   dynamic Arleta, Sylmar, Laholl records 
Ultimate Load   551 kN tension; 558 kN compression 
Ultimate Disp   .29 cm tension; .11 cm compression 
Failure mechanism  no failure   

 

 
Figure B-11 Load-Displacement for 200 mm Steel Pipe 
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12. PVC Pipe with Push-On Rubber Gasket Joint 
 
Material   PVC 
Nominal dia.   150 mm (6”) 
Joint type push-on bell-spigot; rubber gasket 
 
Material Characteristics PVC pipe with push-on rubber gasket joint C-900 
 Yield stress  41 MPa 
 Modulus  2100 MPa 
 
Cross-Sectional Dimensions 
 OD   175 mm 
 ID   152 mm 
 Wall thick  11.4 mm 
 Bell OD  251 mm 
 Bell ID   178 mm 
 Bell thick  36.6 mm 
 Cross Area  5882 sq.mm 
 Flow area  18241 sq.mm 
 Flange thick  none 
 Length (OTO)  61 cm 
 Length segment 61 cm 
 
Loading   dynamic Arleta, Sylmar, Laholl records 
Ultimate Load   1.4 kN tension; 2.8 kN compression 
Ultimate Disp   1.57 cm tension; .9 cm compression 
Failure mechanism  no failure   
 

 
Figure B-12 Load-Displacement for 150 mm PVC Pipe 
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13. PVC Pipe with Push-On Rubber Gasket Joint 
 
Material   PVC 
Nominal dia.   200 mm (8”) 
Joint type push-on bell-spigot; rubber gasket 
 
Material Characteristics PVC pipe with push-on rubber gasket joint C-900 
 Yield stress  41MPa 
 Modulus  2100 MPa 
 
Cross-Sectional Dimensions 
 OD   229 mm 
 ID   203 mm 
 Wall thick  12.7 mm 
 Bell OD  305 mm 
 Bell ID   229 mm 
 Bell thick  36.6 mm 
 Cross Area  8611 sq.mm 
 Flow area  32424 sq.mm 
 Flange thick  none 
 Length (OTO)  50.5 cm 
 Length segment 50.5 cm 
 
Loading   dynamic Arleta, Sylmar, Laholl records 
Ultimate Load   7 kN compression; 1.6 kN tension 
Ultimate Disp   .96 cm compression; 1.56 cm tension 
Failure mechanism  no failure   
 

 
Figure B-13 Load-Displacement for 200 mm PVC Pipe 
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14. PE Pipe with Butt-Fused Joint 
 
Material   PE polyethylene, high-density 
Nominal dia.   150 mm (6”) 
Joint type butt-fused joint 
 
Material Characteristics PE pipe with butt-fused joint C-906 
 Yield stress  17 MPa 
 Modulus  827 MPa  
 
Cross-Sectional Dimensions 
 OD   178 mm 
 ID   152 mm 
 Wall thick  12.7 mm 
 Bell OD  178 mm 
 Bell ID   152 mm 
 Bell thick  12.7 mm 
 Cross Area  6585 sq.mm 
 Flow area  18234 sq.mm 
 Flange thick  none 
 Length (OTO)  61 mm 
 Length segment 61 mm 
 
Loading   dynamic Arleta, Sylmar, Laholl records 
Ultimate Load   150 kN tension; 151 kN compression 
Ultimate Disp   2.27 cm tension; 1.83 cm compression 
Failure mechanism  no failure at joint   
 

 
Figure B-14 Load-Displacement for 150 mm PE Pipe 
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15. PE Pipe with Butt-Fused Joint 
 
Material   PE polyethylene, high-density 
Nominal dia.   200 mm (8”) 
Joint type butt-fused joint 
 
Material Characteristics PE pipe with butt-fused joint C-906 
 Yield stress  17 MPa 
 Modulus  827 MPa  
 
Cross-Sectional Dimensions 
 OD   229 mm 
 ID   203 mm 
 Wall thick  12.7 mm 
 Bell OD  229 mm 
 Bell ID   203 mm 
 Bell thick  12.7 mm 
 Cross Area  8611 sq.mm 
 Flow area  32424 sq.mm 
 Flange thick  none 
 Length (OTO)  61 cm 
 Length segment 61 cm 
 
Loading   dynamic Arleta, Sylmar, Laholl records 
Ultimate Load   220 kN tension; 300 kN compression 
Ultimate Disp   3.89 cm tension; 3.28 cm compression 
Failure mechanism  no failure at joint   
 

 
Figure B-15 Load-Displacement for 200 mm PE Pipe 
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APPENDIX  C 

STATIC AND DYNAMIC BENDING EXPERIMENTS 

TEST REPORTS and MOMENT-THETA PLOTS 
 
 No. Specimen Page 
 

1. Cast iron pipe with lead caulked joint 200 mm C-2 
2. Ductile iron pipe with push-on rubber gasket joint 150 mm C-4 
3. Ductile iron pipe with push-on rubber gasket joint 200 mm C-6 
4. Ductile iron pipe with gripper gasket joint 150 mm C-8 
5. Ductile iron pipe with gripper gasket joint 200 mm C-10 
6. Ductile iron pipe with retaining ring joint 150 mm C-12 
7. Ductile iron pipe with retaining ring joint 200 mm C-14 
8. Ductile iron pipe with bolted collar joint 150 mm C-16 
9. Ductile iron pipe with bolted collar joint 200 mm C-18 
10. Steel pipe with lap-welded joint 150 mm C-20 
11. Steel pipe with lap-welded joint 200 mm C-22 
12. PVC pipe with push-on rubber gasket joint 150 mm C-24 
13. PVC pipe with push-on rubber gasket joint 200 mm C-26 
14. PE pipe with butt-fused joint 150 mm C-28 
15. PE pipe with butt-fused joint 200 mm C-30 

 
 

Nomenclature: 
OD  pipe outside diameter 
ID  pipe inside diameter 
Wall thick  pipe wall thickness 
Bell OD  pipe bell section outside diameter 
Bell ID  pipe bell section inside diameter 
Cross area  pipe section cross sectional area of material 
Flow area  pipe section cross section of open area 
Flange thick flange section thickness at end of the specimen 
Length (OTO) actual overall length of the specimen, out-to-out of the end flanges 
Length segment actual length of the specimen not including the end flanges 
Theta  joint rotation in radians 
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1. Cast Iron Pipe with Lead Caulked Joint     . 
Material   cast iron 
Nominal dia.   200 mm (8”) 
Joint type   bell-spigot, lead caulked 
 
Material Characteristics cast iron pipe with lead caulked joint (in-service segment) 
 Ultimate stress  552 MPa compression 
 Modulus  96530 MPa 
 
Cross-Sectional Dimensions 
 OD   229 mm 
 ID   203 mm 
 Wall thick  12.7 mm 
 Bell OD  305 mm 
 Bell ID   229 mm 
 Bell thick  38.1 mm 
 Cross Area  8579 sq.mm 
 Flow area  32424 sq.mm 
 Flange thick  none 
 Length (OTO)  137 cm 
 Length segment 137 cm 
 
Loading   dynamic, Arleta record; static cyclic 
Ultimate Moment  2490 kN-cm 
Ultimate Rotation  .0456 rad. 
Failure mechanism  failure of pipe barrel in supporting pipe 
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Figure C-1 Dynamic Moment-Theta for 200 mm Cast Iron Pipe 

 
 

 
Figure C-2 Static Moment-Theta for 200 mm Cast Iron Pipe 
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2. Ductile Iron Pipe with Push-On Rubber Gasket Joint 
 
Material   ductile iron 
Nominal dia.   150 mm (6”) 
Joint type   push-on bell-spigot, rubber gasket 
 
Material Characteristics ductile iron pipe with push-on rubber gasket joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   162.6 mm 
 OD   175.3 mm 
 Wall thick  6.35 mm 
 Bell OD  235.0 mm 
 Bell ID   199.4 mm 
 Bell thick  17.8 mm 
 Cross Area  3367 sq.mm 
 Flow area  20750 sq.mm 
 Flange thick  2.54 cm 
 Flange thick  2.5 cm 
 Length (OTO)  137 cm 
 Length segment 132 cm 
 
Loading   dynamic, Arleta record; static cyclic 
Ultimate Moment  301 kN-cm 
Ultimate Rotation  .10 rad 
Failure mechanism  leakage at .08 radian rotation 
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Figure C-3 Dynamic Moment-Theta for 150 mm DIP with Push-On Gasket 

 
Figure C-4 Static Moment-Theta for 150 mm DIP with Push-On Gasket 
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3. Ductile Iron Pipe with Push-On Rubber Gasket Joint 
 
Material   ductile iron 
Nominal dia.   200 mm (8”) 
Joint type   push-on bell-spigot, rubber gasket 
 
Material Characteristics ductile iron pipe with push-on rubber gasket joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   217.2 mm 
 OD   229.9 mm 
 Wall thick  6.35 mm 
 Bell OD  296.7 mm 
 Bell ID   258.6 mm 
 Bell thick  19.1 mm 
 Cross Area  4457 sq.mm 
 Flow area  37029 sq.mm 
 Flange thick  2.5 cm 
 Length (OTO)  137 cm 
 Length segment 137 cm 
 
Loading   dynamic, Arleta record; static cyclic 
Ultimate Moment  227 kN-cm 
Ultimate Rotation  .12 rad.  
Failure mechanism  leakage at .08 rad. rotation 
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Figure C-5 Dynamic Moment-Theta for 200 mm DIP with Push-On Gasket 

 
 
 

 
Figure C-6 Static Moment-Theta for 200 mm DIP with Push-On Gasket 
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4. Ductile Iron Pipe with Gripper Gasket 
 
Material   ductile iron 
Nominal dia.   150 mm (6”) 
Joint type bell-spigot; gripper gasket  
 
Material Characteristics  ductile iron pipe with gripper gasket 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   162.6 mm 
 OD   175.3 mm 
 Wall thick  6.35 mm 
 Bell OD  235.0 mm 
 Bell ID   199.4 mm 
 Bell thick  17.8 mm 
 Cross Area  3367 sq.mm 
 Flow area  20750 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  137 cm 
 Length segment 135 cm 
 
Loading   dynamic, Arleta record; static cyclic 
Ultimate Moment  2580 kN-cm 
Ultimate Rotation  .09 rad.  
Failure mechanism  leakage at .08 radian rotation 
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Figure C-7 Dynamic Moment-Theta for 150 mm DIP  

with Gripper Gasket Joint 
 
 
 

 
Figure C-8 Static Moment-Theta for 150 mm DIP with Gripper Gasket Joint 
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5. Ductile Iron Pipe with Gripper Gasket 
 
Material   ductile iron 
Nominal dia.   200 mm (8”) 
Joint type bell-spigot; gripper gasket 
 
Material Characteristics ductile iron pipe with gripper gasket 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   217.2 mm 
 OD   229.9 mm 
 Wall thick  6.35 mm 
 Bell OD  296.7 mm 
 Bell ID   258.6 mm 
 Bell thick  19.1 mm 
 Cross Area  4457 sq.mm 
 Flow area  37029 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  61.0 cm 
 Length segment 55.88 cm 
 
Loading   dynamic, Arleta record; static cyclic 
Ultimate Moment  3150 kN-cm 
Ultimate Rotation  .10 rad.  
Failure mechanism  leakage at .08 radian rotation 
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Figure C-9 Dynamic Moment-Theta for 200 mm DIP  

with Gripper Gasket Joint 
 
 
 

 
Figure C-10 Static Moment-Theta for 200 mm DIP with Gripper Gasket Joint 
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6. Ductile Iron Pipe with Retaining Ring Joint 
 
Material   ductile iron   
Nominal dia.   150 mm (6”) 
Joint type bell and spigot; retaining ring  
 
Material Characteristics ductile iron pipe with retaining ring joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   162.6 mm 
 OD   175.3 mm 
 Wall thick  6.35 mm 
 Bell OD  235.0 mm 
 Bell ID   199.4 mm 
 Bell thick  17.8 mm 
 Cross Area  3367 sq.mm 
 Flow area  20750 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  67.31 cm 
 Length segment 64.77 cm 
 
Loading   dynamic, Arleta record; static cyclic 
Ultimate Moment  3060 kN-cm 
Ultimate Rotation  .11 rad 
Failure mechanism  leakage at .08 radian rotation 
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Figure C-11 Dynamic Moment-Theta for 150 mm DIP  

with Retaining Ring Joint 
 
 
 

 
Figure C-12 Static Moment-Theta for 150 mm DIP with Retaining Ring Joint 
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7. Ductile Iron Pipe with Retaining Ring Joint 
 
Material   ductile iron   
Nominal dia.   200 mm (8”) 
Joint type bell and spigot; retaining ring 
 
Material Characteristics ductile iron pipe with retaining ring joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   217.2 mm 
 OD   229.9 mm 
 Wall thick  6.35 mm 
 Bell OD  296.7 mm 
 Bell ID   258.6 mm 
 Bell thick  19.1 mm 
 Cross Area  4457 sq.mm 
 Flow area  37029 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  67.31 cm 
 Length segment 62.23 cm 
 
Loading   dynamic, Arleta record; static cyclic 
Ultimate Moment  3000 kN-cm 
Ultimate Rotation  .095 rad 
Failure mechanism  leakage at .08 radian rotation 
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Figure C-13 Dynamic Moment-Theta for 200 mm DIP  

with Retaining Ring Joint 
 
 
 

 
Figure C-14 Static Moment-Theta for 200 mm DIP with Retaining Ring Joint 
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8. Ductile Iron Pipe with Bolted Collar Joint 
 
Material   ductile iron 
Nominal dia.   150 mm (6”) 
Joint type bell-spigot, bolted collar  
 
Material Characteristics ductile iron pipe with bolted collar joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   162.6 mm 
 OD   175.3 mm 
 Wall thick  6.35 mm 
 Bell OD  235.0 mm 
 Bell ID   199.4 mm 
 Bell thick  17.8 mm 
 Cross Area  3367 sq.mm 
 Flow area  20750 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  61.0 cm 
 Length segment 55.9 cm 
 
Loading   dynamic, Arleta record; static cyclic 
Ultimate Moment  1950 kN-cm 
Ultimate Rotation  .09 rad. 
Failure mechanism  leakage at .08 radian rotation 
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Figure C-15 Dynamic Moment-Theta for 150 mm DIP  

with Bolted Collar Joint 
 
 
 
 

 
Figure C-16 Static Moment-Theta for 150 mm DIP with Bolted Collar Joint 
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9. Ductile Iron Pipe with Bolted Collar Joint 
 
Material   ductile iron 
Nominal dia.   200 mm (8”) 
Joint type bell-spigot, bolted collar restrained joint  
 
Material Characteristics ductile iron pipe with bolted collar joint 
 Yield stress  310 MPa 
 Modulus  165480 MPa 
 
Cross-Sectional Dimensions 
 ID   217.2 mm 
 OD   229.9 mm 
 Wall thick  6.35 mm 
 Bell OD  296.7 mm 
 Bell ID   258.6 mm 
 Bell thick  19.1 mm 
 Cross Area  4457 sq.mm 
 Flow area  37029 sq.mm 
 Flange thick  2.54 cm 
 Length (OTO)  61.0 cm 
 Length segment 55.9 cm 
 
Loading   dynamic, Arleta record; static cyclic 
Ultimate Moment  2950 kN-cm 
Ultimate Rotation  .10 rad. 
Failure mechanism  leakage at .08 radian rotation 
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Figure C-17 Dynamic Moment-Theta for 200 mm DIP  

with Bolted Collar Joint 
 
 
 

 
Figure C-18 Static Moment-Theta for 200 mm DIP with Bolted Collar Joint 
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10. Steel Pipe with Lap-Welded Joint 
 
Material   steel 
Nominal dia.   150 mm (6”) 
Joint type bell-spigot; lap-welded  
 
Material Characteristics steel pipe with lap-welded joint C-200 Grade A A53 
 Yield stress  207 MPa 
 Modulus  200000 MPa 
 
Cross-Sectional Dimensions 
 OD   159 mm 
 ID   152 mm 
 Wall thick  3.40 mm (10ga.) 
 Bell OD  159 mm 
 Bell ID   152 mm 
 Bell thick  3.40 mm (10ga.) 
 Cross Area  1664 sq.mm 
 Flow area  18234 sq.mm 
 Flange thick  1.25 cm 
 Length (OTO)  137 mm 
 Length segment 136.5 cm 
 
Loading   dynamic, Arleta record; static cyclic 
Ultimate Moment  560 kN-cm 
Ultimate Rotation  .017 rad. 
Failure mechanism  no failure at joint   
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Figure C-19 Dynamic Moment-Theta for 150 mm Steel Pipe 
 
 
 

Figure C-20 Static Moment-Theta for 150 mm Steel Pipe 
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11. Steel Pipe with Lap-Welded Joint 
 
Material   steel 
Nominal dia.   200 mm (8”) 
Joint type bell-spigot; lap-welded  
 
Material Characteristics steel pipe with lap-welded joint C-200 Grade A A53 
 Yield stress  207 MPa 
 Modulus  200000 MPa 
 
Cross-Sectional Dimensions 
 OD   210 mm 
 ID   203 mm 
 Wall thick  3.40 mm (10ga.) 
 Bell OD  210 mm 
 Bell ID   203 mm 
 Bell thick  3.40 mm (10ga.) 
 Cross Area  2206 sq.mm 
 Flow area  32424 sq.mm 
 Flange thick  1.25 cm 
 Length (OTO)  137 mm 
 Length segment 136.5 cm 
 
Loading   dynamic, Arleta record; static cyclic 
Ultimate Moment  1264 kN-cm 
Ultimate Rotation  .016 rad. 
Failure mechanism  no failure at joint   

 



C-23 

 

 

 
Figure C-21 Dynamic Moment-Theta for 200 mm Steel Pipe 

 
 
 
 

Figure C-22 Static Moment-Theta for 200 mm Steel Pipe 
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12. PVC Pipe with Push-On Rubber Gasket Joint 
 
Material   PVC 
Nominal dia.   150 mm (6”) 
Joint type push-on bell-spigot; rubber gasket 
 
Material Characteristics PVC pipe with push-on rubber gasket joint C-900 
 Yield stress  41 MPa 
 Modulus  2100 MPa 
 
Cross-Sectional Dimensions 
 OD   175 mm 
 ID   152 mm 
 Wall thick  11.4 mm 
 Bell OD  251 mm 
 Bell ID   178 mm 
 Bell thick  36.6 mm 
 Cross Area  5882 sq.mm 
 Flow area  18241 sq.mm 
 Flange thick  none 
 Length (OTO)  137 cm 
 Length segment 137 cm 
 
Loading   dynamic, Arleta record; static cyclic 
Ultimate Moment  384 kN-cm 
Ultimate Rotation  .08 rad. 
Failure mechanism  no failure at joint   
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Figure C-23 Dynamic Moment-Theta for 150 mm PVC Pipe 
 
 
 
 

 
Figure C-24 Static Moment-Theta for 150 mm PVC Pipe 

 
 
 
 

150 mm PVC dynamic moment-theta

-80
-60
-40
-20

0
20
40
60
80

-0.006 -0.004 -0.002 0.000 0.002 0.004 0.006

thera (rad)

m
om

en
t (

kN
-c

m
)

150 mm PVC static moment-theta

-600
-500
-400
-300
-200
-100

0
100
200
300
400
500

-0.15 -0.10 -0.05 0.00 0.05 0.10

theta (rad)

m
om

en
t (

kN
-c

m
)



C-26 

 

 
 
13. PVC Pipe with Push-On Rubber Gasket Joint 
 
Material   PVC 
Nominal dia.   200 mm (8”) 
Joint type push-on bell-spigot; rubber gasket 
 
Material Characteristics PVC pipe with push-on rubber gasket joint C-900 
 Yield stress  41MPa 
 Modulus  2100 MPa 
 
Cross-Sectional Dimensions 
 OD   229 mm 
 ID   203 mm 
 Wall thick  12.7 mm 
 Bell OD  305 mm 
 Bell ID   229 mm 
 Bell thick  36.6 mm 
 Cross Area  8611 sq.mm 
 Flow area  32424 sq.mm 
 Flange thick  none 
 Length (OTO)  137 cm 
 Length segment 137 cm 
 
Loading   dynamic, Arleta record; static cyclic 
Ultimate Moment  410 kN-cm 
Ultimate Rotation  .036 rad. 
Failure mechanism  no failure at joint   
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Figure C-25 Dynamic Moment-Theta for 200 mm PVC Pipe 

 
 

 
Figure C-26 Static Moment-Theta for 200 mm PVC Pipe 
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14. PE Pipe with Butt-Fused Joint 
 
Material   PE polyethylene, high-density 
Nominal dia.   150 mm (6”) 
Joint type butt-fused joint 
 
Material Characteristics PE pipe with butt-fused joint C-906 
 Yield stress  17 MPa 
 Modulus  827 MPa  
 
Cross-Sectional Dimensions 
 OD   178 mm 
 ID   152 mm 
 Wall thick  12.7 mm 
 Bell OD  178 mm 
 Bell ID   152 mm 
 Bell thick  12.7 mm 
 Cross Area  6585 sq.mm 
 Flow area  18234 sq.mm 
 Flange thick  none 
 Length (OTO)  137 mm 
 Length segment 137 mm 
 
Loading   dynamic, Arleta record; static cyclic 
Ultimate Moment  254 kN-cm 
Ultimate Rotation  .06 rad. 
Failure mechanism  no failure at joint   
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Figure C-27 Dynamic Moment-Theta for 150 mm PE Pipe 

 
 
 

 
 

Figure C-28 Static Moment-Theta for 150 mm PE Pipe 
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15. PE Pipe with Butt-Fused Joint 
 
Material   PE polyethylene, high-density 
Nominal dia.   200 mm (8”) 
Joint type butt-fused joint 
 
Material Characteristics PE pipe with butt-fused joint C-906 
 Yield stress  17 MPa 
 Modulus  827 MPa  
 
Cross-Sectional Dimensions 
 OD   229 mm 
 ID   203 mm 
 Wall thick  12.7 mm 
 Bell OD  229 mm 
 Bell ID   203 mm 
 Bell thick  12.7 mm 
 Cross Area  8611 sq.mm 
 Flow area  32424 sq.mm 
 Flange thick  none 
 Length (OTO)  61 cm 
 Length segment 61 cm 
 
Loading   dynamic, Arleta record; static cyclic 
Ultimate Moment  814 kN-cm 
Ultimate Rotation  .08 rad. 
Failure mechanism  no failure at joint   
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Figure C-29 Dynamic Moment-Theta for 200 mm PE Pipe 
 
 

 
Figure C-30 Static Moment-Theta for 200 mm PE Pipe 
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APPENDIX  D 

RISK ASSESSMENT EVALUATION DEVELOPMENT  
 

T. O’Rourke (1996) has developed a simplified risk evaluation procedure that compares 

the imposed force on a pipe joint from a seismic motion and the force level that is able to 

be transferred to the pipe surface from the soil by interface friction to the force resistance 

capacity of the joint.  Although this procedure was originally designed for piping systems 

with continuous joints, it is also applicable to systems with segmented joints that have a 

tensile restraint capacity.  This procedure has been modified for this research project to 

allow the use of the force capacities determined from this experimental testing project.  

The following is the development of risk assessment charts (Figures 5-1 and 5-2).  Site 

specific and pipe joint specific parameters are computed and plotted on the risk 

assessment charts to determine the probability of a “fail” or a “no fail” condition. 

 

The strains in the soil can be determined from the seismic and soil properties.  From 

Newmark (1967) the soil strains can be expressed as: 

 

 

  εpipe = V        (D-1) 
   c 
 

where:  

εpipe  =  pipe or soil strain   

V  =  particle velocity from the seismic motion  

c  =  soil wave propagation velocity   

 
 
 
 
 
 
 



 

 

 

D-2

From this relationship, T. O’Rourke (1966) expands the expression to an imposed force: 
 
  Fs = V A E                                                                             (D-2) 
   c 

 

where:  

Fs  =  imposed force from the seismic motion   

V  =  particle velocity from the seismic motion  

c  =  soil wave propagation velocity   

A = cross sectional area of the pipe 

E = Young’s modulus of the pipe material 

 

The maximum possible force transfer by interface friction can be determined from the 

expression: 

 

  Ff = f T c                                                                                  (D-3) 
   4 

 
where:  

Ff  =  maximum possible force transfer from the soil to the pipe   

f  =  maximum friction force per unit length that can be 

transferred from the soil to the pipe (see Eq. D-5) 

T =  predominate period of the seismic motion   

c  =  soil wave propagation velocity   

 

Note that the length of the seismic wave is from the expression: 

 

wave length = T x c      (D-4) 

 

The effective length of pipe over which the frictional force acts that effects the force level 

at a joint is ¼ of the length of a cycle of the seismic wave  (¼ T x c). 
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The variable f, is the friction force per unit length and is determined from the expression: 

 

  f = (ko+1) γ z tanφ Do                                                                 (D-5) 
  2 

 

where:  

f  =  maximum friction force per unit length that can be 

transferred from the soil to the pipe  

ko =  at rest lateral earth pressure coefficient   

γ  =  soil density 

z = centerline depth of pipe 

φ  =  soil friction angle 

Do = outside diameter of the pipe 

 

The relationships for “fail” a condition are: 

 

 if Fs  >  Fmax     =>   potential fail condition                                        (D-6) 

 

and 

 

 if Ff>  Fmax     =>   potential fail condition                                          (D-7) 

 

 where:   Fmax =  joint force capacity as determined in this experimental 

testing project 

 

Note: for a probable overall joint failure condition, both criteria must have a “fail 

condition”. 
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Rearranging equations D-6 and D-7 gives: 

 
if  V A E    >  Fmax   =>      potential fail condition                         (D-8)   

  c 
 
and 
 

 if f T c    >  Fmax =>      potential fail condition                               (D-9)  
4 

 
 
Rearranging equations D-8 and D-9 gives: 
 

 

Using equations D-10 and D-11 as a basis, risk assessment charts with computed site 

specific and earthquake parameters V/c for Figure 5-1 and T x c for Figure 5-2, are 

developed and used for a risk assessment evaluation of a pipeline. 
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APPENDIX  E 

DEVELOPMENT OF SOIL STRAIN – SEISMIC VELOCITY 

RELATIONSHIP 
 

The basis of the behavior of pipelines and pipe joints is the relationship between the 

seismic motion and the resulting soil strains as developed by Newmark (1967).  Since 

this is such an important concept, it needs to be fully developed in order to understand 

each element in the expression.  The development of the wave equation and the strain 

velocity relationship is as follows: 

 

 

Consider a soil element with an imposed strain: 

 

 
recall:  εx  =  δu       (E-1) 

δx 

    
 

dx

σ
σ + δσ   dx
       δx

u
u + δu   dx
       δx

soil mass element
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expand: σx  =  G εx   =     G  δu     (E-2) 
    δx 
 
 where:  G = soil shear modulus 
 
differentiate (E-2): σx  =  G δ2u      (E-3) 

  δx δx2 
 
recall basic equation of motion: ΣF  =  M a    (E-4) 
 
referring to the diagram: ΣF  =  [σ  -  (σ + δσ  dx)] dA   (E-5) 
 δx 
 
and   M a =  [ρ dA dx][δ2u]  (E-6) 
  δt2 

 

 

substituting (E-5) and (E-6) into (E-4): 
 
 
 [σ  -  (σ + δσ  dx)] dA  =   [ρ dA dx][δ2u]  (E-7) 
 δx  δt2 
 
reducing (E-7): δσ  =   ρ  δ2u   (E-8) 
 δx δt2 
 
 
substituting (E-3) into (E-8) gives the wave equation: 
 

 
 G  δ2u  =  ρ δ2u   (E-9) 
  δx2 δt2 
  

 
recall from geotechnical relationships: 

 
 where: c = shear wave propagation velocity 
  ρ = soil density 
  G = soil shear modulus 

)10.E(Gc
ρ

=
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rearranging: G  =  c2     (E-11) 
 ρ 
 
rearranging (E-11), and substituting into (E-9) give the differential equation: 
 
 
  c2 δ2u  =    δ2u   (E-12) 
  δx2 δt2 
 
assume a solution for “u” 
 
 u(t)  =  u0eiλ(x-ct)   (E-13) 
 
differentiate (E-13) to get the particle velocity from the seismic motion: 
 
  du  =  V  =  u0(iλc) eiλ(x-ct)  (E-14) 
  dx 
 
differentiate again to get the particle acceleration: 
  
 
  d2u  =  A  =  u0(iλc)2 eiλ(x-ct) (E-15) 
  dx2 
 
for maximum value, set   eiλ(x-Vt)  =  1  
  
 
 A  =  u0 c2

 (iλ)2   (E-16) 
  
 
reducing (E-16): 
  
 
 A  =  u0 c2

 λ2   (E-17) 
 
 
from  (E-14): 
  
 
 V  =  u0 (-iλc)eiλ(x-ct)   (E-18) 
 
for maximum value, set    eiλ(x-ct) = 1 
  
 
 V  =  u0 (-iλc)   (E-19) 
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differentiate (E-13), the expression for strain: 
 
 
 ε  =  δu  =  u0 (iλ)eiλ(x-ct)  (E-20) 
  δx 
 
for maximum value of strain, set    eiλ(x-ct)  = 1 
 
 
 ε  =  u0 (iλ)    (E-21) 
 
divide (E-21) by (E-19)  
 
 ε   =   u0 (iλ)       (E-22) 
 V       u0 (-iλc)    
 
 
rearranging and reducing (E-22) gives the strain-velocity relationship: 
 
 

 
 ε  =   V                                                                               (E-23) 
  c 
 

  
 
 where:  

  ε = strain in the soil 

  V = particle velocity of the seismic motion 

  c = shear wave velocity of the soil 
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