
Engineering
Evaluation of the
Armor Plate®

Pipe Wrap
Repair System

    Armor Plate, Inc. July 1999



ABSTRACT

This document presents the cumulative efforts of a two-year engineering evaluation of the Armor

Plate Pipe Wrap Repair System. Armor Plate Pipe Wrap is designed as a method for repairing

pipelines containing corrosion, dents and other forms of mechanical damage. The repair employs a

fiberglass/epoxy system that is installed in a wet condition on pipelines and piping components. This

lay-up condition permits the system to be installed on almost any piping configuration including

piping elbows and tees.

Experimentation has been used to validate the repair method. This has included testing related to the

following items,

C Burst testing of corroded pipes

C Fatigue testing of repaired pipes containing with dents and gouges

C Burst testing of corroded elbows and tees

C Material evaluation of composite and adhesive systems

C Evaluation of reinforcement provided to pipe by Armor Plate using strain gages

C Testing related to environmental issues such as cathodic disbondment

A handbook was also developed for specifying the required number of wraps for a given level of

corrosion. This handbook is provided in Appendix D of the report. Provided in this cumulative report

are the specific test methods and data acquired during the process of testing. For the Internet user,

each chapter and appendix listed in the Table of Contents is provided as a separate Adobe Acrobat

pdf file.

For additional information on the Armor Plate Pipe Wrap Repair System, please contact Armor Plate,

Inc. at the following address.

Armor Plate, Inc.
P.O. Box 5625

Pasadena, Texas 77508-5625
(281) 487-2023

Fax: (281) 487-2357
www.armorplateinc.com



ii

TABLE OF CONTENTS

1.0 EXECUTIVE SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

2.0 BACKGROUND . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

3.0 EVALUATION OF MATERIALS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
3.1 Composite Tensile Rupture Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
3.2 Lap Shear Rupture Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.3 Effects of Elevated Temperature on Composite Rupture Strength . . . . . . . . . . . . . . 9
3.4 Composite Creep Test Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.5 Cathodic Disbondment Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.5.1 Test Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.5.1.1 Test Methods per CAN/CSA Z245.20-98 . . . . . . . . . . . . . . . . . 12
3.5.1.2 Test Methods per ASTM G8 . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.5.2 Test Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.5.2.1 Test Results per CAN/CSA Z245.20-98 . . . . . . . . . . . . . . . . . . 13
3.5.2.2 Test Results per ASTM G8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.5.3 Discussion of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.6 Impact Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.6.1 Test Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.6.2 Test Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.6.3 Discussion of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.7 Chemical Resistance Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.7.1 Test Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.7.2 Discussion of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.8 Discussion of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4.0 REPAIR OF CORROSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.1 Introduction to the Mechanics of Composite Wraps . . . . . . . . . . . . . . . . . . . . . . . . 23
4.2 Burst Testing of Corroded Pipe Repaired with APPW . . . . . . . . . . . . . . . . . . . . . . 27
4.3 Cyclic Pressure Effects on Burst Pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.4 Evaluation of Pipe-to-Composite Load Transfer Using Strain Gages . . . . . . . . . . . 30

5.0 THE EFFECTS OF PIPE INTERNAL PRESSURE AT INSTALLATION . . . . . . . . . . . . 36
5.1 Sample Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

5.1.1 Strain Gage Installation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
5.1.2 Corrosion Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
5.1.3 Calculation of Installation Pressures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
5.1.4 Calculation of Required Number of Repair Wraps . . . . . . . . . . . . . . . . . . 38
5.1.5 Installation of Armor Plate Pipe Wrap . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5.2 Test Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.2.1 Pre-installation Pressure Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42



iii

5.2.2 Hoop Strain Beneath Wrap During Pressurization . . . . . . . . . . . . . . . . . . 43
5.2.3 Burst Test Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

5.3 Discussion of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.4 Closing Comments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

6.0 REPAIR OF CORROSION IN PIPE FITTINGS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
6.1 Test Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

6.1.1 Wall Thickness Measurements and Grinding . . . . . . . . . . . . . . . . . . . . . . 54
6.1.2 Installation of Strain Gages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
6.1.3 Installation of the Armor Plate Pipe Wrap . . . . . . . . . . . . . . . . . . . . . . . . 57

6.2 Test Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
6.2.1 Unrepaired Test Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
6.2.2 Repaired Test Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

6.3 Discussion of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
6.4 Comments and Closure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

7.0 REPAIR OF MECHANICAL DAMAGE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
7.1 Introduction to Mechanical Damage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
7.2 Test Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
7.3 Test Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

7.3.1 Tabulated Test Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
7.3.2 Plotted Test Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

7.4 Discussion of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
7.4.1 Repair by Grinding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
7.4.2 Interpretation of Fatigue Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
7.4.3 Location of Failures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

7.5 Comments and Closure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

8.0 SPECIAL PRODUCT DEVELOPMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
8.1 Testing of Armor Clamp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

8.1.1 Test Methods and Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
8.1.2 Discussion of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

8.2 Testing of Aqua Wrap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
8.2.1 Installation Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
8.2.2 Testing Procedures and Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
8.2.3 Closing Comments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

8.3 Re-rating of Pipelines Using Composite Materials . . . . . . . . . . . . . . . . . . . . . . . . . 98
8.3.1 Finite Element Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
8.3.2 Analytical Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
8.3.3 Discussion of Analytical Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

8.3.3.1 Stress-based Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
8.3.3.2 Strain-based Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

8.3.4 Closing Comments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103



iv

9.0 DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
9.1 Current Regulatory Trends . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
9.2 Recommended Guidelines for Using Composite Repair Methods . . . . . . . . . . . . . 110

10.0 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

11.0 REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

Appendix A  Strain Gage Results for Corrosion Beneath Wrap . . . . . . . . . . . . . . . . . . . . . . . A-1

Appendix B  Pipe Fitting Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B-1

Appendix C Pipe Fitting Installation Notes and Photographs . . . . . . . . . . . . . . . . . . . . . . . . . C-1

Appendix D  Handbook for Armor Plate Pipe Wrap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D-1



v

LIST OF FIGURES

Figure 3.1  Configuration of lap shear test samples used in testing . . . . . . . . . . . . . . . . . . . . . . . 7
Figure 3.2  Failure Stress as a Function of Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
Figure 3.3  Rings Similar to Samples Used in CD Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
Figure 3.4  AP 360 MP Impact Resistance Sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
Figure 3.5  AP 360 LP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
Figure 3.6  AP 360 MP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
Figure 4.1  Cross-sectional view of pipeline repair . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
Figure 4.2  Pressure-time map used in experimental testing . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
Figure 4.3  Hoop stress as a function of pressure for analytical and experimental work . . . . . . . 35
Figure 5.1  Test sample with machined corrosion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
Figure 5.2  Table from Armor Plate Pipe Wrap Handbook . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
Figure 5.3  Application of epoxy putty in corroded region . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
Figure 5.4  Epoxy primer coat located beneath Armor Plate wraps . . . . . . . . . . . . . . . . . . . . . . 40
Figure 5.5  Completed installation of Armor Plate Pipe Wrap . . . . . . . . . . . . . . . . . . . . . . . . . . 41
Figure 5.6  Heater unit on wrap to accelerate curing process . . . . . . . . . . . . . . . . . . . . . . . . . . 41
Figure 5.7  Hoop strain during initial pressurization (Sample #1) . . . . . . . . . . . . . . . . . . . . . . . 43
Figure 5.8  Hoop strain as a function of internal pressure for Sample #1 . . . . . . . . . . . . . . . . . . 44
Figure 5.9  Hoop strain as a function of internal pressure for Sample #2 . . . . . . . . . . . . . . . . . . 44
Figure 5.10  Hoop strain as a function of internal pressure for Sample #3 . . . . . . . . . . . . . . . . . 44
Figure 5.11  Photograph of Sample #3 after burst test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
Figure 5.12  Failure in Sample #1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
Figure 5.13  Failure in Sample #2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
Figure 5.14  Failure in Sample #3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
Figure 5.15  Derivation of stiffness for pipe and pipe with Armor Plate . . . . . . . . . . . . . . . . . . 51
Figure 6.1  Elbow pipe fitting assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
Figure 6.2  Tee pipe fitting assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
Figure 6.3  Grinding wall thickness to specified depth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
Figure 6.4  Measuring wall thickness using an hand-help ultrasonic meter . . . . . . . . . . . . . . . . 56
Figure 6.5  Failure in Sample WCT-1U at 6,546 psi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Figure 6.6  Failure in Sample WCE-3U at 4,532 psi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Figure 6.7  Failure in Sample  WCT-2R at 7,500 psi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
Figure 6.8  Failure in Sample WCE-4R at 6,780 psi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
Figure 7.1  Dent installation rig used to install dents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
Figure 7.2  Close-up view of indenter plate creating dent in pipe . . . . . . . . . . . . . . . . . . . . . . . 75
Figure 7.3  Profile of dent depth along longitudinal axis of pipe . . . . . . . . . . . . . . . . . . . . . . . . 76
Figure 7.4  Filler material applied in dented region . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
Figure 7.5  Application of epoxy primer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
Figure 7.6  Completed installation of Armor Plate Pipe Wrap . . . . . . . . . . . . . . . . . . . . . . . . . . 77
Figure 7.7  Stainless steel clamp used in conjunction with APPW . . . . . . . . . . . . . . . . . . . . . . . 78
Figure 7.8  Fatigue data for dents and gouges in varying states of repair . . . . . . . . . . . . . . . . . 81
Figure 7.9  Fatigue crack developed in Sample A1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86



vi

Figure 7.10  Fatigue crack developed in Sample B3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
Figure 8.1  Strain measurements recorded during make-up of clamp . . . . . . . . . . . . . . . . . . . . 93
Figure 8.2  Hoop strain measurements recorded during pressure cycling . . . . . . . . . . . . . . . . . 93
Figure 8.3  Leak test results for Armor Clamp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
Figure 8.4  Photograph of Armor Clamp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
Figure 8.5  Completed installation of Aqua Wrap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
Figure 8.6  Finite element model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
Figure 8.7  Stress-strain curve for steel pipe in finite element model . . . . . . . . . . . . . . . . . . . . 100
Figure 8.8  Stress in steel pipe as a function of composite thickness . . . . . . . . . . . . . . . . . . . . 101
Figure 8.9  Strain in steel pipe as a function of composite thickness . . . . . . . . . . . . . . . . . . . . 101
Figure 8.10  Heat transfer calculations for insulation of pipelines . . . . . . . . . . . . . . . . . . . . . . 105
Figure 8.11  Graphical representation of required insulation thickness . . . . . . . . . . . . . . . . . . 107



vii

LIST OF TABLES

Table 3.1  Tensile test results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
Table 3.2  Lap shear specimen dimensions and results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
Table 3.3  Elevated temperature tensile test results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Table 3.4  Cathodic Disbondment Test Results per CAN/CSA Z245.20-98 . . . . . . . . . . . . . . . 14
Table 3.5  Cathodic Disbondment Test Results per ASTM G8-90 . . . . . . . . . . . . . . . . . . . . . . 15
Table 3.6  Impact test results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
Table 4.1  Repaired burst test samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
Table 6.1  Experimental and calculated burst pressures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
Table 7.1  Dent and gouge sample configuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
Table 7.2  Dent depth measurements made during denting process . . . . . . . . . . . . . . . . . . . . . . 73
Table 7.3  Wall thickness measurements before and after grinding . . . . . . . . . . . . . . . . . . . . . . 73
Table 7.4  Cycles to failure for test samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
Table 7.5  Location of failures in the test samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87


