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Executive Summary

>This WebEx summarizes the 200-page project final report 
which provides a Cast Iron (CI) Fitness-For-Service (FFS) 
model, calculator, and method for operators to characterize 
and grade graphitic corrosion defects on cast iron natural 
gas pipe.  

>These deliverables will help operators make monitoring and 
repair decisions, as well as prioritize their replacement 
program; leading to improved safety and supply stability.
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Project Final Report

>The final report page numbers are referenced on each 
slide of this presentation to provide the reader the 
location of more detailed information.  

>All the reference/citations for the WebEx material, tables, 
and plots can be found in the final report.

>The final report is located on the DOT/PHMSA Research 
Page: https://primis.phmsa.dot.gov/matrix/PrjHome.rdm?prj=641

https://primis.phmsa.dot.gov/matrix/PrjHome.rdm?prj=641
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Introduction

>Cast iron piping was installed over a period spanning more than 100 
years, leading to a great variability in the material properties.   
Different manufacturing processes, chemistries, and designs have led 
to a wide range of material characteristics and performance levels.  

>When operators assess their cast iron piping systems and find 
corrosion, especially graphitic corrosion, they are often left without 
sound engineering guidance if the corrosion, and resulting wall loss, 
are an integrity threat or allowable within the design and operational 
restrictions of the installation. 
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Approach

>Operators need FFS guidance for cast iron piping that can be 
consulted when graphitic corrosion defects and wall loss are 
identified in cast iron piping systems.  

>FFS guidance in the form of a remaining factor of safety for cast 
iron assets provides a go/no-go decision for immediate threat 
mitigation.  

> It will also provide validated engineering guidance to identify and 
prioritize highest risk piping for replacement programs.
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Project Structure
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Literature Search

>As part of this project a detailed literature search on cast iron materials 
was conducted.  

>The report summarizes the history, use, composition, microstructure, 
mechanical properties, metallurgy, and corrosion characteristics of gray 
cast iron in general and cast iron used for natural gas distribution 
systems.  

>The review included a detailed explanation of graphitic corrosion of gray 
cast irons and the effect of graphitic corrosion on residual pipe strength.  

>A set of field testing and sampling considerations was developed; 
including a table of standards and methods to obtain mechanical, 
physical, and chemical properties from in-service pipelines. 
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Cast Iron History and Graphitic Corrosion
Literature Search
History
(p. 7)

Natural Gas Use (p. 8) Congested Areas (p. 9)

Field Graphitic Corrosion (pp. 10-11) Pre- and Post-Grit Blasting (p. 10)
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Cast Iron General Groupings 
Literature Search

Carbon & Si for Steel and CI Materials
(p. 12)

CI Groupings (p. 13) Gray vs. White Fracture (p. 13)

Grouping and Categorizations 
(pp. 25-26)

• By tensile strength “Class” in 
ksi  (ASTM A48)

• By dominant section thickness
• By broad alloy classes

Related Properties with Class (pp. 14-15)
• As class goes up these go up: strength, 

fine finish ability, modulus, wear 
resistance

• As class goes up these go down: 
Machinability, thermal shock 
resistance, damping, ability to cast 
thin sections
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Metallurgy – Composition of Gray Iron
Literature Search

Carbon Equivalent, C.E. (p. 20)

C.E. = T.C. + (Si + P)/3
T.C. = Total Carbon

C.E. vs. Tensile Strength (p. 20) Composition Limits for CIs (p. 21)

Composition for Commercial Gray Iron (p. 29)
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Gray Cast Iron Microstructure
Literature Search

ASTM Graphite Flake Types (p. 16) Steps to Examine (p. 15)
• Sanding
• Polishing
• Microscopy for flake types
• Etched
• Microscopy for structure

ASTM Flake Size (p. 17)

Flake Length v. Strength (p. 31)
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Gray Cast Iron Microstructure
Literature Search

Unetched Gray (p. 18) Etched Gray (p. 18) Gray CI Matrix with Ferrite, Pearlite, 
and Acicular Ferrite (p. 15)

Common Gray Phase Mechanicals
(p. 34)

Hardness Ranges for Structure 
Combinations (p. 35)
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Metallurgy – Thickness and Cooling Rates of Gray Iron
Literature Search

Wall Thickness Effect on Tensile and Hardness (p. 24) Effect of Cooling Rate on Microstructure 
and Properties

(p. 22)
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Mechanical Properties Gray Cast Iron
Literature Search

Typical Mechanical Properties As-Cast Gray Iron Test Bars (p. 38) Stress-Strain Curves (p. 39)
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Modulus of Elasticity and Hardness v. Tensile Gray Irons
Literature Search

Tangent and Secant Modulus (p. 40)

Hardness v. Tensile Gray Iron (p. 42)

Modulus of Elasticity of As-Cast Gray Iron (p. 41)
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Casting Method v. Structure and Strength
Literature Search

ASTM Flake Type/Size v. Casting Method (p. 43) Tensile Stress-Strain Relation v. Casting Type (p. 44)
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Exhumed Gray Cast Iron Pipe Mechanical Properties
Literature Search

Comparison of Mechanical Properties of Gray Cast Iron Pipes  (p. 46)
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Exhumed Pipe Strength with Corrosion and Other 
Defects
Literature Search

Tensile Strength Distribution with 
Defects (p. 47)

Tensile Strength v. Age of Gray Iron 
with Defects Pipe (p. 47)

Tensile Strength with No Defects 
(p. 48)
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Graphitic Corrosion
Literature Search

Cast Iron Elbow (p. 50) 8-in. Gray Iron Pipe (p. 51) Gray Iron Pipe Plug (p. 52)

Same 8-in. Pipe Close-up of Corrosion and De-alloyed Flake Region (p. 52) Cast Iron Water Main (p. 52)
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Graphitic Corrosion
Literature Search

Cast Iron Gas Main (p. 53) De-alloyed Region Around Flakes (p. 54)

Gas Main Near Joint (p. 53)
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Effect of Corrosion on Residual Pipe Strength
Literature Search

Strength v. Depth of Graphitic Corrosion (p. 63)



Characterization and Fitness for Service of Corroded Cast Iron Pipe - DOT Contract DTPH56-15-T-00006 23

Review of Cast Iron Failure Incidents, Load/Stress 
Analysis, and Design Codes

>Developed a summary of cast iron failure incidents, as well as 
associated loads and stresses on cast iron pipes due to external 
loads and environmental conditions.  

>This included a review of the parameters affecting cast iron 
corrosion and an analysis of the loads and stresses which the 
cast iron pipes are subjected to in the field. 

>Additionally, performed a review and summary of design codes 
for cast iron pipes.
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“Class” by Pressure and Typical Sizes of CI Pipes
Cast Iron Failure Assessment

Pipe Sizes for Class 150 Cast Iron Pipes (p. 67)
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Cast Iron Age Distribution and Percent of Incidents
Cast Iron Failure Assessment

CI Age in Gas Distribution System (p. 66) Total Incidents vs. Cast Iron Incidents Since 1985 (p. 68)
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PHMSA 2010 – 2015 Significant Incident Analysis
Cast Iron Failure Assessment

Material Type (p. 72) Cast Iron 34 Failures - Type (p. 72) Cast Iron 2 Corrosion Failures (p. 73)
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Northeast Utility Analysis of Corrosion and Soil Samples
Cast Iron Failure Assessment - Distributions

Soil resistivity measurements in the samples (p. 74) pH measurements in the samples (p. 75)

Chloride measurements in the samples (p. 75) Sulfate measurements in the samples (p. 76)
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Northeast Utility Analysis of Corrosion and Soil Samples
Cast Iron Failure Assessment – Comparison of Means and ANOVA

Graphitic Corrosion Levels v. Soil Resistivity (p. 77) Graphitic Corrosion Levels v. pH (p. 77)

Graphitic Corrosion Levels v. Chlorides (p. 78) Graphitic Corrosion Levels v. Sulfate (p. 78)

p-value: 0.048
p-value: 0.057

p-value: 0.012

p-value: 0.65
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Pipe Stresses Under Internal and External Loads
Cast Iron Failure Assessment

Sources of loads (p. 80)
• Overburden earth load and traffic 

loads
• Internal pressure
• Shrink/swell of soil and frost heave
• Loss of ground support/undermine
• Dynamic loads from earthquakes/ 

blasting
• Temperature induced loads

Burial Factor v. Depth to Bored 
Diameter Ratio (p. 83)

Burial (Stiffness) Factor v. Wall 
Thickness-to-Diameter Ration (p. 82)

Soil Prism Above Pipe (p. 81)
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Dynamic, Pressure, Uplift and Temperature Based Loading
Cast Iron Failure Assessment

Live Loads with Depth of Cover
(p. 85)

Traffic Loads - Including Bending  (p. 84 and 87)

Pressure, Uplift, and Temp Loads 
(p. 85-87)

• 𝑆𝑆𝑖𝑖 (𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵) ≤ 𝐹𝐹.𝐸𝐸.𝑇𝑇. 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
• 𝐹𝐹𝑏𝑏 = 𝑊𝑊𝐵𝐵 − [ 𝑊𝑊𝑝𝑝 + 𝛾𝛾𝑠𝑠 ℎ𝑠𝑠 − 𝛾𝛾𝐵𝐵 ℎ𝐵𝐵 𝐷𝐷]

• 𝜎𝜎𝑏𝑏 = 𝐹𝐹𝑏𝑏 𝐿𝐿2

10 𝑍𝑍
• 𝜎𝜎𝑡𝑡 = 𝐸𝐸 𝛼𝛼 𝑇𝑇2 − 𝑇𝑇1
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Review of Design Codes for Cast Iron Pipes
Cast Iron Failure Assessment

§ 192.275 Cast iron pipe: sealing, clamps, gasket, threaded joints, brazing

§ 192.369 Service lines: Connections to cast iron or ductile iron mains

§ 192.373 Service lines: Cast iron and ductile iron

§ 192.489 Remedial measures: Cast iron and ductile iron pipelines

§ 192.557 Uprating

§ 192.621 Maximum allowable operating pressure: High-pressure distribution systems

§ 192.753 Caulked bell and spigot joints

§ 192.755 Protecting cast-iron pipelines
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Field Measurement Method for Cast Iron Corrosion

>A method for measurement of graphitic corrosion in the field was 
developed with detailed guidance on measurement of corrosion 
defects to be used as part of the FFS model input.

>This included a general set of guidelines for operator to 
characterize the type and severity of graphitic corrosion on a cast 
iron pipeline in the field. 

>This will allow the operator to consistently and reliably develop 
part of the input data needed to run the FFS cast iron model.
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Measurement Tools
Characterization of Graphitic Corrosion Severity

Corrosion Profile (p. 92) Preferred Bridging Pit Gauge (p. 93) BEM Scan (p. 95)

Severe Pitting (p. 92) Not Preferred Basic Pit Gauge (p. 93) Laser Scan (p. 95)
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Measurement Method - Modified API 579-1/ASME FFS-1 Part 4
Characterization of Graphitic Corrosion Severity

Inspection Planes and Critical Thickness Profiles (Long./Circum.) (p. 99) Combining and Resizing Flaws (p. 100)
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CI FFS Model Development Using Finite Element Analysis, 
Design of Experiments, & Statistical Regression

>A CI FFS model for graphitic corrosion defects was developed 
using Finite Element Analysis, Design of Experiments, and 
Statistical Regression.  

>The model can be used to determine the critical defect size and 
characteristics that could lead to premature piping failure.  
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Overview, Boundaries, and Geometries
Finite Element Analysis (FEA) Model and Statistical Analysis

Overview (p. 102)
• Nonlinear, 3D finite element 

model
• Design of Experiments (DoE)
• Response Surface Method (RSM)
• Utilized 97.5% conservative upper 

prediction limit (UPL)
• Programmed into Excel calculator

FE Boundary Conditions (p. 104) Flaw Geometry (p. 105)

A Few Examples of Corrosion Defect and Meshes (pp. 107-110)



Characterization and Fitness for Service of Corroded Cast Iron Pipe - DOT Contract DTPH56-15-T-00006 37

Material Properties for Modeling
Finite Element Analysis (FEA) Model and Statistical Analysis

True Stress-Strain Classes 10 to 60 (p. 113) Simple Bending (p. 112)

Simulation Stresses (p. 112)



Characterization and Fitness for Service of Corroded Cast Iron Pipe - DOT Contract DTPH56-15-T-00006 38

Stresses Under Different Loading Conditions – No Defect
Finite Element Analysis (FEA) Model and Statistical Analysis

Bending with no axial restraint 
(p. 114)

Bending with axial restraint 
(p. 115)

Thermal contraction with no bending 
(p. 115)
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Stresses Under Different Loading Conditions – With Defect
Finite Element Analysis (FEA) Model and Statistical Analysis

Pipe with wall loss and bending
(p. 114)

Pipe with wall loss and thermal 
contraction, no bending

(p. 115)

Pipe with wall loss under bending, 
with thermal contraction

(p. 115)
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Response Surface Predicted vs. FEA Actuals – No Flaw
Finite Element Analysis (FEA) Model and Statistical Analysis

Response Surface
No flaw, axially free end (p. 119)

Response Surface
No flaw, restrained ends (p. 123)

R2 = 0.9917 R2 = 0.9868
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Response Surface Predicted vs. FEA Actuals – Flaw
Finite Element Analysis (FEA) Model and Statistical Analysis

Response Surface
With flaw, restrained ends (p. 133)

Perturbation Diagram
Pipe with flaw and axially restrained ends (p. 134)

R2 = 0.9725
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Excel Based Calculator and Training Manual

>The results of the model were incorporated into an Excel-based, 
end-user calculator.  

>A user’s training manual was developed with a set of examples to 
facilitate implementation of the FFS model with the end user 
(Appendix B)

>Examples of the calculator use will be shown in the next section 
that summarizes model first-pass validation with field failure data.
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First-Pass Validation of CI FFS Model with Field Failure 
Data and Uncertainty Analysis/Effects of Input Variation

>A first-pass validation of the FFS model was completed through the 
analysis of select cast iron field failures. 

>The failure data was compared against the FFS model results under 
the same parameters. 

>Analyzed the effect of input uncertainty on the model results.  

>This was done through Monte Carlo simulations that allowed the 
inclusion of measurement uncertainty for input variables such as 
diameter, thickness, material strength, corrosion defect geometry, etc.
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Case 1 – Corrosion Effects
First Pass Validation of Model with Field Failure Data

Incident Data (p. 141) Model Output (p. 142) Change of F.S. with Pipe Class
(p. 142)
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Case 2 – Corrosion and Crossing Effects
First Pass Validation of Model with Field Failure Data

Incident Data (p. 143) Model Output (p. 144) Change of F.S. with Pipe Class 
and Crossing Type

(p. 144)
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Case 5 – Frost Heave with Corrosion Effects
First Pass Validation of Model with Field Failure Data

Incident Data (p. 149) Model Output (p. 150) Change of F.S. with Pipe Class 
and Corrosion Severity

(p. 151)
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Effect of Input Uncertainty on Model Output
First Pass Validation of Model with Field Failure Data

Input Variable Uncertainty Bounds (p. 153)

Summary of Simulation Results (p. 154)

Case #5 and Example #1 MC Simulation Results



Characterization and Fitness for Service of Corroded Cast Iron Pipe - DOT Contract DTPH56-15-T-00006 48

Comprehensive, Testing-Based Validation Program
Subtitle

>The report summarizes the basis and specific recommendations 
for a comprehensive, testing-based validation program for the 
developed FFS model.  

>The program considers and lists gray iron materials testing 
specifications, consensus standards for mechanical testing, 
currently available (new) gray cast iron materials, vintage piping 
samples to consider, and how many testing replicates are 
recommended for each material type.
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Gray Iron Test Specifications (p. 159)
Physical Testing Validation Program Concept
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Gray Iron Mechanical Tests (p. 160)
Physical Testing Validation Program Concept
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New Production Gray Iron Materials (p. 161)
Physical Testing Validation Program Concept
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Planned Testing Matrix (p. 163)
Physical Testing Validation Program Concept
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Appendix Sections

Appendix A – Contains a Field Testing and Sampling Process

Appendix B – Contains a Training Manual for the FFS Excel-Based 
Calculator
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Recommendations / Follow On Work

The Technical Advisory Panel (TAP) suggested:

• Expand the applicability of the calculator solution to include larger diameter pipe, 
20 inch and larger, which several of them are currently using. 

• Provide a full geo-spatial implementation example showing the solution applied to 
a cast iron network with rankings for an accelerated mains replacement program.  

Based on these suggestions, the project team will augment the FFS solution for the 
larger diameter cast iron pipes from 14 to 48 inches and provide a geo-spatial 
example of the FFS solution applied to a pipe network.  

These additional features will be distributed by an addendum report and revised 
calculator by December 31, 2018.
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