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EXECUTIVE SUMMARY 

The natural gas distribution system in the U.S. has a total of 1.2 million miles of 

mains and about 65 million service lines as of 2012 [1]. This distribution system consists 

of various material types and is subjected to various threats which vary according to these 

material types, age, locations, and operational characteristics of the pipeline. This 

distribution system is subjected to multiple threats which result in various potential 

damages based on material type, age, location, and operational characteristics of the 

pipeline. Among other things, natural disasters are rising threats to the integrity of natural 

gas systems. For example, threats due to natural forces (e.g., landslides, erosion, floods, 

earthquakes, and other environmental hazards) contributed to about 8.6 percent of these 

incidents in 2015 [1]. There is growing concern in the United States about managing this 

vast network of pipelines as weather systems become increasingly aggressive and natural 

disasters become more frequent. During natural disasters such as hurricane and floods, 

pipelines can rupture and break due to permanent ground displacement, landslide, and 

collapsing building structures. This damage can cause significant post-disaster catastrophes 

such as fires, explosions, personal property loss, and environmental pollution. timely 

assessment of pipeline integrity is critical to prevent further post-disaster damages. 

However, such assessment is currently hampered by a) the lack of data sufficient for 

quantifying changes in pipeline conditions and their built environment, and b) the lack of 

data-driven risk models that identify high risk pipe segments after a disaster.  

This project is directed at exploring the integration of several remote-sensing 

technologies and developing dedicated data processing and decision support tools that 

would allow pipeline operators to monitor changes in the built environment (structures, 

terrain, etc.) adjacent to pipelines after a natural disaster and to allow operators to assess 

the potential for increased risk of failure. This project is a joint collaboration between 

Rutgers’ Center for Advanced Infrastructure and Transportation and Gas Technology 

Institute. The overall goal of this project is to: (1) provide new remote-sensing capabilities 

for pipeline performance after natural disasters; (2) develop the ability to detect changes 

and anomalies in the environment which could indicate threats to pipelines; and (3) develop 

GIS-based pipeline risk-assessment tools to identify and rank high risks.  
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The first stage of this project involved developing, deploying, and validating a 

mobile mapping platform that integrates commercially available high-precision global 

navigation, laser scanning, and infrared thermography technologies to provide new remote 

sensing capabilities for pipeline risk assessment. The second stage of the project 

investigated fusion of remote sensing data from multiple resources including mobile 

mapping system, airborne lidar, and UAV-borne imagery to provide automated threat 

detection capabilities. The last stage of this project focused on evaluating and ranking risks 

based on the characteristics of gas distribution systems and quantified spatially distributed 

threats.  

In the project, two processes were evaluated: 1) Assessments for meters and 

aboveground gas lines (based on the assessment of buildings, conditions, and movements), 

and 2) assessments of belowground gas lines (based on soil movement and flood levels). 

Building movements were obtained from the LiDAR data and additional site surveys. 

(LiDAR is a remote sensing technology that measures distance by illuminating a target 

with a laser and analyzing the reflected light.) In order to establish limit values to pipe 

deformations and strains where a high likelihood of damage occurs, a Finite Element 

Analysis was performed to determine strains and deformations of various pipe materials 

and sizes, soil types, and displacement lengths. The results of the analysis were integrated 

in a risk approach to estimate the risk. The Integrated Risk Model provided a 

comprehensive risk-analysis process which considered all required risk factors and allowed 

for updating the initial risk predictions in light of new pertinent data. The post-disaster 

LiDAR study area of Ortley Beach, NJ, was selected as a model for the analysis after 

hurricane Sandy. The pre-disaster coordinates of the gas distribution system (i.e., mains, 

service lines, and meter risers) were compared with the post-disaster coordinates to 

evaluate soil movement and changes in the water level before and after the disaster. 

For this project, investigators prepared a procedure used for a damage-probability 

assessment of distribution pipes due to natural forces threats. A survey of utility 

representatives participating in a DIMP showed that:  

(1) Many utilities were using in-house spreadsheets in their risk analysis. Others 

were using, or considering the use of, commercial tools.  
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(2) Most of the commercial products can link DIMP data management to existing 

GIS. 

(3) The participating utilities used historical data and expertise to rank and validate 

their risk parameters. 

(4) Most of the utilities focused their risk analyses on specific threats in their 

system. These threats were corrosion, hazardous leaks, and cast-iron 

replacement programs.  

Defining risk for the natural forces threats requires the assessment of disparate data sources 

to identify where the gas system crosses roads, railroads, floodplains, bodies of water, and 

wetlands. Researchers found that current utility practices for risk management include 

using subject-matter-expert input and ranking risks in in-house custom-built formats or 

from available commercial software. Gas distribution pipelines may experience high 

longitudinal pullout forces and, consequently, strains in the events of soil movement, slope 

instability, and flooding. Several studies provide procedures for the design and construction 

of buried pipeline in areas prone to soil movement hazards. However, researchers found 

that few design codes and standards provide adequate guidance on the allowable defect 

sizes for strain based loading. Flooding may result in increased bending stresses and 

damage to buried gas mains and services. In old cast iron mains which experience frequent 

joint leaks, water may intrude inside the pipe through the joints if the water head is higher 

than the internal pressure of the pipe. Water levels that cover gas service meters and 

regulators may also present safety risks. In post-disaster analysis of pipe risks due to soil 

movement, pipe displacements and strains are used to define the risk factors. The American 

Society of Civil Engineers provides an allowable acceptable criteria defined by loads, 

stresses, deformations, and strains for pipelines subjected to outside forces. The American 

Society of Mechanical Engineers also specifies an alternate design of pipes based on strains 

in situations where the pipeline experiences a predictable noncyclic displacement of its 

support. The combined risks from soil movement, flood, and historical pipe leak and 

corrosion data are incorporated in a “Bayesian Network” approach to estimate the 

conditional probability of damage. 

Information from this project can be used to enhance the safety of gas distribution 

and system and provide gas system operators with an improved ability to manage their 
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pipeline systems. While research resulted in an integrated risk approach to natural gas 

distribution pipelines subjected to earth movement, landslides, and flooding (commonly 

associated with hurricane forces), the procedures developed in this project are also 

applicable to other threats and their associated risk parameters. 
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CHAPTER 1. INTRODUCTION  

This collaborative project between Rutgers University and Gas Technology 

Institute (GTI) aimed at addressing the challenges in post-disaster assessment of natural 

gas pipeline systems in an increasingly aggressive climate system. In an emergency 

situation following a disaster, thorough pipeline safety assessments must be performed, in 

order to avoid costly post-disaster damages and to ensure the safe and reliable delivery of 

energy resources. However, such assessment is currently hampered by a) the lack of data 

sufficient for quantifying changes in pipeline conditions and their built environment, and 

b) the lack of data-driven risk models that identify high risk pipe segments after a disaster. 

The research team consisting of research teams from Rutgers and Gas Technology Institute 

accomplished three research objectives: (1) developing a mobile mapping platform that 

harnesses commercially available remote sensing technologies to provide new remote 

sensing capabilities for pipeline risk assessment; (2) developing a point cloud and infrared 

imagery analysis system that semi-automates extraction of data from remote sensing 

systems to detect changes and anomalies in the built environment that could indicate threats 

to pipelines; and (3) developing GIS-based pipeline risk assessment tools to identify high 

risk pipe segments to prioritize repair and restoration activities. The outcome of this project 

is a system that starts with data collection and ends with actionable information for decision 

makers.  The project product can be readily implemented by stakeholders in pipeline safety.   

This project developed and used remote sensing systems to assess gas line 

damages after major hurricane events. The entire framework is shown in Figure 1. Our 

developed approach not only gathers necessary remotely sensed data to identify threat but 

also provides an estimation of the probability of failure of both aboveground and 

belowground facilities. The damage assessment product has two capabilities:   

(1) Assess the displacements of the aboveground gas facilities (e.g., gas meters and pipe 

risers) due to buildings movements (Figure 2). The assessment assumes that the gas meters 

are fully attached to the buildings and are subjected to equal movement. The building 

assessment is based on fusion of multiple types of remotely sensed data.  
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Figure 1 Project Framework 

 
Figure 2 Layout of the aboveground assessment procedure 

(2) The second step of the approach evaluates the displacements and strains of 

belowground gas pipes due to horizontal and vertical soil movement at the surface. Local 

survey data may be used with the remote sensing techniques to differentiate between the 

vertical changes due to soil movement and those resulting from accumulated debris. Soil 

movements are used along with pipeline properties in the web-based Pipe Assess program 

to estimate the probabilities of damages. A layout of the belowground assessment 

procedure is shown in Figure 3. 



15 
 

 
Figure 3 Layout of the aboveground assessment procedure 

In addition to meeting all required deliverables, this project resulted in the 

publication of 1 peer reviewed journal article, 2 peer reviewed conference papers, and four 

additional journal papers and one conference paper in the final stages of preparation and 

review (See APPENDIX G for details).  The research team made 15 presentations and 

demonstrations to audiences. Project outreach activities and research feedback initiatives 

were also conducted through 3 conference calls, 2 face-to-face meetings, and 1 workshop 

with an Advisory Stakeholder group. Major natural gas utility companies in the northeast 

coast including Public Service and Electric and Gas (PSEG), New York State Electric and 

Gas (NYSEG), Con Edison of New York, National Grid, New Jersey Natural Gas, and 

South Jersey Gas and regulatory agencies such as New Jersey Board of Public Utility have 

participated in the Remote Sensing workshop at the end of this project. 

In term of project result implementation, our developed hybrid mobile mapping 

system has already been deployed in a FEMA funded Rebuilding with Greater Resilience 

project to scan nearly 800 miles of coastal roads, utility and building structures. The 

captured data will serve as the foundation for hurricane risk mitigation in the region for 

the years to come. In addition, our developed spatially resolved infrared thermography 

method has been called on for service in several emergency infrastructure inspection 

tasks including assessing and evaluating the health condition of several deteriorating 

bridges as part of NJDOT bridge resource program and assessing the condition of a 

critical tunnel in California. We have also applied our system to accomplish scanning of 

the iconic Port Authority Bus Terminal in New York City and provided models for 

terminal simulation. More recently, Bentley has pledged three years of support at the rate 
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of $25,000 per year to support our group of work with city-scale mapping and modeling 

with our developed system, which will further adoption of our developed spatial analytics 

in the Architecture, Engineering, Construction industry. Lastly, a notice of invention has 

been filed to the office of commercialization at Rutgers to explore ways of patenting the 

developed hybrid mobile lidar system and this is still active investigation.  

The project was divided into the following seven research tasks. 

Task 1: Technical Advisory Committee 

Task 2: Post-Disaster Mobile Mapping of Pipeline Systems and Environmental 

Conditions 

Task 3: Threat Indicator Detection 

Task 4: Pipeline Risk Assessment for Decision Support 

Task 5: Demonstration and Technology Transfer 

Task 6: Reporting and Meetings 

Task 7: Implementation Plan 

In the following chapters, we describe the detailed research effort and research outcome 

in these tasks. Chapter 2 focuses on the task of post-disaster mobile mapping of pipeline 

systems and environmental conditions. Chapter 3 describes program development and 

data fusion methods for threat indicator detection. Chapter 4 describes the integration of 

remotely sensed data with pipeline risk assessment model for rapid assessment of 

pipeline conditions after major disasters. Chapter 5 reports activities related to industry 

advisory board, industry outreach, field demonstration, and implementations. It is a 

collective summary for Tasks 1, 5, and 7.  
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CHAPTER 2. POST-DISASTER MAPPING OF PIPELINE SYSTEMS AND 

ENVIRONMENTAL CONDITIONS 

In this research task, the focus is on developing a hybrid mobile lidar and infrared system 

that can be used to map pipeline systems and their surrounding environment. The principle of the 

developed system is to use a GPS antenna, a tactical-grade IMU, a GPS ground station, and a 

GNSS/INS receiver to derive high-precision vehicle positions and headings, which provides a 

geospatial reference system for the data collected from the lidar system and the infrared sensor 

(Figure 4). For the navigation system, the Applanix POS LV220 system was chosen as the primary 

GNSS solution. The Applanix navigation system has been widely used in robotics applications 

such as driverless cars. Two types of lidar sensors have been integrated into the system. They 

include Velodyne lidar and Faro Focus 3D scanners. The system is mounted on a rack that was 

specially designed for easy installation of navigation sensors and other spatial sensors (Figure 5). 

The entire system is hosted on a Nissan van that has been modified to provide adequate workspace 

(Figure 6). In the initial stage of the project, we have predominately used Faro Focus 3D scanner. 

In the late stage of the project, Velodyne lidar was used in place of Faro Scanner due to its real-

time data visualization capabilities (Figure 7). 

 

Figure 4 The Mobile Mapping System Components 

Infrared Camera

Laser Scanner

Ground Reference Station

GNSS System
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Figure 5 The Installed Sensor Mounting Platform 

 

 

Figure 6 Mobile Lidar Van 
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Figure 7 Velodyne Lidar Sensor 

The integration of all these sensors allows each piece of sensor data has a global time stamp 

referencing to the GNSS/INS receiver clock. In essence, other sensing technologies can be 

incorporated into this system as long as these sensing technologies can record time-stamped 

measurement. The lidar sensors and infrared thermography sensors are carefully calibrated to 

ensure the data can be geometrically aligned. Calibration of LiDAR and infrared sensors includes 

several activities: (1) Infrared sensor calibration; and (2) Developing algorithms to estimate the 

fundamental matrix between point clouds and infrared image data. The following sections provide 

detailed explanations for each activity.  

Calibration of a FLIR Infrared Camera: Similar to regular digital cameras, infrared cameras 

can be calibrated to create a stereo-pair with other vision sensors such as LiDAR sensor. The 

essential problem is to estimate the projection of points in the space onto the image plane in the 

infrared sensor. Therefore, common camera calibration methods can be used with slight 

modification. The most important modification is the calibration patterns to be used. Black and 

white check boards are widely used as a calibration pattern for regular digital cameras. But the 

corners of these kinds of check boards are not quite visible to infrared sensors. To overcome this 

limitation, a board with regularly spaced LED lights is used as the calibration pattern (Figure 7). 
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The heat signatures from the LED lights can be easily identified in infrared images. The sensor 

to be calibrated is a FLIR infrared camera with a 640x480 resolution (Figure 8).  

 

Figure 8 The LED Calibration Pattern 

 

Figure 9 The FLIR Infrared Camera 
The process of camera calibration includes estimating the infrared camera poses by finding 

correspondence between multiple images taken from different angles. A Matlab program that can 
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automatically find the correspondence of the LED lights in different images is used to estimate the 

poses of infrared cameras (Figures 9 to 11).  

 
Figure 10 Heat Signature Detection 

 
Figure 11 Extrinsic Parameter Estimation (Camera-Centered) 
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Figure 12 Extrinsic Parameter Estimation (World-Centered) 

The calibration results are shown as follows (with uncertainties): 

Focal Length:          fc = [ 1461.52892   1451.34718 ] ± [ 153.39188   139.22580 ] 

Principal point:       cc = [ 485.41274   282.93461 ] ± [ 137.32049   84.81277 ] 

Skew:             alpha_c = [ 0.00000 ] ± [ 0.00000  ]   => angle of pixel axes = 90.00000 ± 0.00000 

degrees 

Distortion:            kc = [ 0.13026   1.33587   0.03097   0.05555  0.00000 ] ± [ 0.57429   5.07524   

0.03402   0.05597  0.00000 ] 

Pixel error:          err = [ 1.33475   1.28942 ] 

KK= 
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0.00000 0.00000 1.00000 

Calibration between Image and Point Cloud: The calibration between infrared thermography 

and lidar scans was done through a projection estimation. Denote a point as 𝐶𝐶 = [𝑋𝑋,𝑌𝑌, 𝑍𝑍, 1]𝑇𝑇, 
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𝑐𝑐 = 𝑨𝑨[𝑹𝑹|𝒕𝒕]𝐶𝐶   (1) 

Where  

𝐴𝐴 = �
𝛼𝛼 𝛾𝛾 𝑢𝑢0
0 𝛽𝛽 𝑣𝑣0
0 0 1

� 

𝑅𝑅 = 𝑅𝑅𝑥𝑥(𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) ∙ 𝑅𝑅𝑦𝑦(𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐ℎ) ∙ 𝑅𝑅𝑧𝑧(𝑦𝑦𝑦𝑦𝑦𝑦)

= �
1 0 0
0 cos(𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) sin(𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)
0 − sin(𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟) cos(𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)

� �
cos(𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐ℎ) 0 − sin(𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐ℎ)

0 1 0
sin(𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐ℎ) 0 cos(𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐ℎ)

� �
cos(𝑦𝑦𝑦𝑦𝑦𝑦) sin(𝑦𝑦𝑦𝑦𝑦𝑦) 0
− sin(𝑦𝑦𝑦𝑦𝑦𝑦) cos(𝑦𝑦𝑦𝑦𝑦𝑦) 0

0 0 1
� 

𝑝𝑝 = [𝑥𝑥,𝑦𝑦, 𝑧𝑧]𝑇𝑇 

Denote the projection matrix as 𝑷𝑷 = 𝑨𝑨[𝑹𝑹|𝒕𝒕], for each pair of points 𝐶𝐶𝑖𝑖 = [𝑋𝑋𝑖𝑖,𝑌𝑌𝑖𝑖 ,𝑍𝑍𝑖𝑖, 1]𝑇𝑇, and 𝑐𝑐𝑖𝑖 =

[𝑢𝑢𝑖𝑖 , 𝑣𝑣𝑖𝑖 , 1]𝑇𝑇, equation (1) could be rewritten as: 

�𝑋𝑋𝑖𝑖  𝑌𝑌𝑖𝑖
0 0

𝑍𝑍𝑖𝑖 1
0 0

0 0
𝑋𝑋𝑖𝑖  𝑌𝑌𝑖𝑖

0 0
𝑍𝑍𝑖𝑖 1

𝑢𝑢𝑖𝑖𝑋𝑋𝑖𝑖 𝑢𝑢𝑖𝑖𝑌𝑌𝑖𝑖
𝑣𝑣𝑖𝑖𝑋𝑋𝑖𝑖 𝑣𝑣𝑖𝑖𝑌𝑌𝑖𝑖

𝑢𝑢𝑖𝑖𝑍𝑍𝑖𝑖 𝑢𝑢𝑖𝑖
𝑣𝑣𝑖𝑖𝑍𝑍𝑖𝑖 𝑣𝑣𝑖𝑖
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⎥
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= �00�  (2) 

The projection matrix 𝒑𝒑 = [𝑃𝑃11,𝑃𝑃12, … ,𝑃𝑃43]𝑇𝑇 then could be solved by  

min
𝑃𝑃
‖𝑮𝑮𝒑𝒑‖2  𝑠𝑠. 𝑝𝑝. ‖𝒑𝒑‖ = 1  (3) 

After the projection matrix 𝑷𝑷 has been estimated, the intrinsic parameters and extrinsic 

parameters could be retrieved as follow: 

Denote 𝑷𝑷 = 𝑨𝑨[𝑹𝑹|𝒕𝒕] = [𝑩𝑩 𝒃𝒃], therefore 𝑩𝑩 = 𝑨𝑨𝑹𝑹,𝒃𝒃 = 𝑨𝑨𝒕𝒕.  Since rotation matrix is orthogonal, we 

have 

𝐾𝐾 = 𝐵𝐵𝐵𝐵𝑇𝑇 = 𝑨𝑨𝑹𝑹 ∙ (𝑨𝑨𝑹𝑹)𝑻𝑻 = 𝑨𝑨𝑹𝑹𝑹𝑹𝑻𝑻𝑨𝑨𝑻𝑻 = 𝑨𝑨𝑨𝑨𝑻𝑻 = �
𝛼𝛼2 + 𝛽𝛽2 + 𝑢𝑢02 𝑢𝑢0𝑣𝑣0 + 𝛽𝛽𝛾𝛾 𝑢𝑢0
𝑢𝑢0𝑣𝑣0 + 𝛽𝛽𝛾𝛾 𝛽𝛽2 + 𝑣𝑣02 𝑣𝑣0

𝑢𝑢0 𝑣𝑣0 1
� =

�
𝑘𝑘𝑢𝑢 𝑘𝑘𝑐𝑐 𝑢𝑢0
𝑘𝑘𝑐𝑐 𝑘𝑘𝑣𝑣 𝑣𝑣0
𝑢𝑢0 𝑣𝑣0 1

� (4) 

Therefore, the intrinsic parameters are computed as: 



 

24 
 

𝑢𝑢0 = 𝐾𝐾13, 𝑣𝑣0 = 𝐾𝐾23,𝛽𝛽 = �𝑘𝑘𝑣𝑣 − 𝑣𝑣02, 𝛾𝛾 =
𝑘𝑘𝑐𝑐 − 𝑢𝑢0𝑣𝑣0

𝛽𝛽
,𝛼𝛼 = �𝑘𝑘𝑢𝑢 − 𝑢𝑢02 − 𝛾𝛾2 

And the rotation matrix and translation vector could be computed as: 

𝑹𝑹 = 𝑨𝑨−1𝑩𝑩, 𝒕𝒕 = 𝑨𝑨−1𝒃𝒃   (5) 

Since one characteristic of rotation matrix is det(𝑹𝑹) = 1. However, a rotation matrix estimated 

by equation (5) does not necessarily satisfy det(𝑹𝑹) = 1, which will give incorrect rotation 

angles. To deal with this, a nonlinear optimization procedure is used to estimate the best 

calibration parameters. Denote a function �̃�𝑐𝑖𝑖 = 𝑓𝑓(𝐶𝐶𝑖𝑖, 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐ℎ,𝑦𝑦𝑦𝑦𝑦𝑦, 𝑥𝑥,𝑦𝑦, 𝑧𝑧,𝛼𝛼,𝛽𝛽, 𝛾𝛾,𝑢𝑢0, 𝑣𝑣0) that 

projects a 3D point onto a 2D image plane. The objective function could be defined as  

‖𝑐𝑐𝑖𝑖 − �̃�𝑐𝑖𝑖‖ = ‖𝑐𝑐𝑖𝑖 − 𝑓𝑓(𝐶𝐶𝑖𝑖, 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐ℎ, 𝑦𝑦𝑦𝑦𝑦𝑦, 𝑥𝑥, 𝑦𝑦, 𝑧𝑧,𝛼𝛼,𝛽𝛽, 𝛾𝛾,𝑢𝑢0, 𝑣𝑣0)‖  (6) 

The best parameters are then estimated by solving the non-linear optimization problem defined 

as 

� 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟� ,𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐ℎ� ,𝑦𝑦𝑦𝑦𝑦𝑦�, 𝑥𝑥�,𝑦𝑦�, �̃�𝑧,𝛼𝛼�,𝛽𝛽�,𝛾𝛾�,𝑢𝑢0�, 𝑣𝑣0�� = min
𝑃𝑃
∑ ‖𝑐𝑐𝑖𝑖 −𝑖𝑖

𝑓𝑓(𝐶𝐶𝑖𝑖, 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐ℎ,𝑦𝑦𝑦𝑦𝑦𝑦, 𝑥𝑥,𝑦𝑦, 𝑧𝑧,𝛼𝛼,𝛽𝛽, 𝛾𝛾,𝑢𝑢0, 𝑣𝑣0)‖ (7) 

As shown in Figure 12, 11 pairs of corresponding points are manually extracted, these points are 

used to estimate the calibration parameters. The initial calibration parameters are estimated using 

equation (3), and the re-projection error is shown in Figure 13 (a). It is observed that the initial 

calibration parameters are not accurate enough to obtain a small re-projection error. Figure 2 (b) 

shows the re-projection error using the calibration parameters estimated using a non-linear 

optimization procedure described in equation (7). Compared with Figure 2 (a), it is easily 

observed that the re-projection error is significantly reduced. Figure 14 shows the result of 

colored point cloud using this approach. 
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Figure 13 Estimation of Projection between Lidar and Infrared Thermography 

(a) (b)
 

Figure 14 Summary of Re-projection Error 
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Figure 15 Colorized Point Clouds with Infrared Thermography Data 

We have also developed dedicated software programs to accurately geo-reference all the 

lidar and infrared scan data into a common coordinate system. The following is a user interface 

to accomplish the task of geo-referencing lidar data. Figure 17 shows a scanned community with 

the developed system. 

 

Figure 16 The LiDAR Data Georeferencing Module 
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Figure 17 A Scanned Community by the Developed System 

The software is now capable of processing infrared photos and geotagging the photos. 

The geotagged photos can be shown in Google Earth for reviewing (Figure 18).  

 

Figure 18 Geotagged Infrared Photos 

The choice of infrared thermography as the gas leak detection sensor is based on careful 

review and evaluation of infrared thermography technology. We have conducted a field test at 
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NYSEG’s testing facility to test the capability of infrared thermography based gas leak detection 

technology (Figure 19). Our results have shown this technology allows detection and 

visualization of leaking gas at larger distance (Figure 20-23), perhaps the most attracting 

capability is to detect underground gas leaks (Figure 24).  

 
Figure 19 NYSEG Testing Facility 

 
Figure 20 Detecting Gas Leaks at Different Distances 
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Figure 21 Successful Detection of Gas Leaks at 30 feet Distance 

 

 
Figure 22 Successful Detection of Gas Leaks at 50 feet Distance 
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Figure 23 Successful Detection of Gas Leaks at 100 feet Distance 

 
Figure 24 Successful Detection of Underground Gas Leaks at 50 feet Distance 
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CHAPTER 3. THREAT INDICATOR DETECTION 

Natural gas pipeline failures during a natural disaster are often related to changes in the 

built environment (structures, terrain, etc.,) adjacent to pipelines. Table 1 lists common pipeline 

threats and related indicators caused by natural disasters. Our ability to quantify these indicators 

(parameters) will have significant impacts on our capability to identify high risk pipe segments. A 

framework for using these indicators to assess the risk of natural gas pipeline networks is shown 

in Figure 25. The rationales of this framework include the following: 1) for aboveground pipelines 

and gas meters, the assessment is conducted based on the assessment of building changes and 

damage; and 2) for buried pipelines, the main threats indicators are soil movement and flooding 

height. There are four types of building conditions considered in this framework. They are “no 

damage”, “minor damage”, “major damage”, and “total damage”. The first two conditions will 

lead to a decision to inspect the aboveground pipeline segments, while the latter two will lead to a 

decision to replace them. Regarding underground pipeline facilities, the framework requires 

information including soil settlement, vertical soil movement, horizontal soil movement, and 

flooding heights to estimate pipeline strain in order to draw conclusions about the probability of 

failure. A Finite Element Analysis (FEA) is then used to estimate the potential pipeline strains 

once soil movement and flooding height are quantified. Calculated pipeline strains were further 

imported into a pipeline risk analysis program to estimate probability of failure. The details about 

this risk assessment framework are explained in Task 4’s accomplishment. It can be seen that the 

success of this framework depends on our capability of quantifying changes in building conditions 

and soil movement as well as identifying water levels resulting from flood. This task focuses on 

developing a geospatial data analytics workflow to quantify the essential threat indicators 

including building displacement, flooding height, and soil movement.  

Table 1 Pipeline threat and related indicators 

Threat Cause Phenomenon Indicator 

Water 

Infiltration 

Pressure 

Head 

Water Level Resulting from Flood Water Elevation Above 

Ground Surface 

Underground 

Pipe Break 

Strain Soil Deformation Resulting From Flood, 

Landslide, Hurricane, and Earthquake 

Soil Displacement 
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Above 

Ground Pipe 

Break 

Strain External Force from Flood, Landslide, 

Hurricane, Earthquake, Tornado 

Asset Displacement 

Exposed Pipe Soil 

Erosion 

Soil Erosion Resulting From Flood, 

Landslide, Hurricane, Earthquake 

Soil Displacement 

 

 
Figure 25 Proposed Post-disaster Pipeline Risk Assessment Framework 

A novel multi-resolution building and terrain change detection framework is proposed for 

computing essential threat indictors that are required in post-disaster pipeline risk assessment. In 

this framework, airborne and mobile lidar data collected before a disaster are used as reference 

data, and lidar data captured after a disaster are treated as target data. Changes are computed by 

comparing target data against reference data. A pipeline distribution network is treated as two 

separate systems in this framework: 1) aboveground pipeline segments and gas meters; and 2) 

buried pipeline segments. For assessing conditions of buried pipeline segments, terrain changes 

are computed to estimate possible pipeline displacements. Such displacements can be caused by 

soil movement in both vertical and horizontal directions and debris loads. The proposed 

framework also focuses on quantifying building displacements and their associated impacts on 

aboveground pipeline segments and gas meters. The entire change analysis workflow is shown in 

Figure 26. It can be noted that the workflow has essentially two main stages where change 
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detections are conducted at different resolutions. A detail description of each stage is presented 

in the following paragraphs. 

Low-Resolution Stage 

In this stage, airborne lidar data are used as the spatial data source for change detection. 

The change detection is conducted using only ground and building classes in the pre- and post-

event lidar data. Therefore, the work flow starts with point classification. In this paper, a 

progressive morphological filter algorithm [34] is used to classify lidar data into ground points and 

non-ground points. After this step, the non-ground points could still contain multiple classes of 

objects such as building, vehicle, pedestrian and vegetation. At this point, change detection is 

conducted on both ground and non-ground points. Multiple algorithms [35, 36, 37] are available 

for measuring changes between point cloud data. In this research, a point-to-point distance 

Di between two point sets {𝐏𝐏,𝐐𝐐} is used as the change detection method, and it can be expressed 

as the following:  

Di = min
j
�𝐩𝐩i − 𝐪𝐪j�   (1) 

where 𝐩𝐩i ∈ 𝐏𝐏 and 𝐪𝐪j ∈ 𝐐𝐐. 

In general, change detection results can be visualized using heat map based visualization 

where large changes are colored with hot colors. This makes it straightforward for identifying areas 

with large changes. In this paper, dune erosion, scour, and debris from eroded dunes and displaced 

buildings are major changes that can be detected from such change analysis. Areas with severe 

building displacement and soil movement are high risk regions, which require further change 

analysis at a higher spatial resolution.  
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Figure 26 Proposed Framework of Pipeline Post-Disaster Condition Assessment 

High-resolution Stage: In this stage, mobile lidar data are added to spatial data source for high 

resolution analysis. The same filter employed in the low-resolution stage is employed to classify 

mobile lidar data into ground and non-ground classes. In this stage, a pipeline network is also 

separated into buried and aboveground parts, and each of those requires a different change analysis 

workflow.  

1. Buried Pipeline Assessment 

For ground points, the point-to-point distance Di (Equation (1)) is computed at first to 

obtain the magnitude of change. Since directions of soil movement are related to different types of 

pipeline failure modes, this requires change to be calculated along different directions. Therefore, 

terrain changes at this step are computed along the x, y, and z axes. For each pair of points {𝐩𝐩i ∈

𝐏𝐏,𝐪𝐪j ∈ 𝐐𝐐}, the change along the direction d is assigned positive if the component at d of 𝐩𝐩i is to 

the positive side of the component at d of 𝐪𝐪j, and vice versa. This could be expressed as 

Di
d = �

min
j

{pid − qjd}

−min
j

{pid − qjd}
   (2) 
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where pid is the component of point 𝐩𝐩i at the d direction, and d = x, y, z. 

In addition, flooding heights are measured from high water marks in georeferenced photos 

collected along with mobile lidar data. Since such street-view imagery were registered with mobile 

lidar data, this makes is possible to recover 3D geometric information of features (high water 

marks) in the images by treating the images and lidar data as stereo pairs. The recovered 

information about high water marks can be used to estimate water pressure placed on the pipeline 

network during storm events. 

2. Aboveground Pipeline and Gas Meter Assessment 

To assess aboveground pipeline segments, it is important to determine building damage 

conditions from change analysis. This starts with building extraction from lidar data. One feature 

that distinguishes buildings from other non-ground objects such as vegetation and vehicles is that 

buildings contain multiple planar objects such as walls and roofs. Therefore, it is possible to use 

flatness of points as a criterion for building extraction. Another feature useful for building 

segmentation is the size of building objects. Although billboards and vehicles may contain planar 

objects, the sizes of these objects are normally smaller than that of building objects. In this study, 

a combination of Euclidean distance based segmentation algorithm and region growing 

segmentation algorithm is used to extract buildings from lidar data. The extracted buildings could 

be used to analyze changes in building structures at the entire building level.  

To further quantify building conditions, a building component level change detection 

approach is also developed in this study. In this approach, building components are extracted from 

point cloud data using a sophisticated clustering method that is built on top of the RANSAC 

algorithm [38], a density based clustering method, and a cluster matching algorithm. The 

description of these methods is beyond the scope of this paper. Kashani and Grattinger (2015) 

provides a detailed analysis on point cloud features that can be used in clustering methods to extract 

planar objects such as roof covering [39]. Kashani et al. (2015) also discussed the use of intensity 

data for wind damage detection [40]. In the nutshell, this method segments building into planar 

objects, classifies these objects into different building components, and matches these building 

components in pre- and post-event data. Therefore, it enables comparison of building conditions 

at individual component level, leading to a fine classification building conditions. Such building 

condition data will form the foundation for assessing whether the attached gas facilities are likely 

damaged or not.  
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Software development: Based on the above principle, we have developed a damage indicator 

detection software package (Figure 27). The software package includes three modules for 

extracting damage indicator information from remotely sensed data. The following provide detail 

explanations for each module.  

 
Figure 27 Threat Detection Software Modules 

Module I: Airborne LiDAR Change Detection 

This Module does the following tasks: 

1) Clusters the Point Cloud into Buildings; 

2) Detect the changes between Pre- and Post- event data sets; 

3) Output the change detection information for damage analysis; 

4) Generate the Shapefile of each building clusters. 

Module II: Point Cloud Processing: 

This Module implements the following tasks: 

1) Grounding Point Filtering; 

2) Surface Segmentation; 

The GUI of this Module is shown as follows: 

Module III: Mobile LiDAR Change Detection: 

This Module does the following tasks: 

1) Extract building clusters from Mobile LiDAR data; 

2) Detection changes between Pre- and Post- event Mobile LiDAR data sets; 

3) Generate the Shapefile of each building clusters. 
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The GUI of this Module is shown as follow. 

Case Study: A case study is conducted to validate the proposed methodology. Hurricane Sandy 

related spatial data sources including pre-t and post-event airborne and mobile lidar data are used 

in this validation. Due to the lack of pre-event mobile lidar data, mobile lidar data collected after 

community rebuilding are employed as the pre-event data set. The difference between real pre-

event (before Hurricane Sandy) and simulated pre-event (after recovery) does not affect the 

validation of proposed methodology. This is because the scope of this research is not on 

measuring the damage caused by Hurricane Sandy, but on the capability of change detection.  

Change Detection at the Low Resolution Stage 

The results of change detection using pre-event and post-event airborne LiDAR data are shown 

in Figure 28. The point clouds were classified into two categories: 1) ground; and 2) buildings. 

The changes (either negative or positive) in each category are displayed in four different colors. 

The yellow and cyan represent the sand debris and eroded dunes respectively, and the points 

colored in red shows the damaged buildings. The sand debris and eroded dunes are indicators of 

terrain changes and their volumes can be quantified and overlaid on a pipeline network to estimate 

the amount of pipe strains due to these changes. The areas with damaged buildings show the need 

of repairing or replacing aboveground gas risers and meters.  

 
Figure 28 Low-Resolution Change Detection Results 
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Change Detection at the High Resolution Stage 

In this stage, the buildings are first extracted from the mobile lidar data with the approach 

described in the previous section. The extraction results are shown in Figure 29. Figure 29 (a) 

and (b) show the original mobile lidar point cloud data before classification (the color coding 

represents elevations. The data are then classified into ground and non-ground points as shown in 

Figure 29 (c) and (d), where blue points represent the non-ground objects and red points 

represent the ground. Figure 29 (e) and (f) shows the results after applying building extraction 

and building component segmentation. It can be seen that most of the points belonging to 

buildings are extracted and the vegetation, vehicles and other non-building points are mostly 

removed. The point clouds with different colors in Figure 29 (e) and (f) represent different 

building components.  

A point-to-point based change detection is then conducted on the high-resolution mobile 

lidar data to evaluate the changes in both terrain and building conditions along the x, y, and z 

directions. The results are shown in Figure 30. There are a number of observations that can be 

drawn from this Figure 30(a): (1) the terrain (ground) changes along the x and y directions are 

very small, indicating no or small change at the horizontal directions; (2) the terrain change 

along the z direction has a wider distribution compared to that of the other two directions; (3) 

almost 62% of the points from the post-event data are lower than the points from the pre-event 

data; and (4) there is an increased load to the buried pipelines in the areas where the change 

detection results are shown as green and cyan color. The uneven distribution of vertical soil loads 

due to terrain change can potentially cause bending and vertical displacements to the buried 

pipelines, which increases the potential risk of pipeline failures. For building change detection, a 

large change value implies the building is destroyed, and a small change value implies the 

building is partially damaged. The color mapped changes in building conditions are shown in 

Figure 30(b) and (c). Figure 30 (c) is a zoom-in view of the changes for a few buildings.  These 

plots clearly indicate changes along the x, y, and z directions.  
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Figure 29 Building Extraction from Mobile Lidar Data 

 

Figure 30 Change Detection Results at the High Resolution Stage 

The change analysis at this stage can also be conducted at the building component level. 

The results of such analysis are shown in Figure 31, where the planes colored in blue indicate no 

observable changes along the direction perpendicular to their surfaces and the planes colored in 
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red indicate significant changes (>= 5 meters). The changes in between these levels are colored 

from cyan to orange representing gradually deteriorating conditions. Based on this scheme, the 

following observations can be made: (1) the component level change detection (Figure 31(c)) 

suggests there is no damage to the roof structure while a 0.10-meter change has been detected on 

the front facet indicating a potential damage to the wall panel; (2) a 0.5-meter change has been 

detected on the side wall noted in the red box in Figure 31(c), indicating potential damages to gas 

risers or meters connected to this wall; and (3) large changes to the components of Building 1 

have been detected indicating very severe change or a potentially total damage (Figure 31d and 

e). Since we used mobile lidar data after the rebuilding to simulate the pre-event mobile lidar 

data, this may not actually be the case. Further investigation of this building indicates that this 

building is totally modified after the disaster. This shows the proposed approach is capable of 

detecting these radical changes.  

 
Figure 31 Change Detection Results at the Building Component Level 
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Storm surge generated by tropical storms is a severe threat to the integrity of natural gas 

pipelines. During a hurricane event, it is essential to collect data on storm surge height as it helps 

determine the water pressure head on the buried pipelines. With the high resolution mobile lidar 

data, this information can be directly measured from mobile lidar imagery. Figure 32 shows how 

such information can be obtained.  

 
Figure 32 Measuring Storm Surge Height from Mobile Lidar Imagery 

Summary of Threat Indicators  

The change analysis results from both low-resolution and high-resolution data can be 

further interpolated and overlaid on impacted areas where pipeline locations are known. These 

change analysis results become critical threat indicators (Figure 33) that will be used to compute 

pipeline strain and pressure head – both will pose threat to pipeline integrity.  

 
Figure 33 Computed Pipeline Threat Indicators 
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Integration of UAV-borne Data Sets 

Two airborne data sets are used for evaluating the quality of 3D dense reconstruction from 

photos. The first data set was captured from a helicopter platform to simulate images taken from 

typical UAV platforms in the summer of 2015. The area we studied is a location with a high 

concentration of infrastructures. Many types of critical infrastructure systems are collocated in this 

location (Figure 34). Much of this area was successfully reconstructed with the captured images 

(Figure 35).  

 
Figure 34 3D Dense Reconstruction Site 1 

  
 

Figure 35 3D Reconstructed Area 
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The second dataset was captured using a large fixed wing UAV system in June 2015. The 

data was collected during operations at the Cape May Airport (KWWD) June 16-18 2015 using a 

rapid response payload InstiMaps. This first generation payload relies on a low cost GPS receiver 

system without any INS to provide geolocation for each image when captured. The system enables 

in flight download and processing of imagery for rapid dissemination. The system is based upon a 

low resolution 12 Mega Pixel mechanical shutter image sensor. The purpose of this payload is to 

provide rapid response data not survey grade information and data produced should be treated as 

such. As part of flight operations at KWWD three mission objectives were identified and are listed 

by order in which they were flown: (1) Map the area of KWWD; (2) Map power line corridor 

adjacent to KWWD; and (3) Image example pipeline segment.  

A data tier system was used to indicate how far removed the data is from the raw sensor output. 

The data tier outline is as follows:  

• Lv0 - Raw sensor data usually in proprietary formats  

• Lv1 - Raw data converted to standard file formats  

• Lv2 - Data from multiple sources fused into standard formats  

• Lv3 - Multisource data fused and reduced to remove overlap, saved in standard formats  

• Lv4 - Additional human interpretation added to the spatial data  

• Lv5 - Spatial data converted into non-spatial abbreviated forms  

• Lv6 - Results of spatial data modeling/analysis based on lower level data  

• Lv7 - Reporting of spatial data statistics or report in summation  

• Lv8 - Reporting of metadata regarding data collected or metadata statistics. 

The images are taken using an onboard camera which was pointed vertically towards the ground. 

The sufficient overlap between images ensures a successful 3D reconstruction as shown in Figure 

36.   
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Figure 36 3D Reconstruction from UAV imagery 

UAS-borne remote sensing platforms are emerging systems for capturing necessary 

information during extreme events. Typical remote sensing data that can be captured by these 

systems are image data, lidar data, and infrared data. Image data are also used for dense 3D 

reconstruction using a structure from motion framework. At the end of the process, the end 

products are generally large quantities of point cloud data. Therefore, the integration of UAS-borne 

remote sensing data is essentially a point cloud data integration problem. The point cloud data 

reconstructed from UAV-borne imagery are typically scale-free, requiring additional reference 

points in order to becoming dimensional point cloud data. However, once the point clouds are 

scaled with control points with known distance, using these point clouds in our existing threat 

detection framework is a straightforward process. Figure 37 summarizes the adopted approach for 

integrating UAS-borne point cloud data into our current framework. 
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Figure 37 Integrating UAS Point Cloud Data into Risk Assessment 
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CHAPTER 4. PIPELINE RISK ASSESSMENT FOR DECISION SUPPORT    
The focus of this task is on analyzing the effect of the detected damaging forces in Task 3 

on pipeline material used in the natural gas distribution system. Differential soil displacement can 

result in significant deformations of buried pipes. These soil displacements are implemented in a 

finite element (FEA) program to estimate pipe deformations and strains for various soil properties, 

pipe types, and sizes. Pipeline strains are integrated with estimates of pipeline damage due to 

flooding to produce an overall estimate of likelihood of damage. This estimate was performed 

using Bayesian Network (BN) approach to produce the overall damage probability. This is 

accomplished by using the software program ‘Agena Risk’ to establish the damage likelihood. 

Finally, two programs are developed to incorporate the BN results to provide an estimate of the 

damage probability of belowground pipelines due to natural forces. One of the programs is web-

based to provide users an option to use it without requiring any other specific programs. The other 

program is ArcGIS based since many utility operators manage their utility assets in such a program. 

Then it is intuitive for them to use an ArcGIS plugin program to accomplish the risk assessment 

tasks. The programs were used to present a case study to evaluate the natural gas pipeline system 

after hurricane Sandy in the coastal area at Ortley Beach in New Jersey. The example integrated 

the GPS pipeline system data along with the LiDAR post-disaster soil displacement and water 

elevations to rank the pipeline segments likelihoods of failures.  

Strains in Belowground Pipes Due to Natural Forces: Gas distribution pipelines may 

experience high longitudinal strains in the event of soil movement resulting from slope instability, 

soil subsidence, seismic activity, and flooding. Currently the available pipeline design codes and 

standards do not provide comprehensive guidance on allowable limit deformations for strain-based 

loading. Several previous studies provide recommended procedures and guidelines for the 

assessment of pipelines subjected to large soil deformation and seismic loading conditions [18, 19, 

and 20]. This chapter provides an analysis of pipeline-soil interaction with respect to axial, lateral 

and combined soil movement on the pipe. The results of this analysis provide the limit pipe strains 

for quantifying the risk factors due to outside force.  

Most of soil-pipeline interaction analysis represent the pipe as a structural beam with the 

soil represented as spring elements in the axial (longitudinal), transverse horizontal, and transverse 

vertical directions [21]. This simplification is derived from the concept of sub-grade reaction 
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originally proposed by Winkler (1867). The axial load on the pipe results mainly from the friction 

caused by soil shear stresses acting around the pipe circumference. As the ground displacement is 

progressively increased, the pipe may reach their specified compressive or tensile strain limits. 

Additionally, the soil may yield and continue to move past the pipe with no increased pipe 

deformations. Soil displacement may be taken as the upper bound of pipe displacement. 

Differential soil settlement can result in significant deformation of buried pipes and above ground 

facilities such as gas meters. The ASME B31 code [22] indicates that large displacement stresses 

may be acceptable providing that excessive localized strains do not exceed their acceptable limits. 

Acceptable strain limits are typically based on testing and detailed analysis of the soil-pipe 

interactions under various ranges of the longitudinal and bending loads. The ASCE Committee on 

Gas and Liquid Fuel Lifelines [21] suggests the use of an elasto-plastic or a hyperbolic model for 

the soil resistance versus pipe movement. Several analytical models [23, 24] provide estimates of 

the maximum soil axial and lateral forces per unit length at the soil-pipeline interface. Pipe strains 

under various loading conditions were modeled using the Finite Element (FEA) program ‘PIPLIN’ 

[25]. The program is a special purpose commercially available program for stress and deformation 

analysis of pipelines. The program considers the effect of internal pressure, soil horizontal 

deformation, and settlement and it incorporates the nonlinear behavior of the pipe and soil support 

under large displacement effects. Tables 2 and 3 show the pipe and soil parameters used in the 

finite element analysis. 

Table 2 Pipe Parameters for Estimating Pipe Strains 
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Table 3 Soil Parameters Used in the Analysis 

 
Soil is modeled in the program as nonlinear ‘Winkler’ foundation with discrete supports. 

Soil movement and settlement were assumed to be applied statically. Several nonlinear aspects of 

pipe behavior are considered, including yield of pipe, large displacement effects, and nonlinear 

soil support. The strains on the pipes are highly dependent on the pipe type and its properties. The 

pipe types used in the analysis were steel, plastic, and cast iron pipes of various sizes. Figures 34 

to 36 show the mechanical properties of these material. 

 
Figure 38 Stress‐strain relationship of the steel pipe [26] 
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Figure 39 Stress‐strain relationship of the plastic pipe [27] 

 
Figure 40 Stress‐strain relationship of the cast iron pipe in compression [28] 

Pipe Strains under Soil Movement 

Pipe strains were calculated in the FEA for to the following natural forces threats: 

i. Vertical soil movement and settlement, 

ii. Horizontal soil movement and landslides, 

iii. Flooding. 

Additionally, building displacement data form the LiDAR measurements were considered 

in evaluating threats to aboveground facilities such as gas meters and regulators. 

i. Vertical Soil Movement and Settlement 
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Figure 37 shows schematics of the pipe deformations under vertical soil movements. These 

movements can be caused by increased overburden load, depression due to loss of soil strength, or 

washout of an underlying soil layer. The pipe is modeled by beam type members connected by 

nodes in the x-y plane. In the cross section direction, the stresses and strains are calculated at a 

number of points (typically 30) in the cross section. Pipe yield at the monitored points is taken into 

account assuming the von Mises yield criterion, with nonlinear kinematic hardening. Interaction 

between hoop and axial stresses is taken into account. Discrete supports for pipe anchors or above 

ground bents are modeled as nonlinear springs. Pressure, temperature, settlement and gravity loads 

are assumed to be applied statically. 

 
Figure 41 Schematic of pipe deformation due to soil settlement 

The nonlinear problem is solved by a step-by-step procedure, with automatic selection of 

the load step by the program. Equilibrium corrections are applied to compensate for nonlinear 

effects. A table of stresses and strains at the nodes are printed for each loading sequence. The 

vertical soil displacement in the analysis was assumed at the surface as shown in Figure 38, with 

short and large displaced lengths of 60 and 120 ft. The analysis was carried out with soil 

displacement increments from 12 to 48 inches. Pipe strains and displacements were calculated with 

the pipe placed 3 ft below the surface. Due to the symmetry, the analysis was carried from joint 

(1) at -300 ft on the x-axis to half the displaced soil section as shown in figure. 
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Figure 42 Soil deformation in the FEA analysis 

Pipe displacements, hoop, and longitudinal strains were calculated for each increment of 

soil settlement. An example of the pipe response under vertical soil displacement is shown in 

Figures 39. The figure shows the FEA results of 4-inch steel pipe buried in sand and clay. The 

length of the displaced soil section is 60 ft and the figure shows the strain along 330 ft of pipe 

length to the symmetry line. The plots in the figure represent the axial strains at the bottom of 

the pipe under incremental vertical soil movements of 24 and 36 inches. 

 
Figure 43 Axial strains at bottom of 4‐inch steel pipe in (a) sand, (b) clay 
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Similarly, Figure 40 shows the axial strains at the bottom of 2-inch plastic (PE) pipe 

buried in sand and clay. The length of the displaced soil section is 60 ft and the figure shows the 

strain along the 330 ft of pipe length to the symmetry line. Hoop strains on the plastic pipe for 

these loading conditions are shown in Figure 41 for the sand and clay soils. Similar to the steel 

pipe, the plots show higher pipe strains in clay soil. 

 
Figure 44 Axial strains at bottom of 2‐inch plastic pipe in (a) sand, (b) clay 
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Figure 45 Hoop strains of 2‐inch plastic pipe in (a) sand, (b) clay 

Figure 42 shows the axial displacement of a 4-inch diameter cast iron pipe in sand under a 

soil displaced-length of 120 ft and soil settlements of 24 and 36 inches. These displacements are 

assumed at the pipe joints, which are placed at 12-ft intervals along the pipe. The strength of the 

cast iron joint plays a significant role in its resistance to pullout due to soil movement. Cement 

joints (yarn and cement) were the standard joining method by the gas industry in older cast iron 

pipes. Later joints in larger mains had stronger combination joints of yarn, cement, and lead. Two 

types of joints were considered in the analysis; namely, weak and strong joints. The properties of 
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the joints were adopted from an earlier study on thermally induced joint displacements [16] with 

the weak joints having average pullout capacity of 5 to 25 kips and stiffness of 400 kips/inch. 

 
Figure 46 Axial displacements of cast iron joints with weak and strong joints 

Horizontal Soil Movement and Landslides 

Lateral soil movement and landslides are commonly caused by flooding and heavy rains, 

and they may result in loss of the lateral support of the pipelines and increased bending or axial 

stresses. These threats may result in sudden pipe collapse, gas leak, or considerable deformations 

that induce long-term stresses on the pipe. Figure 43 shows a schematic of pipe deformation under 

these loads. 

 
Figure 47 Schematic of pipe deformation from horizontal soil movement 
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Secondary effects of the earth movement include scour, erosion, and reduced soil cover 

which may result in higher probability of excavation damage and pipe exposure. Earth movement 

and landslides are location specific. Pipeline segments in slopes and locations of potential earth 

movement have high probability of these failure modes. Figure 44 shows the axial strains at the 

bottom of 2-inch and 4-inch diameter plastic pipes due to horizontal soil movements of 24 and 36 

inches and displaced soil length of 60 ft. 

 
Figure 48 Axial strains in 2‐inch and 4‐inch plastic pipes 

Flooding 

Flooding may result in stresses and damage to gas mains and services. Additionally, in low 

pressure cast iron mains, water may intrude inside the pipe through the joints if the water head 

above the line is higher than the internal pressure of the pipe. Water levels that cover gas service 

meters and regulators may also present safety risks. Additionally, heavy rains may expose gas 

mains and services in areas susceptible to soil erosion; thus subjecting the lines to other threats 

such as corrosion and excavation damage. The rise of water table in flooded areas can result in a 

net upward force on the buried pipe when the buoyancy force exceeds the downward weights of 

the pipe and soil column above the pipe. The largest upward force on a submerged straight pipe 

per unit length of the pipe can be calculated as [29]: 

𝐹𝐹𝑏𝑏 = 𝑊𝑊𝑤𝑤 − [𝑊𝑊𝑝𝑝 + (𝛾𝛾𝑠𝑠ℎ𝑠𝑠 − 𝛾𝛾𝑤𝑤ℎ𝑤𝑤)𝐷𝐷 

Where: 

 𝑊𝑊𝑤𝑤= Weight of water displaced by pipe 
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𝑊𝑊𝑝𝑝 = Weight of pipe 

 𝐷𝐷 = Pipe diameter 

𝛾𝛾𝑠𝑠 and 𝛾𝛾𝑤𝑤 = Unit weights of soil and water, respectively, and 

ℎ𝑠𝑠 and ℎ𝑤𝑤 = Height of soil and water above the pipe, respectively. 

The bending stress induced in the pipe due to buoyancy 𝜎𝜎𝑏𝑏 can be approximated by neglecting 

the resisting soil friction and cohesion at the pipe surface as: 

𝝈𝝈𝒃𝒃 =
𝑭𝑭𝒃𝒃𝑳𝑳𝟐𝟐

𝟏𝟏𝟏𝟏𝟏𝟏
 

Where  

L = pipe length in the buoyancy zone, and 

Z = Pipe cross section modulus (I/D). 

The risk factors associated with the uplift load are directly related to the amount of permissible 

strains resulting from these loads. In cast iron pipes, permissible movements are limited to prevent 

gas leaks through the joints. 

Horizontal Loads on Aboveground Facilities 

Horizontal soil and building movements may cause damage to aboveground gas facilities 

such as regulators and gas meter sets. Figure 45 shows a schematic of the displacement of an 

aboveground gas meter due to outside horizontal force. Although it is unlikely that wind force will 

directly damage the aboveground facility; it may blow over a structure such as a tree or fence 

which may also strike the aboveground pipeline or pull up a belowground pipeline. The risk factors 

are determined from the permissible movement of the joint before leak occurs, as defined by the 

subject matter experts and utilities experience. Aboveground deformations are directly quantified 

and evaluated from direct measurements during walk-in and remote sensing surveys. 

 
Figure 49 Schematic of displacement of aboveground facility 
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Acceptable Criteria of Pipe Stresses and Deformation: In post-disaster analysis of pipe risk due 

to outside force, measurements of pipe displacements, strains, and bending moments are used to 

determine the risk factors associated with the pipeline types and attributes. The pipe segment 

attributes which affect its susceptibility to threats from natural disasters are summarized in Table 

6. 

Table 4 Attributes to the Threats from Nature Disasters 

 
Several studies provide guidelines on the permissible limiting strains of the pipe under 

outside forces [15, 30]. The American Society of Civil Engineers (ASCE) provides an allowable 

acceptable criteria defined by loads, stresses deformations or strains for pipelines subjected to 

outside forces [21]. Table 5 shows suggested criteria for most applications. The American Society 

of Mechanical Engineers (ASME) also specifies an alternate design of pipes based on strains in 

situations where the pipeline experiences a predictable noncyclic displacement of its support (e.g., 

fault movement along the pipeline route or differential subsidence along the line) [22]. It suggests 

the use of permissible maximum longitudinal strains in place of the longitudinal and combined 

stress limits for safety against excessive yielding. The permissible maximum longitudinal strain 

depends on the ductility of the material, previously experience of plastic strain, and the buckling 

behavior of the pipe. Where plastic strains are anticipated, the pipe eccentricity, pipe out-of-

roundness, and the ability of the weld to undergo such strains without detrimental effect should be 

considered. 
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Table 5 Suggested Allowable Criteria for Outside Force [21] 

 
Assessment of Pipelines Due to Natural Forces 

Strains in Steel Pipes 

The results of the FEA of 2-inch and 4-inch diameter grade X42 steel pipes in various 

soils are compiled in Figure 46. The figure shows the maximum pipe axial strains at the bottom 

of the pipe at various soil settlements. 
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Figure 50 Axial Strains in steel pipes due to soil settlements (a) sand, (b) clay 

Strains in Plastic Pipes 

The results of the maximum axial strains of various sizes of plastic pipes are shown in 

Figure 47. The figure shows the strains at various soil settlements of a displaced length of 60 ft. 

Similar to steel pipes, the results show higher axial strains in clay soil than in sand. 
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Figure 51 Axial Strains in plastic pipes due to soil settlements (a) sand, (b) clay 

Axial Displacement in Cast Iron Pipes 

The joint strength of the cast iron pipe plays a significant role in its resistance to pullout 

due to soil movement. Accordingly, axial deformations at the joints were evaluated for various 

soil settlements. Figure 48 shows the deformations of strong joints for various pipe sizes in sand 

at soil settlement length of 120 ft. 
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Figure 52 Axial Strains in cast iron due to soil settlements (a) sand, (b) clay 

Consequences of Failure (COF) 

COF is a measure of the impact of a pipe damage within a structure on the population. The 

specific expression of this consequence is determined by the operators and will be generally 

discussed in a later phase of the project. The primary driver for COF is casualties and/or property 

damage arising from gas entering property from a leak. The three factors which the operators used 

to quantify COF are: 

• Probability of Leak: The likelihood that a component will leak or rupture, 

• Probability of Gas Ingress into a Structure: The probability that escaped gas from a leak 

or rupture will enter a building, 

• Probability of Ignition: The probability that gas which has escaped into a structure will 

ignite. 

Event Tree Analysis (ETA) can be used as an inductive technique that allows the user to determine 

the risk of certain consequences due to different sequences of events. An ETA consists of an 

initiating event from the Fault Tree analysis (e.g., gas meter damage due to flooding) which is the 

direct cause of an event, and a series of different consequences. Different combinations of which 

allow the Initiator to result in consequences. 

Bayesian Network Analysis of Likelihood of Damage 

Pipeline deformations resulting from soil movements were shown in the previous chapter 

for various pipe materials, sizes, and soil types. These deformations were combined with 
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estimates of pipeline damage due to flooding (i.e., likelihood of water intrusion and uplift of 

large size pipes). These estimates were then weighted based on pipeline age and its previous 

history of leaks and corrosion potential to produce an overall estimate of its likelihood of 

damage. A Bayesian Network (BN) approach was used to integrate the above conditions and 

produce the overall damage probability. The BN approach may be summarized as follows: 

• The conditional probability of strains in a pipe segment is initially estimated (e.g., the 

distribution of pipe axial strains due to vertical soil movement). 

• Starting with the initial estimate of pipe strains (identified in BN as the prior strain from 

a soil movement distribution P(H), a specific soil movement (P(E))) results in a new 

estimate P(E|H) which is the likelihood of the soil movement (E) to occur with the 

background knowledge of (H). 

• The new pipe strain probability P(H|E) is the new posterior of the event and it is 

calculated as [18]: 

𝑷𝑷(𝑯𝑯|𝑬𝑬) = 𝑷𝑷(𝑬𝑬|𝑯𝑯)𝑿𝑿𝑷𝑷(𝑯𝑯))/(𝑷𝑷(𝑬𝑬)) 

In real-world events, where many unknown events are related, all the uncertain variables 

can be graphically represented as nodes in a Bayesian Network. The ‘AgenaRisk” software [31] 

was used to calculate the conditional probabilities of the damage likelihood based on the 

probabilities of occurrence of the soil movements and floods events. An example of a BN 

representation is shown in Figure 49 for a sample problem of plastic pipe damage likelihood 

resulting from the combined effects of soil movement and flood. The sample problem utilized 

pipeline data from segment at the coastal area in the State of New Jersey. The figure shows the 

distributions of pipeline types and sizes based on data compiled from the LDC Company in the 

area. The distribution of soil types was based on the U.S. Geological Survey data shown in Figure 

50 for soils in 7 counties in the coastal area. A normal distribution of the horizontal and vertical 

soil deformations in the area was assumed for the initial estimation of pipe strains. The damage 

potential of the plastic pipes is ranked from SME inputs of the pipe history of leaks and potential 

of excavation damage in segments with inadequate depth of cover. 
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Figure 53 Bayesian network for the plastic pipes probability of damage 

 
Figure 54 Distribution of sand in the NJ coastal area 

Similar BN figures were constructed for the steel and cast iron pipes as shown in Figures 

35 and 36, respectively. For steel pipes, the corrosion potential had initial normal distribution. 

Similarly, the age of the cast iron pipes was assumed to have normal distribution as shown in 

Figure 34, based on data from LDC companies at the east coast. 
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Figure 55 Distribution of ages of cast iron pipes in the east coast LDC’s 

 
Figure 56 Bayesian network for the steel pipes probability of damage 
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Figure 57 Bayesian network for the cast iron pipes probability of damage 

After the damage estimates are established from the initial distributions of the BN 

network, pipe parameters and post-damage characteristics are used in the program to estimate the 

associated likelihood of damage. An example of this procedure is shown in Figure 38 for the 

plastic pipes with the following input data: 

- Pipe size: 2 inch, 

- Soil type: Sand 

- Horizontal displacement: 0 inch 

- Vertical displacement 24 inches, for a displaced length longer than 120 ft (i.e., long 

displaced pipe segment) 

- Depth of cover: 3 ft 

- Flood level: 0-6 ft 

- Leak history: Low rate 

- Joint coupling: No mechanical couplings 

The damage likelihood under these parameters changed from its initial values shown in 

Figure 54 and Figure 55-(a) to a low damage likelihood as shown in Figure 55-(b) for the 

parameters in the above example. A decrease of the length of the displaced soil results in a 

significant increase of pipe strains. This is demonstrated in the run shown in Figure 56 with a 
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short length of the displaced soil, while keeping the other parameters unchanged. The damage 

likelihood in this case is shown in Figure 55-(c). 

 
Figure 58 Damage Likelihood for (a) initial estimates, (b) Long displaced section, (c) short 

displaced section 

 
Figure 59 Example of BN for the plastic pipes with large displaced length 
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Figure 60 Example of BN for the plastic pipes with small displaced length 

Web-Based Program for Pipeline Risk Due to Natural Forces 

Program Login 

The web-based program ‘Pipe Assess’ provides an estimate of the damage probability of 

belowground natural gas distribution pipelines due to natural forces threats. The assessment of 

risks due to natural forces are calculated for the following threats: 

• Horizontal and vertical earth movement, 

• Static water table resulting from flooding. 

These threats may result in sudden pipe collapse, gas leak, or considerable deformations that 

induce long-term stresses on the belowground pipeline. The program is accessed at the following 

web-page address: 

http://gasapps.gastechnology.org/pipeassess 

The user enters the ‘User Name’ and ‘Password’ in the login page shown in Figure 57. The 

program is available to the users who have access to this report by using the User Name: pipeuser 

and the Password: piperisk. 
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Figure 61 Pipe Assessment Program login page 

Program Example 

Figure 58 shows the data entry page for an example of the assessment of a PE main pipe 

segment with the properties shown in figure. The pipe is buried in 3-ft of sand cover with 24 inches 

of soil vertical displacement. The results in Figure 59 show a low probability of pipe damage of 

about 8% due to the soil movement. The results in Figure 60 show a significant increase in the 

pipe   damage likelihood when the soil vertical displacement increases to 36 inches and with 

unknown knowledge of mechanical couplings in the line (i.e. a probability of 50% of having 

mechanical couplings in the line). 
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Figure 62 Data entry for an example of a PE main pipe 

 

 
Figure 63 Results of the PE data entry example 
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Figure 64 Increase in the damage likelihood in higher soil displacement 

GIS-based Risk Assessment Program 

In addition to the online portal for risk assessment, the research team also developed an ArcGIS 

based risk assessment module. The ArcGIS based program can take spatially distributed threat 

information in the format of shapefile and run above-ground and below ground damage assessment 

for the network wide gas distribution system. The following figure shows the input of threat 

information (Figure 65a), the loading of pipeline network (Figure 65b), and computing of damage 

likelihood based the risk assessment approach illustrated above (Figure 65c). 

 
Figure 65 GIS-based Pipeline Damage Assessment Module 
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Case Study - GIS Mapping of Post-Disaster Areas 

A post-disaster risk assessment of natural gas pipes was performed in a case study of the 

pipeline system in the east coast after hurricane Sandy. The study area is about 3 miles long and 

0.5 wide at Ortley Beach in New Jersey. Figure 47 shows the study area. The area was divided to 

two sections; namely A and B to allow for a detailed display. A GPS map of the natural gas 

distribution system of the area was obtained to identify the grids containing the pipeline system. 

Figure 48 shows the pipeline system in Area B. The pipeline attributes of this system (e.g.; pipe 

type and size) were used in the web-based program Pipe Asses along with the hurricane Sandy 

post-disaster data to provide an estimate of the damage likelihood of the pipe segments. 

 
Figure 66 A view of the coastal study area in NJ 
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Figure 67 Natural gas pipeline system in Area B of the study 

The soil types and properties in the area were obtained from the Web Soil Survey data [32]. The 

post-disaster soil deformations were provided by the Rutgers University based on their mobile 

hybrid LiDAR data after hurricane Sandy. Figure 63 shows the soil displacements, calculated from 

the pre- and post-disaster LiDAR soil elevations. The displacements are displayed on the GPS 

pipeline grids in the figure. 
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The changes of the water elevations after hurricane Sandy were obtained from the Federal 

Emergency Management Agency (EMA) data and are shown in the GPS map in Figure 50. 

 
Figure 68 Soil displacements after hurricane Sandy in the study area 
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Figure 69 Water elevations after hurricane Sandy in the study area 

The grid areas containing the natural gas mains and subjected to soil movement and 

flooding were analyzed. The analysis incorporated the pipe properties, soil displacement, and 

water elevations in the Pipe Access web-based program. The results of the likelihoods of failures 
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of the mains are shown in Figure 65. The ranking level of ‘High’ in the figure corresponds to more 

than 50% likelihood of failure of in the program output. 

 
Figure 70 Likelihood of failures of belowground pipes in Area B 
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CHAPTER 5. INDUSTRY INVOLVEMENT, OUTREACH, AND IMPLEMENTATION 
Throughout the project, a group of technical advisory stakeholders has provided valuable inputs 

to the project development (Table 6). We have engaged this group through conference calls, 

face-to-face meetings, and workshops. The following table (Table 7) provided a summary of 

technical advisory committee activities. Of particular note is that we have conducted an online 

survey with this group of stakeholders and other major utility companies. Details of the survey 

form and results can be found in APPENDIX B. 

Table 6 Technical Advisory Stakeholder Members 

Technical Advisory Stakeholders Company/Agency 
James Merritt UDOT Pipeline Safety 
Mary Holzmann National Grid 
Steven Hope NYSEG 
Carrie Berard NYSEG 
George Ragula PSEG 
Ralph E. Terrell Teco Energy 
Richard Trieste ConED 

 

Table 7 A Summary of Technical Advisory Committee Activities 

Quarter  Activities Agenda 
1 TAC conference call  Introduction of project members and 

project objectives 
2 Online Survey of TAC members and other 

affiliated companies 
 

3 TAC conference call  Discussion of survey results 
4 TAC face to face meeting and conference 

call 
Reporting project progress and system 
integration results 

5 Presentation to TRB utility committee Reporting project progress and results 
6 Presentation at OKC CRS&SI workshop and 

presentation to the co-funding utilities in the 
OTD program. 

Reporting project progress and results 

7 Presentation to the co-funding utilities in the 
OTD program. 

Seeking inputs from natural gas facility 
stakeholders on the utility of our 
developed methodology 

8 Presentation to the co-funding utilities in the 
OTD program & OTD newsletter 

Reporting project progress and seeking 
stakeholder opinion on developed tools 

9 Presentation to the co-funding utilities in the 
OTD program 

Reporting project progress and seeking 
stakeholder opinion on developed tools 

10 TAC activities integrated into the Mini-
Workshop on Remote Sensing Technologies 
for Post-Disaster Risk Assessment of 
Natural Gas Pipeline Systems 

System demonstration and user feedback 
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In addition to regular meetings with the industry advisory committee, the research team has also 
focused on dissemination of the research results through conference presentations, system 
demonstrations, and workshops. Table 8 provides a summary of demonstration and technology 
transfer activities. 

Table 8 A Summary of Demonstration and Technology Transfer Activities 
Date Name Type Location 

March 29, 2015 A presentation at the Society of Gas Operators Presentation New York City 

May 14, 2015 System demonstration and research presentation to 

Mr. Winfree’s staff members 

Demonstration 

and Presentation 

Rutgers CAIT 

June 3, 2015 System demonstration to Mr. Caesar Singh, the 

program manager of CRS&SI research program 

Demonstration Rutgers 

November 3, 

2015  

Visions for the Future Forum at the 2015 Bentley 

Year in Infrastructure conference 

Presentation London, United 

Kingdom 

December 22, 

2015 

Research presentation at the NSF Prism Lecture 

Series at City University of New York 

Presentation New York City 

Jan, 2016 TRB Workshop 160 - Sensing Technologies for 
Transportation Applications 
Multi-Source Remote Sensing Data Fusion for Post-
Disaster Assessment of Natural Gas Pipeline Systems 

Presentation  

Jan, 2016 Session 428 – Hazardous Materials Transportation 
Research 
Risk Analysis of Natural Gas Distribution Lines 
Subjected to Natural Forces  

Presentation  

Jan, 2016 Session 859 – Advances in Geospatial Technology 
Applications in Transportation 
Multiresolution Change Analysis Framework for 
Post-Disaster Natural Gas Pipeline Risk Assessment 

Presentation  

April 13, 2015 Presentation at SPAR Conference Presentation Houston 

October 28, 2015 NJDOT Research Showcase Presentation Trenton 

2016 Farrag, K. and Gong, J. (2016) “Risk Analysis of 
Natural Gas Distribution Lines Subjected to Natural 
Forces” Submitted to 2016 Transportation Research 
Board meeting.  

Conference 

Publication 

 

2016 Zhou, Z., Gong, J., Roda, A., Farrag, K. (2016) “A 
Multi-Resolution Change Analysis Framework for 
Post-Disaster Natural Gas Pipeline Risk Assessment” 
Submitted to 2016 Transportation Research Board 
meeting. 

Conference 

Publication 

 

2016 Zhou, Z., Gong, J., Roda, A., Farrag, K. (2016) “A 
Multi-Resolution 7Change Analysis Framework for 
Post-Disaster Natural Gas Pipeline Risk Assessment” 
Journal of Transportation Record 

Journal 

Publication 

 

May, 2016 Presentations at Cape May UAS in Emergency 
Response Conference 

  

June, 2016 Presentation at the Mini-Workshop on Remote 
Sensing Technologies for Post-Disaster Risk 
Assessment of Natural Gas Pipeline Systems 

  



 

78 
 

In addition to the presentations and publications, we have also filed A Notice of Invention 

with Rutgers Office of Research and Economic Development. We are currently in the process of 

seeking patents on the developed system. At the end of this project, we hosted a half-day workshop 

at the Rutgers to demonstrate the developed system and software packages to a group of 

stakeholders including utility owners, regulatory agencies, and UAS startup companies (Figure 

67). The workshop was a very successful event. The workshop attendees were particularly 

interested in the demonstration part. There were great questions and discussions regarding the role 

of remote sensing, in particular the lidar technology, in assessing the integrity of natural gas 

pipeline systems. Some particular interesting future research needs that were brought up by the 

workshop attendees include the ability of using remote sensing to determine the accessibility of 

critical valves after major disasters and the role of remote sensing in locating buried assets after 

major topological changes as the results of disaster impacts. Some workshop attendees are 

interested in deploying our systems in monitoring the threat posed by flood to natural gas pipeline 

systems that are close to rivers and lakes. Further discussions are still ongoing with these 

companies in terms of establishing service provider agreement. Detailed meeting minutes and 

agenda can be found in Appendix D. 

During the course of the project, all the required quarterly reports have been submitted on 

time. For each quarter, we also have created newsletters.  Detailed information can be found at 

http://cait.rutgers.edu/pssp/monitoring. 

As part of the implementation plan task, the research team has conducted market analysis 

of gas pipeline inspection methods, and investigated how current geospatial products are used in 

gas operators’ in-house programs. This leads to the development of a business process model on 

how the developed technologies can be conveniently integrated into utility owners’ existing 

process. We found risk assessment is an essential element in the natural gas industry. Most of the 

above risk assessment approaches require high quality data in order to be useful. During large-

scale extreme events, there is a need for approaches that can rapidly synthesize information and 

condition data and feed these information into the risk assessment framework. Remote sensing is 

an effective method for gathering threat information in large areas.  However, it seems little 

integration in these two domains has been achieved. Integration of remote sensing data into the 

risk assessment frameworks is of great need for gas operators.  

 

http://cait.rutgers.edu/pssp/monitoring
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Figure 71 Remote Sensing Workshop 

To facilitate remote sensing based risk assessment, it is important to realize that a 

distributed approach would be necessary. This is due to several reasons: (1) most gas operators do 

not collect remote sensing data by their own; instead, they use publicly available data or hire 

contractors to do so; (2) most gas operators are reluctant to share data about the location and 

conditions of their assets as they are deemed sensitive: and (3) natural disasters are rare, meaning 

it is not economic for them to own software packages that can integrate remote sensing data and 

risk assessment models. Based on these observations, what we proposed is a distributed and cloud 

based business model (Figure 67). The workflow we proposed is:  the software packages are 

divided into two components: Web-based risk assessment model and a standalone software 
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package that deals with processing collected remote sensing data and detect hazardous conditions 

posing threat to the natural gas pipeline system. Once a natural disaster strikes, the gas operator 

choose the region of impact for analysis. The threat detection software gathers and processes 

available remote sensing data and detects salient threats. The geospatially referenced threat data 

are then extracted and sent back to gas operators. This step does not need detailed information 

about the locations and conditions of gas infrastructure assets. Then the gas operators upload 

encrypted gas facility data (through shuffling the data) and their relevant geospatially referenced 

threat information to the web-based risk assessment program to estimate spatially registered risk 

on their pipeline segments. This framework would not require the gas operators to purchase the 

risk assessment program and the threat detection program but only pay as you use. In the same 

time, it avoids the issue of exposing sensitive pipeline data to the third party. 

 

 
Figure 72 Proposed Business Model 

The implementation activities have also been conducted on several fronts: (1) we leveraged 

the workshop as a platform to engage utility owners and service providers. We invited utility 

owners in the Northeast region to attend a workshop at Rutgers. They include all the major players 
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in the state of New Jersey and New York. We also invited UAS startup companies such as 

American Aerospace to explore partnership in licensing our developed software and hardware 

systems; (2) we continue to deploy the developed system in several spinoff projects including a 

FEMA funded Rebuilding for Greater Resiliency project and several bridge and tunnel inspection 

projects (see below pictures); (3) we have met with Rutgers commercialization office to further 

our patent application; and (4) we are exploring establish a startup company based on the research 

products. 

 

 

Figure 73 FEMA Rebuild for Greater Resilience Project 

 

Figure 74 NJDOT Bridge Resource Program 
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Figure 75 Tunnel Inspection Project in California 

No major problems were encountered in this research. The team anticipated a complex data 

analysis and management process and scheduled into the work plan adequate time for 

accomplishing milestones. While most of these milestones have been met, two facts have 

motivated us to request for a 6-month no-cost extension.  First, additional time would significantly 

benefit the refinement of hardware systems and software packages. Robust systems and software 

packages would significantly increase the potential for successful commercialization. At the time 

of writing, the team has accomplished the integration and development of a mobile hybrid LiDAR 

and Infrared Sensing system. The system has been deployed to collect data in various coastal areas 

for performance evaluation. The point cloud and infrared imagery analysis system and GIS-based 

pipeline risk assessment tools are under full-swing development. Second, with the recent approval 

of Rutgers University as a designated Federal Aviation Administration (FAA) Unmanned Aircraft 

Systems (UAS) testing site, adding a UAS component into this project is cost effective and will 

significantly expand the utility of our proposed tools. With this in mind, we expanded the 

capability of the originally proposed point cloud and infrared imagery analysis system and the 

GIS-based pipeline risk assessment tool such that they can seamlessly integrate UAS-borne 

imagery and 3D data into the proposed threat detection framework and GIS-based risk analysis 

tools. At the end of this project, the system is fully functional and has been deployed in various 

other research projects. This   fully demonstrated the impact of this project.
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CHAPTER 6. FINDINGS AND CONCLUSIONS 

This project is a 30-month journey to develop exciting new geo-capabilities in collecting 

necessary geospatial data and turning these data into critical tools for rapid assessment of the 

integrity of natural gas pipeline systems. The research team has met all the goals of the research 

proposal.  

First, the research team successfully developed a hybrid mobile lidar and infrared system 

that can scan utility infrastructures, more specifically natural gas utility infrastructure, and their 

surrounding environment at travel speed. The system is fully functional and has been deployed in 

many critical project scenarios to collect data relevant to risk mitigation and disaster prevention.  

Second, the research team developed a threat detection software programs that can fuse 

multi-sourced geospatial data, whether it is data from airborne or mobile lidar, and detect and 

quantify threats to natural gas pipeline systems. The program is capable of providing quick 

visualization capabilities in a web browser environment, gathering necessary data, and processing 

data into critical insights into threats. 

Lastly, the research team developed a web-based and GIS-based risk assessment and 

visualization system for detecting, ranking, and visualizing high risk pipeline segments based on 

threat information inputs. The system integrated pipeline mechanistic models, existing pipeline 

risk models, and remote sensing data into a streamlined tool for wide-area assessment of natural 

gas pipeline systems following major hurricane events. 

We have carefully designed the above three components into a workflow that matches 

utility owners’ business and operation processes. The methodology developed in this project was 

repeated refined based on inputs from the technical advisory stakeholder groups.  Their feedback 

and support, in some case such as providing testing facilities, have made this project possible.  

During the course of the project, the research team has made many presentations to the relevant 

professional society. The project has been highlighted in several issues of Rutgers CAIT 

newsletters.  We have already published one journal paper and two conference papers based on 

this research, with three more journal papers and one more conference papers in the final stage of 

the preparation. 
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We are currently seeking patents for the project products including the hardware system and the 

software components. The hardware system has been named as SPIRIT (SPatIally Resolved 

Infrared Thermography). We are also currently seeking establishing a resource center for several 

gas utility companies and for New Jersey Board of Public Utility. The resource center will focus 

on implementing and deploying the products out of this research into their operations.  
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