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Abstract
The challenges presented by the global pandemic and slump in oil prices have imposed costly avoidance measures and delayed 
project timeliness, but it also has created the opportunity for innovation conditions in industrial non-destructive testing. 
The evolutional path leveraged by Industry 4.0, present sustainable offerings of robotic platforms, digital solutions and con-
nected devices commonly known as the Internet of Things (IoT) that may assist in recapturing some of the current losses. 
The landscape is broad with staggered adoptions. An overview of the Industrial Revolutions, related developments in NDE 
4.0 and specific focus on North American radiography in the petroleum industry is highlighted. Additionally, focusing on 
the importance of shared transparency and burden throughout the value-chain to ensure efficacy throughout the migration, 
and the human contributor for collaborative transition and skills required for the future. The evolutional path of Industrial 
revolutions leads to Industry 4.0 which presents opportunities with Artificial Intelligence, and connected devices commonly 
known as the Internet of Things (IoT). This article focuses on three major issues for consideration in the development of 
a strategic plan to capitalize on the advancements of digital radiography in the petroleum sector. The components are the 
technological NDE 4.0 transformation, the need for a new and realistic perspective of digital radiography, and the challenges 
of developing a workforce to adapt to the transition of NDE 4.0.
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1  Industry 4.0: Evolution of Technology

1.1  Background

Revolution in science, society and government can have a 
birthdate where one can clearly see the time before and after, 
like the development of penicillin, or Arab spring; however, 
industrial revolutions evolve over long periods and are often 
marked by the decades that they blossomed and grew into 
wider adoption, at least in the industrialized societies.

The design and use of first steam engines can be used as 
an indicator for 1st industrial revolution, i.e., Industry 1.0, 

in the late eighteenth century. By the late nineteenth century, 
adoption of mass production in factories and the introduction 
of electrically powered assembly lines are often considered 
the turning points in the price of goods reduction and are 
considered the 2nd industrial revolution or Industry 2.0. The 
birth of personal computers, miniaturized electronics, and 
the use of automated robotics in industry form Industry 3.0 
in the 1970s [1, 2].

1.2  Industry 4.0

In recent years, many different buzz words promise the 4th 
revolution in industry, including; Artificial Intelligence (AI), 
advanced robotics, automation, and virtual reality. Each of 
these tools was enabled by powerful computers with larger 
and cheaper data storage capacities, taking the form of 
remote supercomputers or cloud computers. These technol-
ogies are revolutionizing industries including retail, trans-
portation, banking, medicine, and manufacturing. While 
the changes were significant in some cases, neither one was 
significant enough to become the anchor point of Industry 
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4.0. Following these initial deployments, some revolutionary 
technologies like blockchain and crypto-currencies, additive 
manufacturing, 3D printing, and finally production of low 
cost connected systems often in the form of a data collec-
tion system known as the Internet of Things (IoT) makes the 
prospect of another revolution greater [3].

Those trying to define what Industry 4.0 is are mainly 
referring to a connected digital world that is correlated 
with the physical world [1, 2, 4–6]. This correlation, often 
described as digital model, which monitors and controls its 
physical twin and it is often referenced as “Digital Twin”. 
The digital twin correlation can be manifested in smart 
homes, autonomous vehicles, and industry. It can be an 
autonomous distribution warehouse or a modern refinery 
with 24/7 continuous monitoring and control of the process 
and assets. In most of these cases, the digital twin is made up 
of data gathering and a display dashboard, as well as, sophis-
ticated computer models to comprehend the data, analyze it, 
and make decisions based on predefined requirements and 
rules to optimize the performance of the asset [7]. Figure 1 
visualizes the relationship between a physical asset and its 
“Digital Twin” and how they interact.

1.3  NDE 4.0

NDE 4.0 proposes connectivity on every level from measure-
ment and testing of the asset, to storage and transfer of data, 
to data analysis and decision making, to reporting and con-
secutive actions by the asset owner or its proxies and ven-
dors. Traditional communication is challenged by modern 
digital pipelines of data. The infrastructure of this commu-
nication is evolving very rapidly, and as it does, the cost of 
modern platforms is continually decreasing. This reduction 
in expense will force industries to adapt or become outdated, 
and in extreme cases extinct. In this section, we will look at 
the effect of modern connectivity on the different aspects of 
Non-Destructive Examination (NDE) processes.

NDE imaging, using modern equipment like digital radi-
ography, captures images in a digital form that is ready to 

be stored on computers. This enables real-time analysis and 
connectivity of the information from the test site to the end-
users. An inspector evaluates the quality of the asset; asset 
owners can track the history of the component and commis-
sion needed repairs; and auditors can audit the NDE vendor 
and asset owners to see if they meet the regulations and 
standards.

2  Industrial Technology Enabling Migration

2.1  Connectivity

There are various NDE connectivity technologies, which 
permit communication using conventional methods like 
Wireless Fidelity (WiFi) and cellular to exotic methods; 
such as, satellite communication. Connectivity is an impor-
tant element in the evolution of the industrial world. There 
are many secure Low Power Wide Area Network (LPWAN) 
in the market claiming optimal connectivity for the IIoTs, 
including the most well-known commercial protocols LoRa, 
LoRaWAN, SigFox, WirelessHART, NB-IOT, CAT M1 [8, 
9].

2.2  Cloud Computers

Next, data needs to be stored and be available to multiple 
end-users. Common communication tools like emails are not 
suitable for transfer of large data sets or sensitive data from 
inspection of assets. The solution to this “big data” issue is 
access to powerful servers connected to the internet with 
user access privileges, encryption, and with an abundant 
supply of resources like computation, storage, and band-
width, commonly called “cloud computers”. The commer-
cially available clouds are expanding their capabilities and 
reducing their price and risks, making them viable option. 
Some of the most famous commercial clouds are Amazon’s 
AWS (Amazon Web Services), Google’s GCP (Google 
Cloud Platform), Microsoft’s Azure, and IBM’s Watson or 
Maximo. These platforms have varying degrees of services 
including file-sharing, SharePoint, web hosting, databases, 
AI tools, computational resources, security and privacy pro-
tection tools, and most importantly different data storage 
mediums with features like archival and retrieval speed, back 
up periods, and costs.

2.3  Data Formats

There is no platform or technology which has dominated 
the NDE world and specifically for radiography techniques. 
However, the pioneers in image analysis and Industry 4.0 
have been active in the medical field and lay precedence 
for a potential path. Many companies and universities have Fig. 1  Schematic diagram of the Digital Twin for NDE 4.0
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been working on Assisted Diagnostics and screening tools 
for physicians in the medical world. A widely accepted 
standard for imaging in the medical field is called DICOM 
(Digital Imaging and Communications in Medicine) [10]. 
These techniques and standards have been suggested for 
NDE applications. A convergence on one format has cen-
tered around DICONDE (Digital Imaging and Communi-
cation in Nondestructive Evaluation) to support a unified 
data exchange by The American Society for Testing and 
Materials (ASNT) through E2339-15 Standard Practice for 
DICONDE [11]. However, there has been no concrete move-
ment in that direction by technical associations like ASME 
(The American Society of Mechanical Engineers), or API 
(The American Petroleum Institute), or ANSI (American 
National Standards Institute).

2.4  Artifactual Intelligence

Artifactual Intelligence (AI) and its subfields like Machine 
Learning (ML) have upended many industries traditional 
approaches. The Assisted Driving and in its ultimate form 
Autonyms Driving in automotive industry [12], Auto Pilot 
for Aviation Industry [13], and the Assisted Diagnostics 
for MRI, CT, and X-ray images in medical field [14–18] 
are just some examples of how this technology is revolu-
tionizing industries and assisting professionals by increas-
ing their accuracy and reducing the risks associated with 
human errors. In all these examples human life is at stake 
and any error in algorithms could have catastrophic conse-
quences. Additionally, many regulatory frameworks have to 
be updated to accept this technology and define the liabilities 
and acceptance criteria.

Adoption of AI based tools for NDE and Structural 
Health Monitoring (SHM) has already initiated by many 
works in academic world [19–23] and some industry initia-
tives [7]. However, wide transition of these tools to NDE 
industries is slower than desired. There are still many chal-
lenges to be overcome including Verification and Validation 
of the performance of these tools and techniques for many 
different NDE methods and industries, integration of these 
tools into the governing codes and standards and into NDE 
equipment and infrastructures.

2.5  Codes and Standards

The adoption of any change by technical associations has 
many folds, including providing a reliable and clear techni-
cal roadmap of what is acceptable, and how data and reports 
should be prepared and archived. Also, there is the legal 
aspect in terms of liability of different parties involved, train-
ing required for the technicians, level I, II, and III inspectors, 
as well as, the auditors’ knowledge which are set by technical 
associations. Many technical associations including but not 

limited to ISO, ANSI, ASNT, ASME, and API are involved 
and each one will define some aspect of this transformation.

While some technical associations have already devel-
oped codes and standards for digital radiography, there is a 
lack of awareness in the NDE community on what NDE 4.0 
and connected nature of the new era entails. One can argue 
that this an issue beyond NDE and should be addressed by 
other technical associations like IEEE (The Institute of Elec-
trical and Electronics Engineers) and IEC (The International 
Electrotechnical Commission) as they are the true experts 
of that aspect of data and its handling, just like how OSHA 
(Occupational Safety and Health Administration) covers the 
safety of personnel involved in NDE community. The coun-
terargument has been that there is no reference to any of the 
standards developed by associations like IEEE or IEC and 
there are gaps in terms of standard data structures for differ-
ent NDE techniques.

For example, in the case of radiography as an NDE tech-
nique, the NDE radiography community must adopt any 
of the available standards or develop one in collaboration 
with the experts of those fields if none of the existing ones 
serve the NDE community’s needs. Other gaps may include 
standards for privacy and security of digital data, compres-
sion model/file format to handle the image files, and any 
naming and scaling conventions that could be utilized for 
data archival of the digital images. In lieu of accepted guide-
lines by the technical associations, it is up to the hardware 
manufacturers, service providers, and asset owners to choose 
the framework of adoption. This makes switching from one 
hardware to the next or this vendor the next a costly transfor-
mation, which would prevent the asset owners from adopting 
the new technology.

3  Market Migration in Industrial 
Radiography

In this paper we will focus on the Radiography in the oil and 
gas industry, however we acknowledge that similar com-
parisons and study could be done for different industries 
and their specific application and journey into the NDE 4.0. 
Market projections present a level of optimism in availability 
of NDE technology, but there is a gap in ideology and path 
to adoption. Businesswire 2019 published, “the global IoT 
in the oil and gas market is expected to reach $43.48 billion 
by 2024, rising at a CAGR of 21.86% from 2019 to 2024” 
[24]. While Gartner also revealed that “53% of oil and gas 
companies have failed to implement IoT technology and are 
not planning to do so” [25]. It invites the question of “Why?” 
A potential reason is many of the North American refineries 
are between 50 and 120 years old, and Gartner also states a 
key cause for the delayed adoption is “Evolving strategies 
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and intensifying digital ambitions have rendered the oil and 
gas IT operating models unfit for purpose” [26].

To bridge the gap and capitalize on NDE 4.0, there must 
be a collaborative charter that is pushed throughout the 
value-chain for seamless transition to ensue stepwise itera-
tions for the collective good. A clear messaging from the 
asset owners of their vision supporting the ideal condition in 
conjunction with value-stream, including the onsite inspec-
tion company, the equipment manufacturer to optimize sys-
tem performance is needed to standardize potential solu-
tions. The collaborative approach invokes an industry-wide 
adoption and commitment to change while sharing through 
honest transparency and burden in cost of change manage-
ment throughout the value-chain with primary importance 
on dataflow and fidelity. The value-channel may be differ-
ent if addressing Mechanical Integrity issues on existing 
legacy facilities or planning, construction of expansion/
new projects.

With legacy sites, the battle of current infrastructure may 
take incremental adaptations where collaborative dialogue 
with owner/operators, inspection service providers, equip-
ment manufacturers, IT, etc. to manage the Capital Expen-
ditures and valuation of the direct/indirect cost and efficien-
cies. This will cultivate a sustainable business strategy and 
human-factor migration throughout the evolving vision. 
On the other hand, Expansion/New: looking forward to the 
future where the potential of digital twins and digital tracea-
bility require a vision from the asset owner and collaborative 
transparency with the EPC (Engineering, Procurement and 
Construction) for design with the future ideal condition in 
mind. Unmanned offshore platforms needs are different from 
legacy but can be designed with the target in lieu of brown-
field retrofitting. Codes/Standards must adapt to meet future 
and present needs like robot access or in situ monitoring in 
lieu of human entry. The development of future communica-
tion solutions must be considered with inspection hardware 
solution roadmap designs to present future innovation.

3.1  Industry Challenge

A conversation of concept, adoption and utilization still 
trickle down with many questions regarding the practical-
ity of execution of “What”, “Where”, “When”. Open dia-
logue and clear view to successful use cases in deployments 
throughout the oil, gas and petrochemical industry can esca-
late and support industry-wide adoption.

Some of the “what” that need definition are, cloud 
platform standardization and communication protocols 
(mentioned in earlier section) from the industry so that 
the value-chain (Owner/Operator, onsite inspection com-
pany and equipment manufacturers) can build a strategic 
development trajectory. Another key aspect will be the 
data linking in both directions affording a reliable data 

exchange to and from Risk-based Inspection (RBI) plat-
forms where machine learning protocols can continue to 
evolve in accuracy and reliability.

The focus on developing “where” to prioritize spe-
cific capabilities are best directed by the asset owner with 
insights from the onsite inspection company’s vantage to 
new technologies and the equipment manufacturers devel-
opment roadmap. Additionally, weighing the provisions 
site-wide or controlled areas of the plant. In recent years, 
bold claims by owners requiring robotics to be used for 
confined space inspections, open the pathway for devel-
opment and tracking for challenges that may not be suited 
well with current technologies. This top-down forced ini-
tiative support where industry focuses on solutions. Some 
opportunities are driven by regulatory bodies and govern-
mental reporting, as seen in the pipeline industry.

The recent requirements of geospatial tracking can best 
be satisfied either through the inspection equipment if the 
needs are understood or by the service company. Working 
together assessing a reliable standardization can support 
the evolution of the industry as a whole instead of a com-
petitive advantage which can ease in adoption and change-
management. Evaluating it on the macro-perspective can 
help with solutions that may decrease project costs and 
timeline compressions that satisfy regulatory require-
ments. Another industry trend is autonomous/unmanned 
platforms and FPSOs (Floating, Production, Storage and 
Offloading) demand digitization and present controlled 
environments, this requires multi-disciplinary collabora-
tion and standardization from design, fabrication to run 
and maintain. Progressive owners need to work with con-
struction codes for future solutions. A 24″ manway may 
not be necessary if the future is viewed with in situ robots 
in continuous inspection mode. Changes of this magni-
tude require drastic measure, but assurance of integrity 
must govern. Collectively a framework validation model 
must be established to open the technical landscape will 
clearly defining the “swim lanes” for validation. Protocols 
may leverage existing Performance Demonstration Quali-
fication (PDQ) models or Probability of Detection (PoD) 
respective to Level of Consequence (LoC).

A third aspect of transparency must focus on the 
“when” aligning current capabilities of equipment, gen-
eral connected technology and the strategic plans of the 
future. As 5G is still evolving in this space, the value-chain 
must evolve with it in synchronous progression. The sim-
ple answer of timing is now.

The collective evolution industry-wide in aligning, 
developing and deploying a sustainable solution must be 
of collaborative value. The creation of an over-arching 
roadmap can align hardware, software, procedures and 
personnel for a secure migration.
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4  Use‑Case Review

Ideal context may be seen in conventional industrial radio-
graphic testing as it has virtually been unchanged for the past 
75 years and remains the number one method for volumet-
ric examination while other methods like ultrasonic testing 
continues to evolve. While digital solutions are available, 
the North American market maintains an estimated share of 
approximately 85% film utilization. Radiography must find 
a path to the digital age.

It is important to embrace this dramatic transition to digi-
tal radiography through-out the value-chain (previously dis-
cussed) for adoption to be successful. The focus must shift 
away from lowest price per exposure or day rate bid to sus-
tain the investments in materials, procedures, processes, and 
personnel. Weighing the efficiencies of the long game need 
to be paramount. Purchasing must align with the vision of 
the digital future with weighted metrics of strategic migra-
tion path as significant as safety record to motivate progres-
sive partners.

The undervalued weight of data quality and seamless data 
flow, the speed in which acquisition to evaluation is attained, 
increased capabilities in data management, increased safety 
factors and global collaboration experienced through digital 
radiographic solutions must tilt the scales in the price discus-
sions. The ecosystem of Digital Twin is only sustainable if 
the data is of high quality, seamless exchange in architec-
ture and infrastructure and the workforce skills match the 
technology. The question begs, why is there such a dispro-
portionate percentage of radiographic testing still utilizing 
conventional film when digital solutions exist in Computed 
Radiography and Digital radiography? Desire and action 
must converge. Expense of change may be an obstacle, but 
fear behind the hype of Artificial Intelligence (AI) may need 
demystification for adoption to ensue.

4.1  Precedence: Banking and Medical

Personal use-cases may help with vantage and confidence 
in transitioning to connected, digital data and cloud com-
puting and demystify the reluctance as they may apply to 
digital radiography. Assumed confidence has been dispensed 
in the secure transference of sensitive information in the 
banking industry with shared correlation to inspection in the 
algorithms used that transfers funds from a photograph. The 
migration from paper checks at teller for deposits to current 
condition of scan check images is trusted, accurate and the 
direct transfer provides time savings and cost savings for the 
institution and individual.

In 2010, it was stated, mobile deposit was a thing of the 
future [27] and at that time broached similar concerns in 
NDE of fraud and the privacy of financial data, now is com-
monplace. Personal data privacy, accuracy in of amounts to 
specific locations are more aligned with industrial aspects of 
NDE, if embraced. Additionally, many large banks leverage 
technology that use Artificial Intelligence (AI) and Machine 
Learning (ML) to decipher and convert handwriting into text 
via Optical Character Recognition (OCR) that has a long his-
tory in converting handwritten image documents to digital 
files of characters and other neural networks support fraud 
detection (Fig. 2 Script to digital Convolutional Neural Net-
work. IEEE Gradient-based Learning Applied to Document 
Recognition [28]) presented in 1998 Proceedings by IEEE 
[28]. Connected devices and image algorithms transfers our 
most important personal assets both data and finances with-
out question. Similar Convolutional Neural Networks and 
other Deep Learning solutions may be used to assist the 
technician in detecting, characterizing indication in digital 
radiographic examination. Similarly aligned with NDE the 
well-established diagnostics widely used in the medical 
industry for digital radiographic assessment. The benefits, 
security and remote review capabilities offer an understand-
ing potential workflow and data pathway that may be used 
by the industrial sector. Leveraging deep learning for auto 
diagnostics, which is unfamiliar to many, but has established 
confidence it has placed in many aspects of our existence 

Fig. 2  Script to digital Convolutional Neural Network. IEEE gradient-based learning applied to document recognition [28]
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[14–18]. The mature aspects continue to evolve past with 
apprehensive utilization in NDE must be discussed and 
addressed.

Assessing across aspect of personal experiences and an 
array of markets, innovation can draw from potential solu-
tions radiographic acquisition, evaluation, transmission, and 
storage. Soon it will not be a question of should, but an 
emphatic must adapt and adopt these technologies. Collec-
tive elevation should be for the greater good and not slated 
as a competitive advantage or product feature focus.

It is prudent for the value-chain to converge on a stand-
ardized validation protocol to minimize barrier to entry of 
the vast networks of technology, but clear vantage to the 
framework to assess Technical Readiness Level (TRL).

4.2  Industrial Use‑Case: Maintenance 
and Inspection of Legacy Sites

One example of value-chain engagement in the migration to 
leverage NDE 4.0 through legacy sites in the can be recog-
nized in the Corrosion Under Insulation (CUI) inspection. 
With approximately 5–10% of the overall turnaround cost 
allocated to people, labor, and materials (excluding cleaning 
and other preparation), optimizations garnered through the 
digital migration may exponentially offset initial investment 
for this transition from film. An honest evaluation in optimi-
zation to the inherent aspects of film, Computed Radiogra-
phy (CR) and Digital Radiography (DR). Highlighting the 
benefits of migration overshadow the investment by optimiz-
ing operator repeatability, intuitive workflow management, 
data fidelity, digital project scheduling, no chemical manage-
ment and film storage as it pertains to materials that must 
be affirmed to the progressive bids and contract lets. Action 
follows reward and the message must resonate [29, 30].

A $2.5 trillion annual global spend by CUI has been 
labeled as the root cause of global industry challenges forc-
ing shutdowns, lost production; early repair/replacement and 
safety and environmental consequences [31]. Radiography 
capability to interrogate while not requiring the cost and 
potential damage caused in the removal of the insulation. 
Current bid formatting is based around legacy use of film 
presenting little motivation for onsite service provider to 
invest in hardware and training of personnel required for 
digital imaging. Increased value of radiography in the film 
to digital migration should focus on the backend value (cost) 
of reliable data utilization and storage. Although not exhaus-
tive example, the material portion of the turnaround may 
view the $0.85/sheet of 4.5″ × 10″ film cost in contrast to the 
Computed Radiographic (CR) plates can range in the $150 
per similar size plate. A holistic view must be leveraged ver-
sus low bid. Digital data affords utilized for future baselin-
ing and potential trend analysis, direct linkage to Inspection 

Data Management System (IDMS) the digital data values or 
findings and support mitigation of human factors.

Transparent considerations should be considered with 
assessing the value of digital migration. Film delivers an 
image in an “as processed” state with limited ability to 
enhance for increased detection; film speed selection (D2–7) 
specified pre-inspection which can limit adaptability and 
raise another opportunity for error; single use that require 
chemical processing (developer, stop bath, fixer, rinse, sur-
factant rinse, dry) generating environmental waste; substan-
tial time even when batch processed that delay results and 
film storage housing and/or disposal environmental impli-
cations of heavy metals. Where Computed Radiographic 
imaging plate, the cost can be amortized to present a lower 
cost impact. Similar price correlation as above, a 4.5″ × 10″ 
averages ~ $150 per imaging plate. With proper handling 
can produce upwards of 1500–2000 exposures and decrease 
media use to $0.10 to $0.08 cents/exposure with an average 
use of 100 exposure at $1.50 per exposure. Much of the 
profitability resides in the human factors with effective IP 
management care from the inspectors.

In lieu of chemical processing, scanner is used excite 
latent information from the Imaging Plate (IP) into a digi-
tal (pixel/voxel) output that can be easily linked to IDMS 
and digital storage for archiving traceability and does not 
fade over time like film. Unlike film evaluation in “as pro-
cessed” state, CR leverages the availability of image opti-
mization techniques, like filters, resizing, compensation for 
lower dose in scanner settings may afford increased safety. 
Another solution that provides near-real-time review can 
be seen using Digital Detector Arrays (DDAs). Although 
Digital panel rigidity may limit some of the applications and 
may present scalability challenges initially, opportunities do 
exist in format linkage to digital IDMS system, immediate 
direct review with potential for remote and global distribu-
tion to increase reliability and decrease reshoots. Addition-
ally, digital file storage versus hard storage are just a few of 
the recognized data advantages.

Both CR and DR provide environmental benefits, for 
example, not requiring chemical processing, management or 
disposal, there are associated safety benefits through source 
maximization in panel sensitivity allowing for lower curie 
strengths and alternative source selection providing for less 
impact on operations. Due to the non-contact to the part 
(unlike film, CR), can accommodate expanded temperature 
challenges. A very important value-proposition for conver-
sion is the ability to evaluate with filters in post-process-
ing. Below in Fig. 3 demonstrates the same exposure with 
enhancements providing opportunity for further interroga-
tion. The left image provides enhanced view of the condi-
tion of the insulation and the far-right corrosion of piping. 
The data is unchanged, just enhanced to leverage viewing 
benefits.
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With the additional benefits of digital data, the ability for 
Assisted Analysis software tools may enhance the techni-
cian to focus on areas of interest and dispositioning versus 
mundane review of mostly acceptable images. The future 
may align with the medical radiographic process of auto-
detection in the examination phase. Establishing validation 
frameworks may increase adoption and confidence as the 
technology continues to advance. A few advantages may 
be in increased reliability, minimizing fatigue and potential 
oversight.

Although disruptive to the current ecosystem for both 
the onsite service provider and the asset owner, the conver-
gence to the overarching migration support more expedi-
tious transition for optimal operational benefits and increase 
data fidelity. The transitioned pressure of evaluating partners 
(inspection providers, equipment manufacturers, software 
and connected pathways) must be transparent for the col-
lective benefits to operation and not a low-bid scenario to 
dominate.

4.3  Use‑Case: Expansion/New Construction Projects

An estimated $27.7 billion is active in CAPEX spend pipe-
line projects are at planning and engineering phase [24]. 
Businesswire, reported in March 2020 that 70% of the 
domestically produced petroleum products are expected to 
be transported by pipeline and there are currently 2.4 million 
miles of natural gas and 190,000 miles of liquid petroleum 
pipelines through the US [32]. Industry is actively engag-
ing in efforts to embrace technological innovations that har-
ness cost-reduction, increased regulatory compliance and 
advanced innovations. These activities present prospects 
to capitalize on the digital transformation and migration 
through status-quo of legacy inspection solutions into NDE 
4.0.

Opportunities exist to focus on a sub-segment in the 
new construction projects. Focusing on a high impact area 
of small diameter pipe weld quality inspection that still 

entrenched in film and force analog to digital migration 
obtained through a stepwise iteration that unlock a wide 
variety of productivity and performance benefits. The dis-
ruption of COVID-19 and projects being delayed/deferred, 
an evaluation through current business strategies may ben-
efit by aligning throughout the value-chain. Specifically, the 
value-chain entailing asset owner; Engineering, Procurement 
and Construction (EPC), inspection company and equipment 
supplier to collaborate for ideal condition and can capitalize 
on the digital transformation through review of current writ-
ten procedures on project lets and potentially re-negotiated 
contracts with the future in mind. Although potentially an 
initially higher per/weld rate to accommodate the hardware 
transition, the benefits on digital data, geospatial linkage, 
data storage, global collaboration and timeline compressions 
in overall project may justify the transition.

When seeking to understand the volume of radiographs, it 
is imperative to weigh the full value-proposition and not just 
per image impact. Price-point correlations may not consider 
the imbedded costs of chemical storage/disposal, processing 
time, dark-room requirements and storage when required on 
various projects that has been amortized over time. The lull 
of conventional norms almost nullifies the honest embed-
ded inefficiencies and potential new capabilities like remote 
review and storage in bytes versus vaults. Industry must take 
a hard look at the full impacts of film processing, some con-
siderations (not exhaustive) may help in consideration.

The start-up of a digital fleet may offer advantages over 
retrofitting conventional film business models. Outfitting 
a truck with darkroom, chemical bays and other required 
accessories may run upwards of ~ $150K/unit for either film 
or CR, but the portability of DR may be managed with a 
panel, source and a laptop. This also allows for project port-
ability from location centric rental. Additionally, in the fleet 
of X-ray trucks, some regions may have 50–150 rigs contain-
ing multiple chemical reservoirs that must be stocked with 
processing chemicals; maintained for proper concentrations 
and contamination mitigations that in turn must manage the 

Fig. 3  Digital Radiographic filter utilization for optimized inspection



 Journal of Nondestructive Evaluation (2021) 40:17

1 3

17 Page 8 of 12

disposal costs that can easily be $6000/month. Forgoing the 
processing time for film, DR offers fast onsite review within 
seconds and offering higher resolution enhanced through 
post processing enhancement tools.

Digital allows for real-time review minimizing re-shoots. 
It is stated that there is an average of ~ 5% re-shoots on a 
given project, the impact may be burdensome requiring addi-
tional set-up and return to location yielding costly project 
delays. Digital also allows for global collaboration of digital 
image evaluations which can help in resource management 
flexibility and with the overall project oversight, scheduling 
and communication. In a tablet format, digital workflows 
can be created for or by the service provider’s needs and 
support minimization of Human Factors and ensure repeat-
able performance. Additionally, the potential to utilization 
of Assisted Analysis tools support the maximum utilization 
of technician efforts and time. The overall project benefits 
with faster response to production and multiple locations 
globally, where film is a single hard image.

Two other important considerations are the storage of 
the images and potential benefit of reduction in exclusion 
zone. Film storage time requirement vary up to the life of 
the plant and are subject to fading over time and massive 
storage requirements either onsite or off-site for a fee with 
compounding charges. Accessibility imposes another bur-
den if needed. With the sensitivity of the panels, there is 
the potential to reduce exclusion zone with lower doses and 
more image acquisitions while still yielding more sensitive 
images.

Disruption is not a task for the faint of heart, but clinging 
to a very profound quote from Wayne Dyer “If you change 
the way you look at things, the things you look at change” 
can drive our view of progress, adoption of NDE 4.0 may 
become a closer reality. In conclusion, we discuss how new 
digital technologies can revolutionize a wide range of rou-
tine operational and maintenance tasks for the oil and gas 
industry sectors. Every day, more and more technological 
breakthrough options will become available on the mar-
ket and eventually may augment the human element for 
collaborative efficiencies elevating baseline. This digital 
dependence on computers, automation, and the many forms 
of artificial intelligence invoke transparency and training 
to increase operational efficiencies and profits globally 
throughout the industry.

5  Tactical and Practical Aspects of Change 
Management: Human Factor

NDE 4.0 has already demonstrated that there is a systematic 
integration of multiple technologies that had a direct affect 
upon how to plan and conduct radiography in all industries. 

But there is another side to this progression that needs to be 
addressed and it deals with the “human element.”

As the lines blur between film and digital radiography 
there is a critical need to develop and implement a plan of 
action that will address, the challenges of technology and 
NDE 4.0. Besides the technical component of the digital 
evolution we need to accept that one of the hidden catalysts 
for meaningful change is dependent upon its acceptance by 
organizations and the individuals that these changes will 
impact.

It’s universally acknowledged that change is hard. Enter-
prise level change of digital transformation requires exten-
sive changes within technology, training and certification, 
systems, processes, financial investments, and often com-
pany culture. Change is required of employees, partners, and 
sometimes customers as well [33]. The entire landscape of 
radiography testing is changing and one of these essential 
components of change starts with the NDE technician.

A recent survey [34] conducted by PQNDT states “Our 
most recent salary and benefits survey of the NDT industry 
was full of interesting facts. But one that stands out as wor-
risome was the average age of the respondents: 42 years, 
with more than 13 years of experience in the industry. Why 
worry about this figure? It shows a definite ‘maturing’ of the 
NDT workforce, which is a good thing in terms of experi-
ence and professionalism. But as NDT workers continue to 
age, is there sufficient young talent coming up behind them 
to fill a growing need?”

This survey points out an important question related to “is 
there sufficient young talent coming up behind them to fill a 
growing need?” [35]. This survey points out that not only is 
there a need for “sufficient young talent” to enter the NDE 
field in the upcoming years, but also the curriculum used to 
develop their skills must reflect the technological capability 
of the NDE Methods. Although beyond the scope of this 
paper the question related to the applicable NDE curriculum 
is applicable as it relates to our colleges and universities 
for the development of our workforce’s future in design, 
research and engineering.

The evolution of Radiography Testing provides us the 
opportunity to see, experience and learn how multiple tech-
nologies and market demands have come together, highlight-
ing the need for a holistic strategy that puts the human ele-
ment at the core of meaningful changes. The Radiography 
Testing migration into the digital world demands that peo-
ple involved in all levels of radiography testing refined their 
knowledge and skills to capitalize on the potential offered 
by technological integration.

New techniques such as computed tomography and reso-
nant acoustic method are being used for what is called “full 
body inspections” provides an overall evaluation of a compo-
nent are being used by NDE Testing Labs. Testing systems 
are becoming faster and cheaper as demand increases. The 
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acceptance of these technologies and NDE applications will 
only accelerate in the upcoming years.

NDE 4.0 highlights the growing challenge that industry 
documents like, ASNT, SNT-TC-1A, ISO 9712 and others 
must adapt to the changing technology landscape for the quali-
fication and certification of NDE personnel. These advance-
ments demand a refreshed perspective of the needs for the 
NDE practitioners to learn and utilize digital radiography. 
What should or should not be included in a RT training pro-
gram is beyond the scope of this paper however NDE 4.0 does 
open the door for constructive conversations of how industries 
can find a uniformed yet adaptable qualification/certification 
model that could be established as the foundation of moving 
forward.

As new flexible RT automated systems are integrated into 
the workplace, organizations must develop multiple strategies 
to develop the technician’s ability to perform both the repeat-
able and different tasks. The NDE 4.0 RT technician will need 
to be trained to detect the complexities and subtleties that new 
technology has introduced into the inspection process.

A critical component of the RT qualification and certifica-
tion process is the NDE trainer. The NDE trainers is on the 
front lines of the NDE 4.0 process and is challenged to find 
innovated ways to reach the technicians both in the class-
rooms and back on-the-job. There are signs that companies 
are moving in the right direction of creating processes to pro-
vide technical training and development programs related to 
digital radiography, but these changes are taking place in an 
isolated manner.

RT trainers need to master a range of soft skills that are 
normally not address in these sort of technical papers however 
for our efforts to be successful the RT trainers must have not 
only understand the new technologies but also command the 
skills to transfer these technologies into practical and measur-
able actions.

Besides their technical skills the trainers should also have 
the following three characteristics:

• Empathy individuals who teach advanced RT systems will 
need to display an understanding of the transitional issues 
related to traditional RT practices and the RT migration to 
advance technology-based applications.

• Adaptable individuals who teach advanced RT systems 
with the understanding that with the advent of more pow-
erful technology tools, computers and data analysis capa-

bilities we have entered an age of continuous updating of 
applications, tools, code and technician’s skills.

• Integrated/Interaction individuals who help develop the 
technician’s behavior on-the-job by using a combination 
of monitoring applications, coaching, and continuous 
training strategies.

During this 4.0 evolution there are no signs that digital 
radiography will do away with the framework that has been 
developed through years of film radiography. In other words, 
there will still be level I, II and IIIs and there will still be 
the need for interpreters needed for the transformation of 
NDE 4.0 into reality. There will continue to be the need 
for radiation safety, technical RT skill training, on-the-job 
experience and the need for a structured qualification and 
certification process.

Digital radiography is not tearing down the walls of film 
radiography testing. In fact, digital radiography is allowing 
us to build on a proven successful film radiography, a foun-
dation that 4.0 can build upon.

Figure 4 illustrates that change is more than embracing a 
new technology. Change is personal and as digital radiog-
raphy testing moves forward; we are reminded that many 
change efforts fail because people are insufficiently prepared 
for change. When people are not prepared, they are more 
likely to resist the change effort and less likely to function 
effectively under the new system or process.

From the company and organizational perspective there 
is a need to recognize that history shows that innovation 
could and has yielded greater inequality, particularly in its 
potential to disrupt the workforce. As automation substitutes 
for traditional inspection processes there will be a degree 
of displacement of workers by new hardware, software and 
inspection applications.

Organizations and companies have started the process of 
planning and investment into the strategy that will develop 
the workforce needed for today and tomorrows innovations 
in Radiography Testing. Radiography Testing is no excep-
tion. Figure 5 illustrates the cycle of relationships that are 
needed to fully realize and leverage NDE 4.0. These relation-
ships along with technological innovations have challenged 
the way that we conduct radiography at every stage from 
design and engineering of products, managing the manufac-
turing process, planning inspection cycles, implementation 
of the testing process, evaluation of product compliance to 

Fig. 4  Resistance and accept-
ance to change
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established codes and standards and the recording of the 
testing results.

What makes this even more of a challenge is that this evo-
lution is not static, it is a dynamic process that will continue 
to occur. In other words, we need to remember that after 
NDE 4.0 will come 5.0 and so-on. As we explored earlier 
in this paper anyone using computed radiography and digi-
tal radiography will need an ongoing understanding of the 
new generation of equipment and software that makes up 
the Radiography Testing process. But that is only the start 
of what is needed to be taught to the 4.0 RT technicians and 
managers. We also are faced with developing systems and 
processes to deliver knowledge and skills to the appropriate 
people and in a timely manner.

When it comes to the radiography testing technicians and 
operators besides the traditional body of knowledge that are 
part of the accepted RT training outlines there needs to be a 
degree of knowledge about wireless and cloud technologies, 
networking, digital telecommunications networks, software 
applications, imaging screens technology, data transfer, 
GPS, 3D utilization, NDE monitoring techniques, and voice 
command controls.

These innovations are necessary in order for individuals 
to develop and adapt their skills to deal with the advance-
ment of hardware, software and automation that will allow 
inspection systems to analyze millions of data points and 
use automatic defect recognition software to not only locate 
defects on a part, but also recognize what kind of defect.

Companies that acquire and cultivate new digital-related 
skills will have a distinct advantage as NDT 4.0 reshapes the 
industry, including identifying new roles for RT technicians 
to maximize their skills in data acquisition and analysis.

Figure 6  points out that when it comes to the Radiogra-
phy Testing technicians and operators besides the traditional 
body of knowledge that are part of the accepted RT training 
outlines there needs to be a degree of knowledge about wire-
less and cloud technologies, networking, digital telecommu-
nications networks, software applications, imaging screens 

technology, data transfer, GPS, 3D utilization, NDE moni-
toring techniques, and voice command controls.

In his paper titled “The Future of Non-Destructive Test-
ing in the Context of Industry 4.0,” Professor Randolf Hanke 
states, “In the future it won’t be just a case of deciding 
whether a part is good or bad. Rather, it will be about pro-
viding customers with a monitoring system that shows them 
how they can optimize their processes” [36]. His statement 
provides the stark reality that we cannot separate Industry 
4.0 from NDE 4.0.

Radiography Testing and similar nondestructive testing 
technologies along with personnel training and certification 
models will be on the front lines of making these predic-
tions a reality in the NDE 4.0 environment. NDE 4.0 and 
the development of the technicians and managers will have 
a positive influence on the NDE field and will continue to 
grow as more companies are developing strategies to uti-
lize these advances and challenges in the most efficient way 
possible.

6  Conclusion

In this manuscript we have explored how new digital tech-
nologies can revolutionize a wide range of routine opera-
tional and maintenance tasks for the oil and gas industry sec-
tors is discussed. Every day, more and more technological 
breakthrough options will become available on the market 
and eventually may augment the human element. This digital 
technological dependence on computers, automation and the 
many forms of artificial intelligence is the new today and 
is being used to improve operations and increase company 
profits globally.

NDE 4.0 like Industry 4.0 has risen from interacting inno-
vations. The rapid nature of changes in technology must be 
matched by the pace to develop and effectively adapt codes, 
standards and regulations needed to leverage the advance-
ments in nondestructive testing. The potential gains from 

Fig. 5  Strategic cycle of technological integration Fig. 6  Integrated skills development for NDE 4.0 radiography testing
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the migration to NDE 4.0 is so significant that makes this 
migration inevitable. Table 1 explores some of the key con-
siderations of the Oil and Gas industry when deciding on the 
transition to NDE 4.0 in terms of Radiography.
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