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FOREWORD 

The International Atomic Energy Agency promotes Non-Destructive Testing (NDT) 
methodology and technology under its technical cooperation and research programs. Many 
developing Member States (MS) have established NDT groups which are active in training 
and certification of NDT specialists and in provision of services to industries. 

The reliability and safety of industrial equipment especially in petroleum, petrochemical and 
chemical industries, in power stations, desalination plants and urban gas installations are 
substantially influenced by degradation processes such as corrosion, erosion, deposits and 
blocking of pipes which might cause fire, leaks, reduced production or unpredictable and 
costly shutdowns due to repair and replacement. The condition of critical components in these 
industries can be monitored by the proper use of non destructive inspection methods even 
while the plant is in operation, thus making possible the planning of component replacements, 
repairs, deposit removal and shutdowns. Preventive and corrective maintenance averts the 
environment and the public from excessive risk of industrial disasters. 

One of the most important parameters in piping or pipelines to be monitored and measured is 
the loss of wall thickness due to corrosion. Radiography is an effective method of determining 
this loss.  Radiography is also the method of choice to determine the amount of accumulated 
deposits and offers  the advantage of being able to inspect the pipe without costly removal of 
insulation material often in harsh plant environment conditions (high temperature, elevated 
pressure, for example). Tangential radiography and Double Wall (density measurement) 
techniques are used. 

The principle of corrosion measurement or monitoring using tangential, film-based 
radiography is already known. Much of past experience, however, is limited to qualitative 
determination of internal defects; there are no standardized and universally recognized 
protocols, recommended practices or standards for those particular radiographic tests aimed at 
quantitatively measuring the remaining wall thickness of corroded pipes, especially in 
situations of insulated pipes or those operating at high temperatures. Many important 
decisions are related to this remaining pipe wall thickness. 

A CRP on validation of protocols for corrosion and deposit determination in small diameter 
pipes by radiography (CORDEP) was completed in 2000. These results showed that for 
insulated pipes, only tangential radiography was feasible, since the density measurement 
method requires complicated simulations. Ir-192 isotope is preferred instead of X-rays to get a 
better definition in tangential technique. For determining the depth of pits and local corrosion 
area, the density measurement method was found satisfactory. It was recommended that the 
research be continued on corrosion and deposit evaluation in large diameter pipes by 
radiography (> 150 mm). This is a new challenge for many NDT laboratories in developing 
MS. 

The CRP on Validation of Protocols for Corrosion and Deposit Evaluation in Large Diameter 
Pipes by Radiography was implemented from 2002 to 2005, with the participation of twelve 
countries: Algeria, Canada, Germany, Hungary, India, Iran, Malaysia, Pakistan, Romania, 
Syrian Arab Republic, Turkey and Uruguay. The CRP aimed to provide practical guidelines 
and a recommended practice for the monitoring of remaining wall thickness and accumulated 
deposits in large diameter pipes, a vital need for many industrial installations. Large pipes 
with a diameter greater than 150 mm with or without insulation are abundantly used in almost 
all industrial sectors; corrosion in pipes of this diameter is a major industrial problem to 
which a solution must be found both for financial and safety reasons. 
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The practical guidelines of this CPR will be submitted for approval by the International 
Organization for Standardization (ISO) as a Protocol for Corrosion and Deposit Evaluation in 
Large Diameter Pipes. It will assist many NDT practitioners and users in Member States in 
the assessment of remaining operating life, and to ensure the safe and efficient operation of 
industrial facilities. This report is intended for NDT specialists and managers of industry. 

The IAEA wishes to thank all the participants in the CRP for their valuable contributions. The 
IAEA officer responsible for this CRP was Mr. Isaac Einav of the Division of Physical and 
Chemical Sciences. 
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1. INTRODUCTION 

The International Atomic Energy Agency promotes the industrial applications of radiation 
technology, which include Non-Destructive Testing (NDT) under its various programmes. 
One of the ways for promoting this technology is through coordinated research programs 
(CRPs) and research contracts. These programs are undertaken keeping in mind the current 
status of the technology and the need for continued research. Such research contracts and 
agreements can be worked out between the Agency and universities, colleges, research 
centres, laboratories and other institutions in Member States. 

Piping is a common feature of industries. It provides the most economical, safe and efficient 
way of transporting chemicals in the form of liquids and gases from one point to another. 
However, piping experiences degradation with time, which, if not detected, might create 
problems such as leaks and bursts, which can ultimately lead to catastrophic outcomes. 
Degradation of piping can be caused by but not limited to corrosion, erosion, product deposits 
and pipe blockage. Timely inspection practices, using non-destructive testing techniques, aid 
in the detection of these conditions. 

Monitoring of corrosion or deposits in large diameter pipeline (> 150 mm O.D) is difficult, as 
the variations in the thickness due to corrosion or deposit will result in a smaller percentage 
change of the total wall thickness compared to small diameter pipelines. Work already 
completed for the detection of corrosion or deposits in small diameter piping (less than 150 
mm), however, can be extended to larger diameter piping. This CRP has considered these 
factors and includes parametric evaluation studies for detection of minimum thickness 
changes in these pipelines with different radiation sources, X-ray films, exposure conditions 
and film processing. 

The scope of this CRP includes the evaluation of the double wall radiographic techniques 
(DWT) and the tangential radiographic technique (TRT) using Ir-192, Co-60 and X-ray 
sources to evaluate artificial defects, deposits and simulated or natural corrosion attack on 
carbon steel, from 6 inches diameter (168 mm) up to 20 inches (508 mm) with and without 
insulation. 

2. SCIENTIFIC BACKGROUND 

2.1.  INTRODUCTION TO RADIOGRAPHY 

Radiography, which is one of the oldest NDT techniques, permits an “inside view” of the 
material under test. In this method, X or Gamma rays are directed onto the specimen under 
examination and the amount of radiation which penetrates through the object is recorded 
using an X-ray sensitive film system, widely known as industrial X-ray film. After the 
exposure, the film is chemically processed to obtain a permanent record known as a 
radiograph. The radiograph is viewed with an illuminator and interpreted. 

2.1.1. Radiation sources 
Radiation used in radiographic inspection is produced in two different ways. X-rays are 
generated by conversion of electrical energy into ionizing radiation using an X-ray tube. 
Gamma rays are produced from naturally decaying radioisotopes. 



 

8 

X-rays are generated by means of specially designed high vacuum tubes (X-ray tubes). The 
applied voltage (kV) and current (mA) determine the penetrating power and the intensity of 
the X-rays. The energy and intensity are usually adjustable in X-ray machines. Typical X-ray 
power ranges for normal focus tubes (1-4 mm focus size) are from 200 W up to 4 kW, with 
accelerating voltage from 30kV up to 450kV and tube currents from 1mA to 8mA. 
Unfortunately, most of this power is dissipated into thermal energy (which requires strong 
cooling of the anode target in the tube) and only a fraction not larger than 1% is converted 
into X-ray energy by the generation of bremsstrahlung in the tube target. 

Radioactive isotopes, such as Iridium-192 and Cobalt-60, emit gamma energies (radiation), 
which are used for non destructive testing in the same way as those produced by an X-ray 
machine. These gamma source radioisotopes are able to replace the X-ray machine as the 
source of radiation. They are practical for field applications, because no electrical power and 
no cooling are necessary. There is a problem on transportation, because this type of radiation 
sources cannot be switched off, so typically a transport container made from depleted 
Uranium is used for radiation protection. Handling and transportation of gamma sources are 
regulated by national licenses and international guidelines. Member States are responsible for 
their compliance to their applicable governing standards. 

Like X-rays, gamma rays are examples of electromagnetic radiation. These two types of 
radiation differ only in their wavelength and the way they are produced. Gamma rays are 
emitted during the de-excitation of the nuclear levels of radioactive atomic nuclei. Unlike X-
rays, the energy of gamma radiation sources cannot be altered. It depends upon the nature of 
radioactive source and is fixed for a particular source. The intensity is also not controllable, 
since it is impossible to alter the rate of disintegration of a radioactive gamma sources. 

2.1.2. Radiation absorption in materials 
When X-rays or gamma rays pass through the specimen the intensity reduces due to 
attenuation of the radiation. Beer’s absorption law for electromagnetic radiation gives the 
intensity of the rays coming out of the specimen: 

I = Ioe-µt  (1) 

Where: 

- I - intensity of the transmitted radiation behind the absorbing object 

- Io - intensity of incident radiation in front of the absorbing object 

- µ - linear absorption coefficient of the object material which is penetrated by 
radiation.  

(The coefficient µ (Miu, [1/mm]) depends on the radiation energy as well 
as the chemical constitution and atomic number of the material.) 

- t - thickness of penetrated object in radiation direction. 

The absorption coefficient µ is connected with half value layer (HVL, [mm]) by a 
relationship:  

µ = 0.693/HVL (2) 
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For practical purposes, the half value layer and tenth value layer are of great advantage for 
calculations. Both values µ and HVL depend on the material and the energy range used in the 
radiographic inspection. 

The above Beer’s Law is true for monoenergetic radiation and narrow beam geometry (very 
good beam collimation, only radiation absorption) usually not encountered in practical 
applications. Practically speaking, primary radiation and scattered radiation both affect the 
film exposure. This additional exposure (additional film blackening) can be considered, for 
example, by an additional “build-up factor”. This is defined as by the expression: 

I = B Ioe-µt (3) 

B is called the ‘Build-up Factor’ and considers the contribution of the scattered radiation.  

This concept implies a constant scatter background like in the case of flat plates or weld 
inspection and is not applicable to pipe inspection which involves a very large range of 
penetrated wall thicknesses. As it can be seen clearly from Fig. 1, the scatter contribution is 
strongest in the centre of the pipe, where the distance between object and detector is smallest. 
The scatter contribution diminishes with increasing distance of the pipe centre line. Therefore 
the concept of a common build-up factor is not valid for pipe geometry. 

For this geometric set-up, the concept of an effective attenuation coefficient (µeff) is better. 
The scatter contribution is considered directly by the attenuation coefficient in Beer’s Law: 

I = Ioe-µ
eff

 t
 (4) 

In practice, µeff will depend on the radiation energy, the wall thickness (because of radiation 
hardening in the object) and the geometrical set-up used for inspection (this determines the 
scatter contribution). Coefficient µeff will always be smaller than the theoretical µ as obtained 
for the mono-energetic narrow beam energy or from theoretical models like data available 
from NIST. 



 

 

FIG.1. Measured intensity profile across a pipe (black line), Result of a fit (red dot dash line) of 
the sum of the exponential absorption law and background (blue line) representing the scatter 
contribution from the pipe object. 

2.1.3. Geometrical unsharpness 
X-ray tubes and radioactive sources always produce a certain geometric unsharpness (ug) of 
the radiation image, because of the finite dimensions of the focus or source used in a central 
projection arrangement. The value of geometric unsharpness is given by following equation: 

ug = d ⋅ t / (SFD-t) (5) 

Where d is the size of the source; t is the penetrated thickness of the object and SFD is the 
source to film distance. 

It is desirable to keep ug to minimum in order to detect fine defects. 

2.1.4. Films and detectors 
Radiographic films are coated with a sensitive emulsion of silver bromide on both sides of a 
cellulose triacetate or polyester base. The size of silver bromide particles determines the speed 
of the film. The finer the particles, the slower will be the film speed. 

Fast films give lesser resolution than the slow films. However, they save exposure time. 
Hence, medium speed films with medium contrast and speed are usually employed unless 
otherwise required. For the X-ray energies higher than about 80 keV, film is used in 
conjunction with the foils of lead called ‘intensifying screens’. These screens improve the X-
ray absorption and result in a higher signal-to-noise-ratio at the same exposure time. They 
also prevent scattered radiation with low energy reaching the film. Such scattered radiation 
reduces the contrast. 
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2.1.5. Optical film density 
Film density is a means of expressing the degree of darkening produced on a film. It is 
expressed as follows: 

D = log10 (Io/It ) (6) 

Where D is density of radiographic film, Io  is the intensity of incident light from the film 
viewer, It  is the intensity of transmitted light which reaches the eye of the inspector. 

2.1.6. Quality of radiographs 
Any radiographic image is characterized by three basic properties: 

- optical density of the film 
- contrast resolution 
- spatial resolution 

Optical density is determined by the film speed, and exposure time for a given specimen. 
Contrast on a film is governed by the specimen type and radiation used as well as by the film 
type. Resolution of the image is mainly influenced by the inner film unsharpness (determined 
by the radiation energy) and geometrical unsharpness of the geometrical set-up arrangement. 
Overall, the combined effect of all three factors decides whether the image is capable of 
revealing intended flaws. For verifying its capability, a device called image quality indicator 
(IQI) or penetrameter is used. 

2.1.7. Image quality indicators (IQI) 
As a check on the quality of the radiograph and the techniques adopted, a penetrameter, also 
known as an image quality indicator, is used during the exposure. The penetrameter is placed 
appropriately on the test material and the exposure is taken. A variety of penetrameters are 
suggested by different standard organizations and are used in industrial radiography. The most 
commonly used penetrameters are: 

- Step type with hole – ASTM E 1025, ISO 19232-2, EN 462-2 
- Wire types –  EN 462-1, ISO 19232-1, ASTM E 747 

2.2.  TANGENTIAL RADIOGRAPHY TECHNIQUE (TRT) 

There exists a certain geometrical set-up for pipe inspection and direct wall thickness 
measurement called the tangential exposure method. Here only the parts of radiograph which 
lie below the tangential location on the pipe are interpreted. The middle part of the pipe image 
is ignored. To get the proper image at a tangential location, the energy of radiation used must 
be higher than that used for double wall inspection in the centre of the same pipe. This is the 
effect of the maximal penetrated wall thickness Lmax at the point of the inner pipe surface. 

The most important application of this method is in the absolute measurement of the wall 
thickness of the pipe. This is because the wall thickness is seen in profile in tangential 
radiography, almost like a longitudinal section of the pipe. Care must however be taken to 
correlate only that part of the pipe wall which lies at the tangent. Minor rotation will bring a 
different segment in image. 



 

2.2.1. TRT and wall thickness assessment 
If a radiation beam is passed through an insulated pipe with deposit, the formula of penetrated 
radiation intensity (I) is, as follows: 

I = I0e -2(µcXc + µsXs + µdXd + µmXm) (7) 

Where: 

- µc, µs, µd, µm are the attenuation coefficients of the insulator, steel, deposit, 
and transported matter, respectively, and 

- xc, xs, xd, xm are the thickness traversed in the insulation, steel, deposit and 
material being transported respectively. 

Using geometry principles (Fig. 2) the thickness traversed in every layer can be calculated 
with respect to a certain coordinate (r): 

 
FIG.2. Attenuation coefficients for different layers in a typical pipe with deposit on ID and 
insulation on OD 
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1. penetrated insulation thickness: 2 xc where xc = 22 r- rc - xs - xd - xm (8) 

2. penetrated pipe wall thickness : 2 xs where xs = 22 r- ro - xd - xm (9) 

3. penetrated deposit thickness: 2 xd where xd = 22 r- ri  - xm (10) 

4. penetrated material thickness: 2 xm where  xm = 2r- rd  (11) 2

 
where: 

- r c  =  radius of insulation, 
- r o  =  outside radius of pipe, 
- r i   =  inside radius of pipe, 
- r d   =  radius of deposit. 

According to Figure 2, the maximum penetrated steel thickness Lmax is calculated to be: 



 

Lmax  = 2t 1- 
t

2ro  (12) 

where t is the wall thickness of steel pipe and 2 ro  is the outer diameter of the pipe. 

When using the tangential radiographic method, the minimum transmitted pipe thickness is 
zero. The maximum transmitted thickness (Table 1) is the chord, which is through the 
tangential point on the pipe inside the diameter. Because the thinnest portion will cause too 
dark an image (burn-off) and the thickest portion will cause too bright an image, the selection 
of optimum source energy and RT parameters is very important. 

Using the general equation of transmitted radiation intensity, we can get the specific formula 
for different types of piping: 

- Uninsulated empty pipe (Xc = 0, Xd = 0, Xm = 0): 

I = I0 e-2 µs xs (13) 

- Insulated empty pipe (Xd = 0, Xm = 0): 

I = I0 e-2 (µsxs+µcxc) (14) 

- Insulated empty pipe with deposit (Xm = 0): 

I = I0 e-2 (µsxs+µdxd+µcxc) (15) 

Using these equations, the theoretical curves for intensity versus distance (I-r) can be drawn. 
The inflection points of the curves will correspond with the boundaries between different 
layers. The distances between the inflection points will correspond with the thickness of 
layers. In Fig. 3, a real example of an insulated and corroded pipe is shown. 

 

FIG.3. Typical intensity profile (right side) of TRT radiography of a pipe with insulation (left side). 
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It may be noted that the real penetrated maximum thickness is much more than pipe-wall 
thickness when using the tangential radiography technique. Selection of the irradiation source 
must therefore be according to the maximum penetrated thickness. Typical values of wall 
thickness penetrated by radiography are given in Table 1. 

TABLE 1. MAXIMUM PENETRATED THICKNESS AND APPLICABLE RADIATION SOURCE 
Outside diameter of pipe 2 r o  , mm 25 50 75 114 159 219 426 630 
Wall thickness t, mm 4 4 6 10 14 20 14 20 
Max. penetrated thickness Lmax, mm 18.3 27.1 40,7 64.5 90 126 152 221 

 X-rays  Linear accelerator  Applicable radiation source 
 Se-75, Ir 192  Co-60 

Selection of higher energy radiation helps in reducing the contrast. Higher contrast would 
extend the low-density zone corresponding to the wall much inside the diameter of the pipe 
which makes the determination of wall thickness difficult. Lower radiographic contrast 
obtained at higher radiation energy has better linearity. 

The tangential radiographic technique can be used for assessing the residual wall thickness in 
those segments of process pipelines where corrosion or erosion is likely to have occurred. It 
can similarly be used for detection of deposits and corrosion inside the pipe. This CRP 
addresses the problem of effective corrosion depth determination in pipelines. 

2.2.2. Magnification correction 
According to the geometrical set-up of the tangential exposure technique (see Fig. 4), there is 
a magnification factor inherent to this set-up. To consider this, a correction on the measured 
wall thickness on the film must be done. The following correction can be applied: 

The true wall thickness is:  w = '( f  (16) ) w
f

R ⋅−

where: 
- w’ is the measured wall thickness on the film, 
- R is the pipe radius (including insulation), 
- f is the Source to Film Distance (SFD). 

2.2.3. Limits of TRT 
One of the main aims of the CRP is to establish the application limits of tangential inspection 
technique. As a starting point, BAM Germany provided a diagram (Fig. 5) which is based on 
maximum penetrable wall thicknesses of pipes (Lmax) depending on the radiation energy. Lmax 
determines the maximum wall thickness which can be inspected at a given pipe diameter Da. 

If a given combination of outer pipe diameter and wall thickness exceeds the limiting dashed 
line for the chosen energy, this energy cannot be applied for successful tangential inspection, 
because the position of the inner wall cannot be determined from the radiograph. As 
alternative, a higher radiation energy can be used (e.g. replace Ir-192 by Co-60), or the double 
wall technique (DWT) must be used for successful inspection. 
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FIG.4. Experimental set-up for TRT and the magnification factor 

 

FIG.5. Suggested application limits for TRT  
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2.2.4. Flat bottom hole (pit) evaluation in TRT 
When a pit is located on the side wall, its depth can be evaluated by the TRT radiography (Pit 
1 in the Fig. 6). 

 

FIG.6. Pit depth evaluation in TRT 

 

2.3.  DOUBLE WALL TECHNIQUE (DWT)  

This technique is suitable for larger size pipes or lower X-ray radiation energies, where 
tangential projection technique is not applicable. The source is kept perpendicular with 
respect to the pipe axis. Usually two exposures are taken by rotation around the pipe of 90 
degrees (Fig. 7). 

 

 
FIG.7. Density evaluation in DWT 

2.3.1. Corrosion depth evaluation by density measurement technique 

For pipes with insulation, the radiographic technique is the only method for assessing the 
residual wall thickness. 

When a pit is just located on a side tangential wall, its size and depth can be easily evaluated 
by TRT (Fig. 6). Some limitations regarding internal pits were revealed in this CRP. 

In other cases, DWT and the effective µeff concept should be used (Fig. 7). The pit distribution 
and size will be obviously shown on the DWT film. Its depth, however, must be evaluated by 
the following procedure: 

Beer’s Absorption Law (Eq. 17) for penetrating radiation is used to correlate the penetrated 
wall thickness (w) and the radiation dose Iw. 

Iw = I0  e -µw (17) 
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Where Io is radiation intensity at w = 0 and µ is absorption coefficient. 

In practice, this simple equation is complicated by the fact that µ depends on the radiation 
energy and the radiation absorption, and there is also scattered radiation generated by the 
penetrated object. 

Modern NDT film systems (with Pb screens), imaging plate (IP) systems and flat panel 
detectors are very linear X-ray detectors. 

Basically it is only possible to determine a wall thickness change in penetration direction from 
a density variation of a radiographic film. Unlike in the tangential method, no absolute wall 
thickness values can be obtained in this way. Moreover, density measurements correspond to 
a DWT and the contribution of the two walls of the pipe cannot be separated, but a total wall 
thickness difference between two areas penetrated by the radiation can be calculated. 

The resulting relationship for the radiation intensity depending on the wall thickness change 
Δw (e.g. by erosion) is as follows: 

Iero = Inom e -µeff 
Δw (18) 

Where Inom is intensity at wall thickness wnom; Iero is intensity at wall thickness wnom + Δw. 

To determine the wall thickness change Δw, it is necessary to have the effective attenuation 
coefficient µeff  for the given radiation energy and nominal wall thickness wnom . Coefficient 
µeff can be determined from the film image, if a known wall thickness change can be found in 
the image. As such, a wall thickness change ΔwIQI from an IQI according ASTM, CEN, ISO 
or test wedge with known wall thicknesses, could be used. Then the µeff is determined by : 

µeff  = ln ( Inom / IIQI ) / ΔwIQI (19) 

After this calibration step (the effective attenuation coefficient is determined from a known 
wall thickness change and the corresponding variation of the radiation intensity) the 
evaluation of local wall thickness change Δw (corresponding to Iero) from the nominal wall 
thickness wnom (corresponding to Inom) can be done according to : 

Δw = ln ( Inom / Iero ) / µeff (20) 

But there are many practical applications where no known wall thickness changes can be 
obtained from the radiographic film under consideration because at the time of exposure it 
was not known that such a feature was important for the evaluation. Our investigation shows 
that, in this case, µeff can be determined from a step wedge exposure with the same detector 
system, the same radiation energy, the same nominal wall thickness and geometrical set-up. 

Principally, the penetrated wall thickness is changed by two influences: 

- real wall thickness changes of the object under investigation, 
- apparent wall thickness changes by geometrical effects. The penetrated wall 

thickness is locally dependent in a central projection or can be influenced by the 
shape of the object (e.g. pipe). 



 

The second influence must be separated clearly from the first to achieve reliable results. This 
can be done in most practical cases using the symmetry axes of the object, where the 
geometrical influence is small compared to the real wall thickness change. 

3. COORDINATED RESEARCH PROJECT (CRP) METHOLOGY 

3.1.  OBJECTIVES 

There were several objectives for this CRP: 

a. To determine the limits of detection for each radiation source using the Tangential 
Radiography Technique (TRT) and Double Wall Technique (DWT). 

b. To explore the restrictions associated with double wall techniques and X-ray techniques 
for applications related to pipe inspection. 

c. To prepare a procedure (recommended practice) for application of these techniques by 
Member States. 

3.2.  PREPARATION OF TEST (REFERENCE) BLOCKS 

Each country manufactured at least two reference blocks described in this document, covering 
the diameters and wall thickness to be tested. 

Film developing systems were checked using certified pre-exposed strips (ISO 11699-2), 
which were to be developed at the same time as the films. The strips were provided by BAM. 

Test blocks were to be fabricated in accordance with the drawings developed during the first 
CRP meeting. (Fig. 8). 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

FIG.8. Example of 6” and 10” machined test pieces 

Type and size of defects to be considered were as follows: 

1. Step block with holes inside and outside - one pipe specimen with machined steps 
inside and outside. "t" is the pipe wall thickness before introducing steps or any 
discontinuity. 

2. Each step chosen to range from 0 to 0.7 t in steps of 10% wall thickness rounded up to 
nearest half mm; 20 – 50 mm in length; precision in wall thickness shall be ± 0.1 mm. 
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3. Hole diameter equal to remaining wall thickness, minimum of 2 mm. 

4. Hole depths of 10, 20 and 50% of the step thickness spaced at different circumferential 
positions (separated by 120°); holes were to be flat bottom. 

5. Where steps were located on the inside surface of the pipe, material was to be 
removed by grinding or machining to a depth of 15% of maximum wall thickness of 
the pipe, forming a flat surface. Length covering all the steps. 60° separation from 
closest holes. Precision was to be ± 1%. 

6. Where steps were to be located on the outside surface of the pipe, material was to be 
removed by drilling with a 20 – 25 mm diameter tool, parallel to the pipe axis to a 
depth of 15% of maximum wall thickness of the pipe. 60° separation from closest 
holes. Length covering all the steps.  Precision was to be ± 1%. 

3.3.  TEST PARAMETERS 

3.3.1. OS: outside step 
- OS1: Outside step with remaining wall thickness t1 corresponding to removal of 

approximately 10% wall thickness, t1 = w – s, s = 0.1 * w, rounded to nearest half 
mm 

- OS2: Outside step with remaining wall thickness t2 corresponding to removal of 
approximately 20% wall thickness, t2 = w – 2 * s, s = 0.1 * w, rounded to nearest 
half mm 

- OS3 to OS 7 defined in a similar way (OSi: Outside step with remaining wall 
thickness ti, ti = w – i * s) 

3.3.2. IS: inside step 

- IS1: Inside step with remaining wall thickness t1 corresponding to removal of 
approximately 10% wall thickness t1 = w – s, s = 0.1* w, rounded to nearest half 
mm 

- IS2: Inside step with remaining wall thickness t2 corresponding to removal of 
approximately 20% wall thickness, t2 = w – 2 * s, s = 0.1 * w, rounded to nearest 
half mm 

- IS3 to IS7 defined in a similar way (ISi: Inside step with remaining wall thickness 
ti = w – i * s 

3.3.3. OH: outside hole (Minimum hole diameter 2 mm) 

- OH1: Outside hole on OS1, with diameter = t1 , t1 = w – s, s = 0.1 * w, rounded to 
nearest half mm 

- OH2: Outside hole on OS2, with diameter = t2 , t2 = w – 2 * s 
- OH3 to OH 7 defined in a similar way (OHi: Outside hole with diameter = ti , 

ti = w – i * s) 

For each, three different series are defined corresponding to 10%, 20% and 50%, identified as 
follows: 

- OH1-10: Outside hole on OS1, with diameter = t1 depth = 0.10 * t1 
- OH1-20: Outside hole on OS1, with diameter = t1 depth = 0.20 * t1 
- OH1-50: Outside hole on OS1, with diameter = t1 depth = 0.50 * t1 
- OHi-10: Outside hole on OSi, with diameter = ti depth = 0.10 * ti 
- OHi-20: Outside hole on OSi, with diameter = ti depth = 0.20 * ti 
- OHi-50: Outside hole on OSi, with diameter = ti depth = 0.50 * ti 



 

20 

3.3.4. IH: inside hole (Minimum hole diameter 2 mm) 
- IH1: Inside hole on IS1, with diameter = t1 , t1 = w – s, s = 0.1 * w, rounded to 

nearest half mm 
- IH2: Inside hole on IS2, with diameter = t2 , t2 = w – 2 * s 
- IH3 to IH 7 defined in a similar way (IHi: Inside hole with diameter = ti, 

where ti = w – i * s) 

For each step, three different series of holes are defined corresponding to 10%, 20% and 50%, 
identified as follows: 

- IH1-10: Inside hole on IS1, with diameter = t1 depth = 0.10 * t1 
- IH1-20: Inside hole on IS1, with diameter = t1 depth = 0.20 * t1 
- IH1-50: Inside hole on IS1, with diameter = t1 depth = 0.50 * t1 
- IHi-10: Inside hole on OSi, with diameter = ti depth = 0.10 * ti 
- IHi-20: Inside hole on OSi, with diameter = ti depth = 0.20 * ti 
- IHi-50: Inside hole on OSi, with diameter = ti depth = 0.50 * ti 

3.3.5. FA: flat area 
The flat area is located on the outer surface covering the length where steps were introduced 
on the inside surface. Material removal to 15 % w. 

3.3.6. GP: ground patch 
The ground patch is on the inside surface covering the length where steps were introduced on 
the outside surface. Material removal to 15 % w. 

3.4.  MANDATORY AREAS OF INTEREST 

The following areas of inspection were considered to be mandatory parts of the test 
procedure. 

Tangential Method (TRT) (with and without insulation) 

- Classical undisturbed method 
- Flat area outside adjusted (max 15% wt)  
- Ground patch inside tangential adjusted (max 15% wt)) 
- Series 10% holes outside adjusted 
- Series 20% holes outside adjusted 
- Series 50% holes outside adjusted 

Double Wall Technique (DWT) (with and without insulation) 

- Flat area in centre 
- Ground patch in centre 
- Series 10% holes in the centre 
- Series 20% holes in the centre 
- Series 50% holes in the centre 

3.4.1. Insulated test block 
Insulated test blocks are the same as the blocks above, with the addition of removable glass 
wool insulation of approximately 50 mm thickness. 

3.4.2. Artificial deposits 

Artificial deposits of Organic (Bitumen) and Inorganic (Cement) were added to the internal 
diameters of the established test (pcs) blocks. 
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3.4.3. Natural defects 
Samples for erosion, corrosion and pitting were to be selected in the same diameter and 
thickness ranges as above. 

3.5.  PROTOCOL OF CRP 

The required specimens were divided into three groups, distributed amongst the twelve 
participants as  shown in Table 2: 

TABLE 2. SPECIMEN PARAMETERS 
Diameter Ir-192 Co-60  

Country Nominal 
Size (in) 

OD 
(mm) 

Wall thickness 

(mm) 

Wall thickness 

(mm) 

Group 1-Ir 6” 168 4.5-15 9-30 

Group 1-Ir,Gr 2-Co 8” 219 4-13 8.5-28 

Group 1-Ir,Gr 2-Co 10” 273 3-10 8.5-28 

Group 1-Ir,Gr 2-Co 12” 324 2.5-8 8.5-28 

Group 2 14” 356  7-23.5 

Group3 16” 406  6.5-21 

Not defined 
(optional) 

18” 457  5.5-18 

Group 3 20” 508  5.5-18 

Notes: 
• Group 1: Uruguay, Malaysia, Romania, Iran, Algeria (Ir-192; X-ray for double 

wall shots on wall thicknesses below 5 mm) 6 and 10; Iran, Romania and Uruguay 
6 and 8; Malaysia and Algeria 8 and 12 

• Group 2: Germany, Pakistan, Syria, 8 and 12: Hungary, Turkey -10 and 14 (Ir-192, 
X-ray for double wall shots on wall thicknesses below 5 mm) 

• Group 3: Canada, India 16 and 20 (Ir-192, X-ray for double wall shots on wall 
thicknesses below 5 mm) 

• For X-ray only some of the steps were tested due to limitations of the penetrating 
capabilities. 

• 18” is less commonly used and was made optional to limit the number of samples. 



 

4. EXPERIMENTAL PROCEDURES 

4.1.  SELECTION OF TECHNIQUES 

Tangential Radiographic Technique (TRT) and Double Wall Technique (DWT) were to be 
used.  

4.2.  PROCEDURE FOR TRT 

4.2.1. Exposure Setup 

Fig. 9 shows the experimental set-up. Position 1 is applicable for outer diameters up to a 
maximum of 160 mm (6 inch nominal). Larger pipes were to be exposed according to position 
2. 

 

 

FIG.9. Exposure set-up 

4.2.2. Radiation source 
Ir-192 and Co-60 industrial radiographic source projectors were to be used as appropriate and 
in accordance with the discussion above. X-ray machines and Linear Accelerators if available, 
could be used whenever applicable. 

4.2.3. Recommended SFD and ug 
It was agreed that the geometrical unsharpness ug would be limited to less than or equal to 0.5 
mm and any deviation from this was to be submitted for review by all members. 
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ug = F . OD′ / (2.SFD – OD′) (21) 

Where:  

- OD′ is the outer pipe diameter of pipe plus insulation 
- SFD is the Source film distance 
- F is the Focus size 
- SFD = OD′/2 .(1+F/ug) 

Note: Where multiple sources were available, the one with smaller source size was preferred.  

4.2.4. Desired optical density range of films 

The desired density range outside the pipe is D = 3.5 to 4. (according to EN 25580/ISO 5580). 
The film density inside the pipe will be lower than D = 2, so the full density range can be 
found on the radiograph. 

The density at the inner wall (Lmax, maximum penetrated wall thickness) should be at least 
D>0.5 above fog density of film, to be able to measure the corresponding wall thickness. 

Density of the film outside the pipe wall may be increased to between 4.5 – 5.0 to provide 
better film contrast leading to better inside wall details. However, this will increase the burn-
out factor associated with the exposure, which will affect the determination of the pipe edge. 
It was recommended that a knife may be used to scratch the particular area to remove one side 
of the emulsion.  This will allow exact location of the wall edge. 

The minimum density of the film at the area of interest (defect area) was to be 1.5; this may 
require an increase in the number of exposures being conducted on a given pipe. 

4.2.5. Suggested screen/film systems 
Screens were to be used in front of and behind the film as follows: 

Metallic screens: 

- Pb 0.1 mm / D7 (AGFA) AA 400 (Kodak) (ISO 11699-1 class T3) for Ir 192 
- Pb (0.1 to 0.5 mm) or Fe or Cu 0.5 mm Screen for Co 60, same system class 

T3 

4.2.6. Expected inherent film unsharpness ui 
- ui  0.2 mm  for Ir 192  
- ui  0.4 mm for Co 60 

Note: Vacupac films were to be used in preference wherever available. If the exposure times 
permit, higher contrast film was permitted (for example Agfa D4).  

4.2.7. Magnification correction 
The wall thickness, corrected for magnification, is numerically derived as follows: 
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where: 

- w′= measured wall thickness on film 



 

- w = corrected wall thickness 

- OD′ = outer diameter of pipe plus insulation 
- SFD = source film distance 

4.2.8. Shielding against scattered radiation 
The beam was to have been collimated to the studied region. Intermediate filtering could be 
used. A sufficient thickness of lead sheets could have been used for backscatter protection (for 
example, 3mm Pb).  

4.3.  PROCEDURE FOR DWT 

The double wall technique was to be used in the case where the tangential technique fails 
because of too high Lmax and wall thickness cannot be measured because inner pipe diameter 
cannot be detected.  

4.3.1. Radiographic arrangement 

The experimental set-up shown in Fig. 9 position 1 was recommended.  

4.3.2. Radiation sources 
Radiation sources could be X-ray, Cobalt 60 or in most cases Iridium 192. Limit energy for 
X-ray inspection should be 20 % higher than recommended in ISO 5579. 

4.3.3. Recommended SFD and ug 
For this set-up, the following parameters were recommended: 

- ug ≤ 0.5mm 
- SFD = OD′/2(1+F/ug) 

4.3.4. Exposure time 
The exposure time was to be calculated so that, on the middle step of the test specimens, the 
optical density is D = 2.0. For interpretation, the density should not be below 1.5 and the 
maximum density is limited by the illuminator. This may require multiple exposures or a 
multiple film technique to cover the full wall thickness range. 

Exposure time was to be calculated to achieve a density of 3.5 to 4.0 outside the pipe at the 
chosen SFD and for the activity of the source using the following formula: 

2

2HVT
x

exp(min) 100RHM..A
60.(SFD)2.FFt =  (23) 

where: 

- FF  =    film factor. 
- X   =  penetrated thickness. (2w) 
- HVT =  half value thickness for the source and material. 
- SFD  =  source to film distance in cm. 
- A =   present activity in curies. 
- RHM =  radiation output at 1m per hour. 

24 



 

25 

4.3.5. Image quality indicators 
For the wall thickness sensitivity measurements, IQI’s were to be used (ASTM or CEN wires 
inside the reference and other experimental blocks, source side) to achieve 2% single wall 
thickness sensitivity. The IQI was to be placed in the centre of the middle step of the test 
specimen. 

4.3.6. Film processing 
The films were to be processed manually or automatically following the manufacturer’s 
standard procedure. Film test strips corresponding to ISO 11699-2 were to be used to check 
developer and developing conditions. These filmstrips were bought by the IAEA and provided 
to all the participants. 

4.4.  PROCEDURES FOR EVALUATION 

4.4.1. General Requirements  
All densitometers used for film review were to be calibrated, using certified film density 
strips, provided by BAM. 

A calibrated film developing strip was to be used for manual film processing, provided by 
IAEA. 

4.4.2. TRT evaluation 
- Locate the inner and outer wall position 

- Observe position of inner wall, obtain thickness in a direction perpendicular to the 
pipe axis (minimum precision 0.2 mm).  A visual enhancing aid (magnifying glass) 
may be used. 

- Repeat this procedure at least 6 times per step. Wherever possible, several persons 
should repeat the measurement independently. 

- Calculate mean value and standard deviation for these measurements. 

- Complete the Excel data sheets provided by BAM. 

4.4.3. DWT evaluation 

- Measure and record size of field with density range D > 1.5. 

- Measure density at the centre of each of the 8 wall thickness steps. 

- Measure density of each drilled hole, ground patch and flat area of every step. 

- Complete the Excel data sheets provided by BAM, which will calculate μeff values. 

4.4.4. Procedures for use of the BAM Excel data sheets 
BAM has produced and distributed the Excel data sheets related with data acquisition and 
evaluation. All participants were to use these as the model for presentation and analysis of the 
data.  The provided Excel forms were to be completed for different pipe diameters. 

Each form contains 7 sheets. The first is the exposure set-up data sheet, which contains all the 
data specific for each pipe and valid for all other sheets in this form. 

The second and 5th sheets are the true geometrical data of the outer steps (OS) and inner steps 
(IS). It is very important to measure the real data of the stepped pipes after the manufacturing. 
Digital calipers and other methods such as ultrasonic or vernier calipers may be used for the 
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measurement of final dimensions of the fabricated test specimens. The precision of these 
measurements shall be at least 0.1 mm, and determines the accuracy of the shown results. 

In the BAM Excel forms, all numbers in blue color are input data and should be replaced by 
the data obtained by different countries. Red numbers are copied from other places in the 
form and all black numbers are descriptions or evaluation results. 

For the case of TRT (sheet 3 for the outer steps, sheet 6 for the inner steps) another set-up 
scheme with an indication of the evaluation position is given. There are 6 columns for data 
input for each position. These 6 columns are for 6 independent measurements. In BAM's case, 
three inspectors evaluated these 16 films taken in TRT at two different dates. This gives six 
measurement results and from this statistical deviation the measuring error is calculated as 
standard deviation. It was suggested that all countries follow a similar procedure. 

The input data for TRT are the true measured distance of the wall shadows on the film, which 
will be corrected automatically by the calculated magnification factor from the geometrical 
set up data. 

Finally the difference is calculated between the true data (measured physically) and the 
averaged measurement on the films. This difference is plotted graphically together with the 
measurement error. It is expected that the measurement error increases with the wall 
thickness. When no error bars are shown in the graph, it means that no input data are available 
because the corresponding wall shadow was not visible on the film under evaluation. 

In the case of DWT (sheet 4 and 7), density measurements shall be done with a densitometer 
calibrated in diffuse densities, using certified density film strips provided by BAM. 
Corrections of measurements shall be performed to decrease the density deviation below 0.05 
D to the certified values. 

It is important to measure the base and fog density of the films used at an unexposed or well-
shielded film position. This fog density is an offset value, which is subtracted in the Excel 
data sheet for each measurement result. 

All measurement positions should be on the central pipe axis. Values "in the object" are 
measured in the middle of each hole. The values "measured next to the object" (D1/D2) 
should be measured on a position on the central pipe axis and just outside the hole, but still on 
the same step. 

From the density ratio of D1/D2, together with the known wall thickness differences, the 
effective absorption coefficient µeff is calculated. 

If the exposures and measurements are according to the procedure and the influence of the 
scattered radiation is not relevant, then the effective absorption coefficient µeff should be the 
same for all steps. 

The theoretical µ (pure absorption, no scattering) for Steel and Co-60 is 0.042 /mm, for Ir-192 
is 0.072 /mm. The influence of scattered radiation lowers the effective absorption coefficient. 
As we can see from the data, a typical effective absorption coefficient for Co-60 is 0.03 /mm 
and for Ir-192 is 0.048/mm. 

If a suitable µ is used (see value at the field "assumed µ"), then we can calculate from the 
measured density ratio, D1/D2, a wall thickness difference ("calculated wall thickness 
difference"). The difference between this calculated value and the true value (from the sheet 
"true data") gives the precision of this measuring method. This is normally better than 1 mm 
for a wide wall thickness range. 



 

4.5.  PROCEDURES FOR THE PREPARATION OF DEPOSITS 

The second part of the research of the CRP also included preparation and examination of 
deposits using TRT in order to determine the limit of the applied parameters. A standard 
procedure for preparation and examination of deposits was prepared by Turkey and 
distributed to the project participants. 

Eccentric deposit from cement was mandatory for all of the participants. This type of deposit 
should be formed inside the pipe samples with OD steps. Minimum and maximum 
thicknesses of the deposit should be 20% and 300% of the 4th step thickness of the pipe 
samples respectively.  Bitumen and flat deposit was optional.  

Turkey, Syria and Algeria have prepared eccentric cement deposits whereas Uruguay, 
Malaysia, India, Hungary and Iran prepared bitumen deposits. Density of cement deposit was 
about 2.3 gr/cm3 whereas that of bitumen about 1.1 gr/cm3. 

Hungary prepared a flat deposit. 

Figure 10 shows preparation of deposit of Turkish 14 inch diameter sample. Figure 11 shows 
the deposit in the Turkish 10 inch diameter sample. 

 
 

   
FIG.10. Preparation of deposit 
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FIG.11. A view of pipe sample with inside deposit  

4.6.  PROCEDURES FOR EXAMINATION OF DEPOSITS 

TRT is the preferred method for deposit detection and evaluation in pipes with or without 
insulation. It was agreed in the second Coordinated Research Meeting (CRM) of the project 
that deposit would be examined using TRT by Ir-192 or Co-60 and Agfa D7 or equivalent 
film with Pb, steel or Cu screens. The exposure parameters were to be selected in order to 
provide accurate and reliable identification of the deposit in the pipe inside. Eccentric deposit 
was to be examined by turning the pipe from maximum to minimum deposit thickness 
position. Minimum deposit thickness was to be identified and measured depending on pipe 
wall thickness and diameter. At least six independent measurements were to be taken by 
different persons and average values calculated together with standard deviations. Figure 12 
shows a view of the exposure of Turkish pipe sample with Ir-192. 

 

FIG.12. A view of the exposure of Turkish pipe sample with Ir-192 
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The main parameters influencing the limit of deposit detection are wall thickness, penetrated 
metal thickness of the pipe, pipe diameter, radiation type (energy), and density. The film-
screen system is also an important factor in the definition of the deposit image. Insulation has 
no significant effect on the detection of the deposit. Increasing the penetrated metal thickness 
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decreases the detectability of the deposit. Minimum detectable deposit thickness is improved 
with decreased wall thickness and diameter of the pipe. Higher densities give higher contrast 
and better sensitivity of deposit in the pipe steps within the penetration range of the radiation. 
However, thick steps of pipes with long Lmax values around the penetration limit of the 
radiation used do not allow proper detection and reliable measurement of the deposit. 

5. RESULTS AND DISCUSSIONS 

5.1.  COUNTRY REPORTS (SUMMARIES) 

5.1.1. Algeria 
The CRP objective includes the advancement and development of know-how for in-service 
inspection using NDT technology and using the results for evaluation of remaining life of 
nuclear and industrial plants and components. The CRP will provide a methodology for 
inspection of large diameter pipes, which is one of the important components in all the above 
installations. 

In this report, results of radiographic tests measuring the remaining wall thickness of corroded 
pipes are presented. The laboratory achieved experiments on 8 inch thickness pipe. TRT and 
DWT are used; results of measurement with insulation and without insulation are shown in 
tables and recommendations are put forward in the conclusion. 

A 23mm thickness pipe of 8 inches diameter was found to be too thick for Ir 192 source. 
Eight inch diameter pipe of 14 mm thickness is a limit thickness for using Ir 192 TRT. 
However, both of DWT and TRT were applied and it was concluded that TRT can be 
recommended for thickness measurement and DWT can be recommended for hole depth 
measurement. X-rays are applicable for TRT for 8 inch diameter pipe in wall thickness 
measurement. Insulation has no effect on any measurement. Deposit measurement has been 
achieved, TRT is able to detect and evaluate deposit thicknesses up to 5 mm for 14 mm pipe 
thickness. 

5.1.2. Germany 

In the framework of the CRP, Germany provided certified stepped film density strips for the 
calibration of film densitometers. They were used by each participant in his own country to 
validate the density measurements made in the radiographs prepared from the test specimen. 
According to the working plan, BAM belongs to Group 2 (8 and 12 inch pipe diameter, Co 60 
available). The necessary raw pipe material was ordered and the corresponding drawings for 
machining were prepared in 2003. Because of weight and handiness it was decided to cut each 
of the two pipes into 2 halves, i.e. one half with outer steps and the other half with inner steps. 
In this way, a total number of 4 pipes were produced. As material, steel St-52 was chosen, the 
maximum wall thickness was 26 mm. The film exposure was finalized in October 2003. As 
radiation source, Co 60 was used and, as detector, AGFA D7 films with front/back screens of 
0.5 mm Fe. Two different inspection methods have been applied: tangential projection 
technique (TRT) for absolute wall thickness measurements and double wall penetration 
technique (DWT) for estimation of wall thickness differences in the pipe centre. The 
combination of Fe screens with AGFA D7 films gives an excellent image quality with very 
low noise, but needs about double exposure time as compared with Pb screens. After film 
exposure, the evaluation of the films started. Wall thicknesses and optical film densities have 
been measured according to the recommended procedures as agreed at the expert meetings. In 
parallel Excel data sheets were developed for easy data evaluation and for the comparison of 
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results provided by the different participating countries. The final Excel sheets for data 
evaluation and data collection have been distributed to the other CRP participants at the end 
of 2003. All films have been digitized at BAM Berlin. The digitized films have been 
evaluated also by special software, developed together with BASF for the German chemical 
industry. For film evaluation in TRT mode at higher wall thickness, a new procedure for 
correct measurement of the outer pipe edges at film densities higher than 4 (the scratching 
technique) was presented at the expert meeting in 2004. The maximum penetrated steel 
thickness with Co-60 was determined to be 130 mm, with scratching and higher film 
densities, this was extended to 155 mm. In the DWT evaluation mode, a constant effective 
attenuation coefficient at (0.028 +/- 0.004) mm was found. The measurement accuracy is 
about 0.5 mm. No influence of insulation was found with Co-60 in both techniques. The final 
comparison with data available by the other CRP partners verified these findings. Procedures 
and application sheets were drafted for both inspection techniques and discussed with the 
CRP partners in the final meeting in 2005. The computer based film evaluation allows a better 
precision at lower wall thicknesses and avoids the additional high density films for TRT, 
because the inner wall profile can be detected by digital profile evaluation at lower densities 
as compared to visual viewing at the light box.  

5.1.3. Hungary 
Two large diameter pipes were successfully manufactured, as specified by the project. Three 
types of radiography experiments were performed using the conventional film technique at 
the AGMI Material Testing and Quality Control Company with Co-60, Ir-192 isotopes, X-ray 
generator and the Imaging Plate technique at the Budapest research reactor site using both 
gamma and neutron radiation beam. 

The basic requirement of the TRT at the 10 inch and 13 inch pipe was the Co-60 isotope 
source or the gamma radiation of the reactor. The accuracy of the wall thickness measurement 
was only 10% on the 10 inch tube. The OH- 10 and the IH-10, IH-20 were not detectable. The 
accuracy of the wall thickness measurement was only 14% on the 13 inch tube. The OH-10 
and the IH-10, IH-20 were not detectable. The maximum penetration thickness was 157 mm 
on 13 inch tube. 

Wall thickness measurements of all the holes were performed by DWT with Co-60, Ir-192, 
gamma radiation of the reactor and the X-ray generator. The accuracy of the measurement of 
50 % holes were 16 % on the 13 inch tube and on the 10 inch tube, the accuracy was 19 % by 
Co-60. 

The presence of the insulation had negligible effect on both tubes when the Co-60 isotope 
source was used. 

Both types of deposits (eccentric and optimal) influenced weakly the results of DWT 
measurements on 10 inch and 13 inch tube. 

The software simulation also yielded several interesting results. The software phantoms were 
reconstructed from a limited amount of available information using a new DT method. 
Experiments were also carried out using noiseless and noisy projections. Further 
investigations are necessary on the reconstruction procedure used to get better results in the 
future. 

5.1.4. India 
India was allotted 16 inch and 20 inch diameter pipes.  All holes were detected in bare and 
insulated 16 inch pipe with the exception of ground patch and 10% hole at ID in insulated 
pipe. They were not clearly seen.  For 20 inch pipe, 10% and 20% ID holes were not possible 
to locate. Features at ID were also under-estimated in the case of bare pipes, probably due to 
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edge burning of the OD wall. Scratching of film emulsion reduced the inaccuracy by about a 
millimetre. Precision and accuracy of measurement for 20 inch pipe were not very good (more 
than 1.6 mm). 

For insulated pipes, the ID lines were hazy and boundaries of thick steps could not be marked. 
This sets the upper limit of applicability of tangential technique to wall thickness of 13 mm 
(for 16 inch) and 15 mm for 20 inch pipe. These values are commensurate with pipe schedule 
40 instead of the schedule 80 attempted.  Features on ID, like holes and ground patch, were 
not imaged to their full depth; only the bottom of the hole is seen on image, disconnected 
from the portion near the ID. The reason behind this is explained elsewhere, these defects are  
prone to be missed in  Tangential RT. 

Double wall method gave results which had very large variations in µ values and hence wall 
thicknesses. This may be attributed to large diameter and thickness which favours scattered 
radiation to reach the neighbouring steps on the lower wall and thus brings deviation in the 
exponential relationship between thickness and density.  

5.1.5. Iran 
Corrosion evaluation and remaining wall thickness is a major concern in piping inspection in 
the inspection programs in the country. The radiographic method has been used for qualitative 
evaluation in the past years. This CRP provided a new attempt for developing the standard 
procedure and precise measurement including the deposit in insulated and non insulated pipes. 

During the period of the project, required calibration blocks were fabricated for 6 inch and 10 
inch pipes as was planned in the first RCM. Ir-192 and 300 kV X-ray machine was used for 
the experiments. More than 250 films were produced by Tangential and Double Wall 
Techniques and parameters and limitations were carefully studied and results plotted on the 
Excel sheets provided for this purpose. Precise quality control measures were applied in all 
process of exposures and film processing for accuracy and repeatability of the tests.  

Results show that these techniques can be successfully applied in evaluation of remaining 
wall thickness, corrosion and deposit with no significant effect of insulation on the results. It 
was noticed that relatively higher values of densities give better result in increasing sensitivity 
of measurements. Proposed values suggested for standard procedure preparation. For sake of 
comparison of the outcomes, Co-60 was also used for thickness evaluation. Some real 
experiments were performed in the selected industrial complexes to verify the accuracy of the 
procedures. 

5.1.6. Malaysia 

Several experiments have been made on 8 and 12 inches pipes based on the procedures 
recommended during previous CRP meeting.  The tangential radiography technique (TRT) 
and double wall techniques (DWT) have been applied by using Iridium-192 radioactive 
source and X-ray machine. It was found that the tangential radiography technique (TRT) 
could be used for measuring pipe wall thickness of 8 and 12 inches diameter by using 
Iridium-192 radioactive source. Measuring outside thickness can be made for optical density 
less than 4 and in order to see the inside thickness in the pipe the optical density should be 
more than 4. There is no significant effect on this thickness measurement with and without 
insulation on the pipe when using Iridium-192 source. It was found that the Lmax for 8 inches 
pipe is 83 mm and for 12 inches is 103 mm. For double wall technique, we found no 
significant change in the value of μeff for either diameter pipe. However, there is slight change 
in this value when using X-ray for insulated pipes. 

For determination of  the bitumen deposit in the pipes at minimum, intermediate and 
maximum wall thickness of the range between 1 to 12 mm, the image can been seen and 



 

32 

measured for all steps of the optical density outside step 4 greater than 4. Therefore, it is  
suggested that the tangential radiography technique can be used for measuring wall thickness 
with or without insulation by Iridium-192 source. For double wall technique, the method can 
be used if the correct μeff is being used. 

5.1.7. Romania 
Measurements have been made in order to determine the attenuation factor of the X-rays in 
steel. The range of the accelerating voltage was 100 kV-240 kV, and the test pipes were of 6 
inches in diameter and 14 mm wall thickness and 10 inches with 10 mm wall thickness, 
respectively. An empirical formula for attenuation coefficient of the X-rays in steel was 
obtained, as a function of both thickness and accelerating voltage. 

The second part of the project involved measurements using Ir-192 gamma rays. Both 
methods – DWT and TRT – were used to determine the defects made on the pipes. An 
empirical formula for the attenuation coefficient of gamma rays in steel was obtained, as a 
function of the penetrated thickness. 

5.1.8. Syrian Arab Republic 
Two steel reference pipes with outer diameters of 8 and 12 inches were machined to make 
artificial defects on each of them, such as inside and outside steps of different wall thickness, 
inside and outside flat bottomed holes (FBH) of different diameters and depths on steps, flat 
area (FA), and ground patch (GP). The artificial defects have been made to simulate natural 
corrosion attack. The two reference pipes were tested according to tangential radiography 
technique and double wall single image technique. Tangential radiography technique has been 
applied using Co-60 radioisotope to determine the steps thickness, the FBH, the remaining 
wall thickness under the FA, the remaining wall thickness above the GP, and the minimum 
detectable thickness of the artificial cement deposit on the two reference pipes, with and 
without insulation. Double wall single image technique had also been applied on the two 
reference pipes with and without insulation using Ir-192 radioisotope to measure the flat-
bottomed holes depths, GP depth, and FA depth by density measurements. The measurement 
results obtained from the radiographs confirm that tangential radiography technique can be 
applied to detect and evaluate the inside and outside regular corrosion attack in the large 
diameter pipes. It can also be applied to detect and evaluate the outside FBH with depth equal 
or greater than 10%. 

Inside 10% FBH and inside 20% FBH cannot be detected if their diameters are not larger than 
certain value related to diameter and wall thickness of the pipe under test. 

Increasing the film density up to 5 outside the pipe did not provide any detection 
improvement of 10% and 20% inside FBH. 

Tangential radiography technique can also be applied to detect and measure the deposit inside 
the pipes. 

Double wall technique can be applied as an alternative method of the tangential radiography 
technique to detect and to evaluate the shallow and small diameter, 10% and 20% inside FBH, 
in the insulated and non-insulated large diameter pipes. 

5.1.9. Turkey 

Corrosion, erosion and deposit accumulation in pipes is of crucial importance.The scope of 
this CRP included the evaluation of remaining wall thickness, pit depth and deposit by 
conventional tangential and double wall radiographic techniques (Ir-192 and Co-60 sources) 
on steel pipes from 6 inches in diameter (168 mm) up to 20 inches (508 mm) with and without 
insulation.  The limitations of X-ray radiography were also assessed. 
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During the period of the project, two reference pipes of 10 inches and 14 inches including ID 
and OD hole series, flat areas and ground patches and eccentric inside cement deposit were 
examined with DWT and TRT techniques. X-rays were used only for the DWT radiography. 
DWT radiography gave only average value of the remaining wall thickness. TRT was very 
powerful in the determination of remaining wall thickness. Minimum detection of pit depth 
determination was 10% of wall thickness for OD holes and 20% of wall thickness for ID 
holes. Deposit was measured only with TRT. Minimum detectable deposit thickness was 1.2 
mm at 10 mm wall thickness of 10 inches pipe by using Ir-192 and 2.1 mm at 16.5 mm wall 
thickness of 14 inches pipe by using Co-60. Conventional X-rays (max.300 kV) were not 
applicable for remaining wall thickness measurement by TRT, however, these could be 
applied for DWT exposures in the pit depth determination. 

5.1.10. Uruguay 
TRT proved not to be applicable for X-ray either for 8 inch and 6 inch pipes. The results 
indicate that TRT using Iridium-192 provides good values for wall thickness measurements, 
with limitations regarding internal hole detection that make this technique not suitable for 
detection of local internal corrosion. The application limits for Iridium for TRT were found to 
be about 80 mm for density outside the pipe between 3.5 and 4.0, and 95 mm for density 
outside the pipe about 4.0 after removing the emulsion on one side of the film. In the last case, 
local external corrosion represented by low depth objects could not be detected. Up to 1.5 mm 
thick bitumen deposits could be detected, depending on the penetrated wall thickness in steel 
using TRT and Iridium-192. 

For DWT, effective attenuation coefficients (μeff) were analyzed for Iridium-192, and 100 kV 
and 200 kV X-ray for bare and insulated pipe. Information from wall thickness difference 
between steps was also investigated. For Iridium-192, an average μ of 0.046 mm-1 with 
standard deviation of 0.006 resulted from the empirical data, with negligible variations due to 
insulation.  For X-ray, μ values have remarkable dependence on the penetrated wall thickness, 
and insulation decreases these values significantly. Using average μ values for suitable 
penetrated thickness ranges, thickness difference was calculated based on the density 
measurements, resulting in most cases in ±0.5 mm accuracy, having only some thickness 
difference values outside that range, but within ±1.0 mm accuracy, mostly corresponding to 
discontinuities deeper than 5 mm. 

5.2.  RESULTS OF DEPOSIT MEASUREMENT 

Results of deposit measurement by the participating countries are summarised in Table 3 containing 
the influencing parameters and limitations. A deposit wall thickness of 5% to 10% of the penetrated 
steel chord (Lmax value for this steel wall thickness) was clearly detected. 



 

TABLE 3. RESULTS OF DEPOSIT EVALUATION 

Country 

 

Parameter 

Turkey Syria Algeria Malaysia Iran Uruguay India Hungary 

pipe diameter 
(inch) 10 14 8 12 8 8 12 6 6 8 16 13 

radiation 
source 

Ir-
192 

Co-
60 

Co-
60 

Co-
60 

Ir- 
192 

Ir-
192 

Ir-
192 

Ir- 
192 

Ir-
192 

Ir-
192 

Co- 
60 

Co- 
60 

kind and type  
of deposit 

ceme
nt 
 

eccen
tric 

ceme
nt 
 

eccen
tric 

ceme
nt 
 

eccen
tric 

ceme
nt 
 

eccen
tric 

cement
 
 
 

eccentric 

bitu
men

 
eccen
tric 

bitu
men

 
eccen
tric 

bitumen
 
 

eccentri
c 

bitu
men

 
eccen
tric 

bitu
men 

 
eccen
tric 

bitumen 
 
 

eccentri
c 

bitumen 
 
 
 

flat 
steel wall 
thickness 
range of pipe 
(mm) 

3.0-
10.0 

7.0-
23.5 

5.5-
18.0 

3.5-
11.0 

6.0- 
23.0 

2.7-
13.1 

1.4-
7.9 

4.5- 
15.0 

2.5-
16.5 

2.5-
13 

6.3- 
20.4 

7.5- 
25 

penetrated 
total steel 
thickness for 
the thickest 
step with the 
reported 
minimum 
deposit 
thickness 
(mm) 

31.4 51.2 35.9 36.9 30.2 21.3 11.5 25.5 18.7 21.6 62.3 40 

maximum 
penetrated 
deposit 
thickness 
(mm), 
(cord) for the 
minimum 
detectable 
deposit 
thickness) 

34.8 62.1 39.9 39.5 59.5 39.2 69.7 36.5 27.2 33.5 43.5 125 

steel wall 
thickness 
range for 
which the 
minimum 
detectable 
deposit 
thickness can 
be detected 
(mm) 

3.0-
10.0 

7.0-
16.5 

5.5-
18.0 

3.5-
11.0 

6.0- 
14.0 

2.7-
7.2 

1.4-
4.1 

4.5- 
12.0 

2.5-
4.5 

2.5-
4.0 6.3 7.5- 

25 

minimum 
detectable 
deposit 
thickness  
(mm) 

1.2 3.1 2.2 1.3 5.0 2.0 4.0 2.5 1.4 1.5 1.3 15 
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5.3.   TANGENTIAL RADIOGRAPHIC TECHNIQUE (TRT) 

5.3.1. Procedure for wall thickness measurements 
Several techniques for selection of the best exposure conditions were developed and tested. 
Three techniques are suitable for world wide application in industry. These are the following 
techniques: 

• "Dcentral = 2" technique, corresponding to density 2 inside the pipe, at its centre.  

• "D = 4"  technique, corresponding to density 4 outside the pipe (inside insulation 
if it applies)  

• "D = 8" technique, corresponding to density 4 after removal of the emulsion on 
one side of the film in the region of interest or using a multi film technique.  

All of these techniques are limited by the maximum penetrated wall thickness in tangential 
direction of the inner pipe wall. The proposed BAM-diagram in Fig. 5 for calculation of Lmax 
as function of w was tested for determination of the limits of the different techniques. The test 
was performed successfully. The diagram was extended for practical use (Fig. 13).  

The correct determination of the wall thickness requires that the operator perceives the outer 
and inner wall edges in the radiograph. Therefore, the density outside the pipe projection Dmax 
shall be less than the maximum density limit of the viewing box used. This value will be 
considered to be 4.2 for further explanations, which corresponds to a film density of 4 above 
fog and base. 

The perception of the inner wall edge depends on the ratio of primary radiation intensity 
detected by the film (at Lmax) and the corresponding film system granularity equivalent. A 
perception limit Dmin was determined which is equivalent to an optical density of 0.1 exposed 
by primary radiation behind Lmax. This perception limit is related to a T3 film system 
corresponding to ISO 11699-1 (e.g. Agfa D7 developed in accordance with manufacturer’s 
guidelines). The applied films are covered by lead screens with a thickness of > 0.1 mm. The 
maximum penetrated wall thickness can be calculated now by: 

min

max
max_ ln1

D
Dw

eff
penetrated ⋅=

μ (24) 

The following values were determined for Ir-192 and Co-60 for inspection of steel pipes. 

TABLE 4. DETERMINED LMAX LIMITS FOR TRT FOR IR-192 AND CO-60 
 Ir-192 Co-60 

µeff 0.46 cm-1 0.28 cm-1 

Dmax = 4 80 130 

Dmax = 8 95 155 
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The corresponding pipe diameters and wall thickness values can be taken from the following 
diagram (Fig. 13), which is the final version of Fig. 5 summarizing all contributions of the 
CRP participants: 

 

FIG.13. Application limits for TRT (result of the CRP). 

5.3.2. Internal/external corrosion limit 
Outside holes could be detected in general, although 10% holes were difficult in some cases, 
and reasons were twofold: small depth of the hole (sometimes as little as 0.4 mm) and burn 
off for the edge. The latter could be addressed by removing the emulsion on one side of the 
film. Inside holes and ground patches were difficult to detect. While 10% holes were missed, 
20% holes showed up at the bottom position only as thick lines and not as volume defects. 
50% holes were detectable if the density was higher (e.g. > 1.5 at the tangential location), but 
at lower densities there are chances that even these holes are missed. If the hole bottom is 
seen, the ‘remaining wall‘ can still be measured from the bottom of the hole to OD line; but 
the phenomenon needs to be understood. It is a matter of concern because the local corrosion 
occurring at the ID can be missed easily. 

The following is an explanation for the above phenomenon (refer to Fig. 13)  

 
 

 

 

36 



 

 

 

37 

 

 

 

 

 

 

(a) Radiograph               (b)  Pipe section with hole               (c)Traversed Thickness profile 
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FIG.14. ID hole in the pipe , its picture and thickness profile 

The hole BB’CC’ is a 50% inside hole drilled in 20 inch diameter pipe, say on the 4th step.  
Hole diameter and step thickness are 15.2 mm and depth 7.4 mm.  On the radiograph, zone 
B’C’ can be seen but not BC. Lmax at ABCD is 173 mm ( minus the hole , actual material 
traversed is 158.2mm.)  Lmax at the bottom of the hole AB’C’D is 124 mm.  Thus the hole is a 
larger fraction of AB’C’D than at ABCD. It is respectively 12.3 % and 8.8 %.  As the 
sensitivity in TRT with such a large diameter pipe and lots of scatter may be just around 8-
10%, the hole is not seen at its mouth but it is visible at the bottom plane. The same 
phenomenon is observed for Ground Patch and other ID features. The graph in Fig 14 (c) 
depicts a typical thickness profile along the hole depth. The density profile will be 
complementary in nature. As there is a kink in density at the bottom, it helps visual perception 
and detection is easier. 

One of the solutions to this problem would be to take two exposures, one at high and one at 
the lower density. This will ensure that if the combination of pipe and hole diameters and hole 
depth is favourable for detection, it does not get missed due to low density. 

Other participants may have also observed this phenomenon even for lower wall thicknesses 
and smaller pipe diameters (6" and 8"), being internal holes difficult or impossible to detect 
even under those conditions and for the "Dmax = 8" technique. It is a cause of concern because 
it limits the detectably of local corrosion on the ID surface which is more likely to occur and 
which is very difficult to detect by other techniques. 

5.3.3. Deposit thickness measurements 
Depending on their experimental parameters, each country has obtained different limits of 
deposit detection. The results of the participants are summarized in Table 3 as dependent on 
pipe diameter, wall thickness, penetrated metal thickness, penetrated deposit thickness, 
radiation type, deposit type and density on the OD and area of interest. Different values of 
detection limit of applied parameters were obtained. It was determined that the minimum 
detection limit was strongly influenced by the wall thickness of the pipe. Density of the 
radiograph in the area of interest has also influenced the minimum detection limit. Insulation 
had a very slight effect on the definition of deposit indication which can be neglected. 



 

38 

5.4.  DOUBLE WALL TECHNIQUE (DWT) 

The Excel data sheets from the CRP participants have been collected and further analyzed for 
establishing trends and values for the effective attenuation coefficient µeff depending on 
radiation energy, penetrated wall thickness and insulation thickness. 

For the determination of µeff , the following formula was used: 

µeff  = ln [(DObject -Dfog)/(DStep -Dfog)] / Δw (25) 

with Dfog being the fog and base density of the film, DObject the density inside the object 
investigated (holes, ground patch or flat area),  DStep the film density  at the pipe step and Δw 
the wall thickness difference between the step and the imaged object on the film. 

This formula follows directly from Beer’s absorption law for penetrating radiation. This law,  
strictly spoken, is only valid for a collimated, monochromatic beam, resulting in an absorption 
coefficient. For simplified practical considerations, all deviations result in an effective 
attenuation coefficient which is normally lower than the expected absorption coefficient found 
by theoretical calculations. 

To draw the dependence of µeff  versus penetrated steel wall thickness w, the wall thickness 
difference Δw has been subtracted from the double wall thickness of the pipe step on which 
the object is located. 

The analysis included only measurements of film densities D in the range of 1 < D < 4 and 
object contrasts ΔD > 0.1 compared to the surrounding step. Otherwise the µeff  calculation 
was disturbed by too large measurement errors. 

5.4.1. DWT with X-rays at 100 kV 
Fig. 15 shows typical results obtained for DWT with 100kV X-rays in a penetrated wall 
thickness range between 4 and 14 mm. The experimental scattering of the µeff values 
calculated from the measured density differences is high, but a strong dependence of the µeff  
value on the penetrated wall thickness and the insulation is evident. 

5.4.2. DWT with X-rays at 200 kV 

The calculated µeff  for X-rays at 200 kV were available from several CRP participants. Fig. 
16 shows the result of a comparison. The interpolated formulae describe the main trends of 
the data.  The µeff value decreases with increasing penetrated wall thickness. Additional 
insulation further decreases the µeff  values. 

The general recommendation from these findings is a need for a specific calibration procedure 
to obtain correct µeff  values for the pipe geometry used. This is described in Appendix A. 

Data were also collected by Member States for 300 kV X-rays, but no graphs were prepared 
because there was even higher scatter of the experimental values already shown in Fig. 17. 
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FIG.15. Calculated effective attenuation coefficient µeff  for 100 kV X-ray based on DWT exposures 
from Uruguay with 6” and 8” pipes with and without stone wool insulation (50mm thick). 

5.4.3. DWT with Ir-192 
A large amount of data from the CRP participants was available with Ir-192 and DWT. Fig. 
18 shows as example the comparison of results for the test pipes from Uruguay and Iran. 
Besides the inter-laboratory scattering, no trend is visible for the dependence of µeff on the 
penetrated wall thickness. The best estimate from the data is: 

µeff  = (0.046 +/- 0.005) 1/mm, (26) 

i.e. the expected mean error is about 10%. 

This finding has a strong impact on the practical application of DWT with Ir-192 meaning 
that no calibration is necessary for the investigated range of 4 to 60 mm penetrated steel wall 
thickness! The expected measurement error is not larger than 10%.  

The histogram (Fig. 18) of the calculated µeff values for Ir-192 shows a small side 
concentration around 0.06 1/mm, which is caused by small step holes at the outer pipe side 
very near to the film. This deviation is caused by the strong decrease of scattered radiation 
from the object resulting from these holes. 
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Double wall technique, X ray 200 kV
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FIG.16. Calculated effective attenuation coefficients µeff  for 200 kV X-ray based on DWT 
exposures from Uruguay, Malaysia, Turkey and Iran with 6” to 10” pipes without insulation, Romania 
contributed a interpolation formula µeff  [1/mm] = 0.0467 + √(10/w[mm]). 
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Double wall technique, 200 kV, with and without insulation
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FIG.17. Calculated effective attenuation coefficients µeff  for 200 kV X-ray based on DWT exposures 
from Uruguay and Malaysia for 6” to 10” pipes without and with insulation of 50 mm stone wool 
(Uruguay) or glass wool (Malaysia). 
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Double wall technique, Ir 192
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FIG.18.  Measurement results of the effective attenuation coefficient µeff for Ir-192 and steel pipes 
from 6” to 10” diameter. The average µeff  value is independent from the steel wall thickness and the 
insulation and is (0.046 +/- 0.005) 1/mm 
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Uruguay 6" and 8" with Ir192
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FIG.19. Histogram of the distribution of all measured µeff  values for Ir-192 by Uruguay, which has 
a distinct maximum at 0.046 1/mm. 82% of the values are within 0.040 and 0.051 1/mm. 

5.4.4. DWT with Co-60 
The observations for Co-60 are very similar to those from Ir-192. The average µeff  value was 
determined to be: 

µeff  = (0.028 ± 0.004) 1/mm, (23) 

The histogram (Fig. 20) of the calculated µeff values from the German stepped pipes with 8 
inch and 12 inch outer diameter shows a strong maximum at the central peak at 0.028 1/mm. 

Also for Co-60, a special calibration feature is not necessary; no influence of insulation was 
detected. The small side maxima around 0.05 1/mm is caused by the same effect as for Ir-192, 
namely, deviations for outer holes very near to film. 

In Fig. 21, the estimated measurement errors for all evaluated step holes in the German 
(BAM) pipes (no insulation, 8” and 12” outer diameter) are shown, which correspond to a 
mean measurement error of about 10% wall thickness. 
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FIG.20. Histogram of the distribution of all measured µeff  values for Co-60 by Germany, which 
has a distinct maximum at 0,028 1/mm. 
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FIG.21. Distribution of the estimated measurement error assuming a constant µeff  for all hole 
thicknesses of the BAM pipes 
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6. CONCLUSIONS AND RECOMMENDATIONS 

6.1.  TECHNICAL CONCLUSION 

TRT and DWT were used for evaluation of large area and local corrosion as well as deposits. 
Recommendations were derived for inspection and evaluation of  

- large area corrosion 
- local corrosion 
- erosion 
- deposits 

The selection of technique depends on the specific needs of the application. 

The TRT is suitable for measurement of the wall thickness of pipes and deposit thickness. The 
method was tested for steel pipes with a diameter of 6 inches to 20 inches and a wall thickness 
range of 2 to 30 mm with and without insulation. The accuracy of the wall thickness 
measurement was determined by an inter-laboratory comparison of TRT of all participants 
and was found to be ± 0.5 mm for the lower range of wall thickness up to ±1 mm for larger 
diameter and wall thicknesses. 

X-ray sources (≤ 300 keV) are not recommended for the TRT of pipes larger than 6 inches in 
diameter. Ir-192 and Co-60 are the recommended sources. Se-75 was not included in the tests 
and may also be useful for the smaller diameters and/or wall thicknesses. 

DWT is suitable for measurement of local wall thickness changes, for example, depth of local 
corrosion from density differences, whereas TRT is the suitable technique for absolute wall 
thickness measurements. X-ray and gamma sources can be applied for DWT. The advantage 
of application of Ir-192 and Co-60 is that the observed µeff is practically constant (within ± 
10%) over the penetrated wall thickness range. The µeff has a low dependence on the 
insulation thickness and material which is less than 10%. A calibration procedure is not 
required if an accuracy of ± 10% is sufficient. For measurements of depth of local corrosion 
(e.g. pitting) within an accuracy of ± 0.5 mm, but not better than 10% of the wall thickness, 
the following equations are applicable for steel pipes: 

Ir-192: Δw[mm] = ln((Dpit-D0)/(Dbackground-D0 ))/0.046 (density range 1.5 to 4) (28) 

Co -60: Δw[mm] = ln((Dpit-D0)/(Dbackground-D0 ))/0.028 (density range 1.5 to 4) (29) 

The application of X-ray sources has the potential of obtaining a higher accuracy for the wall 
thickness measurement, but it requires the calibration of the system for determination of 
correct µeff values, which depend on the wall thickness, insulation thickness and material. It is 
also emphasised, that µeff depends on the spectrum of the X-ray source, which is determined 
by the target material, target angle, the radiation window material and thickness as well as the 
power supply and its calibration and fluctuations. 

The TRT is not suitable for searching of internal local area corrosion (e.g. pitting). Flat 
bottom holes of up to 20% depth of wall thickness (situated 90° to the radiation beam) and the 
ground patch were not seen in a wide range of diameters and wall thicknesses. Even the 50% 
holes were not reliably detected. Outer local area corrosion was better detected than inside 
corrosion, if the exposure has no burn off outside the pipe. For detection of local corrosion, 
DWT should be used. For better detection of deposits and inside corrosion by TRT, a second 
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exposure is recommended with an optical density > 1.5 in the region of the inner wall 
projection (at Lmax). 

Bitumen and concrete were used for modelling of organic and inorganic deposits (e.g. 
residuals) in pipes. The minimum detectable thicknesses (5 - 10%) were determined in 
relation to Lmax. The detected minimum thickness depends on the ratio of penetrated steel 
wall thickness and deposit thickness. The less the attenuation of the deposited material, the 
smaller the value of the minimum detectable deposit thickness. 

TRT is suitable for detection of large area corrosion, erosion and deposit detection by 
measurement of the pipe wall thickness and deposit thickness. Since there is a very low 
probability of detection of local area corrosion, a DWT evaluation is needed if local area 
corrosion needs to be found. 

Three exposure techniques are proposed for TRT with different specifications for optical 
density (D): 

- "Dcentral = 2" technique for TRT and DWT with the same film. 

- "Dmax=4" technique for TRT to measure the wall thickness with one film. 

- "Dmax=8" technique for TRT to measure the wall thickness with two films 
of different speeds or by removing the emulsion on one side of the film to reduce 
the density to D < 4 in the burn off area at the outer pipe edge projection. 

The BAM diagram with Lmax = f(w, diameter) was applied for determination of the 
application limits of the three techniques for Ir-192 and Co-60. This diagram indicates also 
the upper limit of wall thickness and diameters of pipes for the practical application using 
TRT depending on the source. The maximum limits of Lmax for Ir-192 and Co-60 were found 
to be lower than expected in the former CRP (small diameter pipes) but higher than proposed 
by BAM. Those limits for Lmax depend on the radiation source and the film system. T3 film 
systems (see ISO 11699-1: e.g. Agfa D7, Kodak AA400, FujiFilm IX100, developed 
according to manufacturer’s requirements) were used in this CRP:  

TABLE 5. DETERMINED LMAX LIMITS AND µEFF-VALUES FOR TRT FOR IR-192 AND CO-60 
AND T3 FILM SYSTEMS 

 Ir-192 Co-60 

µeff 0.046 mm-1 0.028 mm-1 

Dmax = 4 80 mm 130 mm 

Dmax = 8 95 mm 155 mm 

6.2.  INDUSTRIAL BENEFITS 

Radiography is the only NDT method which does not require removal of insulation  of pipes 
in chemical and energy industries for evaluation of corrosion and measurement of pipe wall 
thickness. The estimated market for exposed films for corrosion inspection alone amounts to 
nearly US$ 100 million. This market is expected to grow, because more and more large 
chemical and energy enterprises are realising the advantage of this technology. No standard is 
available at this time to provide guidelines for either TRT or DWT on pipeline inspection, 
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neither to select the technique, nor to specify the testing procedures. Application limits for 
different radiation sources, reliability of results and limitations of the techniques are needed. 

Despite this, there is a common belief in the industry worldwide, that radiography is able to 
make visible to human eyes any relevant discontinuity present in the tested object. 

It is urgently required to release guidelines and standards to avoid incorrect application of this 
method and overcoming of risk of overseen indications, especially in the inner wall area. 
Without validated testing procedures, radiographic techniques are applied without being 
aware of their limitations. A wrongly selected NDT method, technique or procedure gives 
thus a false sense of reliability, which can lead to high risk for human and environmental 
safety. The industrial benefits of the results of this CRP are the development of a testing 
procedure for the tangential and double wall technique. Operators can easily select the correct 
exposure conditions, radiation source and exposure geometry. 

Industry cannot validate this kind of procedure based on practical experience, because no 
known discontinuities are usually available. Such validation of protocols, as done during this 
CRP, are required to prepare complex and expensive test specimens, perform thousands of 
exposures under well controlled conditions, and process the collected data. Companies are not 
ready to make such an investment alone, probably they do not realize that such limitations are 
present and usually over estimate the capabilities of radiographic techniques. 

This CRP proved, among other very useful facts to be found under the conclusion chapter, 
that internal local corrosion detection using TRT is not reliable, which is an unexpected 
relevant finding that must be brought to the attention of industry. 

The guidelines provided in this CRP for deposit determination are also useful in many 
industrial branches, e.g. determination of coke deposits in pipes of oil heaters in petroleum 
refineries. 

Less expensive NDT techniques need the removal of insulation for contact measurements 
(e.g. UT). Long time observations have proven that this leads to outer corrosion of pipes 
which are located outside of protecting buildings. Furthermore, periodic radiological testing 
enables companies to predict the life time of their pipes and to save unreasonable maintenance 
costs by shorter inspection and exchange periods. Longer working periods and fewer service 
periods result in significant cost reductions. 

RT is also understood to have fewer limitations than UT for pitting detection, but only 
following the guidelines developed in this CRP can RT reliably detect and measure local 
corrosion. 

Among the participants of this CRP, there are some with industrial background, who were 
already able to prove how beneficial the results of this CRP are in practical industrial 
applications. 

The findings of the project contribute to a saving in the analysis of the exposed radiographs. 
The risk of overlooking inner local corrosion in TRT was clearly proved. A detailed practice 
was developed with unique requirements for the number of exposures and exposure 
conditions. This will reduce the risk of overlooked indications, leading to an increase in 
environmental and human safety. 

6.3.  RISK PREVENTION 

Failures due to corrosion and deposits originating in large and small diameter pipes can have 
far-reaching and serious consequences. The ability to detect corrosion/erosion and deposit 
anomalies is very important tool in today's industrial world, and an integral part of an 
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effective risk based management system. The unexpected failure of piping systems can result 
in unimaginable tragedies, through loss of life or permanent environmental damage. 

Commercial loss can be calculated by loss of productivity, unscheduled maintenance periods, 
resulting maintenance costs and loss of income of the employees and suppliers. On occasions 
there are news of industrial accidents related to these situations, but there are undoubtedly 
many more incidents not covered by the national/international media because there has been 
no loss of life or large commercial impact. On a daily basis around the world, there are 
unexpected failures of piping and pipeline systems that occur without notice by the general 
public. Due in part to the globalization of information systems, however, these occurrences 
are becoming more widely known. 

Increased awareness of potential risks (i.e. human and environmental) has led to increased 
awareness of contamination of the planet, its waterways and its atmosphere. This has led to 
stringent regulatory controls for the manufacture and installation of such projects as storage 
tanks, pipelines, petroleum/chemical production facilities and nuclear facilities. These 
facilities possess many meters and potentially kilometers of piping connecting all facets of 
their production; the piping in many cases is subjected to harsh environment, inside and 
outside of the pipe. Deposits resulting from product buildup or deposits by-products can lead 
to reduced efficiency of the process or equipment. 

Non-destructive testing and especially radiography can and should have an important role and 
be used as the tool (of choice) that is used to identify potential areas of concern and, thus, 
prevent failure in piping systems. Radiographic techniques (Double Wall and Tangential 
Wall), are efficient and cost effective types of inspection that can identify problem areas 
before they become an issue. Radiographic techniques can be applied in all types of weather, 
on insulated/bare piping, while the equipment is in-service or during shutdown. The use of 
radiographic inspection techniques can be implemented very easily and can be conducted by 
government organizations or by private contractors. 

The information gained by an effective radiographic inspection program can prevent many 
tragedies from occurring. The initial set-up cost is easily recovered by the potential reduction 
in lost production and the elimination of a potential loss of life. A pro-active program will 
help establish and predict trends in the pipes integrity, which can lead to efficient use of 
maintenance periods and reduce surprises. 

Zero unexpected failures may never be achieved, but a trend towards zero is always 
achievable, and increasing reliability must be sought. 

6.4.  ENVIRONMENTAL BENEFITS 

Broken or corroded pipes, carrying dangerous agents as chemicals or gas and oil, may cause 
serious damage to the environment and endanger technological equipment as well as the life 
of people. Only the periodic inspection for the integrity of pipes and equipment can reduce the 
risk in conjunction with other maintenance activities. 

The results of the CRP allow the prevention of failure of pipes caused by corrosion and 
erosion as well as the reduction of the free inner cross section by unwanted deposits. This is a 
considerable contribution to the safety of industrial plants and human life. 

The described procedures reduce also the required number of films for inspection. The 
recommended practice allows the usage of one film for TRT and DWT in a specific range of 
wall thickness and diameters. 
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6.5.  RECOMMENDATIONS 

The protocol for measurement and evaluation of corrosion and deposits in large diameter 
pipes and a new procedure for measurement of the wall thickness and local corrosion, erosion 
and deposits in such pipes were developed as result of the CRP. This protocol needs to be 
harmonized with the results of the CRP for inspection of small diameter pipes. The results of 
both CRPs have the relevance to be developed as an international standard. 

The recommended practical procedure, based on this protocol, is recommended for 
submission as a standard draft by IAEA to ISO and/or other international standard 
committees. 

It is recommended by all participants to publish this protocol as a technical document and to 
distribute it among all users of non-destructive testing. 

The CRP was limited to steel pipes. In modern industries, a variety of pipe materials is 
applied from light alloys to plastics. The determined µeff values and the radiation energies for 
the inspection need to be modified depending on the material for the development of a 
universal international standard.  Furthermore, more radiation sources as e.g. Se-75, should be 
included. The CRP participants recommend that these factors be considered in further CRPs. 

One of the main and unexpected results of the CRP is the problem of overlooked inner wall 
corrosion. A future CRP is recommended to investigate the problem and make industries 
aware of the related risk of misinterpretation and failure of pipe components. Here, a widely 
unknown problem was revealed. It should be studied further, widely publicized and taken into 
account for revision of IAEA documents and international radiographic training programs. 

New digital technologies such as computed radiography (CR) with phosphor imaging plates 
and/or digital detector arrays (DDA) are becoming increasingly used for film replacement. 
Currently the large scale substitution of X-ray film is on the way. For example, the European 
Union initiated the project “Filmfree” to support small and medium enterprises in Europe to 
develop new digital industrial radiology technologies to promote the development of less 
expensive testing devices for further enhancement of industrial safety, reduction of radiation 
dose and reduction of inspection costs. The potential of these technologies are the following: 

- faster inspection time per pipe, 
- lower cost per inspection, 
- more parallel inspection work due to smaller controlled areas for radiation 

protection, 
- lowering of radiation dose for the inspectors, 
- more safety due to more inspections with the smaller expense, 
- shorter maintenance time for chemical and energy plants, 
- better prediction of maintenance cycles due to more accurate NDT data, 
- possible extension of operating periods between service periods in industry, 
- better radiation protection and reduction of costs by substitution of the high energy 

source Co-60 with Ir-192 in industrial plants. 

To benefit from the application of radiological inspection techniques such as those described 
in this document, it will be necessary to extend the protocols for pipe inspection for the new 
digital technologies under consideration. 
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APPENDIX A RECOMMENDED PRACTICAL PROCEDURES 

A.1 RECOMMENDED EXPOSURE TECHNIQUES FOR TRT 

A.1.1 Selection of Method 
The TRT shall be applied for measurement of the wall thickness of pipes. This shall be 
performed with gamma sources (e.g. Se-75, Ir-192, Co-60) for diameters above 150 mm. TRT 
is also suitable for detection of a deposit and measurement of its thickness. 

DWT shall be applied for measurement of local wall thickness changes as depth of local 
corrosion from density differences. Gamma sources and X-ray sources may be used.  

 

FIG. A1. Geometry of TRT 

A.1.2 Wall thickness measurement using Tangential Radiographic Technique (TRT) 
A.1.2.1 Source Selection 

The source shall be selected according to the maximum penetrated wall thickness (Lmax) of 
radiation path and the diameter and wall thickness. The value of Lmax can be derived from 
BAM diagram (Fig. 5 and Fig. 13). This diagram shows the limitations and suitability of 
source for the testing task. Lmax is calculated by 

 (A1) 22
max inout DDL −=
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A.1.2.2 Selection of film system 

T3 film systems (ISO 11699-1, e.g. Agfa D7, Kodak AA400, FujiFilm IX 100 according to 
manufacturer’s development procedure) are recommended with manual or automatic film 
processing system. 

Screens > 0.1 mm lead shall be used with Ir-192 or Co-60 in close contact with the film. Steel 
or copper screens > 0.5 mm should be used instead of lead screens for Co-60 to increase the 
sensitivity. This may allow to exceed the Dmax=4 or Dmax=8 limit of the exposure diagram 
(Fig. 13) respectively. 

Film processing control is important in obtaining the required results and should be used in 
accordance with ISO 11699-2. 

A.1.2.3 Exposure conditions 

Film position: 
Film shall be placed flat under the pipe in perpendicular direction of beam passing the wall in 
the interested area including the insulation. 

Minimum SFD calculation: 
Consider Ug at least 0.5 mm. Insulation thickness must be considered in the determination of 
the SFD. 

Exposure calculation: 
a. D-Centre technique (Dcentral=2) 

Consider density 2 at centre of the pipe (double wall) for exposure calculation. 

b. If the wall thickness is smaller or equal to the Dmax=4 limit (see Fig. 13), use the D-4 
technique. 
Consider density 4 as max. density on film (outside the pipe). 

c. If the wall thickness is larger than Dmax=4 limit (see Fig. 13) and smaller or equal to 
Dmax=8 limit, use D-8 Technique 
Use multi film technique or scratch technique and consider density of 4 at film with the 
lowest speed or in the single sided part of the film outside the pipe  

Note: if the wall thickness is above Dmax=8 limit in Fig. 13, the evaluation is not covered by 
this method. 

A.1.2.4 Film evaluation 

a. D-Centre technique: 
The films can be used for Double Wall Technique too. 

Check with calibrated densitometer the film density at the pipe centre. The measured density 
shall be >2 and lower than the maximum density limit (Dmax) value of the used light box. 

The film shall be free of any artefacts caused by processing and handling. 

The operator shall determine the width of the projected wall by measurement of the distance 
between outer and inner wall edges. For exact measurements a caliper or a magnifying glass 
with scale may be used. The magnification shall not exceed 5. 

The wall thickness shall be measured at the specified positions and be corrected with the 
magnification correction. 

All measurement conditions shall be documented and signed by the operator with date of 
measurement. 
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b. D-4 technique: 
Similar to D-Centre technique, but the measured film density outside the pipe should be at max. 4 and 
below the Dmax value of the used light box (see ISO 5580). This technique should not be used for 
DWT. 

c. D- 8 technique: 

Similar to D-Centre technique, but the measured film density outside the pipe after removal of 
emulsion on one film side should be at max. 4 and below the Dmax value of the used light box (see ISO 
5580). 

For correct measurement of the outer pipe wall position the film emulsion on one film side should be 
removed in this film region. Without local removing of on film emulsion these films cannot be 
evaluated outside of the steel pipe, because the Dmax value of the used light box (see ISO 5580) is 
exceeded in these regions. 

 
A.1.2.5 Magnification correction: 
Measured value represents the projected value of the thickness. Use Eq. 16 for calculation of 
corrected value of the measured wall thickness. It is recommended that more people should 
repeat the measurement to get the precise values. 

A.1.3 Deposit measurement 
TRT technique shall be used with above mentioned conditions described above. Usually the 
deposit will be determined with wall thickness measurement if followings conditions are 
considered: 

a. Horizontal direction of exposure is recommended. 

b. Minimum detectable thickness: 
Deposits below 2.5 mm may not be detected. This also depends on the thickness of the pipe 
wall and diameter as well as deposit material. Thinner wall thicknesses give better results. 

c. Minimum density: 
Density 2 is recommended in the area of interest. Repeating the exposure is required if density 
drops below 1.5. 

A.2 RECOMMENDED EXPOSURE TECHNIQUE FOR DWT 

A.2.1 Selection of the technique 

The Tangential Radiographic Technique (TRT) is recommended for wall thickness 
measurement. If local corrosion has to be determined or the Lmax value for the available 
radiation source is exceeded, then the Double Wall Technique (DWT) can be used. Wall 
thickness differences between 2 points can be measured based on density ratios between 
them, if the effective attenuation coefficient (µeff ) is known for the radiation source used. 

A.2.2 Source selection 
The source shall be selected taking into account the limitations of the penetration capability of 
the radiation sources for the penetrated path (2 w, w = pipe wall thickness). X rays can be 
used, but the effective attenuation coefficient µeff depends in this case on the penetrated wall 
thickness, the radiation energy and spectrum and the insulation thickness. A calibration 
procedure is required (see A.3). For Ir-192 and Co-60 fixed typical µeff values for steel were 
found in this CRP (Table 4). The penetrated wall thickness (2w) should be larger than 5 mm 
for Ir-192 and larger than 20 mm for Co-60. 



 

A.2.3 Selection of film system 
T3 film system (ISO 11699-1, e.g. Agfa D7 according to manufacturer’s development 
procedure) is recommended with manual or automatic film processing system. 

Lead screens with thickness ≥ 0.1 mm shall be used with Ir-192 or Co-60 in close contact 
with the film. Steel or copper screens with thickness ≥ 0.5 mm should be used instead of lead 
screens for Co-60 to increase the sensitivity. 

Film processing control is very important for obtaining the required results and should be 
used in accordance with ISO 11699-2. 

A.2.4 Local corrosion measurement 
The DWT shall be used for local corrosion and pitting evaluation. The following considerations 
apply: 

a. The technique will give the total wall reduction of both penetrated walls. 

b. Density 2 is recommended for exposure calculation. 

c. Repeating the exposure is required if density drops below 1.5. 

d. Equation A-1 shall be used for wall loss calculation. 

e. μeff values shall be extracted for steel from table 4 for Gamma sources according to the 
radiation source. 

f. Exposure condition is important in obtaining the accurate results. Repeating the 
exposure by changing the angle of radiation beam to the object may provide better results. 

g. Selection of film system is similar to the wall thickness measurement. 

A.2.5 Film evaluation 
The film density in the reference point shall be measured with a calibrated densitometer. A 
precision transmission densitometer with built-in light source provides more accurate results 
than a pen-densitometer used in combination with a light box. The measured densities shall be 
greater than 1, greater than 1.5 for better accuracy and lower than the maximum density limit 
(Dmax) value of the used light source (see ISO 5580:1985 for illuminators). The density 
difference between the two points under evaluation, called as measurement and reference 
points in Fig. A.2 should be greater than 0.1 for good measurement results. The measurement 
and reference points (Dmeas and Dref) should be on a line parallel to the pipe axis (see Fig. 
A.1). DWT measurements have the best accuracy along the pipe centerline, but may also be 
performed covering up to one third of the pipe diameter (diameter/6 to each side of centre 
line). The film shall be free of any artifacts caused by processing and handling. 

 

 

FIG. A2.  Measurement principle for DWT. The density inside both areas is measured. The shown 
pipe section has a vertical axis. 

The wall thickness difference, Δw, is calculated according to: 

57 



 

58 

Δw = ln [(Dref -Dfog)/(Dmeas -Dfog)] / µeff (A-2) 

The calculated wall thickness difference could be extended to the full wall thickness at Dmeas, 
if the known wall thickness at Dref is added. Dfog is the density of fog and film base, obtained 
by developing non exposed film. In Equation A-2 ln is the natural logarithm to the base e. 

For Ir-192 a typical µeff value of (0.046 ± 0.005) mm-1 can be used, while for Co-60 a µeff 
value may be (0.028 ± 0.004) mm-1. 

All measurement conditions shall be documented and signed by the operator with date of 
measurement. 

A.2.6 Exposure conditions 
a. Film position: 
Film shall be placed flat under the pipe in the direction of beam passing the wall in the 
interested area including the insulation. 

b. Minimum SFD calculation: 
Geometrical unsharpness (Ug) should be smaller than 0.5 mm. Insulation thickness must be 
considered in the determination of the SFD. 

c. Exposure calculation: 
Consider density 2 at centre of the pipe (double wall) for exposure calculation. 

A.3 CALIBRATION PROCEDURE FOR DETERMINATION OF THE 
EFFECTIVE ATTENUATION COEFFICIENT µeff 

To determine a wall thickness difference, Δw, in DWT it is necessary to have the effective 
attenuation coefficient, µeff, for the given radiation energy, the nominal wall thickness, wref, 
and the inspection set-up including pipe insulation. The µeff value for a particular penetrated 
wall thickness can be determined from a radiograph, if a known wall thickness difference can 
be found on it. Such a known wall thickness difference could be an IQI (not wire type) 
according to ASTM, CEN, ISO or a test wedge with known wall thicknesses. The IQI or test 
step wedge shall be of the same material as the pipe. The known thickness is used for 
calibration and called Δwcal. The µeff  is determined by: 

µeff  = ln [(Dref -Dfog)/(Dcal -Dfog)] / Δwcal  (A-3) 

The known wall thickness difference (IQI or test step wedge) used for calibration (Δwcal) 
should be placed on the same line parallel to the pipe axis as the reference point Dref. and the 
measured point Dmeas. 
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