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ABSTRACT 
The various and complex cracking processes that occurs 

on a pipeline have made reliable crack detection a great 

challenge. This paper basically consists of different ways of 

inspection of pipelines using Electro Magnetic Acoustic 

Transducers. There are various types of Flaws and defects 

in the oil and gas pipelines which can turn into hazards 

leading to leakage, miss happenings, cracks (SCC) and 

many more damages. Different technologies are used in 

different area and organizations. EMATs are of several 

types like Axial EMAT, Circumferential EMAT etc. These 

EMATs are responsible for the inspection of all type of 

defects, Stress corrosion cracks (SCC) can occur in a range 

of pipeline field conditions including soil type, stress, 

cathode Potential, coating conditions and temperature. 

 

Keywords: EMAT, Inspection of Pipelines, Flaw detection 
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I.  INTRODUCTION 
This Electro Magnetic Acoustic Transducers are used to 

detect the width, flaws and defects in a pipeline. This type of 

defect is usually oriented along the axial length of the pipe. If 

the defect remains undetected the cracks may grow and/or 

coalesce and eventually lead to a leak or pipe rupture. Other 

types of defects can also occur in pipe structures. They are 

either critical to the safety of the pipeline (e.g., corrosion, 

welding cracks, and pits) or benign stringer-like internal 

inclusions. Non-destructive Inspection (NDI) systems are vital 

to locating the defects early without false alarms from benign 

inclusions to problematic cracks as well as helping characterize 

and size the defects for repair or replacement. Many 

technologies have been developed for pipe inspections, but they 

are limited to detecting certain types of defects. For example, 

Axial-field Magnetic Flux leakage (MFL) in-line inspection 

smart pipe-inspection-gears (PIG), which is extensively used 

for pipeline inspection, is good for detecting corrosion damage 

or circumferentially oriented defects inside a pipe, but have 

limited success in detecting flaws or cracks in the axial 

direction. 

This paper will give overview of some basic techniques 

used for the inspection of oil and gas pipelines explained in 

some earlier papers. 

A.  Saudi Aram co is one of the world's leading 

international oil and gas companies. It is also a major pipeline 

operator, which owns and operates a vast and scattered 

hydrocarbon transportation network within the Kingdom of 

Saudi Arabia. The network comprises over 17,000 km of 

pipelines ranging from 3 to 56 inches in diameter operated at 

different terrain conditions. 

B.   Effective in-line inspection techniques exist to detect 

corrosion, mechanical damage, and wall thinning, detecting 

SCCs still poses a problem. Oak Ridge National Laboratory 

(ORNL) has developed an EMAT system that uses SH guided 

wave to detect SCC. 

 

II. HIGH RESOLUTION EMAT 

TECHNOLOGY USED IN SAUDI ARAMCO  
Saudi Aramco is one of the world's leading international oil 

and gas companies. It is also a major pipeline operator, which 

owns and operates a vast and scattered hydrocarbon 

transportation network within the Kingdom of Saudi Arabia[1]. 

The network comprises of pipelines ranging from 3 to 56 

inches in diameter operated at different terrain conditions over 

17,000 km. This network originates at the oil, gas, and NGL 

production plants, and terminates at the export terminals, 

processing plants or domestic users. Accordingly, the safe and 

reliable operation of this pipeline network is essential to Saudi 

Aramco’s operation and the prosperity of the Kingdom of 

Saudi Arabia. The associated challenges facing pipeline 

operators in the complex and dynamic oil and gas industry are 

continuous and require thorough, short- and long-term 

solutions. Saudi Aramco constantly researches and tests various 

related technologies to overcome challenges, such as the 

detection of Cracking and Coating Disbondment. Traditionally, 

non-destructive in-line inspection tools are based on 

technologies like Magnetic Flux Leakage (MFL), Ultrasonic 

Testing (UT) or Eddy Current. However, none of these 

techniques is applicable to the detection of stress corrosion 

cracking (SCC) especially in gas pipelines. Recently ROSEN 

developed a new type of ultrasonic sensor that is based on an 

electro-magnetic acoustic transducer (EMAT) (KLANN 2006). 

By utilizing physical effects like the Lorentz force and 

magnetostriction this technology allows, unlike conventional 

UT, a contact-free generation and observation of ultrasonic 

signals. It is independent from a coupling medium between the 

sensors and the pipeline to be inspected. The pipeline serves as 

its own transducer. For this project a 16" tool was 

manufactured and equipped with EMAT sensors (Figure 1). 

First field test were performed, proving the performance of this 

technology under operational conditions [1]. 
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Figure 1: RoCD2 inspection tool (16") designed for crack and coating 

disbondment detection [1]. 

A. Inspection Technology 

Following a high-resolution approach (refer to Figure 2, 

right) numerous EMAT modules are arranged on the in-line 

inspection tool. In contrast to a low resolution approach (refer 

to Figure 2, left), a complicated evaluation of the UT travel 

time to locate an anomaly on the pipeline perimeter is not 

required. Figure 3 shows the basic arrangement of one EMAT 

module used to inspect a distinct area (pixel) on the 

pipeline[1].  

 
Figure 2: EMAT sensor arrangement. 

 

 Comparison between low resolution (left) and high resolution 

approach. The high resolution approach overcomes the 

complicated analysis of the UT-travel time to locate cracks on 

the pipe perimeter[1]. 

 
Figure 3: Basic arrangement of three EMAT modules comprising one 

sender module (left) and two receiver modules (one left, one right).  

 

The transmission signal is used for detection of coating 

disbondment, while the echo signal allows the identification of 

crack-like indications[1]. 

The ultrasonic waves do not travel around the whole 

circumference of the pipeline before they are observed by a 

receiver. Rather, the acoustic waves only travel a short 

distance between the EMAT sender and the receiver allowing 

a comparatively simple data evaluation and avoiding false 

alarms. The sensor arrangement required to inspect one pixel 

on the pipeline comprises one EMAT sender (Figure 3, left) 

and two EMAT receivers (Figure 3, one on the left and one on 

the right). The EMAT sender generates a tailored shear 

horizontal wave that contains distinct frequencies and is 

especially sensitive to near-surface axial-oriented linear 

defects. Secondly, the transmission signal is monitored for 

changes in the coating quality. 

B. Data Evaluation 

From Figure 3 it can be seen that an echo signal will only 

be recorded if a significant amount of energy is reflected into 

the EMAT echo receiver. Since the echo receiver is active for a 

short time interval, only signals that are reflected from a 

specific sensor related position on the pipeline are detected. 

Hence, other signals emitted from adjacent EMAT senders or 

late reflections emitted from other positions on the pipeline can 

easily be excluded during the data evaluation process. Due to 

the arrangement of the EMAT modules, primarily features with 

an axial dimension are detected. A detailed analysis of 

significant echo signals including signal amplitude, arrival time 

and frequency content, provides valuable information about the 

detected type of defect. 

 
Figure 4: Detailed views of a single anomaly. 

 The upper two panels contain c-scan views of six (6) 

individual inspection channels (echo signal (left) and 

transmission signal (right)). The two lower panels show non-

integrated echo data as a function of the log distance of the 

channel at 75 degrees. The left panel shows the time signals 

and the right panel shows corresponding spectra. In Figure 4, 

four panels show additional information about one particular 

anomaly. While the two upper panels show integrated data of 

the echo (left) and the transmission (right) data as a function of 

the circumferential position and the log distance, the two 

lower panels show non-integrated vector data of one specific 

channel (the channel at 75 degrees). The lower left panel 

shows the echo time signals as a function of the log distance 

and the lower right panel corresponding signal spectra. By 

analyzing the signal time domain, information about the defect 

orientation is gained as it relates to the pipe axis. This means 

that the echo channels are sensitive to defects in both the axial 

and in the circumferential direction. 

C.  Crack Detection 

The UT-wave propagates from the EMAT sender on the 

left-hand side towards the EMAT receiver on the right-hand 

side (Figure 3). In a no-crack condition this wave reaches the 

receiver and is recorded as a so-called transmission signal. On 

the other hand, if there is a crack-like defect between the 
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EMAT sender and the opposite EMAT receiver, a part of the 

signal energy is reflected in direction of the EMAT sender.  

 

 

 
Figure 5: (Above) RoCD2 data obtained from an oblique linear 

indication. The example is demonstrating the excellent sensitivity of the 

chosen EMAT method. (Below right) the location had been verified in the 

field with a handheld 10 MHz TR-probe. (Below left) Dig site[1]. 

This signal is recorded as a so-called echo signal by the 

second EMAT receiver. Hence, two acoustic data channels 

exist for each pixel, namely, one echo and one transmission 

channel. From these data channels, numerous signal 

parameters can be extracted: signal frequencies, signal 

amplitude, travelling time of the acoustic wave, etc. Unlike an 

MFL measurement, not only one value (magnetization level) is 

recorded at one particular pipeline position but several vectors 

(time signals, spectra, etc.) Providing much more information 

[1]. 

It is ensured that echo and transmission data are 

unambiguously evaluated with respect to the success of the 

physical measurement. The sensitivity of the system was 

demonstrated in the field during this project. This is 

exemplarily shown by data obtained during the detection of an 

oblique shallow linear indication (Figure 5, top-inset). The 

obtained reflection for this 0.012" – 0.020" (0.3 – 0.5mm) 

crack was well above the noise level. The location was part of 

the dig-program conducted during the project. The linear 

indication feature has been verified with handheld 10 MHz 

TR-probe. A corresponding depth profile was taken (Figure 5 

'depth profile'). The detection capability of the inline 

inspection system was demonstrated during an extensive pull-

test program (refer to Figure 6) and during the verification 

work in the field. Figure 7 represents a crack colony, 2" in 

length, found in the field during the course of this project. 

 
Figure 6: RoCD2 Data obtained from a SCC sample during an 

extensive test program. (Above) grid blasted and MPI tested pipeline 

surface. (Below) Five individual channels addressing the SCC threat of 

the pipe-section[1]. 

 
Figure 7: RoCD2 Data obtained from a SCC location, confirmed 

during verification work conducted during the course of the project[1]. 

III. ORNL EMAT SENSOR DEVELOPMENT  
Effective in-line inspection techniques exist to detect 

corrosion, mechanical damage, and wall thinning; detecting 

SCCs still poses a problem. Oak Ridge National Laboratory 

(ORNL) has developed an EMAT system that uses SH guided 

wave to detect SCC. ORNL uses EMATs configured in 

“through-transmission mode” for SCC detection. In through-

transmission mode, the transmitted wave is generated by one 

EMAT and received by another. Hence, independent of the 

location of the flaws, the ultrasonic waveform arrives at the 

receiver within a fixed time window since the distance between 

the receiver and the transmitter does not change. In “pulse-

echo” mode, a single EMAT acts as both the transmitter and 

the receiver. The reflected signal is what is collected and 

analyzed. The characteristics of the signal received will be 

dependent on the location of the flaw from the transmitter. This 

dependency will cause a phase shift and attenuation of the 

signal. Hence, the pulse-echo mode is more difficult to 

implement for a pipe inspection gauge (PIG) that is translating 

through a pipe [2]. 
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To simplify the flaw analysis, only “through transmission” 

mode was used in this project. Later on, to clearly identify the 

location of the flaws on the circumference of a pipe and obtain 

another signal from the same flaw location, “pulse-echo” mode 

might be incorporated into the design along with “through-

transmission.” Cuts of 0.125, 0.25, and 0.006 inch wide and 

varying depths were fabricated on the pipe walls to determine 

whether the EMATs were able to detect these flaws. Most tests 

were performed using horizontal n1 mode SH wave. By 

utilizing the through-transmission mode whereby the distance 

between the EMATs is fixed, better correlation was obtained 

for the effect of flaws. A sample of the windowed receiver 

pulse signal for the cases of flaws and no-flaws on the pipe 

walls is given in Figure 7 [3]. 

 
Figure 8: Amplitude versus time for flaw and no-flaw receiver EMAT 

signals [3]. 

After the initial development of the EMAT sensors for the 

10 inch and 12 inch pipes, sensors were developed to inspect a 

30 inch pipe with the PIG traveling along the length of the pipe 

(see Figures 3 & 4). An industrial computer, EMATs, resolver, 

and control box were all mounted on a frame that could travel 

along the inside of a 30 inch pipeline and characterize the wall 

defects. The schematic of the experimental PIG developed at 

ORNL is shown in Figure 8. The EMATs are mounted on 

linear springs that ensure that the distance between the pipe 

inside wall and the EMAT surface is maintained as tightly as 

possible. The receiver and the transmitter radial positions are 

controlled independently to account for the geometric variation 

of the pipe diameter. The separation distance between the 

transmitter and the receiver can be adjusted and, the current 

setting of 10 inch circumferential separation ensures that the 

excitation signal does not overlap with the transmitted chirp 

signal.  

 

Figure 9: EMAT used for the 30 inch pipe defect characterization.[3] 

The current set-up is used to evaluate the defects that exist 

in the 30 inch circumferential distance between the transmitter 

and the receiver EMATs. The receiver EMAT on the 30 inch 

pipe wall will also obtain the signal that is travelling the 84.25 

inch circumferential path, but the signal would be too weak to 

be used for flaw classification. Hence, for a field-deployable 

flaw classification and characterization PIG, multiple pairs of 

EMATs will be installed [3]. 

A. Wavelet Analysis 

The wavelet function ψ(t) is any complex-valued function 

ψ of a complex variable that meets two conditions. First, the 

function has a zero average value; hence, it must oscillate. 

Second, it must have finite energy; hence, it must be a 

windowed burst. Infinitely many functions meet these 

conditions, but only a fraction of that infinitude is useful for 

engineering applications. Unlike the Fourier transform, which 

represents signals as an infinite series of sinusoidal 

waveforms, the wavelet transform represents a signal with a 

finite series of wavelets. Since the signal of interest is a finite-

energy tone burst, it is more logical to use a wavelet instead of 

a Fourier series to analyse the problem. 

B. Pre-processing Data 

The signature obtained from the data acquisition board is 

stored in a binary file to reduce the disk space utilized. Data 

are collected for every rising trigger signal from the tone-burst 

card, which coincides with the excitation signal sent to the 

transmitter. Although under ideal conditions, all signatures 

collected should be acceptable, there are cases where the data 

becomes corrupted in field deployment. The corruption of data 

could be from amplitude or phase errors or a synchronization 

problem between the trigger and tone burst (see Figure 2). To 

remedy this problem, a pre-cleaning routine was developed. In 

Figure 2, a “no-flaw” signal is subdivided into excitation, 

head, signal, and tail sections. The energy content in each of 

the four areas is used to determine if corruption has occurred. 

The essential part of the pre-cleaning was to look at the ratio 

of the energies in the head and tail. Sections of the signal to 

the excitation energy in the received signal. The 

“head/excitation” and “tail/excitation” fractions become 

pronounced when there is a synchronization problem or an 

amplitude error. To eliminate phase errors, an uncorrupted 

signal is correlated with all other signals collected. When the 

correlation is bad, the data set has phase errors. After the 

initial cleaning of the data set, wavelet analysis is performed. 

When the EMATs traverse a flaw region, the ultrasonic wave 

is reflected and dispersed. Figure 3 depicts a typical EMAT 

signature over a flaw region. Looking at Figure 3, one sees 

some amplitude reduction and shape change. These changes 

are discussed in the development of the signal analysis 

explained in the next section. 
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Figure 10: Wavelet corrupted and uncorrupted [3] 

C. SCC Determination on 30-inch-Diameter Pipe 

To test the effectiveness of detecting SCCs on pipes, the 

EMAT test PIG was deployed in a 30- inch pipe that was 

20.41 feet long at the Battelle pipeline simulation facility in 

Columbus, Ohio. Figure 4 shows the pipe that was used for 

this test. The pipe to test the effectiveness of detecting SCCs 

on pipes, the EMAT test PIG was deployed in a 30-inch pipe 

that was 20.41 feet long at the Battelle pipeline simulation 

facility in Columbus, Ohio. Figure 9 shows the pipe that was 

used for this test. The test pipe was made up of two sections of 

pipes welded together There was a circumferential weld at 60 

inches from the deployment end of the pipe. The EMATs 

scanned axial lines along the length of the pipe. The outer 

areas of the scan lines were covered during the test to make the 

assessment of EMAT SCC detection a true test. For this test 

three scan lines with SCCs were used. The EMAT sensors had 

the ability to detect SCCs on an 8-inch span on any particular 

scan line. Figure 10. shows the scan lines on the pipes with the 

actual location of the SCC flaws. The locations of the scan 

lines are shown in red while the blue, green and purple lines 

mark the EMAT coverage on the pipe circumference. The 

SCC flaws that are colonies are depicted with a black box 

representing the colony area and black tick marks representing 

individual cracks[2]. 

 
Figure 11: Sample pipe tested at Battelle. 

Figure 11 shows again the flaw locations with the 

Mahalanobis measure overlaid on top. The rise in value of the 

Mahalanobis measure is an indication of an anomaly from the 

“no-flaw” signature. The colour code for the Mahalanobis 

measure is same as that of the scan lines it is representing. For 

all scan lines it is seen clearly that the high value for the weld 

keeps falling as the EMATs move away from the weld and 

again rises due to the presence of flaw. There is a clear 

demarcation between the weld and the SCC. The flaw location 

corresponding to flaw at 81-inch on scan line 2 and 3 is not 

being detected by the Mahalanobis measure. There are also 

some other individual cracks that are being missed by using 

flaw detection analyses. There are some areas, however, where 

the blue line rises significantly above the floor level even 

though no flaws are present. Some of the spikes are the result 

of tar coating present on the pipe. This issue is discussed in 

detail in section . The rise in the Mahalanobis measure from 

the floor is less steep when tar or other flaws are present 

compared to an SCC. In general the flaw length was always 

predicted to be larger than the actual flaw size. This is due to 

the size of the active area of the EMAT being used. The larger 

size of the flaw however should not change the prediction of 

the center of the flaw. The EMATs having difficulty detecting 

some of the SCCs. may due to the depth of the individual 

cracks. No information exists currently on the depth of the 

SCC cracks present on the 30- inch pipe that was used for this 

testing. When the crack is too shallow, the ultrasonic wave is 

not disrupted sufficiently for the EMATs to detect. The depth 

information is needed to clearly understand the limit on SCC 

identification possible with the current set of EMATs. An 

independent measurement of the crack depths and the 

correlation of this data with the EMATs signals are needed 

before these limits can be ascertained. 
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Figure 12: EMAT Scan lines with flaw locations 

IV. CONCLUSION   
The new EMAT sensor and the high-resolution approach 

proved its feasibility in the first inspection surveys in Saudi 

Aramco’s gas and oil pipelines. Both pipeline and coating 

related features were found. The high-resolution approach 

revealed accurate results and offers further potential for 

continuous improvements. The promising results of the first 

inspection survey are being further validated within Saudi 

Aramco. The data evaluation can rely on multi-dimensional 

datasets and 100% sensor coverage. This allows good 

characterization of the anomalies found[1]. As compared to 

the ORNL model in which the EMAT based inspection system 

was designed and tested on a 30-inch-diameter pipe with 

natural SCCs. The wavelet algorithms developed to predict the 

location of the defects have successfully been able to identify 

the cracks. Using the discrete wavelet transform and 

decomposing the signal into four wavelet scales, feature 

vectors were developed that could distinguish only between 

“flaw” and “no-flaw” regions[2]. The analysis and references 

in this paper is useful in the early research phases related to 

inspection of pipelines using Electro Magnetic Acoustic 

Transducers (EMAT). 
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