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Abstract 

 

Most pipelines in Japan have been used for the past 30 years or more. AE method is expected 

to estimate the corrosion zone. We first studied AE activity of the rust produced by 10-week soil 

corrosion. Next, we studied attenuation of cylinder wave by the rust-prevention tape and wet soil. 

Finally, we report AE activity of the steel pipe subjected to soil corrosion for 20 years. For this 

pipe, AE signals were monitored for a short period using low-frequency AE sensors mounted 

close to the rust. We, however, cannot predict the active period of the rust. Thus, AE monitoring 

from the rust fractures of underground pipes is limited for short distances less than one meter. It 

takes a long time to monitor the AE signals from soil-produced rust. 
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Introduction 

 

Underground pipelines in Japan were constructed during the time before Tokyo Olympics in 

1964. Corrosion of the underground pipes is becoming serious problems both in chemical plants 

and public utilities. Japanese companies are recently inspecting the wall reduction of the under-

ground pipelines using a guided-wave inspection system. This system generates strong F- or T-

mode cylinder waves using piezoelectric or electromagnetic transducers and detects the waves 

reflected by wall reduction. The guided waves, however, cannot propagate more than 2 m for 

underground straight pipes due to large attenuation of the cylinder waves [1, 2].  

 

Acoustic emission (AE) technology cannot monitor the wall reduction, but can estimate the 

corrosion zone, if we can detect AE signals from rust fracture. Strong requirement to the AE 

technique is the detection of localized corrosion of the pipelines, due to local damage to the rust 

prevention tape and asphalt cloth. AE activity of the rust produced by soil corrosion (soil-

produced rust, hereafter) is considered to be different from the rust produced by atmospheric 

corrosion (atmosphere-produced rust). We first compared AE activities of the soil- and atmos-

phere-produced rust using steel plates exposed to weathering. AE activities of these plates under 

mechanical loading and thermal cycles were studied. Next, we studied attenuation of the cylinder 

waves by wet soil and new rust-prevention tape. Lastly, we monitored AE signals from a steel 

pipe with thick rust produced by underground corrosion for 20 year. 

 

Structure of the Rust Produced by Soil and Atmospheric Corrosion  

  

We prepared 250 steel plates (45-mm wide, 90-mm long and 2-mm thick), subjecting them to 

soil or atmospheric corrosion for 2, 5 and 10 weeks. The soil-produced rust was prepared by 

burying the plates in two types of soils. One is the so-called “red-soil” and another “black soil”. 

The former is pasty and the latter is muddy when they absorb water.  These soils correspond to 

two layers of the four-layered loam of volcanic trass in Tokyo area [3].  The soil is slightly acidic. 
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The plates are coated by the rust-prevention adhesive tapes except the center portion of 20-mm 

square on one side, and buried in the soils. 

 

 
Fig. 1 Distribution map of elements in the soil-produced rust produced by soil corrosion.   

 

The soil-produced rust was very hard and well adhered to the steel even after brushing by a 

fine brass wire brush. Thick rust of 1 mm or more were produced over 60% of the exposed area.  

In contrast, the plates exposed to the atmospheric corrosion produced thin rust, which were easily 

removed by brushing. Thick rust more than 0.5 mm were produced on only 5% of the exposed 

area. 

 

 As shown in Fig. 1 (transverse EPMA of the soil-produced rust), the rust contains a number 

of soil elements (SiO2, Al2O3, Fe2O3 and less CaO, MgO, NaO and K2O) in addition to the iron 

oxides (Fe2O3 and Fe3O4) shown as [Fe and O]. We observed a number of branched cracks in the 

soil-produced rust.   

      

AE Activities of the Rust 

 

AE activity by three-point bending 

 AE signals during three-point bending with the span distance of 30 mm were monitored by 

four small resonant sensors (PAC, Type-PICO) mounted on four corners of 30-mm square. 

Strain at loading point was measured by a strain gage mounted on the base metal, and is in-

creased up to 0.2%.  Sensor outputs were amplified 60 dB, and stored in a computer as digital 

data.   

 

Figure 2 shows nine diagrams of cumulative AE event counts and strains for three rust pro-

duced by 2, 5 and 10 weeks of exposure.  Average temperature of June was 22˚C with 140 mm 

rain and that of July was 25˚C with 170 mm rain. Average amplitude of the F-mode Lamb waves 

is also shown in the diagrams. The plates with atmospheric rust produced 100 events after 5-

week exposure, while those buried in the red soil produced 600 events after 2-week exposure. 

Vertical arrows near the curves indicate the threshold strain, above which AE signals were  
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Fig. 2 Cumulative AE counts with applied strain for the steel plates exposed to soil and atmos-

pheric corrosion. 

 

continuously detected. The threshold strains are much smaller for the plates buried in the soils. 

This plate produced AE signals continuously at strains above 0.022%. It is noted, however, that 

the amplitude is almost identical for the atmosphere- and soil-produced rust.  AE activities in 

term of the event counts are much higher for the soil-produced rust. This suggests that the exter-

nal loading such as internal gas pressure to the underground gas pipelines is effective for moni-

toring the integrity loss. 

 

AE activity the rusts by wet and dry cycles   

 Any steel plates, dried in a room after removal from exposure site, did not produce AE dur-

ing thermal cycles between 25˚ to 40˚C.  These results suggest that drying of the rust must be 

avoided to measure the AE activity. Unfortunately, we dried all samples in room air and kept 

them in a desiccator, so we wondered what type of test methods we should use.  After trials of 

many types of tests, we decided to measure the AE activity after immersing them in water for 

one day.  We detected a few AE during the first heating, but no AE during second heating.       
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Fig. 3  Changes of event counts and average amplitude of AE signals from rusts. 

 

 
Fig. 4  Changes of cumulative event counts and amplitude during drying. 

 

Figure 3 shows changes of the cumulative AE counts and average amplitude with exposure 

time. These show a strange change. Strong AE signals were produced after 5-week exposure, 

while the amplitude of AE signals decreased at 10-week exposure. There also observed no clear 

difference in both the amplitudes and event counts of the rust produced by atmospheric and soil 

corrosion. Atmosphere-produced rust produced strong AE, as seen in 5-week data. It is again 

noted that the result obtained by the proposed method does not necessary represent the AE activ-

ity of the rust as they are in natural weathering. AE activity must be measured at the site of a 

structure.  

 

As the rust grows slowly and is generally brittle, large cracks rarely occur just after frequent 

large cracks. This is studied by another test and shown in Fig. 4. This figure shows change of 
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cumulative event counts and amplitude of Lamb waves during natural drying of the rust pro-

duced by black soil by 4-week exposure. Drying is done in air-conditioned room at 27˚C.  We 

observed vigorous AE signals with large amplitude during natural drying. This strongly indicates 

that AE must be monitored during the drying period of grown rust. It is, however, almost impos-

sible to estimate the drying timing of the rust in the soil. Underground pipelines (1-m depth) are 

almost always in wet condition. If we dry the pipeline using inert hot gas, we can perhaps moni-

tor the integrity loss of underground pipelines. This technique was once used for the field test of 

corroded pipes with cooperation with steel-making company.  Result was inconclusive since the 

corroded pipes were once dried before being buried. 

 

Attenuation of the Cylinder Waves by Rust Prevention Tape and Wet Soil 

 

We measured the attenuation. Accurate attenuation measurement of the cylinder waves is dif-

ficult. We have to use an advanced method for calculating the energy of the separated mode [4]. 

We, thus, measured an apparent attenuation using the amplitudes of the L- and F-modes. Even in 

this method, a problem often arises for the F-mode wave, since the amplitude of the F–mode 

changes along the pipe circumference [5].  Figure 5 shows a method for measuring the attenua-

tion. Method A is for measuring the attenuation by the rust-prevention tape (JIS Z1901, 0.4-mm 

thick polyvinyl chloride adhesive tape), and method B for that by the wet black soil with 40 

mass% water. The cylinder wave was excited by a 100-kHz PZT transmitter of 80-mm diameter 

mounted to the right end surface and monitored by three AE sensors (PAC, Type-PICO) 

mounted at angle of 0˚, 120˚ and 240˚.  Attenuation was measured by changing the width of the 

double wrapped tape and wet soil in the right portion. 

 

 

Fig. 5  Method for measuring the attenuation of cylinder wave due to the rust-prevention tape 

and wet soil.  

 

The left of Fig. 6 shows changes of the amplitude of L- and F- modes with the length of the 

tape. Surprising is that the average attenuation (-12.7 dB/m) of the L-mode by the tape is larger 

than that (-6.8 dB/m) of the F-mode wave.  The attenuation by the wet soil is much smaller than 

that by the rust-prevention tape. Another interesting finding, for the wet soil, is that the average 

attenuation (-3.8 dB/m) of the F-mode wave is larger than that (-0.8 dB/m) of the L-mode.  

 

These data suggest that the attenuation by the new tape becomes hazard to AE monitoring. In 

another word, if AE is detected, it means the rust-prevention tape is aged. This timing may 
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Fig. 6  Output of L- and F-mode cylinder waves vs. length of the attenuator. The left is by the 

corrosion-prevention tape and the right by the wet soil.    

 

coincide with the timing of corrosion initiation of the coated pipeline. We also attempted to 

measure the attenuation with the asphalt cloth, but could not measure it due to too large attenua-

tion.  

 

AE Monitoring of the Steel Pipe Buried for 20 Years 

 

This pipe was made of plain-carbon steel, 39-mm diameter, with polyethylene coating. The 

pipe was buried in soil for 20 years and some parts had through-wall corrosion. A 1-m section of 

the pipe with thick rust was tested. Figure 7 shows the steel pipe after removing the coating. It 

had ~2-mm thick rust over 100 mm long at the mid portion. The center 300 mm of this pipe was 

again buried in wet black soil for 4 months using a plastic box before AE monitoring. The soil 

was allowed to naturally dry, but was kept wet by supplying 1000 ml water every 2 weeks. This 

operation was meant to revive the rust activity.   

 

 

Fig. 7 A steel pipe buried for 20 years (the upper) and monitoring method of AE from the pipe in 

black soil. White dots indicate located AE. 
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AE was monitored using three types of sensors, i.e., PAC Type R15 (150 kHz resonant fre-

quency, channels 1 and 6), PAC Type-PICO (450 kHz, channels 2 and 5) and JT (broadband 

sensor up to 1 MHz, channels 3 and 4). All sensors were located within 450 mm from the thick 

rust. Outputs of the JT sensor were amplified 60 dB, but those of other sensors were amplified 40 

dB.  

 
Fig. 8 Corrosion potential and AE of the rusted pipe from natural drying of wet soil. 

 
Fig. 9 Corrosion potential, temp. and AE from the rusted pipe during thermal cycles.  

 

We monitored AE from the pipe wrapped by the rust-prevention tape for 2 days, but detected 

no AE.  Then we monitored AE of bare pipe. Figure 8 shows change of cumulative event counts 

and corrosion potential with time over one day.  Vertical open arrows indicate the timing of wa-

ter supply of 300 ml. We detected few AE after water supply at 5-10, 40-50 and 75-80 ks. This 

suggested that we cannot monitor the integrity loss of the pipe by short-time AE monitoring. 
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Next we attempted another experiment 2 weeks later. We monitored AE during thermal cy-

cles. The soil was 15 times heated and cooled by on-off operations of an infrared lamp during 2.5 

days. Both the corrosion potential and AE were monitored simultaneously. Water (300 ml) was 

supplied 3 times (vertical open arrows).  Figure 9 shows change of corrosion potential, tempera-

ture and cumulative event counts during thermal cycles.  We detected an abrupt AE at around 

140-160 ks, after 10 heat cycles, but no AE after this. This timing corresponds with shifting of 

corrosion potential to noble direction. However, we cannot predict this timing. Difficulty in 

damage monitoring of the underground structure is the estimation of such timing. 

 

Source locations of AE, estimated using the arrival times of the F-mode waves, are shown in 

Fig. 7. 27 of 70 events were located in the zone with thick rust as shown by white circles in the 

upper photo. Waveforms of the AE detected at 122 ks are shown in Fig. 10. Amplifications are 

shown in each figure. Output amplitudes of the sensors (Ch. 1, 2 and 3) mounted on the left half 

of the pipe are higher than those on the right half (Ch. 4, 5 and 6), indicating the rust fractures 

occurred at the left portion of the 100-mm long rust. This gives us important information, i.e., 

large attenuation of the cylinder wave by wet soil. This attenuation appears to be much larger 

than that (-3.8 dB/m) in the Fig. 6.  The reason is not well understood, but appears to be soil 

thickness. It was 50 mm in Fig. 5 and 300 mm in Fig. 7. 

 

Other information on the resonance frequencies of the sensors is as follows. Amplitude of the 

two PICO sensor outputs is much weaker compared to those of the R15 sensors. Frequency com-

ponents of the F-mode detected by the JT sensor are from 80 to 100 kHz.  In order to monitor AE 

from underground pipes, we need to use sensors with resonance frequency lower than 80 kHz. 

Another important point is wrong sensor layout. We mounted all sensors on the upper line of the 

pipe where the rust is produced. This layout appears to be wrong. We have to determine the sen-

sor position, at which we can monitor the strong AE in advance. 

 

 
Fig. 10 Waveforms of cylinder wave signals detected at 122 ks by 6 sensors mounted at differ-

ent locations near the rust.   
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Our conclusion from these tests is that AE monitoring of underground pipes over long dis-

tance is very difficult due to the large attenuation of the cylinder waves and the capricious nature 

of rusts.  Monitoring distance of AE for the underground pipe may be limited to less than 1 m 

even if we use high amplification with resonant sensors at lower frequencies. When we detect 

AE from underground pipes, it means the pipes are under severe corrosion attack. Source loca-

tion is not necessary since the sensors must be mounted close the corrosion zone.  

 

Conclusion 

 

We studied structure and AE activities of rust produced by soil corrosion and measured at-

tenuation of the cylinder waves by wet soil and rust–prevention tape.  Monitoring of AE from the 

corroded pipe with thick rust taught us important information on the integrity loss monitoring of 

underground pipe by AE.   Results obtained are summarized below. 

1)  The rust produced by the soil corrosion grows thicker including soil elements and emits AE at 

being subjected to mechanical loading. The rust loses their AE activities once they were 

dried. AE activity of the survived rusts, however, changes in quite complicated manner, in-

dependent of the exposure period.  

2)  Attenuation of the cylinder waves by new rust-prevention tapes is larger than that by the wet 

soil.  As the amplitude of the F-mode changes by sensor position on the pipe circumference, 

we have to determine the appropriate sensor position, which can measure the cylinder waves 

with higher sensitivity.  

3)  We monitored AE from the steel pipe with thick rust produced by the soil corrosion for 20 

years. Few AE were detected in a limited period during thermal cycles. However, we cannot 

estimate the timing of rapid emissions of AE. Integrity loss monitoring of the underground 

pipe by conventional AE technique appears to be difficult due to large attenuation and capri-

cious nature of the rust, and needs advanced inexpensive system, which makes a long-term 

monitoring possible. External loading may be effective for exciting the rust by fracturing.  
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