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Abstract 
 

Corrosion of the bottom plates of a 10,000-kl cylindrical tank was studied twice by monitoring the 
Lamb-wave acoustic emission (AE) signals. AE signals from rust fractures were detected by resonant 
sensors with center frequency of 50 or 30 kHz, mounted on the terrace of annular plates. Purpose of AE 
monitoring from the tank is the accurate location of corrosion zone, and not the estimation of corrosion 
rate from AE hits. The first AE monitoring of an open tank was performed in 2003 before the tank 
maintenance, and revealed that the located zones of AE signals agreed well with the zones of wall 
reduction detected by ultrasonic test. The second AE monitoring was done in 2005 for the same tank 
with naphtha, at one year and two months after the maintenance. AE signals were located in both the 
zones of inspection in 2003 and other zones nearby. This paper discusses the discrimination of signals 
from noise, arrival time determination of Lamb waves and location accuracy. 
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Introduction 

 
Condition monitoring of aged storage tanks is becoming an important issue in Japan. Japanese 

regulation by the Fire and Disaster Management Agency (FDMA) requires an open inspection of wall 
reduction (allowable wall reduction is 20 % of the design thickness) at 7 to 12 years. Tank owners have 
to inspect the corrosion damages by themselves utilizing adequate method. Principe of the condition 
monitoring by acoustic emission (AE) methods is that hard rusts produce AE signals when they crack [1, 
2].  Since short-time AE monitoring cannot estimate the wall reduction or the corrosion rate, AE should 
be used as a screening method of tank integrity. Our purpose of AE inspection is to locate the corrosion 
zones in the floor plates correctly and to save the cost of open inspection. Accurate location of AE 
sources can contribute to minimize missing of deepest local corrosion by focusing the UT inspection in 
the estimated corrosion zones.    
 

It should be noted that AE hits do not necessarily monitor the fracture of rusts produced by active 
corrosion during AE monitoring.  For instance, the rust produced by the active corrosion a couple of 
years ago can emit AE signals even if the active corrosion under the rust stopped by the time of 
monitoring. This suggests that what we can estimate from AE data is not the direct information on the 
corrosion rate at the monitoring time, but the estimation of some of zones corroded or under corrosion. 
We cannot possibly detect the AE signals from all corroded zones if the rusts are not active [3].  

 
For the accurate source location of AE signals, we monitored AE signals using AE sensors mounted 

on the terrace of annular plate, because our previous research revealed some difficulties in the source
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location of AE signals monitored by sensors mounted on the sidewall (sidewall sensors, hereafter) [4, 5]. 
Difficulties arise from the fact that the AE sensors do not monitor the direct liquid-born P-waves, but 
various AE signals propagated via another paths. As the Lamb waves possess dispersive nature, we need 
an advanced source location method [6].    
 

With the cooperation of Japanese Federation of Petroleum and tank owners, we performed AE 
inspections of storage tanks. First inspection was done for an open tank of 10,000 kl in 2003 [7], and the 
second inspection for the same tank containing naphtha in 2005.  We report the source location results 
of AE signals from rust fractures on the floor plates. Accuracy of source locations was studied by 
correlating with the wall reduction data supplied by tank owner. 
 
AE Monitoring Method 

 
Tank Inspected 
 
   The storage tank inspected is a cylindrical tank of 10,000 kl capacity with a floating roof, and has 
been used for 40 years in the coastal area.  Inner diameter and height of the tank are 32.93 m and 13.76 
m, respectively. Thicknesses of the annular and floor plates at the time of construction were recorded as 
10 mm and 9 mm, respectively. This tank was inspected twice, i.e., November 5th and 6th, 2003 and 
February 8th and 9th, 2005. We used different sensors and sensor combinations in the two inspections, 
and the methods are discussed separately below.  

 

 
 

Fig. 1 AE monitoring method from corrosion of floor plate of opened and naphtha tank in November 
2003 and February 2005.  
 
Monitoring Method in 2003 
 

This insepction was our first field experience. The tank was open for maintenance operation. We 
monitored AE signals using 8 sensors with center frequency of 50 kHz, mounted on the terrace of 
annular plates (abbreviated as annular 50-kHz sensors), and analyzed the monitored AE events using two 
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systems, as shown in Fig. 1. One is the system developed in our laboratory, named as ADAS (AE Data 
Acquisition and Analyzing System), and another a commercial system (C-AEAS, developed at Chiyoda 
Adv. Solutions) with 16 channels. The C-AEAS does not analyze waveforms in detail, but can perform 
real-time source location and parametric analyses. Source location of AE signals by the C-AEAS is 
estimated from the arrival times of waves crossing the threshold level using all sensors outputs. The 
ADAS stores all digital waveform data using the RF outputs of the C-AEAS, and performs signal/noise 
separation based on the detail waveform analysis and the source location. We changed the methods for 
arrival time determination, depending on the waveforms of Lamb wave.  

 
   AE signals were monitored twice on Nov. 6, 2003. The first monitoring was from 12:00 to 13:00 and 
the second monitoring from 14:00 to 15:00.  Weather condition was cold and gusty with occasional 
heavy showers. Wind velocity and temperature were 3-8 m/s and 11-12˚C, respectively. In spite of strong 
wind, the monitoring was not interrupted to study how the wind-induced noise disturbs the detection of 
AE signals.     
 
Monitoring Method in 2005 
 

The C-AEAS system of 16 channels was utilized and the ADAS were utilized. Two set of eight 
resonant sensors with center frequencies of 30 or 50 kHz were mounted on the annular terrace or the side 
wall. Outputs of the C-AEAS were digitized and transferred to the ADAS system and analyzed in the 
laboratory after the test. Monitoring was done on Feb. 8 and 9, 2005.  Both days were warm with weak 
wind of less than 2.5 m/s, but we had heavy shower at midnight of Feb. 8.  
  
Results and Discussion 

 
Source location was done for the AE signals according to the following steps.  
 
1) classification of signals and noise,  
2) best selection of sensor combinations and  
3) determination of arrival times of selected mode waves at selected frequencies,  
4) two dimensional source location, 
5) accuracy examination of located zones.   
 

Steps 1) to 3) are important operations for accurate source locations of AE signals.  But the most 
important step is the last step. This is possible only by correlating the wall reduction data measured by 
ultrasonic testing (UT). Thus, we scheduled the AE monitoring just before or after the open inspection.  
 

Source Locations of Signals Detected in November, 2003 
 

Signals were selected from noise by careful visual inspection. Here, the “signals" was defined as the 
waves with sufficient S/N ratio and reasonable time sequence among the sensors, as shown in Fig. 2. We 
detected Ao-mode Lamb waves in this inspection and then determined the arrival times of first  
components of Ao-waves by visual inspection. As shown in the figure, arrival times of eight signals must 
be on a smooth curve. As the output of the sensor at 90˚ is weak, we located the sources using two sets 
(A and B) of four sensors. Sensor combinations were changed optionally depending on the waveforms 
detected. It is noted that the selection of odd and even sensors is not necessarily the best selection. 
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Fig. 2 Examples of signals for source location monitored by annular sensors on an open tank with sensor 
combinations A and B. 

 
Figure 3 shows the change of cumulative signal counts with monitoring time on Nov. 6 . It is noted 

that the total signal counts during one-hour monitoring are less than 85 or 4.5% of total AE events. AE 
generation rate changes within one hour, i.e., high for the last 40 minutes in Fig. 3(a) and for the first 20 
minutes in Fig. 3(b).  This strongly indicates that we cannot estimate the corrosion rate from hit counts 
detected by short-time monitoring. Continuous or periodic monitoring using an inexpensive cascade 
sensing system [3] is absolutely needed for damage progression estimation of high-risk tanks.      
 

Figure 4 shows the location results of AE signals detected by the first and second one-hour 
monitoring. Here, the symbols, ○ and x, designate the source locations estimated by different sensor 
combinations. AE sources were located in limited zones in the third quadrant of the floor plates. It is 
noted that the source locations of AE signals during first and second one-hour monitoring are almost in 
the identical zone, indicating that the rust in these zones were active during the monitoring periods.  

 
Figure 5(a) shows the location results estimated by the threshold-crossing time method with the 

C-AEAS. Numbers near the symbol designates the signal counts located. AE sources are located in the 
same zone of Fig. 4. This is because we detected the Lamb wave AE signals with strong Ao-modes, 
from which the arrival times were correctly determined by either of the threshold crossing method 
(C-AEAS) and our first arrival time method (ADAS).  Figure 5(b) shows the contour maps of wall 
thickness, measured by the tank owner.  Residual wall thickness less than 7.4 mm are indicated by D. 
The zone D in the third quadrant agrees well with the AE sources of Figs. 4 and 5(a).  However, the 
zone D in the second quadrant was not detected. This implies that the rust in the zone D of the second 
quadrant was inactive during AE monitoring. Missing of corrosion zone cannot be avoided for short-time 
AE monitoring. 
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Fig. 3 Cumulative signal counts detected by first (a) and second (b) monitoring used for open tank in the 
Nov. 2003. 

 
Fig. 4 Location results of Lamb-wave AE signals monitored by first (a) and second (b) one-hour 
inspection utilizing annular sensors in Nov. 2003. Location by arrival time differences of first Ao-mode 
wave method. 
 
Source Locations of AE Signals Monitored in February 2005 
 

Table 1 shows the weather condition, data number and events counts of noise and signals. We 
monitored AE signals for a total of 7 hours over two days; three hours on Feb. 9 and four hours on Feb. 
10.  We monitored AE signals using eight 30- or 50-kHz sensors mounted on the terrace of annular 
plate (suffix A) and on the sidewall (suffix S). Here, the data number 3-30A, for instance, designates 
monitoring No. 3 using 30-kHz sensors mounted on the annular plate. Gray columns mean the AE 
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Fig. 5(a) Location results of Lamb-wave AE signals by threshold crossing arrival time difference method. 
AE data obtained utilizing annular sensors on Nov. 6, 2003. (b) Contour map of residual wall thickness 
of tank floor plates inspected by UT in Oct. 2003. 
 

Table 1 Weather condition, data number, monitoring method and signal and noise counts. 

 
 

monitoring using the annular sensors. It is noted that the signal counts are as low as 11%.  Data 
numbers: 2, 3 and 4 are the data from 2-hour monitoring. Total signal counts by the 30-kHz annular 
sensors are higher than those by the 50-kHz sidewall sensors, but less than 84 counts (No. 3-30A) during 
2-hour monitoring. Extremely low signal count percentages are due to noise from frequent steam 
hammers from steam pipeline. Obstacles in AE monitoring in winter season are strong north wind and 
steam hammer. As the AE system monitors the strong noise rather the weak AE signals, signal 
percentage to total events becomes low.      
 

In the source location analysis of the second monitoring data, we ranked AE signals into three levels 
(Level-1, -2 and -3) based on the waveforms shown in Fig. 6. Three levels are defined below. It is noted 
that the source locations were estimated by using the four outputs of odd and even sensors for these data.   
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Level-1: Four odd and even sensors detected the signals with sufficient S/N ratios and the expected 
location reliability is high. (Level-1 waveforms in Fig. 6). 

Level-2: Three sensors detected the signals with sufficient S/N ratios, and the expected location reliability 
is medium (Level-2 waveforms in Fig. 6). 

Level-3: Arrival times of three sensors can hardly be determined, and the location reliability is low. 

 

Fig. 6 Typical waveform examples of Level-1, -2 and-3 Lamb-wave signals detected by annular sensors.  
 

Table 2 Signal counts of level-1, -2 and -3. 

 

Table 2 shows the ranking results. Among the data of 7 hours of monitoring, only the data: 3-30A by 
the annular 30 kHz sensors counted 33 signals of level-1 and 16 signals of level-2 signals.  Figure 7 
shows the change of cumulative events and signal counts of data No.3-30A. Signals increased linearly 
during two hours, but counted only 4.7% of total events. As strong So-mode waves were detected in the 
second monitoring, we estimated the source locations from first arrival times of So-packet and the sheet 
velocity of 5400 m/s. This method is the most reliable method, and results in accurate source locations. 

 
Location results of Data 3-30A are shown in Fig. 8. Further, we studied the location reliability by 

examining the distance error of the locations estimated by odd and even sensors outputs. Here, the 
reliable source clusters are indicated by dotted ellipses on the contour map of wall thickness data of Oct. 
2003.  The ellipses indicate that the distance error between the source location by odd (○) and even (●) 
sensors was less than 2 m. Five ellipses (a - e) are the signal clusters of Data No. 3-30A.  Source 
locations of a total of 72 AE signals at Level-1 and -2 of both Data No. 3-30A and 3-50A are shown in  
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Fig. 7 Changes of cumulative events and signal counts during 2-hour monitoring (Data No. 3-30A) by 
30-kHz annular sensors. 

 

Fig. 8 Overlapping of source clusters of data 2-30A on wall thickness data measured in Oct. 2003. 
 
Fig. 9.  Summarizing the location results shown in Figs. 8 and 9, corrosion zones appear to be 
expanding from the limited zone in the third quadrant of Fig. 5, but mostly still in the third quadrant.  
Figure 10 shows the energy distribution of AE signals monitored by the C-AEAS system. It shows high 
energy signals in the third quadrant, supporting the locations in Figs. 9 and 10.  



 20  

 
Fig. 9 Source clusters of Data No. 2-30A and 2-50A. 

 
Conclusions 
 

We monitored AE signals from rust fractures on the floor plates of 10,000 kL open and naphtha 
tank using the AE sensors mounted on the terrace of annular plates in 2003 and 2005, respectively, and 
estimated the source locations of AE signals.  Results are summarized below. 

 
1) Source locations of AE signals are the most important information, which we can supply the tank 
owners. The location of a corrosion zone contributes to reduce the cost of detailed inspection of 
residual wall thickness by UT.   
2) Source locations must be performed for the signals separated from noise by waveform inspection. 
Wind-induced noise and steam hammer were serious obstacles to AE monitoring in winter season. 
Signal percentages to total events were less than 10% in our field inspections.  
3) Source locations of Lamb-wave signals detected for an open tank in 2003 were found in the 
limited zones of the third quadrant of the tank bottom. This zones agreed well with the zones with 
large wall thickness reduction. However, another zone with a large wall reduction could not be 
detected due to the acoustic inactivity of the zone. 
4) For the AE data monitored for the naphtha tank in 2005, we carefully separated the signals from 
noise and estimated the location accuracy by evaluating the signal levels of four odd and even 
sensors. Source locations of Lamb-wave signals were estimated in and around the limited zone of 
the third quadrant estimated in 2003, indicating an expanding of corrosion.  
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Fig. 10 Source locations of AE signals (Data No. 3-30A) estimated by the threshold-crossing time 
method and the level of AE energy. 
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