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Abstract:

The deterioration caused by the corrosion of reinforcement steel in
reinforced and prestressed concrete poses a significant threat and
requires careful attention. Failure to address this issue could lead to
loss of life and substantial financial consequences. One specific
application of concern is in prestressed concrete cylinder pipes,
extensively utilized for water and wastewater conveyance. The
predominant challenge in these pipes is the corrosion of prestressed
wires, which has the potential for catastrophic failure. In the case of
the Man-made River in Libya, early detection of corrosion becomes
crucial to prevent water disruptions in residential and industrial
areas. This study explores the application of the Acoustic Emission
(AE) technique for detecting and pinpointing the initial stages of
corrosion, as well as categorizing various types of cracks.
Preliminary findings suggest that AE effectively identifies corrosion
in representative structures, offering the capability to pinpoint and
classify crack locations and types.

Keywords: Acoustic emission, corrosion, prestressed concrete,
reinforcedconcrete, crack classification
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1. Introduction

Corrosion poses a significant challenge in various structures,
incurring billions of dollars in annual costs. Special attention is
warranted for the risk of corrosion in these structures, as failure can
result in not only financial losses but, in extreme cases, a loss of life.
Studies suggest that the primary cause of failures in bridges and
concrete pipes is corrosion, typically occurring shortly after
construction. Moreover, the lifespan of concrete structures is further
compromised by steel corrosion induced by aggressive ion attacks
from chloride or carbonation products [1, 2, 3]. Concrete pipes,
responsible for water transport, represent a structure significantly
impacted by corrosion. The Man-Made River project in Libya
serves as a notable example, experiencing catastrophic corrosion-
related failures since installation, with five pipe failures reported.
Overcoming substantial challenges, engineers are not only focused
on future corrosion protection but are also striving to identify
optimal methods for corrosion detection and preventing the
deterioration of pipes [1,4]. This project seeks to utilize the Acoustic
Emission (AE) technique to identify early stages of corrosion,
aiming to forestall the eventual degradation and failure of concrete
structures.

AE is a phenomenon that arises from the rapid release of energy
within materials experiencing deformation. Also, it can be defined
as “the transient elastic waves which are generated by the rapid
release of energy from localised sources within a material” [5].The
rapid release of elastic energy, the AE event, propagates the
structure until it reaches the surface where a piezoelectric transducer
is positioned. These transducers detect the displacement of the
surface at different locations and convert it into a usable electric
signal. By analysis of the resultant waveform in terms of feature data
such as amplitude, energy and time of arrival, the severity and
location of the AE source can be assessed. As shown in Figure 1.
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Figure 1. Acoustic Emission (AE) technique

According to many of researches [6, 7, 8, 9, 10, 11, 12] the
relationship between RA values (rise time/ Amplitude) and average
frequencies (counts/duration) can be used for classification of crack
types. They reported that when an AE signal has low average
frequency and high RA value it is classified as shear type crack.
However, when it has a high average frequency and low RA value
classified as tensile type crack as shown in figure 2 and 3.
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Figure 2. Typical waveforms [4]
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Figure 3. Crack classification [4]

The Man-Made River Project (MRP) stands as one of the prominent
civil engineering achievements of the 20th century, situated in
Libya. Its primary objective is the transportation of water from deep
aquifers in the Sahara desert to the coastal region, where over 90%
of the population resides. This extensive water conveyance spans
nearly 4000 km through networks of prestressed concrete cylinder
pipes (PCCP) [13].

Pre-stressed concrete cylinder pipes are strategically designed to
capitalize on the compressive strength and corrosion-resistant
properties of Portland cement concrete and mortar, along with the
tensile strength of prestressing wire. The majority of these pipes
have an inner diameter of 4.0 m, a length of 7.5 m, and a weight
exceeding 70 tonnes. The concrete pipe comprises a 225 mm thick
concrete core encased in a thin steel cylinder, with externally
wrapped prestressed wires. To keep the concrete core under
compressed, high tensile steel wire is applied through over-
wrapping at a close pitch under uniform tension. These prestressed
wires are safeguarded by a 19mm thick layer of cement mortar to
shield against corrosion and mechanical damage. Figure 4 illustrates
a typical cross-section of the PCCP. [14]
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Figure 4. Typical cross-section

Between 1999 and 2001, five catastrophic failures occurred in four-
meter diameter pipes, marking a critical period after a decade of
operational use. The primary cause of these failures is attributed to
the corrosion of prestressed wires within the pipes, resulting from
the infiltration of chloride ions from the surrounding soil. The timely
detection of corrosion at its initial stages is crucial to prevent further
failures that could disrupt water flows. The most non-destructive
methods employed in the project can identify wire breaks; they lack
the capability to detect the presence of corrosion. Consequently, in
areas where excavation has not been undertaken, significant damage
may remain unnoticed. In this context, Acoustic Emission (AE)
holds notable advantages over other Non-Destructive Testing
(NDT) methods. The AE technique proves effective in reliably
identifying the early stages of the corrosion process, before
substantial damage to the concrete occurs. Additionally, it can
provide insights into the extent of damage taking place within the
concrete [6, 11, 15, 16, 17].

2 Experimental Procedure

2.1 Tension holding frame

Since it was intended in this work to simulate as close as possible
the real physical conditions surrounding the high strength steel
wires in concrete pipes, it was important to place and maintain all
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relevant wire samples under tension equal to 70% of their ultimate
tensile strength in PCCP. To achieve this objective a tension frame
was designed and fabricated. The frame consists of two blocks
(190mm x 45mm x 45mm) and two threaded steel bars (studding)
having a diameter of 20 mm and a length of 500 mm. Two holes (20
mm diameter) and two (6mm) are drilled in each block. Figure 5
shows a schematic drawing for the tension holding frame and the
real one. The two blocks are assembled via two threaded bars
tightened by means of eight nuts. [18]

Nut Block

‘Studding

h Block

Figure 5. Tension holding frame

2.2 Wire preparation

The pair of operational high-strength steel wire specimens
originated from the MRP manufacturing plant in Libya. The
metallurgical composition and mechanical properties, verified by
the wire manufacturers, are outlined as follows: Carbon steel
(carbon 0.8-0.84%, 0.85-1.00%Mn, 0.030 %Max S, 0.035% Max P,
0.20-0.35% Si). The tensile strength of the wires is approximately
1738 MPa.

To conduct the experiments, both working wire samples were
threaded through 6 mm diameter holes in steel blocks and then
through two customized bolts and nuts designed for regulating the
tension load of each wire. Subsequently, a steel cylinder was
threaded onto the wire. The cylinder was compressed using a load
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machine, allowing the modified nut and bolt to expand between the
clamped cylinder and the steel block, thereby introducing tension
into the wire. Each wire underwent a tensile force of 20 kKN by
adjusting the bolts and nuts, and the resulting strain was monitored
using strain gauges attached to the wires

2.3 Concrete and mortar preparation

The concrete specimen (200x200x50mm), representative of the
inner pipe was prepared according to the technical specification for
PCCP manufacturing used in GMRP, which is in accordance with
AWWA C301-92 (Standard for Pre-stressed Concrete Pressure
Pipe, Steel Cylinder Type, for Water and Other Liquids)[19]. Three
days after casting, the wires, along with their holding frame, were
positioned on the upper surface of the specimen. Subsequently, a
200x200mm mortar layer with a thickness of 20mm was applied to
the concrete surface. This mortar composition entails one part
cement to a maximum of three parts fine aggregate by weight. The
final construction configuration is illustrated in figure 6. [18]

Figure 6. Concrete and mortar specimen

2.4 Accelerated corrosion technique

In order to examine corrosion effects within a realistic timeframe, it
IS sometimes necessary to expedite the initiation period and control
the corrosion rate during the propagation stage. In the simulation of
prestressing steel wire corrosion, a corrosion cell was created using
an impressed current of 100pA/cm2. This value is noted to
correspond to the maximum corrosion rate for concrete in laboratory
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conditions, as discussed by Li and Zhang [19], and has been adopted
by various researchers in their laboratory studies. In this particular
experimental setup, wire corrosion was induced using an impressed
current of 100uA/cm2. The prestressed wires were incorporated into
an electrical circuit with the positive pole of the power supply, while
the negative pole was connected to a stainless steel plate (30*150
mm) placed on the upper mortar. A 4% NaCl solution was applied
to the mortar surface, with a silicon sealant utilized to contain the
solution on the upper surface, as outlined in [18].

2.5 Acoustic emission set-up

AE instrumentation generally includes transducers, filters,
amplifiers, and analysis software. In this study, four AE sensors
(R3I with a resonant frequency of 30 kHz) were affixed to the
surface of the mortar. Silicon sealant was employed to mount the
sensors, securing them onto the upper surface of the mortar using a
U-shaped plate. The plate was fastened with screws to ensure a
secure attachment and optimal coupling. Subsequently, the
sensitivity of the sensors was assessed using the Hsu-Neilson source
[8, 9, 20]. The experimental setup is illustrated in figures 7.

e S

Figure 7. Photograph of Exerimental Set up

3. Results and Discussion

Figure 8a illustrates a schematic representation of the specimen
post-testing, displaying the placement of sensors on the mortar
surface, wire positioning, the presence of the stainless steel plate,
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and the observed crack shape. In Figure 8b, a photograph captures
the top surface of the mortar after the completion of the test, once

more revealing the distinctive crack shape

Morter Surface

Wire (1)

Crack,

¥ Position

Wire (2)
Stainless Steel Plate |

®

X Position

() (b)
Figure 8. Schematic Diagram and photo of top mortar surface

Figure 9 illustrates the corroded wires and the corrosion product after the
removal of the mortar. It is clear that substantial corrosion took place in
the upper wire, and this is the location where the majority of AE signals

were detected and pinpointed.
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Figure 9. Photo of upper concrete surface and wires

Figure 10 illustrates the positions of hits with minimum amplitude
of 45dB throughout the entire test duration. It is evident that the
greatest concentration of impacts and the highest energy align with
the areas of maximum wire corrosion and the visibly observed crack

after the test.
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Two specific zones have been selected as illustrative examples for
distinguishing between cracked and non-cracked areas. The
selection of these areas was based on visual observations, as
depicted in figures 8b and 9. Zone 1 is representative of regions
affected by corrosion and cracks, while zone 2 exhibits the absence
of any cracks.

In figures 11a and 11b, the AF vs. RA values are presented for
various regions with a concentration of events on the mortar surface.
Figure 11a specifically displays the AF vs. RA for zones associated
with corrosion and crack regions. The majority of data points in this
zone exhibit diverse AF values and low RA values (less than 10
ms/v), forming a distinctive "vertical trend." Referring to figure 3,
this trend suggests that the cracks in this area are of the tensile type.
Contrastingly, figure 11b illustrates the relationship between RA
values and AF in an area with a low concentration of AE locations
and no observed cracks. Notably, in this region, the RA values have
a broad distribution (ranging from 0 to 40 ms/v), and AF values span
from 10 to 30. This distribution signifies the absence of a distinct
crack type trend.
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Figure 10. Source locations for whole test with amplitudes greater than
45dB
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Figure 11. Relation between the RA value and average frequency of
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Furthermore, these areas can be visualized using Kernel Density
Estimation Function (KDEF) as shown in figure 12 (a and b). This enables
the easier identification of areas with high data concentration, with varying
colors such as brown indicating the highest number of data points and blue
representing the lowest.

(b)

Figure 12.Kernel Density Estimation Function of (a) zone 1and (b) zone

(@)

The correlation between RA and AF values has been proven to
enable the identification of crack areas, as illustrated in figures 11
and 12. This suggests the potential for providing corrosion alarms
and pinpointing locations for pipe engineers before any wire breaks
occur. Moreover, understanding the types of cracks could aid in
identifying damaged areas before complete mortar failure. Further
analysis indicates that the measured values remain unaffected by
distance, making this approach highly suitable. Ongoing research is
exploring the specific mechanisms within the structure that lead to
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varying RA and RF values. The results imply that utilizing acoustic
emission (AE) techniques for structural health monitoring in
concrete pipes and other structures, such as bridges, is feasible.
However, when applying AE techniques on actual pipe lines, certain
limitations must be considered, including source attenuation, sensor
number and placement, as well as noise from the surrounding
environment and water flow.

4. Conclusion

The application of the AE method has been employed for detecting
corrosion in small-scale pipe samples and a more advanced AE
parameters data analysis approach to this application has been used
to evaluate differing crack types. Using the relationship between RA
value and AF value, the crack area and crack type can be identified
and distinguish.
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