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Abstract

:

Fault detection in subsea pipelines is a difficult problem for several reasons, and one of the most important is the inaccessibility of the system. This criticality can be overcome by using transient test-based techniques. Such an approach is based on the execution of safe transients that result in small over pressures (i.e., on the order of a few meters of water column). In our companion paper, the procedure involving the transient tests was described in detail. This paper analyses the results of the field tests carried out and identifies wall deterioration in some sections of the pipeline. Attention is focused on the numerical procedure based on the joint use of a 1-D numerical model simulating transients in the pressurized flow and analytical relationships and providing the transient response of anomalies such as leaks and wall deterioration. The results obtained are essentially confirmed by the survey carried out by divers.
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1. Introduction


Recent developments in water resource management have recognized the critical importance of addressing fault detection in long transmission mains [1]. This is particularly vital for subsea pipelines (SPs), where leaks not only result in significant water loss but also pose environmental risks and challenges in maintenance due to their inaccessible underwater locations. Given that transmission mains, and then SPs, are responsible for transporting the entire volume of discharge, even minor leakage can result in significant water loss. Other anomalies, such as pipe wall deterioration, can cause the pipe to burst and then leak. Consequently, the need for advanced fault detection techniques has become increasingly evident for SPs.



In our companion paper [2], after highlighting the main issues related to fault detection in SPs, attention was focused on the Trieste (Italy) SP (Figure 1). According to the characteristics of the water supply system that includes the Trieste SP, the transient test-based techniques (TTBTs) have been identified as the most suitable approach for fault detection. As described in [2], historically, Smart Pigging, Acoustic Monitoring, Remotely Operated Vehicles, and diving constitute the foundational methods for pipeline inspection. Each of these techniques is marked by significant costs and certain limitations, e.g., [3,4,5,6,7,8]. In this perspective, the hydraulic characterization of the small-diameter side discharge valve (SDV) used to generate a safe transient was carried out. Successively, the appropriate procedure for performing reliable transient tests has been outlined. Precisely, the maneuvers preceding the transient test as well as the subsequent maneuvers were illustrated and motivated. The aim of the preliminary maneuvers was to bring the system to appropriate steady-state conditions. The aim of the subsequent maneuvers was to restore the normal operating conditions. As mentioned in our companion paper [2], TTBTs are based on the analysis of the dynamics of transients in pressurized flows, in particular on the interaction of the pressure waves with the anomalies. Precisely, when pressure waves inserted into the pipeline encounter an anomaly, they are reflected partially back, allowing the anomaly to be identified and localized from the characteristics of the reflected pressure wave and its arrival time in the measurement sections. Figure 2 gives examples of the effect of different anomalies on the pressure signal, H, in a reservoir pipe valve (RPV) system. In particular, in the pressure signal acquired at the downstream end section of the RPV system where the transient is generated, the footprint of a leak (or branch) is a negative pressure wave [9,10,11],   Δ  H L −    (Figure 2a), whereas a partially closed in-line valve results in a positive pressure wave [12,13,14,15,16],   Δ  H V +    (Figure 2b). Extended partial blockage causes a positive wave,   Δ  H  B L  +   , followed by a negative one [17,18],   Δ  H  B L  −    (a sort of “positive bell”, Figure 2c), while partial wall deterioration causes a negative wave,   Δ  H  W D  −   , followed by a positive one,   Δ  H  W D  +    (a sort of “negative bell”, Figure 2d) [19]. The entity of the mentioned pressure variations depends strictly on the size of the anomaly. In the figure,  θ  (= t/ τ ) is the dimensionless time, where t is the time elapsed since the beginning of the transient, and  τ , the pipe characteristic time, is equal to   2 L / a  , with L = pipe length, and a = pressure wave speed; the subscripts L, V,   B L  , and   W D   refer to quantities to leak, the in-line valve, extended partial blockage, and wall deterioration, respectively.



The literature contains various approaches for interpreting pressure signals, such as time- and frequency-domain direct analysis, inverse transient analysis (ITA), and wavelet analysis [20,21,22,23,24,25,26]. These methods are designed to maximize the information gained from transient tests on the condition of the pipe and provide a comprehensive understanding of its condition. In this paper, a transient numerical model is used within an ITA trial-and-error procedure in which the effect of the hypothesized anomalies is simulated and the results are then compared with the acquired pressure signal.



Preliminarily, it is crucial to acknowledge some of the limitations of TTBTs in providing a comprehensive assessment of pipeline condition, e.g., [27]. The complexity of analyzing a pressure pipe system escalates with its intricate topology, such as branches, connections, and end-users [28,29,30]. These elements introduce additional pressure waves, complicating the interpretation of the transient response of faults. Consequently, the pressure signal at any given section is the result of an overlapping of pressure waves originating from various elements, making the isolation of anomalies within this signal exceedingly challenging without extensive measurement points and precise knowledge of all boundary and initial conditions. Furthermore, the ambiguity of the pressure damping in the time-domain, as evidenced by numerical and laboratory experiments, adds another layer of complexity. In [31], it is demonstrated that different leak parameters can produce identical pressure damping effects. This underscores the fact that numerical simulations, aimed at mirroring the essential aspects of the transient response, cannot be expected to perfectly match experimental signals. Such an exact alignment is not only unrealistic but also unnecessary from a management standpoint due to inevitable variances stemming from uncertainties in pipe physical properties (e.g., roughness), boundary conditions, and data noise.



To automate the analysis process, integrating machine learning methods with TTBTs appears promising [32,33,34]. However, achieving this requires assembling an extensive collection of transient pressure signal datasets from both numerical simulations and experimental trials, encompassing lab and field studies. This comprehensive dataset is essential for refining the accuracy and reliability of TTBTs when coupled with advanced analytical techniques.
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Figure 2. Reservoir pipe valve (RPV) system: anomaly effect in the pressure signal during the first characteristic time of the pipe: (a) leak or branch, e.g., [31]; (b) partially closed in-line valve, e.g., [16]; (c) extended partial blockage, e.g., [16]; and (d) wall deterioration (modified from [35]). 
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This paper shows the application of TTBTs to the Trieste SP with the aim of demonstrating the effectiveness of this methodology for fault detection. Accordingly, its structure is as follows: Section 2 introduces the numerical and analytical models used. Section 3 discusses the executed field tests. Section 4 shows the inverse transient procedure executed for detecting anomalies. Finally, the obtained results are synthesized in Section 5.




2. Materials and Methods


2.1. One-Dimensional Numerical Model


As detailed in [36,37,38,39], the 1-D numerical model is based on the differential equations governing transients in elastic pressurized pipelines:


    ∂ H   ∂ t   +   a 2   g A     ∂ Q   ∂ s   = 0  



(1)




which is the continuity equation, and


    ∂ H   ∂ s   +  1  g A     ∂ Q   ∂ t   +  J s  +  J u  = 0  



(2)




which is the momentum equation, where H = piezometric head, Q = discharge, s = axial coordinate, A = pipe cross-sectional area, g = acceleration of gravity, and   J s   (  J u  ) = steady-state (unsteady) friction term. Within the Allievi–Joukowsky approach, the pressure wave speed, a, can be evaluated as:


  a =   K  ρ  1 +  K E   D e       



(3)




where K = bulk modulus of the fluid,  ρ  = density of the fluid, E = Young’s modulus of the pipe material, D = internal pipe diameter, and e = pipe thickness.



The 1-D numerical model integrates Equations (1) and (2) using the Method of Characteristics (MOCs), a technique that solves hyperbolic partial differential equations by reducing them to ordinary differential equations along characteristic lines. In this model, each pipe, characterized by constant geometric properties, is subdivided into sections or reaches, of length   Δ  s j   . This subdivision is defined such that   Δ  s j  =  a j  Δ t  , where   Δ t   represents the time step, and the subscript j denotes the specific pipe. If suitable, in the simulations, the value of   Δ t   can match the experimental time step used for pressure measurements, i.e.,   Δ t = 1 /  f a   , with   f a   = data frequency acquisition. This alignment ensures consistency between the model and experimental observations.



Within the MOC framework, Equations (1) and (2) are reformulated into a set of algebraic compatibility equations for each internal computational node. These equations are:


   C +  :    H i t  =  C P  −  B P   Q i t   



(4)






   C −  :    H i t  =  C N  +  B N   Q i t   



(5)




valid along the characteristic lines   C +   and   C −  , respectively, with the subscript i indicating the node and the superscript t the time step. The coefficients   C P  ,   C N  ,   B P  , and   B N   are determined based on the values of Q and H at the preceding time step. When the unsteady-state friction term,   J u  , is modeled using an instantaneous acceleration-based approach, e.g., [40,41], the equations take the following forms:


   C P  =  H  i − 1   t − Δ t   +  B j   Q  i − 1   t − Δ t   −  k B   B j   [   (  Q  i − 1   t − Δ t   −  Q  i − 1   t − 2 Δ t   )  + s i g n  (  Q i  t − Δ t   )   |   Q i  t − Δ t   −  Q  i − 1   t − Δ t   | ]  



(6)






   C N  =  H  i + 1   t − Δ t   −  B j   Q  i + 1   t − Δ t   +  k B   B j   [   (  Q  i + 1   t − Δ t   −  Q  i + 1   t − 2 Δ t   )  + s i g n  (  Q i  t − Δ t   )   |   Q i  t − Δ t   −  Q  i + 1   t − Δ t   | ]  



(7)






   B P  =  B j  +  R j   |  Q  i − 1   t − Δ t   |   



(8)






   B N  =  B j  +  R j   |  Q  i + 1   t − Δ t   |   



(9)







In these equations, the coefficients   k B  ,   B j  , and   R j   represent the unsteady-state decay coefficient [40,41], the characteristic impedance, and the pipe resistance coefficient, respectively. Due to its minimal impact during the initial phase of the transient (i.e., the first characteristic time of the pipeline), on which attention is focused for fault detection, it has been decided to neglect the unsteady-state friction term (   k B  = 0  ). This simplification does not affect the procedure and streamlines the model while maintaining accuracy for the focused transient phase.




2.2. Boundary Conditions


Firstly, at the Petrinia piezometric tower the model assumes a constant value of the piezometric head,   H T  , as during the first characteristic time of the transient its variation is negligible.



Secondly, the model calibration involves determining the actual hydraulic behavior of the maneuver valve,   A E  , and the duration of the maneuver, T, through ITA. The relationship between the discharge,   Q  S D V   , and the pressure head,   H  S D V   , at the downstream end of the pipe is given by [36]:


   Q  S D V  t  =    Q 0   A  E  t    H  S D V  t      H  S D V  t     



(10)







In this equation,   Q  S D V  t   and the valve effective area,   A  E  t  , are the unknowns, while   H  S D V  t   is measured during the valve maneuver. The time at which   Q  S D V    equals zero corresponds to the value of T. This approach allows for accurate modeling of the valve’s characteristics, even if it is operated manually.




2.3. Analytical Model for Evaluating the Effect of the Anomalies


In the absence of in-line valves, only scenarios involving leaks and pipe wall deterioration are considered. As for the evaluation of the inserted pressure wave [2],   Δ H  , a simplified analytical approach allows us to evaluate the transient response of these anomalies (Figure 2a,d).



For the leak, it results in a pressure reduction   Δ  H L −    [42]:


  Δ  H L −  =  C  R , L   Δ H =    1 +   2 A  Q  L  0    a   (   C  L , d    A L   )  2       − 1   Δ H =    1 +   2 A   2 g (  H  L  0  −  z L  )     a  A  L , E        − 1   Δ H  



(11)




where   C  R , L    = reflection coefficient at the leak,   C  L , d    = leak discharge coefficient,   A L   = leak area, and   A  L , E    = leak effective area.



Wall deterioration encompasses either a reduced diameter section or a thinner wall thickness, leading to an increased internal diameter or a decrease in pipe thickness while maintaining a constant internal diameter. The initial pressure variation (  Δ  H j   ), either   Δ  H j  = Δ  H  P B  +    for partial blockages or   Δ  H j  = Δ  H  P W D  −    for wall deterioration, is calculated as follows:


  Δ  H j  =  C  R , j   Δ H =   A / a −  A j  /  a j    A / a +  A j  /  a j    Δ H  



(12)




where   C  R , j    is the reflection coefficient.





3. Field Tests


Figure 3 presents the pressure signals, H, recorded at sections M and P during the sudden manual closure of the SDV; in this figure,   t 5   is the time at which the closure of the SDV started [2]. Notably,   H M   exhibits (i) a steady-state value very close to the value previously indicated by the water supply manager’s (  H  M , 0    = 72.3 m) and (ii) an increase of   Δ  H  M , 1     = 0.53 m due to the maneuver at   t  M , 1    = 0. The pressure signal at section P displays a slightly lower increase   Δ  H  P , 1     = 0.43 m at   t  P , 1    = 15.3 s. In both sections, these first pressure variations are followed by oscillations that progressively dampen, settling into hydrostatic conditions after roughly 30 min.



It is worth noting that the variations in the pressure signal are analyzed using wavelet analysis to automatically evaluate the arrival time of pressure waves with high precision. This method decomposes the pressure signal into different frequency components, enabling the precise identification of the temporal characteristics of the pressure waves. By considering   t  M , 1    and   t  P , 1   , the pressure wave speed, a, is calculated equal to 1172 m/s, in agreement with the geometrical and mechanical characteristics of the SP.



It is important to note that the central value, around which the pressure signals oscillate gradually, slightly decreases in both measurement sections. This phenomenon is attributed to the pressure reduction at the Petrinia piezometric tower, a result of the pump shut-off that supplies it, coupled with the continuous water consumption of the Villaggio del Pescatore and Trieste WDNs, because of the strong interconnection of the supply system described in [2]. Figure 4 shows a magnification of the pressure signal acquired at section M during the first characteristic time. It shows the first increase linked to the maneuver and, therefore, a clear decrease due to the wave reflected by the Petrinia piezometric tower at t = 33.69 s, compatible with the already calculated pressure wave speed. Before this decrease (at t = 30.91 s), a small and abrupt pressure reduction occurs. This reduction could be associated with the number of connections near VP. Due to their proximity and the duration of the maneuver, these connections are indistinguishable. It is noteworthy that, despite the signal becoming noisier over time, three distinct discontinuities, labeled A1, A2, and A3 in Figure 4, and characterized by an “inverted bell” shape, can be discerned in the pressure signal. Indeed, the characteristics of the anomaly nearest to the SDV (namely, A1) inevitably impact the subsequent segments of the pressure signal due to the interactions (both reflections and transmissions) occurring at this anomaly.




4. Field Tests Analysis


The analysis of the field test was conducted through a trial-and-error procedure. The hypothesis of air presence within the pipeline was dismissed given the pipeline’s submarine location and the absence of hazardous maneuvers. This assumption is further corroborated by the observed pressure signals at both sections P and M (Figure 3), which exhibit a regular, stable pattern without any spikes, suggesting the absence of air.



The procedure followed is briefly described in Figure 5. Following a detailed analysis of the pressure signals acquired at sections M and P, as well as the evaluation of the pressure wave speed already described, the procedure progresses to include the numerical simulation of the experimental pressure signal. Initially, despite acknowledging the existence of three distinct anomalies, the preliminary phase of this procedure treated the SP as if it were an intact pipeline, incorporating only a branch at Villaggio del Pescatore into the model. The analysis then advanced to a subsequent phase, which opened up considerations for potential pipeline damage. This damage could manifest as a leak, partial wall deterioration, or other types of anomalies, marking a deeper dive into the system’s diagnosis. It is important to highlight that the objective of the numerical simulation is to replicate the key aspects of the transient response accurately. On the contrary, complete concordance between numerical and experimental pressure signals is not expected, nor is it deemed crucial from a management perspective. Inevitable discrepancies arise from uncertainties associated with the physical characteristics of the pipe, such as pipe roughness, the boundary conditions, as well as the noise affecting field data.



Figure 6 shows a comparative analysis between the experimental pressure signal and its numerical counterpart, assuming an intact pipeline; in the figure, the subscripts e and n indicate the experimental and numerical values, respectively. The initial increase at   t = 0   in the pressure signal is due to the maneuver, while the decrease observed at t = 33.69 s aligns with the expected arrival time of the wave reflected back by the Petrinia piezometric tower. Additionally, a noticeable decrease at t = 30.91 s can be linked to the concentration of connections near VP, as previously discussed. Despite these points of similarity between the numerical and experimental pressure signals, it is evident that the numerical model’s performance is suboptimal. Significant enhancements are required to improve its accuracy. This is particularly evident in the discrepancies observed in Figure 4, where the pressure variations labeled A1, A2, and A3—encompassing both increases and decreases—are not effectively captured by the numerical model.



To identify the nature of the observed anomalies, the working hypothesis initially considered that the first observed pressure reduction might be due to a leak. This assumption led to the determination of the effective leak area,   A  L , E   , set at 0.0044   m 2  , as calculated using Equation (11). To test this hypothesis, Figure 7 compares the experimental pressure signal with a numerical simulation incorporating a leak at a distance of about 3.5 km from section M with the specified   A  L , E    value. It is important to note that the discrepancy in the performance of the numerical simulation indicates that anomaly A1 is unlikely to be a leak. This conclusion is drawn from the observation that the numerical signal does not replicate the increase following the pressure reduction, a feature prominently seen in the experimental data. Considering the insights from Figure 2d and the relevant literature [35], it appears more plausible that this discontinuity could be attributed to wall deterioration rather than a leak. Such a hypothesis is based on the characteristics of the pipe cross-section with one bitumen and three concrete weight coatings (Figure 8), with the relevant thickness indicated as S.



To accurately represent the characteristics of the identified anomalies, Figure 9 presents the reflection coefficient   C  R  W D     as defined by Equation (12). This involves deriving Young’s modulus of elasticity, E—assumed to be the same for both the main pipe and the area of partial wall deterioration—from the experimentally measured pressure wave speed (a = 1172 m/s). Figure 9a displays the reflection coefficient for a scenario of partial deterioration of the pipeline’s external lining (coating), with a maintained internal diameter equal to the main pipe (D = 1.297 m). In this case, the pressure wave speed of the deteriorated section,   a  W D   , in Equation (12) varies as a function of the pipe wall thickness for the specified internal diameter. Conversely, Figure 9b illustrates the reflection coefficient corresponding to an increase in internal diameter due to a reduction in the thickness of the internal wall. In this scenario,   a  W D    is shown to change depending on both the wall thickness and adjusted internal diameter of the pipe. The analysis of Figure 9a,b reveals a direct relationship between the severity of wall deterioration and the absolute value of the reflection coefficient. Specifically, the coefficient increases as the wall thickness decreases or as the internal diameter of the pipe enlarges.



It is important to note that the numerical model used in this study was not specifically calibrated or tested for this particular pipeline. As discussed above, the primary objective of the simulation is not to precisely mimic reality, but rather to provide general insights into the types of faults present. Figure 10 illustrates the comparison between experimental and numerical pressure signals at section M, where the numerical model includes considerations for partial wall deterioration. In particular, Figure 10a displays the results for a scenario involving a deteriorated section with a 19.37% reduction in wall thickness and an approximate length of 1.1 km.



The numerical model, while informative, does not precisely align with the experimental pressure signal in the vicinity of anomaly A1. This discrepancy suggests that the onset of deterioration might occur 600 m earlier than initially thought and progresses gradually. Figure 10b explores this hypothesis by illustrating the impact of adding a deteriorated section. This section, characterized by a   9 %   reduction in wall thickness, is considered to begin approximately 600 m before the previously identified deteriorated section, thereby extending the area of potential wall degradation.



As shown in Figure 10b, the subsequent anomaly, labeled A2, cannot be attributed to the same deteriorated section identified in A1. As a result, an alternative hypothesis was explored. Initially, anomaly A2 was presumed to be a leak. However, similar to the case with A1, the results from this assumption (not depicted here) were unsatisfactory. Therefore, it was equivalently hypothesized that A2 might also be the result of another wall deterioration. Figure 10c illustrates the effects of introducing an additional deteriorated section into the model at about 9 km from section M. This section is characterized by an 18% reduction in wall thickness and extends over an approximate length of 1.7 km.



Figure 10c reveals that the anomaly labeled A3 is distinct from the deteriorated sections identified as A1 and A2. Consequently, it was hypothesized that A3 might similarly be a result of additional wall deterioration. Figure 10d depicts the introduction of another deteriorated section into the model, positioned approximately 16.3 km from section M. This section is defined by a 12% reduction in wall thickness and spans an approximate length of 0.4 km, further illustrating the complexity and variability of deterioration within the pipeline.



The results derived from the proposed method were reported to AceGasApsAmga SpA, which manages the SP. The company’s technicians had already considered the possibility of such wall deteriorations, associating them with the submarine landslide of 1980 that led to partial silting and displacement of a segment of the SP. Diver inspections highlighted substantial deterioration of the external wall and concrete coating in section A3, as shown in Figure 11.



During inspections of other sections, limited visibility—despite the use of high-intensity lighting—prevented a definitive assessment of external wall condition, leaving the potential for undetected deterioration. Importantly, these observations do not rule out the presence of internal wall deterioration, which remains a consideration for comprehensive structural integrity evaluation.




5. Conclusions


This paper, the second in a series of two companion papers, discusses the results of the transient field tests carried out for fault detection in the Trieste subsea pipeline managed by AcegasApsAmga SpA (Hera Group). In particular, the numerical and analytical models used to analyze the pressure signals acquired during the transient tests are presented. The first paper discusses and justifies, as a necessary premise, all the actions carried out to prepare the tests and to place the SP in the most appropriate flow conditions. The procedure used, agreed in all details with the water company’s technicians, did not cause any problems and can be repeated at any time. In particular, users have not noted any shortfall in supply, either in terms of discharge or pressure. This gives the company’s technicians complete autonomy and guarantees minimum costs.



The transient numerical model has been used within a trial-and-error procedure, highlighting the effect of possible anomalies by comparing the numerical results with the acquired pressure signals. In particular, it has been shown that the insertion of a small pressure wave (i.e., with an amplitude of about 0.60 m) has highlighted sections of the subsea pipeline characterized by wall deterioration.



The results of the proposed method are substantially corroborated by the diver inspection, which essentially confirms some wall deterioration of the concrete coating in the highlighted sections of the subsea pipelines.
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Figure 1. Sketch of the Trieste subsea pipeline (SP) (from [2]). 
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Figure 3. Pressure signals acquired at sections M and P. 
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Figure 4. Pressure signal acquired at section M during the first characteristic time. 






Figure 4. Pressure signal acquired at section M during the first characteristic time.



[image: Jmse 12 00391 g004]







[image: Jmse 12 00391 g005] 





Figure 5. Flow chart illustrating the trial-and-error procedure for diagnosing the pipe system. 
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Figure 6. Comparison of experimental and numerical pressure signals at section M, with the numerical model assuming an intact pipeline. 
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Figure 7. Comparison of experimental and numerical pressure signals at section M, with the numerical model assuming a leaky pipeline. 
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Figure 8. Cross-sectional area of the Trieste subsea pipeline. 






Figure 8. Cross-sectional area of the Trieste subsea pipeline.



[image: Jmse 12 00391 g008]







[image: Jmse 12 00391 g009] 





Figure 9. Reflection coefficients for wall deterioration vs. (a) the wall thickness, for a partial external lining deterioration with a constant internal diameter, and (b) the internal diameter for reduced internal wall thickness. 
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Figure 10. Comparison of experimental and numerical pressure signals at section M, with the numerical model incorporating assumptions of partial wall deterioration. 
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Figure 11. External wall deterioration located in Section A3 (it is worth noting that the poor resolution of the image is due to the peculiarity of the subsea environment). 






Figure 11. External wall deterioration located in Section A3 (it is worth noting that the poor resolution of the image is due to the peculiarity of the subsea environment).



[image: Jmse 12 00391 g011]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
73
72

7
78

<
"

78

(w) " g “jeusis amssaxd

30

B

0

time, 1~






media/file4.png
Petrinia
Piezometric Tower

Randaccio
Pumping
Station

Measurement
Section P

M
“Villaggio del i
Pescatore” PMA 1]
/4

680 m 1687 m

5 S S S S s S

S St

A 4

17,935 m

Measurement
Section M

VM

SDV

1

I

|

|

|

I

I

I

I

|

1
»
»






media/file18.png
I
-
\S)

RWD

reflection coefficient, C

I
-
O}

(a)

pipe thickness, e (mm)

50

100

150

—0.8

&
T

=
|

n
T

o)
|

7t
(b)

1300 1400 1500 1600
pipe diameter, D (mm)





media/file21.jpg





media/file3.jpg
P
e

R
[en






media/file22.png





media/file19.jpg
(@) (b)

73 7

Ens Ens
= ]
=
—Hy Hye
7l —m 7| —n \
0 20 30 0 020 30
115 () 115 (5)
)
7 @
E 725
=
— =,
72| —H,, l
0 0 20 30 0 0 20 30

115 (s) =15 (s)





media/file7.jpg
73

728
E ne
-
g na VILLAGGIO
< DEL
] Ymmsuvmz PESCATORE
g n2
g
7 PIEZOMETRIC
TOWER
718
0 5 10 15 20 25 30 35

time, -1 (s)






media/file10.png
Experimental tests and pressure |

& signal measurements, H,

v

Evaluation of pressure wave speed

I

Numerical pressure signal

|| assuming a defect-free pipe
" and its comparison with H,

v
LOW CORRELATION

Numerical pressure signal

HIGH CORRELATION

.

Pipe system
diagnosis

assuming a leaky pipe and
O its comparison with H,

¥
LOW CORRELATION

Numerical pressure signal
@ assuming pipe with wall

deteriorats and its
comparison with H,

v
LOW CORRELATION

|

Numerical pressure signal assuming

other types of anomalies and its
comparison with H,

>
Z
o
<
>
=
-
b
S
=
Z
=
|
=
O
>
-
o
Z






media/file14.png
73

Y <
- 4 ] ]
oQ O <, N N
A~ A~ A~ A~ =
D~ D~ D~ D~

(w) n H ‘1reugis ainssaud

71.8

35

30

25

20

15

10

time, 1t s (s)





media/file11.jpg
73 T

728

7

718
10 15 20 25 30 35

time, 1






media/file6.png
732

~ ~ ~ ~
b it g e 3
bo N o) o0 o

pressure signal, H (m)

~]
)

71.8

71.6

AAAAH\M\AA
e

300

400 500 600 700 800 900 1000
time, —t s (s)





media/file15.jpg
electro-welded mesh

=77.5mm
conerete weight . St S
< = 12mm_

\ R

+75,= 50 mm
e=12mm

bitumen
coating





nav.xhtml


  jmse-12