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Abstract:



Floating covers used in waste water treatment plants are one of the many structures formed with membrane materials. These structures are usually large and can spread over an area measuring 470 m × 170 m. The aim of this paper is to describe recent work to develop an innovative and effective approach for structural health monitoring (SHM) of such large membrane-like infrastructure. This paper will propose a potentially cost-effective non-contact approach for full-field strain and stress mapping using an unmanned aerial vehicle (UAV) mounted with a digital camera and a global positioning system (GPS) tracker. The aim is to use the images acquired by the UAV to define the geometry of the floating cover using photogrammetry. In this manner, any changes in the geometry of the floating cover due to forces acting beneath resulting from its deployment and usage can be determined. The time-scale for these changes is in terms of weeks and months. The change in the geometry can be implemented as input conditions to a finite element model (FEM) for stress prediction. This will facilitate the determination of the state of distress of the floating cover. This paper investigates the possibility of using data recorded from a UAV to predict the strain level and assess the health of such structures. An investigation was first conducted on a laboratory sized membrane structure instrumented with strain gauges for comparison against strains, which were computed from 3D scans of the membrane geometry. Upon validating the technique in the laboratory, it was applied to a more realistic scenario: an outdoor test membrane structure and capable UAV were constructed to see if the shape of the membrane could be computed. The membrane displacements were then used to calculate the membrane stress and strain, state demonstrating a new way to perform structural health monitoring on membrane structures.
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1. Introduction


Large membrane-like covers are used in several environmentally sensitive application contexts, including:

	
Floating covers for clean water reservoirs, to prevent evaporation and pollution



	
Landfill covers to stop leakage of hazardous chemicals or harmful matter



	
Mining applications such as heap leaching, salt evaporation ponds and tailings impoundment [1]








These are in addition to their use as floating covers for anaerobic reactors in sewage treatment plants, which has been the motivation for the work presented in this paper. An unexpected failure of these membranes can have severe detrimental effects on the operation, environmental and economic cost. The economic cost is extreme because the cover replacement cost is in the order of tens of millions (~$50 m). In addition, there is also the economic loss associated with the inability to harvest biogas. The cover failure can adversely impact on the operation of the waste treatment plant. It can also result in unpleasant odors being released into surrounding residential areas affecting the air quality. In this respect, early warning of defects, risk or harm to the integrity of the covers is crucial. Whilst the primary aim of these early warning systems can be used to assist with scheduling of repairs or rectification of the situation under the cover, it can also be used to recommend operational changes at the plant to prevent catastrophic failure. In this respect, a robust structural health monitoring methodology will provide timely warnings that are crucial from the point of view of safe continued operation, failure prevention and maintenance management.



The floating covers used in Melbourne Water’s Western Treatment Plant (WTP) in Werribee, Victoria, were made from an upper layer of 1.14 mm reinforced flexible polypropylene (fPP-R); a 12 mm thick intermediate PE foam and a 0.75 mm underlying HDPE membrane spanning an area of 470 m × 170 m, as illustrated in Figure 1. The cover is held down around its perimeter by clamping strips and mechanical fasteners to provide an airtight seal. All sewage inflow is unscreened and passes first through an anaerobic reactor. As the raw sewage undergoes anaerobic digestion, biogases are produced, which are trapped below the floating cover and harvested for electricity generation. Consequently, there is a high premium placed on ensuring that no failures occur in service. The current maintenance practice involves a visual walk-around inspection which is potentially hazardous and time-consuming, but, more importantly, does not provide advance warning of possible failures, or clear indications of distress in the covers. Indeed, a powerful incentive for the work presented in this paper is the recent catastrophic failure of a cover sheet at the Melbourne Water treatment plant in December 2014, as shown in Figure 2.


Figure 1. Aerial view of floating cover at Melbourne Water’s Western Treatment Plant.
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Figure 2. (a) Photograph of a failed floating cover, following an unexpected failure in December 2014, exposing the underlying scum-berg; and (b) close-up view of the torn cover exposing the underlying scum-berg.
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A review by Rowe and Sangam [2] shows that HDPE geomembranes are very durable and can have expected service life of over 300 years at 20 °C, and over 45 years at 40 °C [2]. Consequently, well-designed HDPE geomembranes should have long trouble-free lifetimes. During the operation of the reactor, solidified sewage matter can accumulate on the surface of the reactor to form scum-bergs which press against and lift the covers. This deformation has a length scale of around one meter in the vertical direction (uplift). Under conditions of wind loading, the scum-bergs can be displaced laterally, which causes changes to the mechanical stress on the covers. Figure 2a shows an aerial view of the cover after failure. A close-up view of the torn cover is shown in Figure 2b. The structural health management of the floating cover can potentially mitigate the risk of failure. Given that the floating cover also serves to harvest the bio-gas for power generation, a structural integrity based management of the health of the cover can also be ensure the safe operation and continuous delivery of bio-gas. The state of deformation and the corresponding change in the state of strain on the floating cover is a useful indication of the level of distress in the floating cover. These are useful tools for the ongoing health monitoring and management of these large floating covers. In this context, the principal aim of the work in this paper is to correctly monitor the strains and stresses developed in the floating cover due to the uplift associated with these scum-bergs, and to assess the likelihood of failure. This monitoring scheme can also be used as part of the management protocol for the safe operation of the asset in delivering the biogas for power generation. The size of the floating cover and the vast multitude of potential failure locations makes an efficient, non-contact means of integrity assessment extremely attractive. This paper will explore the use of a UAV-aided photogrammetry to determine the profile of the floating cover. This information will be incorporated with a finite element model of the floating cover for assessing the changes in the state of distress of the floating cover.



The development of full-field strain measurement is a field of study that has received significant attention. These works ranges from in-plane strain measurements and those that measure out-of-plane deformation. The works that predominantly reported on in-plane static strain measurement included mature image based non-contact strain measurement technologies. These are currently available in the form of digital image correlation (DIC) and have been reported on by many authors. Grytten et al. [3] used DIC to obtain the full strain field of a ductile thermoplastic specimen which would later be used to measure the stress-strain curve up 100% strain. Similarly, Salvini et al. [4] successfully demonstrated large strains (up to 0.4/40%) could be measured from a polyethylene structure with a painted speckle pattern. While this is beyond what most strain gauges can cope with it was reported that the speckle pattern tends to degrade at such strain levels. This point is reiterated by Iadicola [5] who investigated uncertainties in DIC at large strains. It was reported that the uncertainty in strain increased two orders of magnitude when the specimen went from 0.02% to 50% engineering strain. Another challenge of using DIC with large deformation structures is decorrelation. Pan et al. [6] addressed this by using incremental DIC calculations provided sufficient images have been recorded.



The works reported on the measurement of out-of-plane deformation are often associated with the need for defining the dynamic response of large membrane structures. Indeed, the ability to predict the strain field from 3D information is a challenge. However, a very good example of this work is recently described by Baqersad et al. [7] where a very comprehensive description of the work devoted to the integration of 3D structural deformation with finite element analysis (FEA) for full field strain prediction. In their work, the 3D deformation of the structure (wind turbine blade) is defined by the movement of the reflective dots attached to the structures. In the works reported by Baqersad et al. [8,9,10], they integrated photogrammetry output describing the 3D dynamic response of a wind-turbine blade with finite element analyses to predict the dynamic strain experienced by the blade. It is noted that the strain measured were in the order of 300 microstrains.



Majority of the work presented above utilize two fixed cameras. They also require a pattern to be imposed on the structure. The work presented in this paper is conducted using a single camera mounted on an unmanned aerial vehicle (UAV). The location of the camera is defined by the GPS on the UAV. The 3D feature of the membrane can be determined from an array of photos taken from the camera using a pre-determined flight path. Details of this will be presented in this paper.



In this respect, the work presented in this paper describes an alternative methodology using the 3D photogrammetry as inputs to determine the full field strain measurements on membrane structures. In our work, the membrane structure is essentially static. The time-scale associated with the causes giving rise to the vertical deformation of the cover is in terms of weeks or months. Two of the significant challenges associated with the monitoring of strain on the membrane structure is that it is totally exposed to the environment and is expected to have a life-span of 20 years. It is exposed to direct sunlight and driving rain every day of the year. It is therefore impractical to “seed” the membrane with reflecting markers. In this regard, we seek to assess the viability of using a direct measurement of the deformation of the membrane to predict the state of strain in the cover.



It is expected that the scum-berg formed beneath the floating cover will impose a vertical displacement in the region where it is formed and accumulated. We seek to utilize a methodology that employs 3D scanning to digitize the membrane geometry; the elevation is then used provide the loading condition in terms of imposed displacement on a numerical model which will return the strain field. Interestingly the introduction of the 3D shape as the loading condition is consistent with that reported by Zhao et al. [11]. The current work presented will focus on the development of this capability to predict the state of strain arising from a vertical protuberance. The paper begins with a laboratory study where a small scale membrane structure was instrumented with strain gauges. The strain gauges provided direct strain measurements which could be compared against the non-contact strain measurements to confirm the validity of the methods proposed within this paper. It is evident that the change in the state of the strain field on the membrane structure can be obtained. Knowledge of the boundary conditions will be required to fully define the absolute strain field (Zhao et al. [11]). Upon validating the methodology, the same methods were applied to a large scale roof top membrane confirming the feasibility of applying non-contact strain measurement on large scale membranes.




2. Approach to Monitoring Membrane Structures


The aim of the work presented is to facilitate the development of a UAV-aided photogrammetry to quantify the change in the state of strain on the membrane structures resulting from changes in the geometry of the membrane due to a vertical displacement. The work described in this paper demonstrates the potential of using changes in spatial geometry of a membrane structure to ascertain its state of strain via finite element modeling. The size of the membrane considered called for a capability that can define the spatial geometry of a large structure. In the above works, the subject measured are “seeded” to enable the definition of the deformed shape. Pappa et al. [12], did some interesting work comparison on the use of a variety of techniques (reflective markers and projected dots) to define the dynamic motion of membrane. The challenges posed by these techniques are detailed in their paper. Our current work investigated into the potential of using ambient features on the membrane to assist with the 3D reconstruction of the membrane structure and to integrate this into a finite element model to estimate its state of stress and strain.



When considering available remote sensing options for UAVs photogrammetry and LIDAR are readily available. Photogrammetry uses a series of photos and image recognition algorithms to compute the 3D shape of a structure while LIDAR utilizes an array of laser range finders determine the 3D location of millions of points lying on the target structure. LIDAR has the key advantage of better penetration than photogrammetry; this is advantageous where foliage and plants may obscure the ground. However, this penetration is not required for the floating cover because it is a planar structure which only requires surface observations. It is also less susceptible to artifacts and computational errors because the placement of LIDAR points is straight forward compared to image recognition. Consequentially, photogrammetry requires computationally intensive post processing to construct 3D point clouds while LIDAR is able to construct them in real time. Both technologies are at a mature state where they can produce accurate 3D point clouds which are identical. However, photogrammetry has a much lower cost and the ability to capture textures allows tracking of points which may be used for stress analysis by digital image correlation in future. For these reasons, photogrammetry was chosen. Baqersad et al. [7] provided a very comprehensive review of photogrammetry and optical methods for structural dynamics. Given the time-scale associated with our problem at hand where the development beneath the floating cover takes several weeks or month, it can be considered a static problem.



Considering the expected lifespan of the floating cover (>20 years), integrating sensing elements on the floating cover may not be suitable. It is observed that the failure of the floating cover is associated with the excessive deformation of the floating cover due to the accumulation and movement of the scum-berg. To this end, an understanding of the changing profile of the floating cover as a function of operational months or years can form an integral part of the structural integrity assessment of the floating cover. To achieve this aim, the focus of this paper is to determine the capability of a photogrammetry-based methodology to define the profile of a given terrain feature of similar length scale of the scum-berg found at the WTP.



A bespoke UAV was assembled to perform the photogrammetry tasks which would enable computation of 3D point clouds as shown in Figure 3. The UAV is propelled by a DJI E800-6 propulsion system and powered by a 220 Wh lithium polymer battery. The takeoff weight is approximately 3.5 kg resulting in a usable flight time of around 30 m. An open source Pixhawk flight controller made by 3DR is used to fly the UAV, trigger the camera and log the GPS coordinates for post processing. An Olympus E-PL7 with 14–42 lens was attached in a downward facing orientation to capture the photos which would be used to perform photogrammetry.


Figure 3. Hex-copter with GPS and downward facing camera.
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The issues of radial distortion in 3D reconstruction (Wu [13]) is well documented. Indeed, our work preliminary work (Chiu et al. [14]) was performed to adequately define the parameters required to avoid these issues (see also Li et al. [15]). As reported in Chiu et al. [14], the scanning of a large area (1881 m2) took approximately 4 m. This provides an efficient means towards the development of a robust non-contact strain measurement strategy for large membrane. The ability of the photogrammetry methodology to define the details of an undulating terrain was presented by Chiu et al. and is briefly described in this paper. Chiu et al. reported on experiments where the UAV based photogrammetry was tested on a baseball ground, with a pitcher mound length-scale of relevant to the problem at hand. They reported on the average error between the reported GPS location and the photogrammetry estimated position of the feature. This is summarized in Table 1 adapted from Chiu et al. [14]. Figure 4 shows an example of the location of the photos taken by the UAV during flight #1. The flight overlap of each of the flight path is shown in Figure 5. It is evident from this test that a significant overlap is required for an accurate representation of the 3D profile.


Figure 4. Photo locations taken by the UAV over the baseball pitch
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Figure 5. Diagram showing the overlaps of each flight path and the locations where photos were taken.
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Table 1. Average error (adapted from Chiu et al. [14]).







	
Flight Path

	
Flight Characteristics

	
Error (m)






	
#1

	

	
14.294 m altitude



	
5 m/s flight speed



	
Photo captured every 3 m






	
2.09




	
#2

	

	
10.810 m altitude



	
3 m/s flight speed



	
50% overlap commanded.






	
0.95




	
#3

	

	
11.266 m altitude



	
2 m/s flight speed



	
70% overlap commanded.






	
0.46










Figure 6 shows the orthophoto from flight #3. The elevation map of orthophoto is shown in Figure 7. The elevation of the pitcher mound is measured and compared with the photogrammetry output along a line shown in Figure 8. Figure 9 shows the comparison of these measurements. A good agreement is obtained.


Figure 6. Reconstructed orthophoto from multiple photographs.
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Figure 7. Depth elevation map.
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Figure 8. Reconstructed orthophoto from multiple photographs.
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Figure 9. Comparison of elevation measured over the pitcher mound.
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The photogrammetry capability was subsequently applied to the definition of the floating cover at the Western Treatment Plant. Figure 10a shows the locations where the photos were taken over the floating cover. The orthophotos and the elevation map derived from these photos are shown in Figure 10b,c, respectively. The presence of the “bubble” on the floating cover due to the accumulation of biogas was identified. This result clearly demonstrates that UAV-aided photogrammetry is a valuable and efficient tool for the health monitoring and management of these large floating covers. The challenge is to be able to utilize this information to characterize the change in the state of strain when the geometry changes with usage.


Figure 10. (a) Locations where photos were taken (133 photos); (b) Orthophoto from images; (c) Elevation map of the floating cover.
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Once the spatial geometry of the membrane is obtained from photogrammetry, it will be used to create a finite element model. Over time, the membrane structure will deform into different shapes due to the formation of scum-bergs. When these scum-bergs appear, new spatial geometry data will be obtained by the UAV. The deformation resulting from the formation of a scum-berg can be characterized by the change in the geometry. These data are then used to load the finite element model to compute the strain field across the membrane structure. This technique is similar to that reported by Zhao et al. [11]. This method of integrity assessment of the floating cover is a new area of work that has attracted considerable interests due to the high cost of replacement and the economic benefits one can derive from the safe operation of the floating cover.




3. Definition of Input Conditions for Stress Analyses of Laboratory Membrane Using Photogrammetric Outputs


In order to validate the proposed approach, a laboratory study was first conducted. The test structure is shown in Figure 11 consisting of a PVC membrane with an area 400 mm × 400 mm and four bonded strain gauges. During construction, the membrane was laid flat on a table, folded around the wooden frame and clamped with another wooden frame. This means the zero stress state is almost a flat plane since the membrane was supported during installation.


Figure 11. Laboratory membrane experimental setup.
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The four unidirectional strain gauges (type FLA-3-350-11-1L, Tokyo Sokki Kenkyujo Co. Ltd.) were bonded onto the test membrane. Each of them is oriented to measure strain towards the middle of the membrane, i.e., Gauges 1 and 3 in the Y direction, and 2 and 4 in the X direction. They will be used to provide direct strain measurements on the membrane which can be compared to strains which were estimated from the scanned deformation.



The aim of our work is to simulate the formation of the scum-berg beneath the floating cover that will impose a vertical displacement in the region where it is formed and accumulated. We seek to simulate this by placing circular spacers beneath the test membrane. In this respect, during the experiment, circular spacers (Figure 12) were placed under the membrane to create a deformation that is similar to that expected from a scum-berg. The spacers were incrementally added under the membrane as shown in Figure 13 to simulate the development of the scum-berg. A maximum of three spacers were used. The edges of the test rig were fastened to the table using G clamps. This will also help ensure a consistent displacement of the membrane.


Figure 12. Spacer to be placed beneath the test membrane to simulate the formation of scum-berg. (72 mm diameter by 20 mm thick).
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Figure 13. Test membrane with three spacers (simulated scum-berg) placed under the membrane.
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The geometry of the test membrane was scanned at every load case and the readings from the strain gauges were recorded. Figure 13 shows the deformed test membrane with three spacers placed beneath. While the rooftop experiment discussed in Section 4 will have its 3D geometry determined by means of UAV and GPS with post processing, the small scale of the laboratory study and lack of GPS reception meant this is not be possible. Instead, this task was achieved by a DAVID SLS-2 commercially available structured light scanning (SLS) system. In order to help the SLS system the membrane was spray painted matte white. Figure 14a–d show the deformed test membrane as scanned by the SLS system.


Figure 14. Geometry of the test membrane subjected to vertical deformation arising from the simulated scum-berg obtained from 3D scanning.
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The accompanying strain readings located on the membrane were recorded at a rate of 100Hz upon the application of a spacer. All strain gauges were zeroed at the beginning and then one spacer placed underneath and G clamps tightened. Interestingly, the strain is time dependent and does not settle until approximately 60 s after the load is applied. Table 2 summarizes the strain gauge reading results once they have reached steady state. The last µstrain values were recorded for each stage. A graphical representation of how the strains increase with spacers is also shown in Figure 15. This figure also shows the strain appears to be rising at an increasing rate with each additional spacer. This is expected due to the increasing membrane angle with respect to a flat plane.


Figure 15. Strain recorded as a function of the simulated scum-berg formation beneath the membrane.
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Table 2. Strain readings from the strain gauges.







	

	
Strain Gauge (Micro-Strain)






	
# Spacers

	
1

	
2

	
3

	
4




	
0

	
0

	
0

	
0

	
0




	
1

	
1124

	
2208

	
596

	
2837




	
2

	
4358

	
4650

	
1726

	
6025




	
3

	
10,950

	
9942

	
6105

	
13,150










Using the 3D scanned geometry, a model was built in Femap, as shown by Figure 16. The zero load state was imported as 3D triangular mesh and converted into plate elements. All the nodes at the edge of the plate were given a fixed constraint, as shown in Figure 16. This model has 66,855 elements.


Figure 16. Imported geometry of the test membrane in its unloaded condition with edge constraints imposed.
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The material properties of the PVC membrane was determined by tensile testing using a test specimen measuring 56 mm by 35 mm excluding clamp area. The tensile test specimen was tested at a displacement rate of 10 mm/min to a maximum deformation of 10 mm. The calculated Young’s modulus of approximately 20 MPa in the 0–0.1 strain region is within the expected range for flexible PVC [16].



Since this is a large deformation problem, the NX Nastran nonlinear solver was used. This means the model was incrementally loaded in steps and the geometric deflections were updated at each step. Plate elements were used instead of membrane elements because membrane elements have no bending stiffness. This creates a divide by zero operation at the beginning when the membrane is mostly flat and an out of plane force is applied making the model unsolvable. The plate elements were assigned a 0.4 mm thickness, as specified by the manufacturer, which provides a non-zero bending stiffness at the beginning allowing the model to be solved. However, when the non-linear model has solved its final load step, bending has negligible effect and the stresses will be dominated by membrane stresses. A script was written to load the model by enforcing the elevation maps onto the model for every node according to the equation;


[image: there is no content]



(1)




where [image: there is no content] is the enforced out of plane displacement for any node, [image: there is no content] is the elevation field for state j where j is the number of spacers, and [image: there is no content] is the elevation field for the state with no spacers and zero load. The array [image: there is no content] acts as the input condition for the finite element model of the deformed membrane. This approach has drawn from the work presented by Zhao et al. [11].



The solution for von Mises stress and deformed shape when one spacer is used is shown in Figure 17. Apart from the localized stresses at the fold line running in the Y axis direction, there appears to be no elevated stress across the membrane from loading it with 1 spacer. This suggests there is a certain deformation threshold that must be exceeded before the non-contact method can detect strain increases. In order to confirm these observations, strain readings were taken from the model. They were exported into MATLAB where a 20 mm median filter was applied to smooth out the high (spatial) frequency localized strain variations. The resulting data are shown in Figure 18.


Figure 17. The von Mises stress distribution with one spacer placed beneath the membrane.
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Figure 18. Strain field obtained when membrane was loaded with one spacer added beneath the membrane.
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The process was repeated for the deformation recorded with two and three spacers under the membrane, resulting in Figure 19, Figure 20, Figure 21 and Figure 22. As the loading is increased with more spacers, the level of stresses and strains become more pronounced, as expected. This leads to an increasing degree of certainty in the predicted stress and strain as the deformations get larger. A summary of the strain readings from these models is presented in Table 3 and visualized in Figure 23 where the gauge locations match those labeled in Figure 11. This makes it possible to compare the non-contact measurement of strains against those measured by strain gauge. The agreement between the measured and predicted strain levels shown in Figure 23 is good. This confirms that the modeling approach produces a valid approximation of the strain on the membrane.


Figure 19. The von Mises stress distribution with two spacers placed beneath the membrane.



[image: Sensors 17 01731 g019]





Figure 20. Strain field obtained when membrane was loaded with two spacers added beneath the membrane.
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Figure 21. The von Mises stress distribution with three spacers placed beneath the membrane.
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Figure 22. Strain field obtained when membrane was loaded with three spacers beneath the membrane.
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Figure 23. Strain recorded as a function of the simulated scum-berg formation beneath the membrane (FEA and strain gauge (SG)).
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Table 3. Strain readings from the FE model.







	

	
FE Strain at Gauge Location (Micro-Strain)






	
# Spacers

	
1

	
2

	
3

	
4




	
0

	
0

	
0

	
0

	
0




	
1

	
1046

	
1475

	
1342

	
968




	
2

	
4465

	
4367

	
6032

	
4722




	
3

	
8915

	
10,790

	
10,830

	
8747










However, the variation in these results need to discussed. The initial state of the test membrane is not pretension to remove any surface undulation. These undulations are clearly visible in Figure 16. The fact that strain Gauge 3 is located near these creases explains the deviation of the strain gauge measurement and predicted strain. Given the nature of the membrane material, it is unlikely the initial state of stress during installation is fully defined. This issue is aptly highlighted in the paper by Zhao et al. [11] where the definitions of the boundary conditions are required. As a result, one can only reasonably expect a definition of the change in the state of stress or strain unless the initial state of stress or strain is defined upon installation. In this regard, the most important benefit of this non-contact approach its ability to define the change in the state of stress of the entire membrane. The von Mises stress plot in Figure 21 identifies any region where the stress may be elevated by the formation of the scum-berg simulated with the addition of the spacers beneath the membrane. In practice, this will provide important information for the management of the membrane structure.




4. Determination of Strain Field from Photogrammetry on Realistic Scale Membrane Structure


4.1. Obtaining Geometry Using UAV and Photogrammetry


Figure 10 shows the capability of our UAV-aided photogrammetry in defining the geometry of a large floating cover at the Melbourne Water Waste Treatment Plant in Werribee measuring 470 m × 170 m. Given that the anaerobic processes occurring beneath the floating cover can lead to its deformation over time, the work presented in this section will demonstrate the ability to integrate the changing profile of the membrane structure as measured by the UAV into a finite element analyses methodology. This will allow determination of the change in the state of stress/strain arising from the change in the state of deformation of the floating cover.



This investigation was conducted on a test membrane measuring approximately 4.6 m × 4.6 m installed on the rooftop testing platform, as shown in Figure 24. The test membrane used is 0.5 mm thick PVC material. It was fastened to a rigid wooden frame using a series of self-tapping screws and washers. Once mounted, the membrane sagged in the middle due to its self-weight of approximately 12 kg.


Figure 24. Photograph of the rooftop membrane.
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The membrane was scanned by the UAV in its “initial” state when it was only supported on the edges. The membrane was then scanned again in its “deformed” state where a tripod support was placed near the center which displaced the membrane approximately 40 mm (above the test frame) vertically to simulate the up-lift cause by the scum-berg. For each condition approximately 30 photos of the membrane structure were taken by the UAV. These were taken at various angles at 6 m above the rooftop over a period of 2 m. The UAV scans were conducted at near no-wind conditions. The recorded photos were post processed to reconstruct the membrane in 3D. Figure 25 shows the location of the pictures taken by the UAV over the membrane. The number of images taken and the overlap of each image was greater than nine. These parameters were determined from the results presented in Table 1. The flight parameters used to map the “initial” and “deformed” membrane are shown in Table 4. The “initial” and “deformed” reconstructions were aligned in 3D space by picking four fixed points outside of the membrane on the ground and matching them. A successful reconstruction was achieved despite having a “featureless” membrane resulting in Figure 26a,b. Figure 26a shows the re-construction of the membrane at its “initial” state, while the “deformed” state is shown in Figure 26b. The orthophoto of the test membrane at its “initial” state is shown in Figure 27a. Figure 27b shows the orthophoto of the test membrane in its “deformed” state.


Figure 25. Location of photographs taken by UAV relative to rooftop structure.
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Figure 26. (a) 3D reconstruction of the rooftop membrane with edge supports (“initial” state); and (b) 3D reconstruction with the application of a vertical displacement in the middle of the membrane (“deformed” state).
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Figure 27. Orthophoto with two different loading conditions: (a) “initial” state; and (b) “deformed” state.
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Table 4. Flight parameters.







	

	
With Tripod

	
Without Tripod






	
Flight altitude (m)

	
7.158

	
7.745




	
Number of images

	
38

	
27










The images of the test structure show that the displacement of the membrane is dominated by changes in out-of-plane direction and the in-plane displacements are minimal. This is expected as the loading imposed resulted from a vertical displacement applied to the membrane. To this end, the focus will only be on the out-of-plane displacement. In future work, the effects of inclusion of in-plane displacements with further image processing on the accuracy will be conducted. Figure 28 shows the elevation map for both conditions after the alignment process and referencing one corner to be the origin. The elevation maps of the “initial” and the “deformed” state of the test membrane are shown in Figure 28a,b, respectively.


Figure 28. Elevation map: (a) “initial” state; and (b) “deformed” state.
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4.2. Finite Element Model of the Test Membrane


A finite element model of the test membrane is prepared using commercially available Femap. A grid of 92 × 93 (8556 total) rectangular plate elements were used to represent the membrane. The test membrane geometry in its “initial” state was imported from the photogrammetry model captured by the UAV (Figure 27a). The geometry was then cropped to only feature the membrane and aligned to match the XY axis in the finite element model. After cropping the planar dimension, the membrane is 4.59 m × 4.61 m. From this point on, the procedure to integrate the photogrammetric output into the finite element model was identical to that used for the laboratory membrane study.



Fixed supports were defined on the membrane’s edge to emulate the wooden supports at the perimeter of the membrane. Load was applied to the membrane using the same procedure described for the laboratory study (Section 3). In this case, the “initial” state (S0) will be the membrane which is only edge supported and “deformed” state (S1) will be the membrane which is also supported by a tripod in the middle.



Figure 29 and Figure 30 show the vonMises equivalent strains and stress of the membrane when it is deformed from state S0 to S1, respectively. The largest change in the state of stress occurs around the location where the vertical displacements were enforced.


Figure 29. The von Mises strain caused by tripod support.
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Figure 30. The von Mises stress caused by tripod support.
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The above findings show the potential of a new structural health monitoring strategy for large membrane structures by integrating the elevation data provided by UAV into a representative finite element models. The scanning of a large area (1881 m2) took approximately 4 min. This provides an efficient means towards the development of a robust non-contact strain measurement strategy for large membrane. It must be emphasized that the current work is capable only of determining the change in the state of stress resulting from the deformation of the membrane. An adequate description of the boundary stresses/strains will be required if the absolute strain of the membrane is required.





5. Conclusions


A potential SHM system has been presented specifically for monitoring of membrane structures that undergo large deformations. A laboratory study was conducted where the aim was to make quantitative strain measurement using 3D scanning technology. The laboratory specimen zero stress shape was known and strain gauges were bonded to the specimen such that quantitative comparison could be made between this direct measurement and model prediction from 3D scanned geometry. This experiment demonstrated that the strain readings could quantitatively distinguish between the numbers of spacers used to load the membrane, confirming the validity of the model. The test was repeated on a much larger rooftop membrane structure, which confirms that the strain measurement can also be undertaken using UAV 3D scanning technology and on realistic scales. A key benefit of computing the stresses and strains through non-contact means is the ability to measure the entire membrane. This makes the non-contact approach an attractive option compared to conventional means, which can only measure a relatively small number of points. Furthermore, in the context of the floating cover, permanently attached sensors will degrade and weather over the cover’s expected life (over 20 years).







Acknowledgments


The financial support provided by Melbourne Water is gratefully acknowledged. We thank Frank Courtney, Melbourne Water, for his contribution on the aerial data collection, work conducted at the Western Treatment Plant and help with the discussion of the results.




Author Contributions


W.K.C., T.K. and J.K. developed the project; W.H.O. and W.K.C. designed the experiments; W.H.O. performed the experiments; W.H.O. and W.K.C. analyzed the data; W.H.O., W.K.C., T.K. and J.K. discussed and contributed to the discussion and presentation of the results; T.K. contributed contextual data and funding for the experiment; and W.H.O. and W.K.C. wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Breitenbach, A.J.; Smith, M.E. Overview of geomembrane history in the mining industry. Geosynthetics 2006, 90, 345–349. [Google Scholar]

	2. 
Rowe, R.K.; Sangam, H.P. Durability of HDPE geomembranes. Geotext. Geomembr. 2002, 20, 77–95. [Google Scholar] [CrossRef]

	3. 
Grytten, F.; Daiyan, H.; Polanco-Loria, M.; Dumoulin, S. Use of digital image correlation to measure large-strain tensile properties of ductile thermoplastics. Polym. Test. 2009, 28, 653–660. [Google Scholar] [CrossRef]

	4. 
Salvini, P.; Lux, V.; Marotta, E. Modal Pursuit to Detect Large Displacements and Strain Fields by Digital Image Correlation. Strain 2015, 51, 30–42. [Google Scholar] [CrossRef]

	5. 
Iadicola, M.A. Uncertainties of Digital Image Correlation Due to Pattern Degradation at Large Strain. In Advancement of Optical Methods in Experimental Mechanics, Volume 3, Proceedings of the 2015 Annual Conference on Experimental and Applied Mechanics, Costa Mesa, CA, USA, 8–11 June 2015; Jin, H., Yoshida, S., Lamberti, L., Lin, M., Eds.; Springer International Publishing: Cham, Switzerland, 2016; pp. 247–253. [Google Scholar]

	6. 
Pan, B.; Wu, D.F.; Xia, Y. Incremental calculation for large deformation measurement using reliability-guided digital image correlation. Opt. Lasers Eng. 2012, 50, 586–592. [Google Scholar] [CrossRef]

	7. 
Baqersad, J.; Poozesh, P.; Niezrecki, C.; Avitabile, P. Photogrammetry and optical methods in structural dynamics—A review. Mech. Syst. Signal Process. 2017, 86, 17–34. [Google Scholar] [CrossRef]

	8. 
Baqersad, J.; Poozesh, P.; Niezrecki, C.; Avitabile, P. A Noncontacting Approach for Full-Field Strain Monitoring of Rotating Structures. J. Vib. Acoust. 2016, 138, 031008. [Google Scholar] [CrossRef]

	9. 
Baqersad, J. A Non-Contacting Approach for Full Field Dynamic Strain Monitoring of Rotating Structures Using the Photogrammetry, Finite Element and Modal Expansion Techniques. Ph.D. Thesis, University of Massachusetts Lowell, MA, USA, 2015. [Google Scholar]

	10. 
Baqersad, J.; Niezrecki, C.; Avitabile, P. Full-field dynamic strain prediction on a wind turbine using displacements of optical targets measured by stereophotogrammetry. Mech. Syst. Signal Process. 2015, 62, 284–295. [Google Scholar] [CrossRef]

	11. 
Zhao, B.; Chen, W.J.; Hu, J.H.; Qiu, Z.Y.; Zhao, J.Z. An innovative methodology for measurement of stress distribution of inflatable membrane structures. Meas. Sci. Technol. 2016, 27, 1–11. [Google Scholar] [CrossRef]

	12. 
Pappa, R.S.; Black, J.T.; Blandino, J.R.; Jones, T.W.; Danehy, P.M.; Dorrington, A.A. Dot-projection photogrammetry and videogrammetry of Goassamer space structures. J. Spacecr. Rocket. 2003, 40, 858–867. [Google Scholar] [CrossRef]

	13. 
Wu, C.C. Critical configurations for radial distortion self-calibration. In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Columbus, OH, USA, 23–28 June 2014; pp. 25–32. [Google Scholar]

	14. 
Chiu, W.K.; Ong, W.H.; Kuen, T.; Courtney, F. Large Structures Monitoring Using Unmanned Aerial Vehicles. Procedia Eng. 2017, 188, 415–423. [Google Scholar] [CrossRef]

	15. 
Li, Y.; Cai, Y.; Wen, D.; Yang, Y. Optimisation of radial distortion self-calibration for structure from moton from uncalibrated UAV images. In Proceedings of the 23rd International Conference on Pattern Recognition, Cancun, Mexco, 4–8 December 2016; pp. 3721–3726. [Google Scholar]

	16. 
SpecialChem. Modulus Unit of Elasticity or Young’s Modulus. Available online: http://omnexus.specialchem.com/polymer-properties/properties/young-modulus (accessed on 6 February 2017).











































































© 2017 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 (http://creativecommons.org/licenses/by/4.0/).







media/file56.jpg
X(m)

(b)

X(m)

)

(@)





media/file8.jpg
Flight path and points indicate
the location of picture taken

Number of
overlap pictures
u>9
us
ms
w7
ue
us
e
us
2
LRl

(a) Flight #1





media/file48.jpg





media/file27.png





media/file43.png
2343322,

2203052,

2056182

1309311,

1762441,

1615571,

1468701,

1321831,

1174361,

1028091,

881221,

146870

Output Set: Case 1 Time 1.
Deformed(0.0581]: Tatal Translation
Contour: Plate Top VonMises Stress






media/file61.png
321233,

oy

<
OSSR
-¢§=§5§§§§5§$§L
B SR SIS 5
DSOS S IE IS
PSSR SSSSeS >
S SIS SoCEsss 301171,
= =
S, ’::‘tg‘;i.:.o:...Ooo’.

et urier
SOOI
PSSO SIS SOS IS

S 281109,

261047,

SO
o OS>
“:“,0‘:‘%‘,&"‘
2 CSCESOCS o G e S >
S ‘,‘.:::::.:.v e s 240985,
SIS TS <
CEOSICEOSS = SoSSs <
S S S S oS S STOS S33S s
ST S OC SO SoS SCSOSESS e
e e 9 S B ot S S S0 220923
OIS B e e SO
R e e e eSS SIS S5 e T e
s S e 200661
B S S S o S S S S S S S S St BSOS SoSS
R e R P BSOS
e e S
pe S SO S OS SO S OSSOSO
S S SIS S
=

S SO0S NSNS S SO S 180799,
e o P e
=

160737,

:‘;':::“"
S SO SORSSRSS SA
S T

eSS
OSSO e SRS
SISO CESes ST S s a
S SO SO oo

R~
e
s
L ===
R i - -
e
SR s
W e
e
e

<
> :.‘}::‘.0 -
oS A
e

oS
2, CooS
e P -

e Ve ~ S SO -
BT s
et e
e R e
S e S S osssS

S e o RS oS
e e ::::,'






media/file12.jpg





media/file14.jpg





media/file35.png
®

Output Set: Case 1 Time 1.
Deformed(0.0193]: Total Translation
Contour: Plate Top YonMises Stress

1696542

1575361,

1454173,

1332998,

1211816,

1030634,

963453

848271,

727030,






media/file20.jpg





media/file53.png
WY
e ,....!.‘-ﬂ'l
.

=y %..
_ (il

ey
[=T))
Q

g 8
%b
=5
& g
S 9
S 3
g
Q

> &






media/file10.png
Flight path and points indicate
the location of picture taken

Number of
overlap pictures
H>9
m9
m8
m7
W6
m S
m4
3
m 2

m1

(a) Flight #1





media/file5.png
-

Downward
facing camera





media/file19.png
z (m)

[

Rangefinder
UAV

10
X (m)

12

20





media/file58.jpg





media/file45.png
400

350

300

250

(ww) A

150

100

50

0

X(mm)

Y strain

X(mm)

X strain





media/file62.png





media/file54.jpg





nav.xhtml


  sensors-17-01731


  
    		
      sensors-17-01731
    


  




  





media/file11.png
Flight path and points indicate the
location of picture taken

Number of
overlap pictures
m>9

Flight path and points indicate the
location of picture taken

Number of
overlap pictures
m=>9
m9
ms
n7
mé
m5
4
3
. m2
m1

\05

(c) Flight #3





media/file41.png





media/file37.png
50 100 150 200 250 300 350 400 ' 50 100 150 200 250 300 350 400
X(mm) X(mm)

X strain Y strain





media/file46.jpg
Strain (microstrain)

14000
12000

10000

2
8

6000

8
8

2000

—— Position 1-FE

—o— Position 2-FE

1 2 3
Number of spacers (simulated scum-berg)

a

Position 3-FE
—#— Position 4-FE
Position 1-56
- Position 2-5G
1.+ Position 3-5G
s+ Position 4-5G






media/file40.jpg
Ko Xiom)

X strain Y strain





media/file16.jpg
Projected line






media/file3.png





media/file9.jpg
(@ Flight £3





media/file22.jpg
Strain Gauge #4

Strain Gauge #3
Strain Gauge #1

Strain Gauge #2






media/file55.png
- &
Vertict(,/{l ’::l.isplac

applied té){xiembran

=\

2






media/file25.png
-
..h‘
- i
|
. \
b A % ;
L. 3 .
y
> .
-
o -
L
-
|
-
g Bt
-
3 »
€54
.

| (U

i

e





media/file52.jpg
Vertical displacement

‘/p\ied to membrane






media/file0.jpg





media/file26.jpg
G clamps |

3 weights






media/file57.png
4.5

3.5

2.5
X (m)

)

1.5

0.5

X (m)

(b)

a

(





media/file34.jpg





media/file60.jpg





media/file13.png





media/file31.png
M strain

14000

12000

10000

8000

7Y
7/

6000

4000

2000

S
== /

1 2 3

Number of spacers (simulated scum-berg)

Gauge 1

Gauge 2

Gauge 3

Gauge 4






media/file39.png
Y1
c1

Output Set: Case 1 Time 1.
Deformed(0.0333): Total Translation
Contour: Plate Top YonMizes Stress

1722375,

1614727,

1507078,

1393430,

1291781,

1184133,

1076485,

968836,

861188

753539,

645831






media/file18.jpg
0
x(m)

12

1

0

0





media/file42.jpg





media/file23.png
Strain Gauge #2






media/file50.jpg





media/file36.jpg
Xenm)

X strain Y strain






media/file15.png





media/file28.jpg





media/file49.png





media/file2.jpg





media/file32.jpg





media/file59.png
0.00872
0.00818
0.00763

0.00703

0.008

0.00546

0.00654 =





media/file6.jpg





media/file24.jpg





media/file29.png
No spacers 1 spacers

2 spacers 3 spacers





media/file1.png
I';

’ WH f " |






media/file7.png





media/file33.png





media/file44.jpg
Xiom)

Y strain





media/file47.png
Strain (microstrain)

14000

12000

10000

8000

6000

4000

2000

1 2 3

Number of spacers (simulated scum-berg)

—3¢— Position 1-FE
—©— Position 2-FE
—— Position 3-FE
'+ Position 4-FE
-« €.+ Position 1-SG

©--- Position 2-5G
---{l--- Position 3-SG
-+=ofx--- Position 4-5G






media/file38.jpg





media/file17.png
Projected line






media/file4.jpg
GPS

Downward
facing camera





media/file30.jpg
wstrain

14000

12000

10000

8000

4000

2000

o

Number of spacers (simulated scum-berg)

/ Gauge 1
Gauge 2
o —Guges
~——Gauge 4
o 1 2 3






media/file51.png
5150143.1PG
13BE42, PG

5150148.1PG
5150141.1PG

5150139.1PG
5150140.1PG

81500138, 1PG

5150147, PG

5150137, PG Pa150146, PG

5150149.1PG

5150157, PG
5150170.1PG ek,

§150159.1PG
5150169,1PG

5150151.1PG

§150156.PG
§150pBESHYE1
§150136.IPG

I Ghiven

a150167. PG 150166.IPG

5150168, 1PG

5150152, 1PG

: | PB150165.3PG
5150162, JPG

8150135.1PG






media/file21.png





