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ABSTRACT 
Floating covers are examples of a large membrane structure used at wastewater treatment plants. At the 

Western Treatment Plant (WTP), Werribee, Melbourne, Australia, floating covers are used in the 

anaerobic lagoons. They are deployed to assist with the anaerobic treatment of the raw sewage beneath, 

to harness the methane-rich biogas generated, and for odour control. In this respect, the floating cover 

is an important asset for harnessing a sustainable and renewable energy source, as well as protecting the 

environment from the release of the damaging greenhouse methane-rich biogas from the treatment plant. 

Given the continual nature of the process beneath the cover, the forces imposed on the floating cover 

will change with time. In this respect, the monitoring and assessment of the structural integrity of the 

floating cover are of paramount importance. These floating covers are made from polymeric material 

and are susceptible to tears and fractures. The size of these covers, the hazardous environment and the 

expected lifespan, demand a novel, remotely piloted, unmanned aerial vehicle based non-contact 

technique for structural health assessment. This assessment methodology will utilise photogrammetry 

as the basis for determining the surface deformation of the membrane. This paper reports on an 

experimental study to determine the flight parameters and to assess the accuracy of the measurement 

technique. It was conducted over an area having similar dimensions to the large membranes in WTP. 

There are also features in this area that are of similar scale to those expected in the floating cover. A 

total of 9 test flights was used to investigate the parameters for optimal definition of the significant 

features to describe the deformation of the floating cover. The findings report the unmanned aerial 

vehicle assisted photogrammetry parameters for optimal flight altitude, photogrammetry image overlap, 

and flight grid path for future integrity assessment of the floating covers. 

KEYWORDS: Structural health monitoring; Unmanned aerial vehicle; Photogrammetry; 3D scanning; 

Membrane 

1. Introduction
Membrane covers are commonly utilised as floating covers for clean water reservoirs to prevent

evaporation and pollution; landfill covers to trap hazardous chemicals and unpleasant odour, and tailing

impoundment[1-3]. The Western Treatment Plant (WTP) at Werribee, Victoria, Australia, recently

installed 2 floating covers each measuring approximately 400 m x 200 m. These floating cover are used

to assist with the anaerobic treatment of the raw sewage beneath them leading to the production of

methane-rich biogas.  In addition to controlling odour, one of these covers is capable of collecting up to
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65,000 m3 of biogas per day that can generate up to 7 MW of electricity, thereby increasing the treatment 

plant’s supply of renewable electricity from this sustainable source. The ability to collect the methane-

rich biogas is also of great benefit to the environment. Without this cover, this gas would be released 

into the environment as a damaging greenhouse gas. These important functions underpin the 

requirement of a proactive, safe, efficient and effective inspection/management approach that ensures 

the integrity and continued operation of this high-value asset. The presence of methane-rich biogas 

requires that the inspection methodology be intrinsically safe. This paper will present an unmanned 

aerial vehicle based non-contact approach that can be deployed at safe distances from the asset.  

 

High-density polyethylene (HDPE) geomembranes are known to be very durable and if well-designed 

can have decades of years of life[2, 3]. At WTP all sewage inflow is unscreened and passes first through 

an anaerobic reactor where biogas is produced as the raw sewage undergoes anaerobic digestion. 

Solidified sewage substances can amass on the reactor surface to form scum-bergs which press against 

and elevate the covers to a height of approximately 1 metre. The scum-berg can cause lateral 

displacement which is partially due to the hydrodynamic effects resulting from the inflow of raw sewage. 

This can cause changes to the stress on the cover. The state of deformation and its corresponding change 

in the state of strain on the membrane is useful information for evaluating the membrane cover’s 

structural integrity and is necessary for reliable structural health monitoring to mitigate the risk of failure 

and maintain safe energy harvesting operation.   

 

Over the decades, the acquisition of full-field strain measurement has received significant attention in 

the field of structural monitoring. The majority of the work pertaining to full-field strain measurement 

is relevant to in-plane strain measurements, and include well-established image base non-contact strain 

measurement technology such as digital image correlation. However, it is known that the ability to 

predict the strain field from 3D structures is challenging, especially for large structures compared with 

laboratory test coupons. Recently, Baqersad et al.[4-7]  integrated photogrammetry to determine the 3D 

dynamic response of a wind-turbine with finite element analyses to predict the dynamic strain 

experienced by the blade. Pappa et al.[8] used optical techniques with reflective markers and projected 

dots to define the dynamic motion of membranes.  

 

For a structure size of a floating cover (e.g. 470 m x 170 m), the definition of its state of stress is beyond 

the capabilities of current measurement techniques. An understanding of its state of stress can only be 

determined if its state of deformation is defined. Preliminary work has shown that this can be achieved 

by integrating photogrammetry outputs into finite element analyses [9] [10, 11]. The photogrammetry work 

presented in this study utilises a single camera mounted on an unmanned aerial vehicle (UAV). This 

method of inspection is safe because there is no contact with the asset and the operator of the UAV can 

be located remotely from the asset. The ability to launch the UAV to conduct this method can also lead 

to a timely and more time-efficient inspection process for this large asset. As part of the inspection 

procedure, the 3D model of the membrane can be determined from an array of images taken from the 

camera using a pre-determined flight path. The aim of this paper is to scale up the previous work on the 

structural health assessment of the floating cover at the WTP. To this end, a series of investigations were  

conducted to determine the optimal parameters for UAV photogrammetry to effectively capture the 

structural deformation of features that are consistent with the size of the floating cover operating at the 

WTP. This work forms a crucial part of the development of a non-contact UAV-aided photogrammetry 

technique to assist with the monitoring of the structural integrity of the cover.  

 

2. Photogrammetry and defining the length-scale requirement 
UAV-aided photogrammetry technique for structural health monitoring is gaining significant research 

interest in the field of engineering applications. Photogrammetry allows users to make measurements 

and recover the exact positions of surface points from a series of images. The photogrammetry involves 

methods from many disciplines including optics, projective geometry and image recognition algorithms 

to compute the 3D shape of structures[6]. If the scale of the image (distance between at least 2 points in 

the image) is known, it is possible to extract both the in-plane and out-of-plane (elevation) information 



 

 

 

of the structure at a high level of accuracy. Global Position Satellite (GPS) and Ground Control Points 

(GCP) are generally used to obtain the scale information for large surface areas. Thus, a finite element 

analysis can be employed to perform strain and stress analysis with the photogrammetry information. 

Based on the information obtained from Google Earth Pro at WTP, the changes in elevation of the 

membrane varies from 0.3m to 1.5m. Figure 1 shows the aerial view of the east membrane at WTP and 

the elevation profile along the line drawn on the membrane.  The variation essentially defines the length-

scale of the expected deformation on the floating cover. In the following sections, work will be 

conducted to define the flight path, photogrammetry setup parameters and the required ground control 

point and assess the accuracy in define features of this length-scale. 

 

 

 
Figure 1: Aerial view of the east membrane at the waste treatment plant (WTP) in Werribee 

obtained from Google Earth Pro 
 

 

3. Experimental set up 
This paper discusses the effect of different operating flight and photogrammetry parameters on the 

accuracy of the 3D model generated via UAV-aided photogrammetry. The experiments were conducted 

with the commercially available UAV- DJI Phantom 4 Pro Obsidian (P4P). The specifications of the 

UAV and the built-in camera are outlined in Table 1. During the test runs, the camera setting was set at 

an ISO of 200, focal ratio of 5 (f/5), an image size of 3:2, shutter speed of 1/320 and a camera angle of 

80o from the horizontal axis. An open source ‘Pix4DCapture’ flight controller was used to control the 
UAV, acquire the images and record its corresponding GPS coordinates autonomously according to 

users’ setting post-processing analyses. 

 

The studies reported in this paper were used to determine the capabilities and limitations of the 

measurement configuration in the in-plane and out-of-plane accuracy on the deformation features 

expected at the floating cover at WTP in Werribee. The experimental tests were performed on a football 

field at Springfield Park (Box Hill North, Victoria). A size 7 basketball and a car Toyota Corolla 2010 

sedan model were used as specimens and situated at Springfield Park as shown in Figure 2. The 

monitored features were chosen with an intention to simulate similar variation in elevation profile (0.3m-

1.5m) of the membrane as highlighted earlier in Figure 1. In order to establish the in-plane and out-of-

plane accuracy, (1) height of the car (measured height: 146.6 cm), (2) height of the basketball from grass 

surface (measured height: 22.7 cm), (3) width of the basketball (measured width: 23.8cm) and (4) 

distance between 2 poles (measured length: 10.9m) are measured using photogrammetry – see Figure 2. 

A total of 9 flights were conducted for the testing. The flight schedules are shown in Table 2.  

 

The purpose of each flight schedule are listed: 



 

 

 

 Flight 1-3: To determine the relationship between the flight altitudes and its ability to define 

the on-ground features. 

 Flight 4-7: To determine the essential percentage of overlaps for images requirement to define 

the on-ground features.  

 Flight 8-9: To determine the effects of flight configuration (single grid and double grid) on the 

ability to define the on-ground features. 

 

4. Results & Discussion 
Photoscan Professional by Agisoft is used for post-processing (photogrammetry) to generate a digital 

elevation model (DEM) from the images acquired from the various flights. Photoscan allows the user to 

set the quality of aligning images, building dense clouds and mesh. All the metadata (including GPS 

and camera setting) of the images were imported to Photoscan for post-processing. For comparison, all 

settings were set to its maximum when post-processing the images acquired from all flights. The 

computer used for the post-processing has 2 processors (Intel® Xeon® CPU E5-2630 0@2.3GHz) with 

6 cores and 128 GB of memory. An example of the mesh profile and digital elevation model (DEM) 

after post-processing of Flight 6 are presented in Figures 3(a) and 4 respectively. Figures 3(b) and (c) 

show the mesh profile of the monitored objects car and basketball with the post-processing of the images 

obtained 30m above ground level in Flight 6. All the processed results will be presented in 3 subsections; 

altitude study, overlap study and flight path study. 

 

 

Table 1: Specification of DJI Phantom 4 Pro+ from the manufacturer. [12] 
No. Description Details 

1 Model of aircraft DJI Phantom 4 Pro Obsidian (P4P) 

2 Weight (battery & propellers included) 1388g 

3 Max flight time 25-30 minutes 

4 Satellite Positioning Systems GPS/GLONASS 

5 Camera sensors 1” CMOS  (Effective pixels: 20M) 
6 Lens FOV 84o 8.8mm/24mm (35 mm format equivalent)  

f/2.8-f/11 auto focus at 1m - ∞ 

7 Image size 3:2 Aspect Ratio: 5472 × 3648 

4:3 Aspect Ratio:4864 × 3648 

16:9 Aspect Ratio: 5472 × 3078 

 

 

 
Figure 2: Aerial view of the set up in Springfield Park (image taken at 40m above ground level) 
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Table 2: Flight/photogrammetric parameters 

Flight Altitude 

(m) 

Overlap 

(%) 

Quantity 

of images 

Monitored 

area (m × m) 

Maximum flight 

speed (m/s) 

Flight 

time 

(min) 

Flight 

Mission 

1 20 95 57 40 × 45 0.9 8 Single grid 

2 30 95 44 40 × 45 0.9 5 Single grid 

3 40 95 40 40 × 45 0.9 4 Single grid 

4 30 90 95 65 × 66 1.4 3 Single grid 

5 30 80 51 65 × 66 2.3 2 Single grid 

6 30 70 27 65 × 66 3.1 1 Single grid 

7 30 60 23 65 × 66 4.8 1 Single grid 

8 30 80 110 65 × 66 2.3 5 Double grid 

9 30 70 58 65 × 66 3.1 3 Double grid 

 

 

 
 

Figure 3(a) Overall mesh profile (b) mesh profile of car and (c) mesh profile of basketball of 

Flight 6 generated using Photoscan Pro, 

 

(a) 

(b) (c) 

See Figure 3(b) 

See Figure 3(c) 



 

 

 

 
Figure 4 Digital Elevation Model (DEM) of Flight 6 generated using Photoscan Pro 

 

4.1 Altitude study 
The altitude study was first investigated by Flight 1-3, which were set at different altitudes; 20m, 30m 

and 40m above ground level, respectively. Table 3 shows the accuracy of the in-plane and out-of-plane 

measurement obtained from photogrammetry with the inputs from Flights 1-3. Using the same camera, 

overlap percentage and post-processing settings, more images were required with the lower altitude 

flights and hence the time taken to scan the same area increased (see “Flight time” for Flight 1-3 in 

Table 2).  

 

The results in Table 3 shows that the accuracy of the in-plane information is good (less than 6% error) 

even with the photogrammetric system set up at 40m above ground level. The out-of-plane error 

increases from discrepancy of less than 1 cm at 20m altitude to discrepancy greater than 3 cm for 30m 

and 40m altitudes. As a result, any attempts to define smaller features that are smaller than 0.25m in 

height will lead to a higher degree of uncertainty. This altitude study also demonstrated the capability 

of UAV-aided photogrammetry to measure defects larger than 1m deformation with less than 3% error 

with images acquired at 40m above ground level.  

 

These results suggest that the photogrammetric assessment can first be conducted with flights at a higher 

altitude to capture the global field without significantly compromising out-of-plane and in-plane 

information accuracy. This will reduce flight duration and minimise other risks such as bird strikes 

during operation, as well as any weather changes. Once the critical anomaly points (‘hotspots’) are 
located by the primary global flight, a secondary, localised lower altitude flight can be used to provide 

a more detailed assessment of the hotspots.  This two-stage flight strategy will significantly reduce the 

number of images taken and computational processing time. Depending on the requirement, one must 

first ensure that the primary global mapping flight can sufficiently define anomalies with reasonable 

accuracy. 

 

4.2 Overlap study 
The effect of overlapping images to generate the DEM is discussed in this section. Table 4 compares 

the Flight 2, 4 - 7 results taken at a fixed altitude of 30m, but with different percentages of overlapping 

images. Flight 2 covers a smaller area compared to Flights 4 - 7. The results show that the overlapping 

percentage at a given altitude has a minor influence on the spatial resolution of the DEM (with an 



 

 

 

average of 7.51 mm/pixels). However, it is noted that to achieve a higher image overlap percentage, the 

UAV is required to fly at a significantly slower speed, i.e. 0.9m/s with a 95% overlap compared to 

4.8m/s achieving a 60% overlap. Therefore, it will take a shorter time to monitor the same area with a 

lower percentage of overlap. The results show that the degree of overlap has a minor influence on the 

DEM resolution and in-plane and out-of-plane accuracy (see Table 4). The maximum out-of-plane error 

is approximately 5.2%, when operating with 60% overlap (Flight 7) with no degradation in the resolution 

of the smaller height features. 

 

 

Table 3: Results obtained from digital elevation model (DEM) for altitude study 
Flight Altitude 

(m)  

DEM 

resolution 

(mm/pixels) 

Out of plane information obtained 

from DEM (elevation) 

In-plane information obtained from 

DEM (plan) 

Height of car 

(cm) 

Height of ball 

(cm) 

Width of ball 

(cm) 

Distance 

between 2 poles 

(m) 

1 20 4.03 146 (-0.3%) 21.75 (-4%) 24.3 (2.1%) 10.92 (0.2%) 

2 30 7.42 143.5 (-2.1%) 19.7 (-13%) 23.76 (-0.6%) 10.92 (0.2%) 

3 40 9.99 144 (-1.7%) 19.35 (-14%) 25.2 (6%) 10.95 (0.5%) 
*Note: Actual car height: 146.6cm, actual ball height: 22.7cm, actual ball width: 23.8cm and actual measured distance 

between 2 poles: 10.9m 

 

Table 4: Results obtained from digital elevation model (DEM) for image overlap study 
Flight Overlapping 

images (%) 

DEM 

resolution 

(mm/pixels) 

& [Number of 

images] 

Out of plane information 

obtained from DEM 

(elevation) 

In plane information obtained 

from DEM (plan) 

Height of 

car (cm) 

Height of 

ball (cm) 

Width of ball 

(cm) 

Distance 

between 2 

poles (m) 

2 95 7.42 [44] 143 (-2.1%) 19.7 (-13%) 24.12 (1.1%) 10.92 (0.2%) 

4 90 7.72 [95] 150 (2.4%) 21.3 (-6%) 24.09 (1.0%) 10.92 (0.2%) 

5 80 7.28 [51] 147 (0.3%) 18.5 (-18%) 23.2 (-2.7%) 10.84 (-0.6%) 

6 70 7.57 [27] 147 (0.3%) 20.2 (-11%) 24.5 (2.7%) 10.92 (0.2%) 

7 60 7.58 [23] 139 (-5.2%) 19.4 (-14%) 23.6 (-1.1%) 10.87 (-0.3%) 
*Note: Actual car height: 146.6cm, actual ball height: 22.7cm, actual ball width: 23.8cm and actual measured distance 

between 2 poles: 10.9m 

 

4.3 Flight path study 
Pix4DCapture allows the user to autonomously control the UAV to capture images at pre-set flight paths. 

There are 2 options for the flight path selection for large area monitoring: single grid mission and double 

grid mission. The single grid mission provides a single grid flight path, whereas the double grid mission 

provides an additional flight path perpendicular to the first flight path. An example of the single grid 

and double grid mission configuration for the UAV at 30m altitude with 70% overlap is shown in Figure 

5. The double grid mission will cover a larger area and provide a better aerial view of a given scanned 

area. The DEM results obtained from Flight 5, 6, 8 and 9 are presented in Figure 6. All of these flights 

were conducted at the same altitude (30 m) whereas Flights 5 and 6 are single grid flight paths and Flight 

8 and 9 are double grid flight paths. Due to the highly reflective surface of the car, the post-processing 

for the single grid (Flight 6) resulted in a noisy output when assessing the rooftop of the car. Figure 6 

shows that by either increasing the percentage of overlap or using a double grid flight path, the accuracy 

of the profile of the car can be enhanced significantly. Figure 6 also shows that the quality of the mesh 

and DEM profile for double grid flight path is significantly better compared to a single grid path 

especially in defining the edges and outlines of the monitored object. Given that the duration time for 

the double grid mission and post-processing time is twice as long as that for the single grid mission, it 



 

 

 

is recommended that the double grid path should only be considered when assessing critical hotspots 

that demand a superior spatial resolution.  

The impact of the single grid mission and double grid mission on the various flight parameters is 

tabulated in Table 5. The relationship between post-processing times as a function of the number of 

processed images is shown in Figure 7. From these analyses, it should be noted that future work with 

the large floating cover should consider using a clustered processing approach to reduce processing time. 

 

Figure 5: Flight path for single grid and double grid mission 

 

 
 

Figure 6: Comparison between single grid and double grid mission with different overlap 

 

 

 



 

 

 

Table 5: Impact on flight parameters from the single grid and double grid missions  

Single Grid Mission Parameter Double Grid Mission 

Normal Flight Time 2 x  Single Grid Mission 

Normal Number of images 2 x  Single Grid Mission 

Adequate may not be 

able capture reflective 

surface if overlap is 

<70%  

Quality of mesh 

and DEM 

Good and can be improved by 

increasing the overlap 

Normal Post-processing 

time 

2 x Single Grid Mission 

  

 

Figure 7: Photogrammetry post-processing computer time 

 

 

5. Conclusion 
UAV-aided photogrammetry is a non-contact SHM technique which can be used to monitor deformation 

and potentially provide a full-field strain measurement of a large membrane-like structure. This report 

presents a parametric study to understand the effects of flight profiles and the photogrammetric 

processing requirement on the ability to accurately define the length-scales of the expected features of 

the polymer covers at the Western Treatment Plant at Werribee.  Three monitored objects were selected 

with the intention of simulating similar field deformations in the Western Treatment Plant covers. The 

following summarises the findings from the UAV-aided photogrammetric system parametric study: 

 At a lower altitude flight, the spatial resolution (in-plane) and elevation (out-of-plane) are 

significantly enhanced but will lead to increased flight and processing times.  

 The in-plane accuracy corresponding to images acquired from a flight altitude of 40 m has an 

error of less than 6% which is considered acceptable for the proposed application. 

 In order to reduce the flight time, the results suggest that one should perform a two-stage 

strategy: Global stage; flight at a higher altitude and lower overlap to identify “hotspots”. These 
“hotspots” can then be scanned with flights at a lower altitude and higher overlap to enable a 

more detailed inspection (Local Stage).  

 Operation at a lower altitude, higher overlap and with double grid path can significantly 

minimise error produced by reflective surfaces. 



 

 

 

 A double grid mission will enhance the mesh profiles and DEM by capture edges and sharp 

discontinuity of structures, however, it increases the flight and processing time by two folds. 
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