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Abstract

:

The damage to pipeline infrastructures caused by reactive soils has been a critical challenge for asset owners. Sustainable backfilling materials have recently gained interest to stabilize highly reactive zones as a pre-emptive approach towards sustainability. In this study, two adjacent sections of a sewer pipeline trench in Melbourne, Australia were backfilled with two blends of 100% recycled aggregates. The sites were monitored for ground deformations during October 2020–February 2022 (17 months) using surveying techniques. Interferometric synthetic aperture radar (InSAR) techniques and algorithms were also employed to estimate the ground movements of the sites and surrounding regions. The cross-validation of deformation results achieved from both techniques enabled an in-depth analysis of the effectiveness of the recycled aggregates to address reactive soil issues in urban developments. Observational deformation data and their spatiotemporal variation in the field were satisfactorily captured by the InSAR techniques: differential InSAR (DInSAR), persistent scatterer interferometry (PSI), and small baseline subset (SBAS). The SBAS estimations were found to be the closest to field measurements, primarily due to the analysis of zones without well-defined geometries. This study’s contribution to existing knowledge defines the spatiotemporal influence of sustainable backfill in areas with reactive soil through field data and satellite imaging. The relationship between InSAR techniques and actual field behavior of sustainable backfill can be a baseline for the growing construction that may be challenging to perform field monitoring due to resource constraints.
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1. Introduction


The shrink–swell ground movement of reactive soils, in response to their moisture content variations, threatens the structural integrity of lightweight infrastructures leading to detrimental social and economic impacts on the community [1,2]. A common challenge presented by reactive soil movements involves the damage to urban and suburban sewer pipeline infrastructures [3]. The significant volume change of reactive soils due to the changes in moisture content causes severe damage to sewer pipe networks [3]. The 2008 report by [4] estimated the total annual cost for maintenance, repair, and replacement of buried pipes in Australia to be more than 7.5 billion over five years, which is almost 10% of the cost required to replace the entire Australian pipe networks. Furthermore, there is an increased risk of reactive soil damage to sewer pipe infrastructures in Australia since these reactive clays vastly cover developed and growth areas, with approximately 20% of the land area covering the entirety of Australia [5,6].



Sewer pipe infrastructures backfilled with available reactive soils on site are more susceptible to damage caused by the seasonal shrinking and swelling [7,8,9]. Rajeev and Kodikara [3] observed that the pipelines buried in areas having high-plasticity clays experienced a high frequency of damage, which portrays the role of significant volume change in reactive soils on pipe damage. Moreover, most of the damage that occurred in the buried pipes was when soil moisture abruptly increased after the dry season. The damage was more severe on small-diameter sewer pipes in narrow trenches installed deeper than 1.5 m [3]. This is mainly because of safety limitations and a lack of acceptable quality control in the field.



Various blends of recycled materials have been identified as a viable alternative to problematic reactive soil backfill due to their low moisture sensitivity and compaction requirement contributing to sustainable construction [10,11]. Recycled plastic, glass, and tire have been investigated as replacement materials for various applications, with most studies only partially replacing conventional materials [12,13,14]. In contrast, [15] utilized blends that comprised 100% recycled material as trench backfill materials. Their study proposed two sustainable blends with optimum performances for backfilling deep sewer trenches in non-trafficable areas through extensive environmental and geotechnical testing programs [15]. Ref. [16] investigated the field performance of the proposed blends by the construction of two full-scale trial sites in two adjacent areas in the west of Melbourne, Australia. Surveying techniques were used to measure the ground deformation in the sites using surveying techniques at a limited number of locations where settlement plates were installed. However, the spatiotemporal impact of the sustainable backfill (SB) on the two locations has not been thoroughly assessed.



Field monitoring of spatiotemporal ground movements is labor-intensive, time-consuming, and typically of low resolution. On the other hand, recent advancements in active remote sensing technology such as synthetic aperture radar (SAR), complemented with open-access software and improved computer capabilities, have enabled ground movement estimation in high resolution. SAR uses the phase difference between two or more complex satellite image acquisitions of the same area taken from almost similar satellite positions can be used to form interferometric SAR (InSAR). This technique measures the spatiotemporal changes in the ground surface [17].



Three main InSAR techniques have been used to obtain ground surface displacements in the literature. First, the differential InSAR (DInSAR) estimates the ground surface displacements that occurred between two acquisition dates considered as the reference and the secondary images [18]. Through the years, the methodology has improved and developed more advanced time-series techniques considering multiple satellite images collected within a specific period [19,20,21]. The remaining two techniques are persistent scatterer interferometry (PSI) and small baseline subset (SBAS). These time-series InSAR techniques alleviate the issues in the DInSAR method such as limitations in differentiating between the effect of displacement and the atmospheric signature [19]. The application of PSI and SBAS can exploit the phase history over a long period that can identify meaningful spatiotemporal trends. DInSAR, PSI, and SBAS have been applied to earthquakes [22], ground subsidence and heaving [23], landslides [24], mining [25], and volcanic activities [26].



This study investigates the feasibility of using InSAR analyses to estimate the spatiotemporal ground movements of a relatively smaller site where an SB was used to backfill a sewer trench detailed in [16]. The availability of field ground movement measurements for verification prompted the authors of the current study to select this site for InSAR analyses. Innovative applications of InSAR techniques (i.e., DInSAR, PSI, and SBAS) can enable a deeper understanding of the behavior and the impact of SB on the surrounding area. The outcomes of this study provide novel and robust analysis to evaluate the global applicability of blends of recycled aggregates as alternatives for conventional backfilling construction materials in highly reactive sites. Overall, the paired satellite imaging and field data collection presented in this study facilitate an efficient spatiotemporal evaluation of the effectiveness of novel applications of recycled materials contributing to a more resilient and sustainable geotechnical infrastructure.




2. Materials and Methods


Spatiotemporal field measurements of ground movements in the vicinity of sewer pipe trench sections in the west of Melbourne backfilled using blends of recycled materials were used in this study as the benchmarks for evaluating the reliability of InSAR estimations. The authors in [15,16] detail the blends used and the construction procedures. Below is a summary of the construction and field monitoring works followed by the InSAR analyzing procedure.



2.1. Summary of Materials, Construction, and Instrumentation


The recycled material blends comprised recycled glass (RG), recycled plastic (RP), and recycled tire (RT) and were supplied by local waste recovery/recycling plants in Victoria, Australia. Figure 1 demonstrates a geological map of the west of Melbourne indicating the study site and the materials transported to the site location for mixing and backfilling the selected areas.



Before the construction stage, several mixtures of RG, RP, and RT were prepared and investigated through extensive environmental and geotechnical testing programs, the details of which can be found in [15]. Two optimum mix designs, labeled SB-1 and SB-2 with (RG:RP:RT) content of (77:09:14) and (84:05:11), respectively, were proposed for the construction of the full-scale trials. The physical properties of SB-1 and SB-2 are presented in Table 1. These blends exhibited a relative density greater than 80% and also showed the least compressibility when undergoing the estimated surcharges of real-life applications (i.e., up to 200 kPa). Relative densities over 80% were reported to correlate with relative compaction greater than 90% [27,28], which is typically the minimum required density for fill earthworks [29].



The natural soil available on the construction site was classified as reactive soil (RS) with high plasticity (CH) after a series of laboratory testing as presented in Table 2.



In the sections selected for the test areas, a 1.5–2 m wide trench was excavated to bury the sewer pipelines and the width of the excavation around the manhole structure of 1.5 m diameter was approximately 1 m, as per the contractor’s construction plan. The depth of the excavation was 3.5 m in test Area 1 and 4.5 m in test Area 2. The sewer pipe was placed within the bottom 1 m of the trench known as the embedment zone and was encapsulated with the standard crushed rock as specified by Melbourne Retail Water Agencies (MRWA) [36]. The test areas were backfilled to 2 m and 3 m above the embedment zone with SB-1 (Area 1) and SB-2 (Area 2), respectively. The top 0.5 m was backfilled with available natural soils of the site for future landscaping purposes. The RS of the site for backfilling consisted of clay with traces of gravel. Up to about 6 and 12 m lengths of the trenches were backfilled using SB-1 and SB-2, respectively, while the rest of the trench was backfilled with RS as per the normal practice, which was considered the benchmark area. More construction details can be found in [16]. The RS used for backfilling in areas 1 and 2 of the trenches are referred to as RS-1 and RS-2, respectively, hereafter.



In both areas 1 and 2, settlement plates (SPs), each comprising a rod and a steel plate were installed. The rods were 15 mm in diameter and 250, 1600, and 3100 mm in length. The dimensions of the steel plate were 200 × 200 × 10 mm (width × length × thickness). During the construction, settlement plates were installed at an appropriate depth and about 100 mm of the rod was left above the ground surface to allow the settlement monitoring using surveying techniques. The SPs in Area 1 were installed at a depth of 0.2 m from the ground surface. In Area 2, the SPs were installed at depths of 0.2, 1.5, and 3 m to investigate the change in settlement with depth, as well as the surface. The SPs in the benchmark site were installed at depths of 0.2 and 1.5 m. The locations of the SPs in areas 1 and 2 are illustrated in Figure 2 and Table 3.



The deformation monitoring using surveying techniques was carried out from 1 October 2020 to 15 February 2022 for Area 1, and from 26 November 2020 to 15 February 2022 for Area 2. The readings were recorded once a week during the first month after installation to capture potentially frequent early deformations, followed by monthly readings.




2.2. Satellite Data


The European Space Agency (ESA) provides a global SAR dataset from the Sentinel-1 (S-1) mission [37]. This mission is a constellation of two SAR satellites (S-1A and S-1B) carrying C-band instruments with 5.405 GHz. Interferometric wide (IW) swaths with a single look complex (SLC) are used with terrain observation with progressive scans (TOPS) in azimuth for DInSAR, PSI, and SBAS analyses. The S-1 products offer a large swath width of up to 5 by 20 m spatial resolution [38]. S-1A descending data were used in this study with an average 12-day repeat orbit cycle for each satellite and vertical transmission and vertical reception (VV) polarimetric configuration. The S-1A data sensed between October 2020 and February 2022 were analyzed to calculate the ground movement of reactive soil in the west Metro Melbourne, Victoria, Australia, as shown in Figure 1. The S-1A products were from path 118 and frame 719 in sub-swath IW2.




2.3. Satellite Imaging and Analysis


Interferometric SAR (InSAR) uses the phase difference between two or more complex SAR acquisitions of the same area taken from almost similar satellite positions [39]. This can be used to measure changes in the Earth’s surface topography and deformation from geohazard events by setting one image as master and the other as slave. An interferogram (I) is generated through the multiplication of the values of A described as:


  I =  A r   A s   e  i  (   φ m  −  φ s   )    =  φ  t o p o   +  φ  d e f o   +  φ  f l a t   +  φ  a t m   +  φ  n o i s e   ,  



(1)




where Ar and As are the amplitudes for the reference and secondary SAR images, φr and φs are the phase information for the reference and secondary SAR images, respectively, φtopo is the topographic phase, φdefo is the phase contribution due to surface deformation, φflat is the flat-earth phase, φatm is the atmospheric phase and φnoise is the noise-related phase. The value of φr can be estimated as:


   φ r  = −   4 π  λ   R 1  +  φ  scatt − 1   ,  



(2)




where R1 is the range distance between the location of the reference SAR image and the target surface, and φscatt−1 is the backscattering property at the first acquisition time. Similarly, the secondary SAR image φs can be calculated as:


   φ s  = −   4 π  λ  (  R 2  ) +  φ  scatt − 2   = −   4 π  λ  (  R 1  + Δ R ) +  φ  scatt − 2   ,    



(3)




where R2 is the range distance between the location of the secondary SAR image and the target surface and φscatt−2 is the backscattering property at the second acquisition time. The value of R2 can be substituted by R1 + ΔR, and the value of ΔR can be estimated as:


  Δ R =  B ┴     tan   ( α )  ,    



(4)




where    B ┴    is the perpendicular baseline between the reference and the secondary SAR images, and the angle α is the angle between    B ┴    and the actual distance between the reference and the secondary SAR images. Assuming that there is a constant backscattering property for the targeted surface, φscatt−1 and φscatt−2 can also be assumed to have similar values. Hence, the interferometric phase can be described as [17]:


   φ r  −  φ s  =   4 π  λ  Δ R .  



(5)







The interferometric phase, φm − φs, can be used to estimate the height of the object on the ground. The temporal baseline (Bt), which is the time delay between the reference and the secondary SAR images, is important to consider. This influences the probability of changes in backscattering properties, φscatt−1 and φscatt−2, primarily due to changes in the land cover or vegetation and wind-induced tree movements [23].



The S-1 data were processed using SNAP 8.0 by ESA with an implemented workflow described in Figure 3. The first stage was the coregistration between the reference and secondary SAR images. The 3-sec digital elevation model (DEM) and the sentinel precise orbit data were implemented in this initial step. The next stage was the interferogram generation between the reference and secondary products, flat-earth subtraction, and coherence (γ) estimation. Topographic phase removal was employed to obtain DInSAR results. The Goldstein phase filtering by [40] for phase noise reduction was then performed. The resulting product was exported for the statistical-cost network-flow algorithm for the phase unwrapping (SNAPHU) [41]. Phase unwrapping with SNAPHU recovers the original phase values by adding appropriate multiples of 2π to each phase input. The result of the unwrapping was imported back to SNAP and then converted to displacements [18].



The PSI processing enables the measurement of surface displacement sub-millimeter accuracy using pixels with a more stable phase called the permanent scatterers [19]. Using the combined SNAP and Stanford method for persistent scatterers (StaMPS) workflow, these scatterers are analyzed as part of the PSI processing as shown in Figure 4. The first stage in PSI processing uses SNAP to determine the reference image using the InSAR stack overview tool. The reference image was selected such that    B ┴    is minimized and the γ of the stack is maximized. The secondary images were then coregistered with the reference image. Interferograms were generated and debursting was conducted. The topographic phase was removed and then the resulting product was exported to a format that is readable by StaMPS. The StaMPS processing has eight steps, as shown in Figure 4. The linear correction of the toolbox for reducing atmospheric InSAR noise (TRAIN) by [41] was used for tropospheric adjustment. The estimated time series displacement (d) and mean annual velocity (v) were then obtained.



The SBAS method is comparable to the PSI method with the key difference in the pairing of InSAR images. The SBAS method produces differential interferograms from all the input InSAR images stacked with varying pairing combinations that fulfil the criteria of temporal and geometric baseline, whilst the PS method assigns one reference InSAR image to be paired with all secondary InSAR images. The SBAS processing using the combined SNAP and StaMPS workflow is shown in Figure 5.





3. Results


3.1. Field Monitoring


Figure 6 shows the displacements measured at settlement plate (SP) locations in areas 1 and 2. The negative and positive values indicate settlement and heaving with respect to the initial position of the SPs, respectively. Figure 6 shows that the maximum ground movements recorded in SB-1 and SB-2 areas were −15 and −17 mm, respectively, whereas for the RS-1 and RS-2, the maximum ground movements detected were −48 mm and −110 mm, respectively, over the 17 months of the monitoring period. This indicates strikingly smaller settlements of SBs compared to the RS backfills (about six times lower). It should be noted that RS-1 and RS-2 movements were different both in the magnitudes and trends, in spite of being the same soil types located close to each other. This was potentially attributed to the poor quality and lack of consistency in compacting clay in deep excavated trenches which is a challenging task. In fact, challenges associated with backfilling deep trenches with site-won clay was the problem [4] tried to resolve by developing blends of recycled materials that exhibited self-compacting properties or at least required less compactive effort to reach the desired density and a more consistent manner along the backfilled trench. Another potential reason for inconsistent settlements in the two areas could be the difference in the drainage that affected the stormwater flow and hence, different deformations on the surface.



The values of the cumulative soil movement of SB and RS in Areas 1 and 2 measured at 0.2 m depth were averaged as shown in Figure 7 for the purpose of fair comparison with the spatial resolution of the satellite image analyses.




3.2. InSAR Estimates


The ground movements of the trial site of this project were also investigated using InSAR techniques. Sample results of the InSAR analyses showing the coherence, wrapped phase, and unwrapped phase maps are presented in Figure 8.



First, DInSAR was used to estimate the final cumulative estimates of ground movement (Figure 9a). Two S-1A satellite images were used which were sensed on 6 October 2020 and on 25 February 2022 for Area 1. Similarly, two S-1A satellite images were analyzed for Area 2 obtained on 19 November 2020 and on 25 February 2022. The selected satellite images for Area 1 and Area 2 were the closest available sentinel data from the field monitoring commencement and completion dates. This is based on the 12-day orbit cycle of S-1A described in Section 2.2. The difference in the used S-1A satellite images for each area is due to the dissimilar completion of the trench excavation and backfilling in the area. The DInSAR estimates for each location are shown in Figure 10. The results of the DInSAR analysis overestimated the ground movements of SB-1 and SB-2 (Figure 10a,c), whilst underestimating that of RS-1 and RS-2 (Figure 10b,d). The estimated values of the ground movement were −21 and −11 mm for SB-1 and SB-2, respectively. On the other hand, RS-1 and RS-2 observed higher ground movement estimates equal to −31 mm and −63 mm. Despite the difference in magnitudes, the trends of the estimated DInSAR values are comparable to the field measurements using SPs, where lower ground surface movements were recorded in SB than those in RS.



The PSI and SBAS techniques were also performed to estimate the ground movement of the two study areas. These techniques enabled the time-series analysis of S-1A images between 6 October 2020 and 25 February 2022 for Area 1 and between 19 November 2020 and 25 February 2022 for SB-2 for Area 2 (Figure 9b,c).



The results of the PSI analysis are shown in Figure 10 where ground movements of −17, −6, and −41 mm were observed for SB-1 and SB-2, and RS-1, respectively. The pixel for RS-2 exceeded the temporal and baseline limit leading to spatiotemporal decorrelation, which caused the specific persistent scatterer to be disregarded, as shown in Figure 10d. This is a known limitation of the PSI technique, which focuses on scatterers that have defined geometry such as developed or urban environments [43]. This was evident in Figure 9b where limited permanent pixel scatterers were selected. Overall, PSI results are more comparable to field measurements than those of DInSAR.



The SBAS analysis estimated ground movements of −4 and −6 mm for SB-1 and SB-2, and −30 and −85 mm for RS-1 and RS-2, respectively. These results had the closest values to the SP field measurements, except for SB-2. The better accuracy can be attributed to the fact that the SBAS technique is more reliable in areas without well-defined geometry such as vegetation and open fields [44]. This is due to the ability of the SBAS analysis to consider small temporal baselines and backscattered signals of distributed scatterers reducing the influence of the spatiotemporal decorrelation [45].





4. Discussions


4.1. Comparison between the Field Monitoring and InSAR Analysis


The accuracy of the methods used, namely SP field measurements and InSAR techniques, to investigate the performance of the two adjacent areas with SBs and RS were compared in Figure 11. This helped to assess the reliability of each method and understanding their limitations. It is important to note that for the DInSAR estimates, only the magnitude of the final ground movement can be estimated. This is reflected in Figure 11a with only four points showing the estimated values for the four areas, SB-1, SB-2, RS-1, and RS-2. Conversely, PSI and SBAS techniques are time-series InSAR analyses that can capture the temporal changes of ground movements represented by the data points in Figure 11b,c.



In general, the results of the comparison using scatter plots between the measured SP and InSAR estimates suggested an acceptable regression coefficient. The DInSAR estimates were observed to have the lowest regression coefficient equivalent to 0.46 (Figure 11a). It can be observed that there are three distinguishable regions of the comparison in Figure 11a. The first subsection is where the value of the ground movement is less than −50 mm. Within this zone, the DInSAR estimate seems to underestimate the measured SP values. The second subsection is between −50 and −30 mm, where the DInSAR estimate obtained comparable values with the SP field measurement. Lastly, the third zone is where the values of the ground movement are greater than −30 mm. Within this zone, the ground movement values obtained in the field using SP were slightly overestimated. The scatterplot of the data points was not dispersed due to the limited number of points being compared. This led to a high calculated value of R2 being 0.95. However, the calculated root mean square error (RMSE) between the DInSAR estimates and the collected SP data was exorbitant, equal to 24.47.



The comparative analysis between the PSI estimates and the measured SP field data was divided into two, as presented in Figure 11b. The comparative analysis for RS-2 was neglected due to the spatiotemporal decorrelation of the pixel where it is located. The first comparison was between the final cumulative values of the ground movement. The accuracy of the result of this analysis surpassed that of the DInSAR and SP comparison. The regression coefficient of the final cumulative values of the ground movement between PSI and SP was 1.11. It can be observed in Figure 11b that the PSI technique overestimated the final values of the ground movement in comparison with the measured SP data. The calculated value of R2 was 0.99 and this closer to the unity value may have been influenced by the limited available data points, similar to the previous DInSAR and SP comparison. However, the value of the calculated RMSE was half of the DInSAR and SP comparison, which was equal to 7.02. The second PSI and SP comparison considered all the time-series data points (Figure 11b). When all the time-series data points were considered, the regression coefficient remained acceptable equaling 0.96 with the PSI values overestimating the SP data. Conversely, the value of R2 significantly decreased from 0.99 to 0.34, showing the overall dataset’s high dispersion. Similarly, the value of RMSE was negatively influenced by considering all the data points, increasing from 6.04 to 11.34. This value was comparable to the RMSE value calculated from the DInSAR and SP comparison.



The comparison between the SBAS estimates and the measured SP field data led to an acceptable match for both the final cumulative values of the ground movement and all the time-series data points (Figure 11c). The accuracy of the result of the final cumulative values was analogous to the results of the PSI and SP comparison. The regression coefficient of the final cumulative values of the ground movement between SBAS and SP was 0.80 and the calculated value of R2 was 1.00. However, the value of the calculated RMSE was almost twice that of the PSI and SP comparison, which was equal to 13.20 with consideration of RS-2. When all the time-series data points were considered, the regression coefficient remained acceptable equal to 0.74. Conversely, the value of R2 decreased from 1.00 to 0.83, which is still an acceptable value with the SBAS values overestimating the SP data. The value of RMSE decreased from 13.20 to 9.26.




4.2. Temporal Variation


The values of the coefficient of variation (CoV), which is the ratio of the standard deviation to the mean, of the temporal measurements of SPs and estimates of PSI, and SBAS were calculated to demonstrate the extent of variability of the ground movement values within SB and RS areas. The calculated values of CoV will allow the determination of the temporal volatility or risk associated when using SP field data and InSAR estimates. The temporal variation of the measurements using SP and estimates using PSI and SBAS varied depending on the magnitude of the ground movement, as depicted in Figure 12. Due to the small values of recorded ground movements, the earlier monitored and estimated values of ground movement closer to the commencement date of the study around 1 November 2020 for Area 1 and 3 December 2020 for Area 2 exhibited high values of CoV.



The surface movement of SB-1 in Figure 12a calculated consistently high values of CoV with an average of 170%. The most volatile measurements and calculations were obtained on 13 July 2021 equal to a CoV of 490%, whilst the most stable was the values of final cumulative ground movement on 15 February 2022 with a CoV of 70%. Similarly in SB-2 (Figure 12b), the calculated values of CoV were constantly high with an average of around 100%. The highest CoV was on 3 December 2021 equivalent to 450%, whilst the lowest was obtained on 22 June 2021 approximately 10%. It can be observed that the temporal values of CoV were generally higher in areas with constructed SB due to lower magnitudes of ground surface movements.



In the locations with RS, the calculated values of CoV were relatively lower compared to that with SB. This is due to the higher magnitudes of the measured and estimated ground surface movements in RS-1 and RS-2 (Figure 12c,d). The average values of CoV for RS-1 and RS-2 were around 130% and 40%, respectively. Due to the similar reason of having ground movement values close to zero, the earlier monitored and estimated values of ground movement closer to the commencement date of the study from 1 November 2020 for Area 1 and from 3 December 2020 for Area 2 exhibited high values of CoV. After the early investigation stage, the CoV values were consistently low reaching values close to 1% for both RS-1 and RS-2 around the final stage. Overall, the temporal volatility of ground movement values, either measured or estimated, was lowest in RS-2.




4.3. Spatiotemporal Variation


The spatial variation of the final ground movement along the entire strip covering the areas of interest is shown in Figure 13. This displays the difference in the measured SP data and the estimates of DInSAR, PSI, and SBAS. The graph in Figure 13a that shows the averaged SP measurements were noticeably dissimilar from the topographic features of DInSAR in Figure 13b. On the other hand, both PSI (Figure 13c) and SBAS (Figure 13d) considerably contained similar features to the SP topography (Figure 13a). It can be observed that Area 1 (both SB-1 and RS-1) in Figure 13c closely resembles the variations in Figure 13a. However, the pixel for RS-2 in the PSI analysis was neglected which affected the graph and CoV calculation. In the SBAS analysis in Figure 13d, the SB and RS locations were the closest resemblances to the SP measurements plotted in Figure 13a. Noting that, the averaged measurements of SP between SB-1 and SB-2 were not available to compare with the SBAS pixel estimates.



To investigate the spatiotemporal variation of the measured SP and the estimated InSAR values, the spatial CoV of the cumulative ground movement of the whole study site strip, Area 1, and Area 2 (described in Figure 1 and Figure 2) were calculated for the early stage (between October 2020 and December 2020), the middle stage (between October 2020 and April 2021), and the final stage (between October 2020 and February 2022) of the investigation. The spatiotemporal variation, reflected by the CoV values of the measured SP and the estimated DInSAR, PSI, and SBAS estimates, are listed in Table 4.



In the early stage, the calculated values of CoV in the whole strip were high, ranging from 76% to 162%. These values show that the initial cumulative surface ground movement of Area 1 and Area 2 was different may be due to the heterogeneity of the soil in the study site, the drainage affecting the stormwater flow, or lack of consistency in the backfilling construction, especially for RS-1 and RS-2. Considering only Area 1, the measurements and estimates of SP and InSAR analyses varied. In Table 4, the CoV values of SP and SBAS were lower than the CoV values of DInSAR and PSI. This signifies that the variability of the values of the measurements and estimates by SP and SBAS between SB-1 and RS-1 was low in the early stage. On the contrary, the CoV of DInSAR and PSI started with high values denoting a great difference in values between SB-1 and RS-1. In Area 2, the values of CoV for the SP measurements were approximately twice that of the DInSAR and SBAS. This means that the difference in the actual early cumulative ground movement of SP between SB-2 and RS-2 was supposed to be higher than the estimations of DInSAR and SBAS.



In the middle stage, the CoV values of InSAR analyses were half of the measured SP data of the entire study site. In Area 1, the values of CoV varied from 11% to 201% estimated by SBAS and DInSAR, respectively. Similarly, the values of CoV had a wide range from 11% to 109% estimated and measured by DInSAR and SP, respectively. The CoV values for SP in the whole strip, Area 1, and Area 2 were consistently around 100%.



In the final stage, the values of CoV for SP and SBAS for the whole study site, Area 1, and Area 2 were comparable. On the other hand, the CoV values of DInSAR had the most diverged estimate. This reflects that the level of variation between SB and RS in the measured SP data was corresponding to the SBAS estimates. Hence, this generally captures acceptable cumulative ground movement magnitude influenced by spatiotemporal stabilization of the constructed SB in both Area 1 and Area 2.



In summary, the spatiotemporal variation of the measured data using SP was closest to the spatiotemporal values of CoV estimated using SBAS. This method is reliable in areas without well-defined geometry affected by seasonal-dependent growth and withering of vegetation and open fields influenced by climate–crop interactions [44]. The SBAS analysis considers small temporal baselines and backscattered signals of distributed scatterers that reduce the influence of the spatiotemporal decorrelation [45]. Due to this, SBAS estimates had the closest values and spatiotemporal variation to the measured SP field data, with consideration of the SB and RS zones.





5. Conclusions


The spatiotemporal performance of sustainable backfill materials made of recycled aggregates, as alternative construction materials for sewage pipeline trenches, was investigated in a highly reactive soil area. The investigation involved two different blends of sustainable backfills (SB) comprised of 100% recycled aggregates that were utilized as backfill materials for deep excavated trenches in Western Melbourne. Two adjacent trial sites were constructed using the proposed SBs of this study and were monitored for deformations using settlement plates (SP) and surveying techniques. InSAR techniques, DInSAR, PSI, and SBAS, were implemented to assess the deformation performance of the two adjacent SBs and their influence on the surrounding areas. This investigation resulted in a deeper understanding of the deformation behavior of the adjacent study areas backfilled with SB and with the site’s reactive soils (RS). The results of the InSAR estimates were correlated with the measured SP field data to determine the accuracy of the estimations. The estimated ground movement using InSAR analysis captured the spatial difference between the SB and RS zones in Area 1 and Area 2. In Area 1, the magnitudes of the ground movement were twice the values measured in Area 2. This was consistently identified in the InSAR analyses. Moreover, the differences in the ground movement between SB-1 and RS-1, and between SB-2 and RS-2, were also adequately captured by the DInSAR, PSI, and SBAS estimates.



The comparison between the measured SP and InSAR estimates generally had acceptable results. The DInSAR estimations least matched the measured SP field data, while the PSI estimations obtained better accuracy than the DInSAR values. However, the pixel for RS-2 was neglected in the PSI analysis, since it focuses on scatterers that have defined geometry and built-up areas. The SBAS estimates were found to have the most accurate results. Similarly, the values of CoV (coefficient of variation) showing the spatial and temporal difference in the SB and RS zones of the study site of the measured SP data were by the SBAS estimations. This method was observed to be the most reliable among the InSAR methods used in this study. Thus, it can be deduced that for environments without well-defined and changing features, such as SB and RS surfaces, SBAS can be reliably used for spatiotemporal analysis.



This study provided a novel approach for evaluating the performance of blends of recycled aggregates as alternative backfill materials to promote their global applicability to be used in highly reactive sites considering the spatiotemporal impact. This approach is useful for complementing the limited field monitoring instrumentation to extrapolate spatial and temporal analyses.
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Figure 1. Images of (a) the trial site and supplied recycled materials, and (b) the geological map of the west of Melbourne and the location of the study site. 
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Figure 2. Site instrumentation (a) Area 1 and (b) Area 2. The numbers represent the SP in Table 3. 
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Figure 3. Standard differential InSAR (DInSAR) workflow using SNAP. 
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Figure 4. Standard PSI workflow using SNAP and StaMPS by [42]. 
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Figure 5. Standard SBAS workflow using SNAP and StaMPS by [42]. 
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Figure 6. Cumulative soil movement in (a) Area 1 and (b) Area 2, as presented in Figure 2. 






Figure 6. Cumulative soil movement in (a) Area 1 and (b) Area 2, as presented in Figure 2.



[image: Remotesensing 15 00204 g006]







[image: Remotesensing 15 00204 g007 550] 





Figure 7. Mean cumulative soil movement in (a) Area 1 and (b) Area 2. Error bars are showing the standard deviation of the measurements of each date. 
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Figure 8. Results of (a) coherence, (b) wrapped phase, and (c) unwrapped phase. 
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Figure 9. Estimates of ground displacement and velocity using (a) DInSAR, (b) PSI, and (c) SBAS. 
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Figure 10. InSAR estimates of (a) SB-1, (b) RS-1, (c) SB-2, and (d) RS-2. 
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Figure 11. Comparison between SP measurements and (a) DInSAR estimates, (b) PSI estimates, and (c) SBAS estimates. The regression models with black lines only considered the final ground movement values, whilst the grey lines considered all the recorded and estimated values within the study period. 
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Figure 12. Temporal variation and coefficient of variation in (a) SB-1, (b) RS-1, (c) SB-2, and (d) RS-2. 
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Figure 13. The final spatiotemporal variation of (a) SP, (b) DInSAR, (c) PSI and (d) SBAS. 
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Table 1. Physical properties of SB-1 and SB-2 blends.
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Material

	
SB-1

	
SB-2

	
Specification






	
RG:RP:RT content (% by mass)

	
77:09:14

	
84:05:11

	
--




	
Particle composition (%)

	
>4.75 mm

	
29

	
22

	
ASTM-D422 (2007) [30]




	
4.75–0.075 mm

	
69

	
76




	
<0.075 mm

	
2

	
2




	
Maximum particle size (Dmax), mm

	
19.0

	
19.0

	
--




	
Specific gravity (Gs)

	
1.93

	
2.07

	
ASTM-C127 (2012) [31]




	
Coefficient of uniformity (Cu)

	
10.00

	
9.06




	
Coefficient of curvature (Cc)

	
1.49

	
1.30




	
USCS classification

	
SW

	
SW

	
ASTM-D2487 (2011) [32]




	
Standard Proctor compaction

	
OMC (%)

	
9.50

	
7.9

	
ASTM-D698 (2012) [33]




	
MDD (kN/m3)

	
1.36

	
1.37








USCS: Unified soil classification system; SW: well-graded sand.
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Table 2. Physical properties of RS.
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Soil Property

	
Value

	
Specification






	
Specific gravity Gs

	
2.71

	
ASTM-D854 (2010) [34]




	
Sand (4.75–0.075) mm

	
3

	
ASTM-D422 (2007) [30]




	
Fine content (<0.075 mm)

	
97




	
Liquid limit (LL) (%)

	
61

	
ASTM-D4318 (2017) [35]




	
Plastic limit (PL) (%)

	
30




	
Plasticity index (PI) (%)

	
31




	
USCS classification

	
CH

	
ASTM-D2487 (2011) [32]
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Table 3. SP distribution in Area 1 and Area 2.
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SP No.

	
Area 1

	
Area 2




	
Depth (m)

	
Distance * (m)

	
Material

	
Depth (m)

	
Distance * (m)

	
Material






	
1

	
0.2

	
5.36

	
RS-1

	
0.2

	
1.50

	
SB-2




	
2

	
0.2

	
3.25

	
RS-1

	
3.0

	
2.50

	
SB-2




	
3

	
0.2

	
2.13

	
RS-1

	
0.2

	
3.25

	
SB-2




	
4

	
0.2

	
1.82

	
SB-1

	
1.5

	
4.00

	
SB-2




	
5

	
0.2

	
2.92

	
SB-1

	
0.2

	
5.50

	
SB-2




	
6

	
0.2

	
3.84

	
SB-1

	
1.5

	
16.75

	
RS-2




	
7

	
0.2

	
6.50

	
RS-1

	
0.2

	
18.25

	
RS-2








* Distance from a particular SP to the manhole center.
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Table 4. Spatiotemporal comparison between SP measurements and InSAR estimates in the early (between October 2020 and December 2020), middle (between October 2020 and April 2021), and final stages (between October 2020 and February 2022).
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Coefficient of Variation, CoV, in %




	
Method

	
Early CoV (%)

	
Middle CoV (%)

	
Final CoV (%)




	
Whole Strip

	
Area 1

	
Area 2

	
Whole Strip

	
Area 1

	
Area 2

	
Whole Strip

	
Area 1

	
Area 2




	
SP

	
162

	
37

	
16

	
132

	
97

	
109

	
114

	
90

	
113




	
DInSAR

	
76

	
77

	
26

	
74

	
201

	
11

	
55

	
19

	
75




	
PSI

	
151

	
50

	
-

	
79

	
73

	
-

	
82

	
76

	
-




	
SBAS

	
109

	
14

	
34

	
61

	
11

	
73

	
103

	
71

	
90




	
Minimum Value in mm




	
Method

	
Early Min Value (mm)

	
Middle Min Value (mm)

	
Final Min Value (mm)




	
Whole Strip

	
Area 1

	
Area 2

	
Whole Strip

	
Area 1

	
Area 2

	
Whole Strip

	
Area 1

	
Area 2




	
SP

	
−0.63

	
2.90

	
−0.63

	
−49.97

	
−9.47

	
−49.97

	
−109.60

	
−35.51

	
−109.60




	
DInSAR

	
1.94

	
1.94

	
13.38

	
−0.36

	
0.36

	
5.28

	
−62.70

	
−30.70

	
−62.70




	
PSI

	
−13.84

	
−13.84

	
-

	
−33.58

	
−33.58

	
-

	
−41.35

	
−41.35

	
-




	
SBAS

	
−11.80

	
−1.87

	
−11.80

	
−36.35

	
−13.74

	
−36.35

	
−84.75

	
−30.17

	
−84.75




	
Maximum value in mm




	
Method

	
Early Max Value (mm)

	
Middle Max Value (mm)

	
Final Max Value (mm)




	
Whole Strip

	
Area 1

	
Area 2

	
Whole Strip

	
Area 1

	
Area 2

	
Whole Strip

	
Area 1

	
Area 2




	
SP

	
4.93

	
4.93

	
−0.50

	
−1.76

	
−1.76

	
−6.49

	
−7.97

	
−7.97

	
−12.00




	
DInSAR

	
27.01

	
6.62

	
19.42

	
6.19

	
5.99

	
6.19

	
−10.56

	
−21.01

	
−10.56




	
PSI

	
2.89

	
−4.56

	
-

	
−0.60

	
−3.69

	
-

	
−5.80

	
−8.90

	
-




	
SBAS

	
0.85

	
−1.44

	
−5.74

	
−9.72

	
−11.00

	
−11.03

	
−4.15

	
−4.15

	
−6.01
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