
ABSTRACT 

HAIRSTON, JALEN ALEXANDER. Unmanned Aerial Vehicle Applications for Erosion & 
Sediment Control on Large Construction Projects. (Under the direction of Dr. Richard A. 
McLaughlin). 
 

Unmanned Aerial Vehicles (UAVs) have been useful in the construction industry, but 

there is limited research on how they can assist with required inspections of erosion and 

sediment control practices (E&SC). This study examined multiple UAV applications for: (1) 

detecting E&SC device concerns, (2) reducing inspection times relative to traditional on-ground 

(walking/driving visual inspection) and autonomous/manual UAV inspections. In addition, the 

effects of various factors including UAV type, flight altitude, use of ground control points 

(GCPs), and image overlap on photogrammetric accuracy, hydrologic analysis using UAV-

derived on digital surface models (DSMs), and volumetric measurements were evaluated. 

Weekly on-ground and autonomous/ manual UAV inspections were performed and evaluated 

three sections for two active construction sites. In addition, two UAVs, a Mavic Pro Platinum 

(MPP) and a Phantom 4 RTK (PRTK), surveyed North Carolina (NC) Highway 42 East at two 

altitudes (60 m and 120 m) using two levels of image overlap (20% (frontal) x 20% (side) 

overlap or 75% (frontal) x 60% (side)). Surveys using a Real Time Kinematic (RTK) RTK-GPS 

located a total of 14 GCPs at the Highway 42 site. The use of data from UAVs to model 

topography using structure from motion was evaluated at a borrow pit at the US-401 widening 

project.  

Problems with installed practices were just as likely to be detected through on-ground or 

UAV inspections, with the exception of silt fence concerns, which on-ground inspections were 

more likely to detect. Autonomous UAV inspections using either images or videos were equally 

accurate for most practices, but generally images provided better detail. Camera angle and 



altitude did not affect detecting E&SC failure. Overall, UAV-based inspections took less time 

than on-ground, especially as the inspection area increased. A hybrid approach to review in the 

field may prove the most efficient. The proposition would use a pilot to operate the UAV to have 

visibility of E&SCs within a site. An inspector would then evaluate failures and 

recommendations of E&SCs by viewing the remote controller screen. 

The less-expensive MPP with its consumer-grade GPS achieved reasonable sub-meter 

accuracy as long as GCPs correction is applied, but the higher cost PRTK did not need correction 

to also obtain such accuracy. Photogrammetric and GIS applications were used to estimate the 

amount of “borrow” removed from the pit over six months, and estimated 39,901m3
 compared to 

the NCDOT measurement via dump truck counts of 33,455m3
3. During the multiple UAV 

surveys, hydrologic analysis models estimates suggested that all sediment basins had smaller 

drainage areas than they were designed for. In contrast, of seven silt fence sections evaluated, 

three always had less drainage area than standard design but four had drainage areas that 

exceeded design for at least one of the surveys.  
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Chapter 1: Erosion and Sediment Control Concern Detection and Time Comparison 

between On-Ground and Unmanned Aerial Vehicle Inspections 

1.1. Introduction 

1.1.1. Establishment of the Clean Water Act of 1972 

During the mid-20th century, the American public became increasingly concerned with 

the issue of water pollution. In 1969, illicit discharge from industries in Cleveland, OH, resulted 

in a 20-minute fire on the Cuyahoga River; this incident became a cornerstone event for 

environmental regulation of previously unregulated pollutant discharges, which had been 

contaminating surface waters (Stradling and Stradling, 2008). The regulation aimed to conserve 

natural resources and protect human and environmental health from illicit discharges. The United 

States (US) Congress passed the Clean Water Act of 1972 (CWA) to regulate pollutant sources, 

which are governed by the US Environmental Protection Agency (CWA, 1977).  

1.1.2. National Pollutant Discharge Elimination System 

Under the CWA, the national pollutant discharge elimination system (NPDES) regulates 

point and nonpoint pollutant sources. The NPDES states that construction operators must apply 

for a construction general permit (CGP) if the land disturbance is larger than one acre (United 

States Congress, 2002). Furthermore, the NPDES program requires erosion and sediment control 

(E&SC) measures to limit erosion during land disturbances and grading activities on construction 

sites in the US (USEPA, 2017). Although the CWA is a federal regulation, each US state can 

create its own NPDES program. For example, North Carolina, which is the location of this study, 

established an NPDES program, amended to the North Carolina Sediment Pollution Control Act 

of 1973, consisting of E&SC plans approved by the Department of Environmental Quality to 

mitigate erosion (NCGA, 2002). 
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The North Carolina Department of Transportation (NCDOT) enforces this plan in their 

projects by maintaining or operating activities that reduce sediment loss. Companies contracted 

through this NCDOT must use preventive measures – including erosion controls, stream 

diversions, buffers to protect jurisdiction surface waters, ground stabilization, management of the 

work area, and site clean-ups – to reduce sediment loss. Furthermore, to comply with CGP 

guidelines, regular on-ground inspections and documentation must be completed by a qualified 

inspector to identify E&SC or stormwater device concerns (USEPA, 2017). The inspector must 

review unstable sites at least once weekly or within 24 hours if more than 1 inch of precipitation 

occurred at the site. Any routine corrective action deemed urgent by the inspector needs to be 

addressed within 24 hours of the inspection. If not urgent, the routine action must be completed 

within five days. However, a traditional on-ground inspection is time-consuming and hazardous 

when walking or driving on rugged terrain or after rains.  

1.1.3. Unmanned Aerial Vehicles Applications  

Unmanned aerial vehicles (UAVs) are remotely controlled aerial vehicles weighing less 

than 55 pounds and more than 0.55 pounds. If a UAV is being used for commercial purposes, 

one must be licensed through the Federal Aviation Administration (FAA, 2016). The FAA’s part 

107 regulates UAV usage by requiring UAV registration and UAV pilot certification. The pilot 

must pass an exam consisting of questions on airspace classes, loading and performance, 

operational safety, regulations, UAV emergency procedures, and weather data and theory. If they 

pass, they will obtain a certificate that is valid for two years, during which the certified pilot 

must follow guidelines to ensure a safe UAV operation. Some examples of the FAA regulations 

include (1) UAVs must fly during daylight or civil twilight hours with proper anti-collision 

lighting; (2) The remote pilot in command must manipulate the flight controls, and the visual 
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observer must have a visual line of sight of the UAV; (3) No individuals who are not protected 

and involved in the flight mission should be near vicinity or  operate the UAV; (4) The UAV 

operator must carry a remote pilot certification or be under the direct supervision of a certificate 

holder. 

While the FAA has jurisdiction over the use of UAV airspace within the entire US, the 

NCDOT regulates UAV operation within North Carolina. If a person uses UAVs for commercial 

or government purposes in the state, the pilot must take the NCDOT version of a UAV 

knowledge test on UAV safety and operation (NCDOT, 2020). Once passed, the operator can 

apply for a state permit. A commercial operator is someone that uses UAV technology for money 

or some form of compensation value. A government operator includes anyone from government 

entities, public agencies, schools, and universities. A UAV operator must be aware that certain 

locations have specific airspace classes that restrict attitude towards UAVs. 

Before using a UAV, the individual must be aware of the advantages and disadvantages 

of utilizing different UAV types, namely fixed-wing aircraft and multirotors. Cajzek and Klanšek 

(2016) found the advantages of fix-wing aircraft are that they have high energy efficiency for 

traveling long distances because they use wings instead of multirotors to lift the UAV. The 

disadvantages are the handling capabilities and the considerable amount of space needed for 

landing and take-off procedures. The same report mentioned that multirotor UAVs have a lower 

purchasing cost, are easier to handle, and require less space for take-off and landing. However, 

the disadvantages are the limited payload, low wind resistance, and short time to operate a 

multirotor UAV, which can be just minutes while a fixed-wing aircraft can fly for hours. The 

more rotors a UAV has, the more capabilities and the more expensive it is to repair if damaged.  
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During World War II, UAVs were used for remote surveillance to prevent soldiers from 

exploring high-risk areas (Eisenbeiss et al. 2004). Currently, UAVs are being used in different 

sectors, such as agriculture, disaster management, and construction (Zhao and Borakdarpour, 

2018).  Also, Zhao and Borakdarpour (2018) reported that the construction industry uses UAVs 

equipped with thermal, hyperspectral, and regular cameras to increase project management 

productivity. UAVs equipped with regular cameras can collect images with photogrammetric 

software to produce three-dimensional models to illustrate the progression of a project (Feng et 

al., 2015). Kim et al. (2017) used computer algorithms and images acquired by UAVs to 

determine potential risks of equipment to improve workers’ safety. Dorafshan and Maguire 

(2018) reported that US states have used UAVs to detect structural concerns in bridges, allowing 

them to save time and labor compared to traditional bridge evaluations. 

UAVs can also be usefully applied in the construction industry, but there is limited 

research on how they can assist inspectors with E&SC. Perez et al. (2015) and Kazaz, B. (2019) 

have shown that UAVs are capable of detecting E&SC device concerns and have suggested that 

these are more accurate and less time consuming than regular on-ground inspections. These, 

although informative, do not provide information needed to validate whether UAVs can detect a 

variety of E&SC devices and reduce inspection time during construction. 

1.1.4. Research Objectives  

To address this gap, this study had to two objectives: (1) How do UAVs and traditional 

on-ground inspections compare in finding E&SC device concerns on construction sites? (2) Do 

manual or autonomous UAV guided inspections save more time than conventional on-ground 

inspections?  
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1.2. Methodology 

1.2.1. Study Sites 

To address these questions, on-ground and UAV inspections were conducted on road 

construction sites at NC Highway 42 East in Clayton, NC, and US-401 in Youngsville, NC, 

which are two road-widening projects (Figs. 1.1-1.2). The geographical region of NC Highway 

42 East is in the inner coastal plain of North Carolina, while the area of interest of US-401 is 

within the piedmont region.  The taxonomic soil class for both sites is a fine, Kaolinitic, thermic 

Typic Kanhapludults. In further detail, NC Highway 42 East had a majority percentage of Cecil 

(CeB) series soil. In contrast, the second location had predominantly Appling (ApB) series. The 

soil series for both sites were based on the Natural Resource Conservation Service Web Soil 

Survey. The characteristic of the Cecil series is red soil and high clay content (Bliley, 1994). The 

composition of the Appling series ranged from sandy loam to clay with various colors ranging 

from brown, yellowish-brown, and mottled red (Kunickis, 2004). The colors for both soil series 

can make E&SC failures more visible to UAV detection because of the contrasting hue between 

E&SC and disturbed soil.  

The total length for both sites was beyond the ability of the pilot to maintain visual 

contact with the UAV, thus the projects were broken up into three sections, so the pilot could 

move to each section while still being able to see the UAV. The first section for NC Highway 42 

East had an estimated area of 3.4 ha. The second section was 9.2 ha, while the third was 10.3 ha. 

Approximately, the first section for NC Highway 42 East had 115 E&SCs. The second section 

had 304 E&SCs, while the third contained 436 E&SCs. The US-401 sections were 10.1 ha, 15.5 

ha, and 13.8 ha. Also, the sections had roughly 237, 162, and 295 E&SCs. B4UFLY (B4UFLY, 

Kittyhawk.io, Inc., San Francisco, CA) is an iPhone or tablet application that determines if there 
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are any specific airspace class height restrictions for an area; both sites had no restrictions. UAV 

Forecast (UAV Forecast, Matthew Lloyd) is an iPhone or table application that uses weather 

forecast to inform the UAV pilot if the conditions are safe to operate. It was challenging to 

inspect both sites on the same day because the maintenance crew may have addressed E&SC 

failures before UAVs could inspect the site. The autonomous and manual UAV inspections 

occurred a day before the on-ground inspections to provide time to review images and videos 

obtained from the UAVs.  

1.2.2. On-Ground Inspections 

Weekly on-ground inspections were conducted in both sites to identify any E&SC 

concerns (failures or recommendations). A stopwatch was used to record the time it took to 

inspect each section. Furthermore, a field book was used to note where an E&SC concern 

occurred at each location. It was essential to consider different factors when evaluating the 

respective site: The time needed to move from one road to another; the time needed to move 

from one section to another via vehicle; the time needed to walk back to the vehicle after 

completing an inspection; the total time needed to conduct inspections. These measurements 

were summed to determine the total time needed to fill out an official NPDES inspection form. 

1.2.3. Unmanned Aerial Vehicle- Manual Inspection 

A DJI Phantom 4 RTK (PRTK; DJI, Shenzhen, China) was used to inspect sections 

manually using its remote control to operate the UAV. When inspecting a section, the PRTK 

collected images using a 4:3 aspect ratio and flying at a minimum altitude of 37 m at both sites to 

avoid cranes, power lines, and trees. The erosion control plans for both sites were used to locate 

the practices where concerns were identified by the manual UAV inspections and those 

identified by the conventional on-ground evaluations.  
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When conducting the manual UAV inspection, there were several steps which were 

included in the total time for the inspection.  These included the time needed to collect images 

when operating the PRTK; the time needed to review images acquired from the UAV and fill out 

any concerns onto an official NPDES inspection form; the time needed to conduct pre-flight 

inspections; the time needed to move from one section to the other by vehicle; the time needed to 

download images from the micro-SD card onto the computer. These steps were summed to 

obtain the final amount of time needed to conduct this type of inspection. 

1.2.4. Unmanned Aerial Vehicle-Autonomous Inspection 

In this study, DJI Mavic Pro Platinum was used to conduct autonomous UAV inspections 

(MPP; DJI, Shenzhen, China). MPP with the use of DJI GS Pro (DJI, Shenzhen, China), an 

application that can create autonomous flight missions through a tablet device using waypoints, 

photographed sections autonomously. Although the remote controller of the PRTK can create 

autonomous flight missions, the objective of using this application was to see if there is a 

cheaper option available to inspectors. Waypoints are points created using the DJI GS Pro that 

signal to the GPS receiver of the UAV where the UAV should operate. All points can have the 

same settings, which include the same altitude, camera angle, whether to take images or videos, 

or how long to hover at a specific location. For the autonomous flight missions, the DJI GS Pro 

configured the PRTK using different altitudes of 37 m, 60 m, and 120 m with a camera angle set 

at 55° or 90°. This was done to see if altitude or camera position affects UAV inspections when 

taking images or videos. The aspect ratio for the images was 4:3, while the video frame had a 

1920x1080 frame. The aspect ratio for the video was a different size to ensure it could obtain 

adequate site coverage while nonetheless having enough memory space for the micro-SD card to 

inspect multiple sections. Similar erosion control plans were used as the manual UAV 
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inspection, and the same factors had to be considered during the autonomous flights when 

evaluating sites. Furthermore, the time to create a flight mission for the UAV was another factor 

to include when conducting this type of inspection for both image and video treatments.  

1.2.5. Statistical Analysis of the Time Needed for the On-Ground and Unmanned Aerial 

Vehicle Inspections 

The Proc Two-Sample TTest (SAS v. 9.4, SAS, Cary, NC) was used to compare the 

average time interval for each section of a site to determine if UAVs (manual and autonomous) 

saved time evaluating E&SC concerns than conventional on-ground inspections. Specifically, the 

analysis compared the overall time needed to review images or videos obtained by a UAV to on-

ground inspections with and without added time to complete an official NPDES form.  

1.2.6. Statistical Analysis for Erosion and Sediment Control Failures for Both Sites 

SAS Proc Means was used to calculate the number of E&SC device failures detected by 

the on-ground and manual UAV inspections. The numbers were then classified into three 

categories: The “on-ground” category included E&SC failures solely detected during the 

conventional on-ground inspection. The “UAV” category consisted of E&SC discrepancies 

identified only by the UAV. The last group, “Both,” consisted of E&SC concerns identified by 

both on-ground and UAV inspections. The McNemar’s Test, a form of the chi-square test, was 

used to determine whether there was a significant difference between the E&SC concerns 

identified by on-ground and manual UAV inspections.  

The on-ground and autonomous UAV datasets were then formatted to enable the 

calculation of the logistic regression. SAS Proc Freq was used to calculate the tallies and 

cumulative frequencies of a specific E&SC category, while Proc Glimmix was used to fit the 

statistical models to the data to calculate correlations where the response is not normally 
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distributed. These analyses accounted E&SC concerns in the “Both” and “UAV” categories 

based on different altitudes (37 m, 60 m, and 120 m), camera angles (55° or 90°), and imaging 

method (images and videos) for NC Highway 42 East, while the analysis of US-401 only 

accounted for the imaging method effects. Furthermore, the section variable was treated as a 

random effect to identify the variability of E&SC failures for both sites separately. 

1.3 Results 

1.3.1. Statistical Overview of the Conventional On-Ground and UAV Inspections 

At the NC Highway 42 East site, the statistical analysis indicated no difference detecting 

baffle, rock check dam, rock-lined ditch, special sediment control fence cloth concerns from 

either on-ground or UAV inspections (Table 1.1). However, the statistical analysis indicated a 

difference between these inspections concerning rock inlet sediment trap and silt fence. The 

statistical analysis of the US-401 data indicated there was a difference between conventional on-

ground and UAV inspections regarding silt fence (Table 1.2). Furthermore, no differences were 

detected in the analysis of rock pipe inlet sediment trap, rock check dam, and special sediment 

control fence cloth between the conventional on-ground and manual UAV inspections. 

Nevertheless, the manual UAV inspections were able to capture similar device concerns as the 

conventional on-ground review. 

The effects of camera angle and altitude did not hinder the autonomous UAV inspections 

of the NC Highway 42 East (Table 1.3). However, the imaging method effect does imply that 

more baffles and rock pipe inlet sediment traps could be identified when reviewing images 

instead of videos. Within section 3, the MPP at 60 m and above with camera angle positioned at 

either 55° or 90° did not have sufficient resolution to show baffle and rock pipe inlet sediment 

trap concerns when the videos were reviewed. These concerns were easily distinguishable via 
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image but were hard to identify by video (e.g., Fig. 1.3-1.4). An issue that occurs when 

reviewing videos is the inability to zoom without a video editing software. When evaluating 

images, the individual can use the image viewer software on computers to zoom in on potential 

E&SC concerns. The analysis of autonomous UAV observations of the US-401 indicated that 

there was no significant difference between using images or videos to identify E&SC concerns 

(Table 1.4) 

1.3.2 Statistical Overview of the Conventional On-Ground and UAV Inspections Regarding 

Time 

At the 42 East site, manual UAV inspections were 2 minutes faster than on-ground 

inspections only for section 2 and combined section (Table 1.5). However, manual UAV 

inspections was 19 minutes longer for section 1, while the last section UAV assessment was zero 

minutes. Collectively, UAV inspections were 6 minutes longer to evaluate the entire location 

compared to conventional on-ground evaluations.  Excluding sections 2-3, section 1 had the 

smallest area within site; this might suggest that UAV inspections are most effective for large 

areas or segments with a lot of E&SC devices. The analysis also indicated that manual UAV 

inspections were 4-23 minutes faster than on-ground assessments for the individual and 

combined segments when including filling out the NPDES forms (Table 1.5). This was due to 

the longer time that the inspector reported for completing the forms compared to the UAV pilot. 

The time to review images obtained from autonomous UAV inspections had a different 

outcome. Autonomous UAV evaluations were 5-33 minutes longer than on-ground inspections 

for the individual and combined sections (Table 1.6). Although sections 2 and 3 have more area 

than section 1, UAVs should have saved some time. The time comparison between on-ground 

and UAV narrowed with more coverage. It took less time to review images via UAV for the 
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largest segment (3). When adding the time to complete NPDES forms, the analysis indicated that 

autonomous inspections were 1-18 minutes faster for sections 2-3 and overall site (Table 1.6).  

The statistical software indicated difference between assessments for section 1 as UAVs were 10 

minutes longer to evaluate. The time to create waypoints, inspect, and review images were the 

same if an inspector was investigating the same location. The time to review videos obtained 

from autonomous UAV inspections had a similar outcome as for images (Table 1.7).  

Within NC Highway 42 East, without completing NPDES forms, on-ground inspections 

were faster than UAV evaluations for section 1. Possibly, the small area and amount of E&SCs 

seemed more favorable to do conventional evaluations compared to UAV. Section 2 had 

immense coverage and E&SC devices compared to the first section, resulted in UAVs to be 

faster than on-ground inspection. Section 3, although it had greater area and E&SCs, on-ground 

inspections were faster than UAVs, but at a lesser time than the first segment. UAVs were more 

useful for larger areas or sections with a lot of E&SC devices for this location. Regarding 

autonomous inspections, further study would be implementing flight missions without creating 

new waypoints to see if already established points may result in closer or faster time than on-

ground inspections.   

On-ground inspections at the US-401 site were 12-25 minutes faster than manual UAV 

reviews (Table 1.8). However, when comparing time measurements based on manual UAV 

inspections to complete official NPDES forms, UAV was 5-18 minutes faster for the individual 

and combined sections. Autonomous UAV evaluations using still images were 10-24 minutes 

longer than on-ground (Table 1.9). When adding the time to complete NPDES forms section 2 

was the only area that shows autonomous UAV to be 5-18 minutes faster than other sections.  

The time to review videos obtained from autonomous UAV had a similar outcome. On-ground 
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inspections were 23-49 minutes faster than UAV, regarding individual and combined sections 

(Table 1.10). Similarly, when considering NPDES forms, UAV inspection was 7 minutes faster 

on section 2, while the other segments on-ground were faster. Section 2, although a more 

significant area than section 1, had regions where land-disturbance was not prevalent. Thus, on-

ground inspections involved less walking and driving to inspect, resulting in autonomous UAV 

to be less effective.  

The comparison between on-ground and UAV inspections had a different outcome than 

NC Highway 42 East. Regardless of the section, without the completion of NPDES forms, on-

ground inspections were faster than UAV assessments. Spatial area and number of E&SC 

devices are essential factors when reviewing multiple locations. It is also important to consider 

the complexity to identify E&SC concerns; thus, more devices and coverage to inspect may 

cause UAV inspections to be slower than on-ground. When implementing autonomous flight 

missions resulted in a similar outcome to NC Highway 42 East. Future study towards 

autonomous flight missions would be the same as previously mentioned. 

1.3.3 Baffle 

The statistical analysis indicated that there was no significant difference between the 

conventional on-ground and manual UAV inspections conducted for NC Highway 42 East 

(Table 1.1). Furthermore, the software could not analyze observations for US-401 because baffle 

failures did not occur within the site (Table 1.2). The dataset on autonomous UAV only detected 

a difference between videos and images because baffles were not detected in two locations on 

NC Highway 42 East and no detection was found within US-401 (Tables 1.3- 1.4).  During the 

study of NC Highway 42 East, UAVs commonly detected concerns, such as slope drains 

overlaying baffles, resulting in damaged baffles (Fig. 1.5). A common occurrence within US-401 
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were objects like traffic cones and fallen tree branches inside basins that can obstruct or damage 

baffles. For example, UAV and on-ground inspections detected a traffic cone inside a basin (Fig. 

1.6). Although the traffic cone did not cause any damage, the inspector recommended removing 

the object to prevent any potential damage to the baffle or skimmer when afloat. 

1.3.4. Geotextile Fabric 

Due to limited observations, no results were obtained from the statistical analysis on 

geotextile fabric failures detected during the conventional on-ground and manual UAV 

inspections at both sites (Tables 1.1-1.2). However, the statistical software did imply that the 

difference between angle, altitude, and imaging method (images and videos) did not affect the 

UAV’s ability to detect problems at either site (Tables 1.3-1.4). Nevertheless, visual inspection 

of images from autonomous and manual UAV inspections identified some geotextile fabric 

concerns such as a conventional on-ground inspection. A common concern for NC Highway 42 

East was the improper installation of geotextile fabric. UAVs identified exposed soil because the 

geotextile fabrics were not stapled together (Fig. 1.7). A UAV was able to detect improper 

installation because of the apparent error in the overlap. However, a conventional on-ground 

inspection during the survey period detected small tears in the geotextile fabric and, although not 

stapled, if not carefully evaluated overlapped fabrics would appear properly installed. These 

details were too small for the UAV to identify. A common concern detected during the 

inspection of US-401 was the removal of accumulated sediment on top of geotextile fabric (Fig 

1.8). UAVs can identify geotextile fabric failures only if they are large enough to be spotted. 

Thus, inspectors can more thoroughly review these failures during conventional on-ground 

inspections. 
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1.3.5. Rock Pipe Inlet Sediment Trap  

The statistical analysis indicated there was no difference in detecting rock pipe inlet 

sediment trap failures between conventional on-ground and manual UAV inspections in both 

sites (Tables 1.1-1.2). Furthermore, the statistical software indicated that videos were unable to 

capture the same concerns as images when using observations obtained from autonomous UAVs 

for NC Highway 42 East. When viewing the videos, it was difficult to identify sediment build-up 

because there was no possibility of zooming in on the concerns. Within NC Highway 42 East, 

UAV inspections similar to conventional on-ground evaluations detected sediment build-up on 

stone material used for rock pipe inlet sediment traps (Fig. 1.9). The stone material that is part of 

a rock pipe inlet sediment trap slows runoff to drop out sediment before it enters into the system. 

When sediment deposition clogs the stone, this indicates the material should be replaced.  

There were similar concerns for US-401, as UAV inspections detected stone material 

compromised by the sediment deposition but were unable to identify clogged pipes. Furthermore, 

a UAV inspection detected standing water near a basin, which is a signal of drainage concern 

(Fig. 1.10). A thorough evaluation determined that the rock pipe inlet sediment trap was not 

properly draining water. Overall, UAVs can detect visible features, such as sediment build-up or 

standing water, which can give inspectors some insight into whether a rock pipe inlet sediment 

trap system is experiencing concerns. Nevertheless, a conventional on-ground inspection can 

identify whether pipes are clogged and further specify the causes of any rock pipe inlet sediment 

trap concerns.  
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1.3.6. Rock Inlet Sediment Trap 

Although UAV inspections detected more rock inlet sediment trap concerns than on-

ground investigations, the statistical analysis found no difference between the two for NC 

Highway 42 East (Table 1.1). Given the low observations and short survey period, the difference 

between angle, altitude, and imaging method (images and videos) did not affect the UAV’s 

detection of the same rock inlet sediment trap concerns as conventional on-ground and manual 

UAV inspections for both sites (Tables 1.3-1.4). UAVs within NC Highway 42 East detected 

rock inlet sediment trap failures caused by sediment build-up around the stone material used for 

this erosion and sediment control device (Fig. 1.11). There were no differences atUS-401 

between these inspections methods, and during the survey period similar concerns of sediment 

build-up on rock inlet sediment traps (Fig. 1.12). 

1.3.7. Rock Check Dam 

The statistical analysis for the rock check dam indicated there was no difference between 

the conventional on-ground and manual UAV inspections of the NC Highway 42 East and US-

401 (Tables 1.1-1.2). Furthermore, there was no difference in identifying concerns from the 

angle, altitude, and treatment for NC Highway 42 East, and there were similar outcomes when 

analyzing the image capture method effect at US-401. Although Kazaz, B. (2019) explained that 

UAVs can detect structural concerns for rock check dams, a common concern found during both 

inspections was sediment build-up on rock check dams for both locations (Figs. 1.13-1.14). The 

accumulation of sediment suggests the stone material used to form a rock check dam needs 

replacement. Due to the sheer size of rock check dams, visual inspection of images from a UAV 

is able in detecting concerns caused by sediment build-up. 
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1.3.8. Rock Lined Ditch 

The statistical analysis indicated that there was significant difference in the detection of 

rock-lined ditch concerns of the conventional on-ground and manual UAV inspections for NC 

Highway 42 East, but not US-401 (Tables 1.1-1.2). Furthermore, there was no difference in 

identifying concerns from angle, altitude, and imaging method for NC Highway 42 East when 

using autonomous UAV observations. The analysis of the autonomous UAV observations for the 

US-401 further indicated that there was no difference between the images and videos. The stone 

material for a rock-lined ditch is important because it impedes and filters sediment run-off. 

However, when the stoneware is compromised due to sediment accumulation, the material 

should be replaced (Fig. 1.15). Like conventional on-ground inspections, the UAVs detected 

sediment build-up on the stone material. Similar to rock check dams, the size of a rock-lined 

ditch determines the effectiveness of UAVs when detecting concerns caused by sediment 

deposition.  

1.3.9. Silt Fence 

The statistical analysis indicated that conventional on-ground inspections detected more 

silt fence failures than manual UAV inspections in both locations (Tables 1.1-1.2). Furthermore, 

there was no difference between images and videos in the autonomous UAV inspections (Tables 

1.3-1.4).  A common concern identified by the UAV was sediment deposition overtopping silt 

fences erosion (Fig. 1.16). Another problem detected by the UAV was that the fabric material for 

a silt fence weakened over time, resulting in discoloration. Both the manual and autonomous 

UAVs captured this incident for the US-401 (Fig. 1.17); by doing so, the inspector was advised 

that the portion of the silt fence should be replaced. Although Kazaz, B. (2019) obtained images 

via UAV that showed silt fences failures caused by sediment build-up, the UAV inspections in 
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this study were unable to identify small tears or detect more sediment scour underneath silt 

fences because of the vegetation. Conventional on-ground reviews were able to thoroughly 

evaluate the finer details. A possible explanation for this was the placement of silt fences. The 

silt fences for both sites were near boundary near trees. Thus, UAVs were not able to get close 

without colliding. A further study could determine the ideal positioning of UAVs to detect silt 

fence concerns in silt fences placed next to trees.   

1.3.10. Special Sediment Control Fence Cloth 

The statistical analysis indicated that there was no difference between the detection of 

special sediment control fence cloth concerns in conventional on-ground and manual UAV 

inspections for both sites (Table 1.1-1.2). Furthermore, the statistical software indicated that 

there was no difference in identifying the concerns from the angle, altitude, and treatment for NC 

Highway 42 East (Table 1.3), while US-401 had a similar outcome when comparing images to 

videos (Table 1.4). Specifically, when flying, the UAV manually identified more special 

sediment control fence cloth concerns than on-ground inspections during the inspection of the 

NC Highway 42 East. A common concern identified by the UAV was the accumulation of 

sediment (Fig 1.18). However, conventional on-ground inspections at US-401 detected more 

special sediment control fence cloth failures than UAV inspections. This also occurred in the 

inspection of US-401, but during a conventional on-ground inspection the special sediment 

control fence had been found to be rusted, resulting in the gravel material to leak (Figs. 1.19-

1.20). The UAV was unable to identify that type of failure because of the detail required to 

capture the rusted steel meshes. This would suggest that UAVs can identify sediment build-up in 

special sediment control fence cloth, but that on-ground inspections are crucial to evaluate the 

finer details such as the need to replace the steel meshes. 



18 
 

 

1.3.11. Wattles 

There were limited observations in both locations of wattle concerns, thus it is difficult to 

determine whether UAV inspections can detect them. A common problem for wattles failure was 

sediment scouring beneath these devices and sediment build-up (Fig. 1.21). A further study is 

needed to confidently confirm whether UAV inspections can detect wattle failures caused by 

sediment build-up or erosions. 

 1.4. Conclusion 

Visual inspections of images collected from manual control UAVs can detect special 

sediment control fences, rock pipe inlet sediment traps, rock check dams, and rock lined ditches 

failures similar to conventional on-ground inspections. A common concern for these E&SC 

devices is sediment deposition that inspectors can identify via UAV. However, on-ground 

inspections are still crucial. This type of assessment can identify finer details as the UAV did not 

detect the failures like rusted steel meshes used in special sediment control fence cloth. Although 

UAVs can help document silt fences that need replacement by the discoloration of fabric, which 

is a signal of weakened material that needs replacement. Silt fences are difficult for the UAV to 

find small tears or sediment undercut when placed along tree lines or when vegetation is 

established on the ground.  Visual inspection of images collected from UAVs can identify 

geotextile fabric if any failures are visible for the camera to recognize. On-ground inspections 

conducted by the visual perspective of humans have a better advantage to find small tears or 

improper installation that UAVs may not detect. The combination of UAV with a traditional on-

ground inspection can save time and reduce the day-to-day operational expenses regarding the 

need for an inspector to evaluate a site over time. The UAV is effective in large areas, which can 

be highly effective when multiple sites are factored in the equation as the site of the construction 
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project becomes more extensive. As the construction site becomes larger, the utility of UAV-

aided inspections increases because the additional E&SCs and land disturbances can prolong on-

ground inspections.  

Regarding imaging treatment, images identified more E&SC concerns than videos. An 

image viewer software commonly found on most computers give the ability to zoom in, which 

gives the inspector an advantage to focus on specific failures, while videos without editing 

software are challenging to distinguish failures. An inspector may have to purchase specialized 

software to edit the same as photos. Regarding time, UAV conducted surveys (autonomous or 

manual) have better utilization for large areas. However, a disadvantage for autonomous UAVs 

is if an inspector decides to create new waypoints to evaluate areas of interest. It may take longer 

to review the site than an on-ground inspections. Additional studies would be using the initial 

creation of waypoints to determine if autonomous UAV missions can save time vs. official and 

on-ground inspections. Also, to implement a hybrid approach that allows inspectors to review 

E&SC failure in the field instead of the office. The proposition would use a pilot to operate the 

UAV to have visibility of E&SCs within the site. An inspector would then evaluate failures and 

recommendations of E&SCs by viewing the remote controller screen. 

  



20 
 

 

1.5. References 

Bliley, D. J. (1994). Soil Survey of Johnston County, North Carolina (Vol. 54). The Service. 

Cajzek, R., & Klanšek, U. 2016. An unmanned aerial vehicle for multi-purpose tasks in 
construction industry. Journal of Applied Engineering Science, 14(2): 314-327. 

CWA. 1977. Clean Water Act (33 U.S.C. 1251-1387). Washington, D.C.: U.S. Environmental 
Protection Agency. [Online]. https://www.epa.gov/laws-regulations/summary-clean-water-
act#:~:text=%C2%A71251%20et%20seq.,quality%20standards%20for%20surface%20wat
ers.&text=EPA%20has%20also%20developed%20national,for%20pollutants%20in%20sur
face%20waters. Accessed December 02, 2020. 

Dorafshan, S., & Maguire, M. 2018. Bridge inspection: Human performance, unmanned aerial 
systems and automation. Journal of Civil Structural Health Monitoring, 8(3), 443-476. 

Eisenbeiss, H., Viswanath, P., Mathew, M., and Eisenbeiss, H. 2004. A Mini Unmanned Aerial 
Vehicle (UAV): System Overview and Image Acquisition ‘Processing and Visualization 
Using High-Resolution Imagery. Heritage, 36(5/W1), 1–9. 

Federal Aviation Administration. 2016. “Summary of Small Unmanned Aircraft Rule (Part 
107).” (Part 107), 3. [Online]. https://www.faa.gov/uas/media/part_107_summary.pdf. 
Accessed December 02, 2020. 

Feng, Q., Liu, J., Gong, J. 2015. “UAV Remote Sensing for Urban Vegetation Mapping Using 
Random Forest and Texture Analysis.” Remote Sensing, Multidisciplinary Digital 
Publishing Institute, 7(1), 1074–1094.  

Kazaz, B. 2019. Development of UAS-Based Construction Stormwater Inspections & Soil Loss 
Model. Master’s Thesis, Iowa State University. Creative Components. 403. 
https://lib.dr.iastate.edu/creativecomponents/403 

Kim, D., Yin, K., Liu, M., Lee, S., & Kamat, V. R. 2017. Feasibility of a drone-based on-site 
proximity detection in an outdoor construction site. Computing in Civil Engineering 2017 
(pp. 392-400). American Society of Civil Engineers, Reston, VA, USA. 

Kunickis, S. H. (2004). Soil Survey of Franklin County, North Carolina. 

Perez, M. A., Zech, W. C., & Donald, W. N. 2015. Using unmanned aerial vehicles to conduct 
site inspections of erosion and sediment control practices and track project progression. 
Transportation Research Record, 2528(1), 38-48. 

North Carolina Department of Transportation. (n.d.) 2020, September 02. Unmanned Aircraft 
Systems. [Online]. Retrieved from, 
https://www.ncdot.gov/divisions/aviation/uas/Pages/default.aspx. Accessed November 
06,2020. 



21 
 

 

NCGA. 2002. North Carolina General Statutes: Article 4, Chapter 113A. Sedimentation 
Pollution Control Act of 1973. Raleigh, N.C.: North Carolina General Assembly. 
https://www.ncleg.net/enactedlegislation/statutes/html/byarticle/chapter_113a/article_4.ht
ml.  Accessed December 08, 2020. 

Stradling, D., & Stradling, R. 2008. Perceptions of the burning river: deindustrialization and 
Cleveland's Cuyahoga River. Environmental History, 13(3), 515-535. 

United States Congress. 2002. “Federal water pollution control act.” 33 U.S.C. 1251 et seq., 
234.” [Online]. https://www.epa.gov/sites/production/files/2017-08/documents/federal-
water-pollution-control-act-508full.pdf. Accessed December 08,2020. 

US Environmental Protection Agency. 2017. “Construction General Permit (CGP).” [Online]. 
https://www.epa.gov/sites/production/files/2019-
05/documents/final_2017_cgpfact_sheet.pdf. Accessed December 08,2020. 

Zhao, W., and Bonakdarpour, B. 2018. Decentralized Multi-UAV Routing in the Presence of 
Disturbances. arXiv preprint arXiv:1807.04823,1–10.  

  



22 
 

 

Tables and Figures 
 

Table 1.1. McNemar’s Test analysis regarding the probability of detecting erosion and sediment 
control device failures and recommendations between conventional on-ground and UAV-manual 
inspections within NC Highway 42 East. 

 
 

Erosion 
and 

Sediment 
Control 
Device 

Total 
Detected 

Erosion 
and 

Sediment 
Control 
Failures 
Detected 
by Both 
or UAV 

only 

Erosion 
and 

Sediment 
Control 
Failures 
Detected 
by Both 
or On-

Site Only 

P-
Value  

Common Concern(s) 

Percent (%) 
Baffle 13 92 75 0.3  Damaged because of 

object 
Geotextile 

Fabric 
6 67 100 .  Tears 

 Not properly installed 
Rock Pipe 

Inlet 
Sediment 

Trap 

14 57 100 .  Sediment deposition 
 Clogged Slope Drain 

Rock 
Check 
Dam 

37 90.6 81.3 0.06  Sediment deposition 
 

Rock Inlet 
Sediment 

Trap 

13 92 46 0.03  Sediment deposition 
 

Rock 
Lined 
Ditch 

25 92 84 0.4  Sediment deposition 
 

Silt Fence 16 25 81 0.02  Sediment deposition 
 Tears 

Special 
Sediment 
Control 
Fence 
Cloth 

15 53 67 0.6  Sediment deposition 

Wattle 13 100.0 62 .  Sediment deposition 
 Gullies 
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Table 1.2. McNemar’s Test analysis regarding the probability of detecting erosion and sediment 
control device failures and recommendations between conventional on-ground and UAV-manual 
inspections within US-401N. 

 
 

 
 

 
 

Erosion and 
Sediment 
Control 
Device 

Total 
Detected 

Erosion and 
Sediment 
Control 
Failures 

Detected by 
Both or UAV 

only 

Erosion and 
Sediment 
Control 
Failures 

Detected by 
Both or On-

Ground 
Only 

P-
Value  

Common 
Concern(s) 

Percent (%) 

Baffle 3 100.0 80.0 .  Damaged 
because of 
object 

Geotextile 
Fabric 

4 75.0 100.0 .  Sediment 
deposition 

Rock Pipe 
Inlet 

Sediment 
Trap 

16 63 93 0.6  Clogged 
Slope 
Drain 

 Poor 
Drainage 

Rock Check 
Dam 

13 85 77 0.7  Sediment 
deposition 

 
Rock Inlet 
Sediment 

Trap 

3 100.0 100 .  Sediment 
deposition 

 
Rock Lined 

Ditch 
3 100.0 100 .  Sediment 

deposition 
 

Silt Fence 13 23 92 0.01  Sediment 
undercut 

 Weakened 
fabric 

Special 
Sediment 
 Control 

Fence Cloth 

7 43 57 0.7  Sediment 
deposition 

 Rusted 
steel mesh 
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Table 1.3. Erosion and Sediment Control device failures and recommendations detected by 
conventional on-ground and UAV-autonomous inspection based on the following effect of 
camera angle, altitude, and imaging method within NC Highway 42 East. 

 
Table 1.4. Erosion and Sediment Control device failures and recommendations detected by 
conventional on-ground and UAV-autonomous inspection based on the following effect of 
imaging method within US-401. 

 
 
 
 
 
 
 

  

Erosion and 
Sediment Control 

Device 

Camera 
Angle 

Altitude Imaging 
Method 

55° vs 
90° 

37m vs 
60m vs 
120m 

Image vs Video 

P-value P-value Image Video P-Value 
Baffle 0.8 1.0 18 6 0.001 

Geotextile Fabric 1.0 0.2 12 8 0.2 
Rock Pipe Inlet 
Sediment Trap 

0.9 0.5 15 12 0.02 

Rock Check Dam 0.3 1.0 24 23 0.7 
Rock Lined Ditch 0.3 0.1 51 41 0.1 

Erosion and 
Sediment Control 

Device 

Imaging Method 
Image vs Video 

Image Video P-Value 
Baffle 4 4 0.8 

Geotextile Fabric 4 4 0.8 
Rock Pipe Inlet 
Sediment Trap 

4 2 0.6 

Rock Check Dam 10 9 0.9 
Rock Lined Ditch 4 5 0.8 
Special Sediment 

Control Fence 
Cloth 

4 1 0.5 
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Table 1.5. Two-Sample TTest analyzed the difference in time needed to perform between on-
ground and official NPDES inspection to manual UAV evaluations for NC Highway 42 East.  

On-Ground  Official NPDES  
Section Degree 

of 
Freedom 

T-
Value 

Mean 
(minutes) 

P-Value Degree 
of 

Freedom 

T-
Value 

Mean 
(minutes) 

P-Value 

1 10 -11 -19 <0.0001 10 2.2 4 0.03 
2 19 0.4 2 0.4 19 4.0 23 0.0003 
3 11 0.04 0 0.5 11 3.4 23 0.003 

All 
Sections 

51 -1.3 -6 0.2 51 3.8 17 <0.0001 

 
Table 1.6. Two-Sample TTest analyzed the difference in time needed to perform between on-
ground and official NPDES inspection to autonomous UAV evaluations for NC Highway 42 
East regarding images.  

On-Ground Official NPDES 
Section Degree 

of 
Freedom 

T-
Value 

Mean 
(minutes) 

P-Value Degree 
of 
Freedom 

T-
Value 

Mean 
(minutes) 

P-Value 

1 14 -22.4 -33 <0.0001 14 -6.8 -10 <0.0001 
2 11 -4.2 -22 0.0001 11 0.2 1 .5 
3 11 -0.8 -5 0.3 11 2.7 18 0.01 
All 
Sections 

37 -5.8 -22 <0.0001 37 0.3 1 0.4 

 
Table 1.7. Two-Sample TTest analyzed the difference in time needed to perform between on-
ground and official NPDES inspections to autonomous UAV evaluations for NC Highway 42 
East regarding videos.  

On-Ground 
 

Official NPDES 

Section Degree 
of 
Freedom 

T-
Value 

Mean 
(minutes) 

P-Value Degree 
of 
Freedom 

T-
Value 

Mean 
(minutes) 

P-Value 

1 6 -16.2 -32 <0.0001 6 -4.7 -9 <0.0001 
2 13 -3.1 -14 0.005 13 1.44 6 0.1 
3 11 -0.8 -5 0.3 11 2.9 18 0.01 
All 
Sections 

44 -3.4 -14 0.001 36 0.8 3 0.2 
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Table 1.8. Two-Sample TTest analyzed the difference in time needed to perform between on-
ground and official NPDES inspections to manual UAV evaluations for US-401.  

On-Ground Official NPDES 
Section Degree 

of 
Freedom 

T-
Value 

Mean 
(minutes) 

P-
value 

Degree 
of 

Freedom 

T-
Value 

Mean 
(minutes) 

P-
value 

1 6 -4.4 -22 0.005 6 1.8 9 0.1 
2 6 -1.7 -12 0.1 6 2.5 18 0.05 
3 6 -4.2 -25 0.006 6 0.78 5 0.5 

All 
Sections 

22 -5 -20 <.0001 22 2.7 10 0.01 

 
Table 1.9. Two-Sample TTest analyzed the difference in time needed to perform between on-
ground and official NPDES inspections to autonomous UAV inspection for US-401 regarding 
images.  

On-Ground Official NPDES 
Section Degree 

of 
Freedom 

T-
Value 

Mean 
(minutes) 

P-Value Degree 
of 

Freedom 

T-
Value 

Mean 
(minutes) 

P-Value  

1 6 -20 -24 <.0001 6 -.9 -1 0.4 
2 6 1.7 10 0.1 6 5.7 33 <.0001 
3 6 -2.1 -14 0.06 6 1.5 10 0.2 

All 
Sections 

22 -1.8 -10 0.08 22 2.6 13 0.02 

 
Table 1.10. Two-Sample TTest analyzed the difference in time needed to perform between on-
ground and official NPDES inspections to autonomous UAV evaluations for US-401 regarding 
videos.  

On-Ground Official NPDES 
Section Degree 

of 
Freedom 

T-
Value 

Mean 
(minutes) 

P-Value Degree 
of 

Freedom 

T-Value Mean 
(minutes) 

P-
Value 

1 6 -4.2 -36 0.006 6 -0.7 -6 0.5 
2 6 -3.5 -23 0.01 6 0.9 7 0.4 
3 6 -10.5 -49 <.0001 6 -4.11 -19 0.006 
All 
Sections 

22 -7.3 -36 <.0001 22 -1.3 -6 0.2 
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 Figure 1.1. Overview of NC Highway 42 (35.646, -78.416) East and the three sections that were 
inspected. The black rectangle represents section 1 (4.2 ha). The blue rectangle represents section 
2 (9.2 ha). The orange rectangle represents section 3 (10.3 ha). 
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Figure 1.2. Overview of US-401 (35.960, -78.409) and the three sections that were inspected. 
The black rectangle represents section 1 (10.1 ha). The blue rectangle represents section 2 (15.5 
ha). The orange rectangle represents section 3 (13.8 ha).  (Source: Google Map)  
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Figure 1.3. Visual inspection of a video frame from Mavic Pro Platinum at altitude 60 m above 
ground level. It shows the difficulty identifying damaged baffles because the time of day created 
shadows within the basin located on NC Highway 42 East's section 3. (01.06.20)  
 

 
Figure 1.4. Visual inspection of a zoomed image from Mavic Pro Platinum at altitude 60 m 
above ground level indicates E&CS concerns despite shadows within the basin created from the 
time of day. It shows that the basin had damaged baffles inside, and the slope drain of a rock 
pipe inlet sediment trap inside the dashed circle was not reaching the basin within NC Highway 
42 East’s section 3. (01.06.20) 
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Figure 1.5. Visual inspection of an image from Mavic Pro Platinum at altitude 37 m above 
ground level. It shows within NC Highway 42 East’s section 2, baffles are damaged, because of 
overlaid slope drain. (09.24.19) 
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Figure 1.6. Visual inspection of an image from DJI Phantom 4 RTK at altitude 32 m above 
ground level. It shows within US-401 section 1, the traffic barrel inside basin can potentially 
damage baffle or skimmer when afloat. (03.01.20) 

 

 
Figure 1.7. Visual inspection of an image from DJI Phantom 4 RTK Platinum at altitude 37 m 
above ground level. It shows within NC Highway 42 East’s section 1, geotextile fabrics are not 
properly installed, causing some areas to have exposed soil and scouring. (10.14.19) 
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Figure 1.8. Visual inspection of an image from Mavic Pro Platinum at altitude 37 m above 
ground level. It shows within US-401’s section 1, geotextile fabric had sediment deposition 
behind check dam. (03.01.20) 
 

 

 
Figure 1.9. Visual inspection of an image from DJI Phantom 4 RTK Platinum at altitude 32 m 
above ground level. It shows within NC Highway 42 East’s section 3, sediment deposition on 
Type A rock pipe inlet sediment trap. (12.09.19) 
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Figure 1.10. Visual inspection of an image from Mavic Pro Platinum at altitude 37 m above 
ground level. It shows within US-401’s section 2, Type A rock pipe inlet sediment trap’s 
drainage concern is causing standing water not to infiltrate into the basin. (03.01.20) 

 
 
 

 
Figure 1.11. Visual inspection of an image from DJI Phantom 4 RTK Platinum at altitude 34 m 
above ground level. It shows within NC Highway 42 East’s section 3, sediment deposition at a 
Type B rock inlet sediment trap. (10.15.19) 
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Figure 1.12. Visual inspection of an image from Mavic Pro Platinum at altitude 37 m above 
ground level. It shows within US-401’s section 1, sediment deposition at a Type C rock inlet 
sediment trap. (03.01.20) 
 

 
Figure 1.13. Visual inspection of an image from DJI Phantom 4 RTK Platinum at altitude 37 m 
above ground level. It shows within NC Highway 42 East’ section 2, rock check dams had 
sediment deposition and apparent flow around check dam. (07.08.19) 
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Figure 1.14. Visual inspection of an image from Mavic Pro Platinum at altitude 60 m above 
ground level. It shows within US-401’s section 1, the rock check dam had sediment deposition. 
(02.18.20) 
 

 
Figure 1.15. Visual inspection of an image from DJI Phantom 4 RTK Platinum at altitude 37 m 
above ground level. It shows within NC Highway 42 East’s section 1, rock lined ditch had 
sediment deposition. (10.14.19) 
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Figure 1.16. Visual inspection of an image from DJI Phantom 4 RTK Platinum at altitude 37 m 
above ground level. It shows within NC Highway 42 East’s section 1, gap in silt fence caused 
erosion at the end of the slope drain. (09.24.19) 
 

 
Figure 1.17.  Visual inspection of an image from Mavic Pro Platinum at altitude 37 m above 
ground level. It shows within US-401’s section 2, long-term exposure caused silt fences inside 
the dashed circles to discolor, which is a signal of weaken material and needs replacement. 
(03.01.20) 
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Figure 1.18. Visual inspection of an image from DJI Phantom 4 RTK Platinum at altitude  
37 m above ground level. It shows Within NC Highway 42 East’s section 1, sediment deposition 
near special sediment control fence cloth. (08.17.19) 
 

 
Figure 1.19. Visual inspection of an image from Mavic Pro Platinum at altitude 60 m above 
ground level. It shows within US-401’s section 1, special sediment control fence had sediment 
deposition. (02.18.20)  
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Figure 1.20. An on-ground inspection detected that the special sediment control fence cloth’s 

steel mesh had rusted, resulting stone material to leak. (02.24.20)  
 

 
Figure 1.21. Visual inspection of an image from DJI Phantom 4 RTK Platinum at altitude  
37 m above ground level. It shows within NC Highway 42 East’s section 2, gully is forming 
underneath the wattle. (10.21.19) 
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CHAPTER 2: Effects of Altitude, Ground Control Points, Image Overlap, and Unmanned 

Aerial Platforms on Photogrammetric Accuracy 

2.1. Introduction 

Images collected from unmanned aerial vehicles (UAVs) when processed using 

photogrammetric software can produce digital surface models (DSMs) and orthomosaics at a 

cheaper cost than alternative analysis such as light detection and ranging (LIDAR) and total 

stations. The disadvantage of photogrammetry, if the software relies on the consumer-grade 

Global Positioning System (GPS) receiver interval within the UAV, it can cause the location of 

the DSM and orthomosaics to be several meters off. There is the possibility of using ground 

control points (GCPs), which are identified markers placed on the ground and located with a 

GPS receiver that can improve accuracy for both DSMs and orthomosaics. The issue with GCPs 

is that these markers require additional time and effort of labor to survey in the field. Also, the 

added time to include these points in the photogrammetric software by reviewing each image to 

ensure every GCPs are placed correctly to achieve sub-meter grade accuracy DSMs and 

orthomosaics. There are alternatively UAVs that use Real Time Kinematics (RTK) enabled 

technology to obtain sub-meter grade accuracy with few or no GCPs but cost more. The 

objective of this study is to determine the differences in accuracy of surveys conducted by UAVs 

equipped with either a consumer-grade GPS or one with more advanced technology along with 

the effects of image overlap, height, and distribution and quantity of GCPs on accuracy for both 

types of UAV technology. 

 UAVs are remotely controlled aerial machines that can be controlled without a human 

pilot. Originally, they were used in military operations. However, UAVs have many uses which 

can be classified into four types: (1) military, (2) recreational, (3) government, and (4) 
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commercial (5) (Howard et al. 2017). Various authors suggested the many UAV applications for 

each sector. UAV purposes in the military are focused on reconnaissance and surveillance 

(Irizarry et al. 2012). However, citizens in the United States can pilot UAVs for recreational 

purposes if the intent of monetary gain is absent or to create a business advantage gain of any 

form. Commercially, UAVs have applications in many different markets and businesses 

including precision agriculture, real estate, construction, and many others (De Melo et al., 2017; 

Torres-Sánchez et al., 2018). Within the public sector, UAVs have purpose in mapping, disaster 

relief, search and rescue missions, and scientific research (Howard et al. 2017).    

A Goldman Sachs 2016 report forecasted a $100 billion market in UAV spending by 

2020 for commercial and defense uses (Goldman Sachs Research, 2016). UAV technology has 

the capability to create terrain models, such as digital surface models, contour maps, or an 

orthomosaic, “stitched,” image which can record the progression of a construction project. 

Traditional survey instruments, such as light detection and ranging (LIDAR) uses laser scanning, 

Global Navigation Satellite System (GNSS) receivers use satellites, while total stations can 

implement laser scanning or GNSS. These instruments are used for various purposes in 

surveying but have a higher cost of equipment than UAVs while being more accurate. Satellite 

data, on the other hand, is accessible to the public and landscape images can be obtained. The 

choice of which system to use depends on the resolution needed and the costs involved. Nex and 

Ridino (2012) provide a diagram which shows how UAVs can bridge the gap between traditional 

surveying and other aerial methods at a lower cost (Fig. 2.1). This suggests how the data 

collected by UAVs at a relatively low cost and high resolution could be an asset in construction 

management. 
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2.1.2 Global Navigation Satellite System (GNSS) 

UAVs equipped with GNSS receivers can acquire images with known coordinates. A 

report from the North Carolina Geographic International Council Committee (NCGICC, 2014) 

provided detailed information on the use of GNSS receivers, summarized below.  GNSS is an 

acronym for satellite navigation systems positioned worldwide. GNSS depending on the country 

have a network of satellites with their own name (Table 2.1). For example, the United States’ 

regional satellite system is the Global Positioning System (GPS). In the 1970’s, the United States 

Department of Defense (DoD) created this $12 billion dollar project for military purposes. 

Presently, GPS is now use in civilian and commercial sectors, although the DoD still maintains 

this system. Within the same report, it states that state and federal agencies use GNSS receivers 

for mapping purposes by using either control, space, or user segment. Control segment uses the 

worldwide system of satellite positioning stations. Space segment uses the position of navigation 

satellites. User segment is the ability to collect locational data, collect or navigate time 

information by using a GNSS receiver. These segments can classify GNSS receivers either non-

professional or professional grade based on accuracy. 

The NGICC (2014) report also provided information of different grades of GNSS 

receivers, as follows.  Non-professional GNSS receivers are typically sold for outdoor or 

recreational activities; this type of device does not meet state standards for accuracy. 

Recreational-grade “Enhanced” GNSS receivers correct the data and cause accuracy to range 

between five to ten meters, but still would not be applicable for geographic information system 

(GIS) or any NC State government databases. Mapping-grade GNSS receiver data are more 

suitable for a GIS program, because the corrected data can obtain centimeters to five meters 

accuracy. Survey-grade GNSS receivers can obtain the highest accuracy within the centimeters 
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range and are principally used for surveying applications only by correcting the data. Excluding 

non-profession grade, to obtain optimal accuracy for the other grades can only be achieved by 

correcting the data caused from atmospheric effects, vegetation, buildings, satellite positioning, 

and multipath signal error. However, correcting the collected data can be time-consuming. 

2.1.3. North Carolina GNSS Real Time Network (RTN) 

The state of North Carolina established a RTN that uses real-time kinematics (RTK). Any 

wireless internet connection like a data supported smartphone or tablet can connect to the 

network. Once connected, RTK will then direct GNSS-corrected signals back to the receiver for 

real-time correction by using the closest “virtual” stations within the RTN coverage. RTK 

applications can result in sub-meter grade accuracy, and are used for mapping purposes 

(NCGICC, 2014). 

2.1.4. Structure from Motion (SfM) 

The application of structure from motion (SfM) uses bundle adjustments of a 

photogrammetric software and camera positions to overlay images for the creation of three-

dimensional (3D) models and orthomosaic by using a non-linear least squares method (Snavely 

et al. 2008). These products are created by 3D point clouds. However, the lack of orientation and 

scale are problems with point clouds (Dandois and Ellis, 2010). UAV-derived maps are created 

by either direct or indirect georeferencing to counteract the spatial issues of point clouds.  Direct 

georeferencing uses the image geolocation obtained by the Global Positioning System (GPS) 

receiver on the UAV. Although this method is time effective, the location accuracy is solely 

based on the UAV GPS. The accuracy of consumer-grade UAV GPS is generally within several 

meters, but this can be greatly improved to the sub-meters range using a RTK receiver-equipped 

UAV (Gauci, et al., 2018).  Indirect georeferencing includes points on the ground which have 
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been located independently by conventional survey, GPS, or RTK. These visible survey markers 

act as ground control points (GCPs), which are used in the post-processing phase to correct the 

locations obtained by the UAV. While this would be expected to improve the accuracy of UAV-

acquired data, it requires conducting a ground survey prior to flying the UAV. 

Generally, GCPs will improve the accuracy of an UAV-derived model.  Various studies 

implemented different GCPs based on the area of interest. For example, James et al. (2017) cited 

several articles suggesting the optimal number of GCPs is between three to twelve.  Sanz-

Ablanedo et al. (2018) suggest more than one GCP per 100 photos. Wiacek and Pyka (2019) 

reported that the characteristics of the area of interest (land cover, size, shape, etc.) can cause the 

optimal number of GCPs to change, including their spatial distribution. However, all reports 

agree that GCPs should be evenly distributed throughout the survey area, specifically near the 

edge and interior (James, 2017; Martinez-Carricondo, et al., 2018). 

Previous studies have shown that higher altitudes reduce the precision of both GPS and 

RTK-UAVs (Raczynski, 2017; Gauci, et al., 2018). However, at higher altitudes, a UAV will be 

able to acquire more land coverage in less time.  It is important to consider the camera sensor 

specification to ensure that there are sufficient pixels to allow identification of ground features at 

the desired flight altitude. In addition, it is standard procedure to have high frontal and side 

overlap when using UAVs, resulting in hundreds of images which will later be processed by a 

photogrammetric software (Ajay et al. 2017).  

There are several studies that suggest 60% or higher frontal/ side overlap are needed to 

prevent any gaps when surveying a site (Dandois, et al., 2015; Grubera, 2004; Turner et al., 

2015). The problem with high overlap is the time to review each image and long processing time 

due to the large number of images. It is possible that the availability of higher resolution sensors 
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can challenge photogrammetry standards by reducing the quantity of images needed to survey a 

site. Ajay et al. (2017) conducted tests of UAV images with less than 60% frontal and side 

overlap and obtained horizontal and vertical accuracies of 0.0467 and 0.1151m, suggesting that 

low overlap can achieve reasonable accuracy. 

2.1.5. Research Objectives 

The goal of this study was to answer the following questions: (1) What are the 

differences in accuracy of surveys conducted by UAVs equipped with either a consumer-grade 

GPS or one with more advanced technology (RTK)? (2) What are the effects on accuracy of 

image overlap, height, and distribution and quantity of GCPs on both types of UAV technology?  

2.2. Materials and Methods 

2.2.1. Location 

Data was collected at North Carolina (NC) Highway 42 East located in Clayton, NC on a 

widening project by the North Carolina Department of Transportation (NCDOT) that will 

transition from a 2-lane road to 4 lanes to handle increasing traffic due to residential/commercial 

development (Fig. 2.2). The area of interest had an area of 4.22 ha, was used to test the 

accuracies. The second site was a twenty-five-acre site in Youngsville, NC, which was the 

source of borrowing soil to be used as sub-grading material for a highway widening project (Fig. 

2.2).  

2.2.2. Dissimilarities of Pre-Flight, Flight Missions, Ground Control Points and 

Checkpoints Treatments, and Statistical Analysis between Sites 

The first site (NC Highway 42 East) was studied a few months before evaluating the 

second site (Borrow Pit). Thus, there will be dissimilarities regarding UAVs, flight missions, 

GCPs distribution, time intervals to locate GCPs, and statistical analyses. The Mavic Pro 
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Platinum (MPP) and Phantom 4 RTK (PRTK) were used for the first site. These UAVs surveyed 

the first site at 60 m and 120 m, while collecting images using 20% (frontal) x 20% (side) 

overlap or 75% (frontal) x 60% (side) overlap. Also, the first site already had some pre-existing 

GCPs, but additional markers were added to determine the different GCPs, and checkpoints 

treatments affect photogrammetric procedure. The distribution of GCPs within the first site were 

located at 40 seconds (40 points) and 5 minutes (300 points) intervals to determine if time affects 

RTK-GPS measurements. The conduction of statistical analysis was used to determine if the 

difference of altitude, overlap, GPCS, and UAVs affect the photogrammetric software to produce 

accurate products. Further details are mentioned in sections 1.2.4-1.25., 1.2.8, and 1.2.10. 

The second site evaluation was focused on estimated flow modeling. However, it was 

still necessary to determine accuracy of the second site. The area had no pre-existing GCPs, thus 

markers were established and measured using 5-minutes intervals based on the time intervals 

analyses for NC Highway 42 East concluded that both time-intervals had similar results. The 

findings from site one supports that using the MPP with an overlap of 75% (frontal) x 60% (side) 

at 80 m should be sufficient to produce sub-meter grade accuracy. Excluding horizontal and 

vertical accuracies, no further analysis was conducted towards the second site, because of the one 

factor on altitude, GCPs application, overlap, and UAV. Additional information is detailed in 

sections 1.2.4-1.25., and 1.2.8. 

2.2.3. Equipment 

Ground control points (GCPs) were located using an Emlid RS 2 (Emlid, Hong Kong, 

SAR, China), a handheld GPS receiver using RTK technology. A one-time access cost was paid 

to access North Carolina GNSS Real Time Network (RTN) to test and verify the accuracy of the 

receiver. Manufacturer claimed accuracy is sub-meter grade when in RTK mode.  In addition, 



46 
 

 

additional GCPs were located by a private firm as part of the NCDOT project, using Trimble 

R10 GNSS-Receiver (Trimble Inc., Sunnyvale, CA). The two UAVs tested were a Mavic Pro 

Platinum (MPP) and Phantom 4 RTK (PRTK) (DJI, Shenzhen, China).  The technical 

specifications for the MPP and PRTK UAVs are provided in Tables 1.2 and 1.3, respectively. 

2.2.4. Pre-flight 

The section of NC Highway 42 East that was used to conduct the various flight missions 

is shown in Fig. 2.3. Within the designated section, six out of the fourteen points represented 

locations that NCDOT surveyed by using Trimble R10 GNSS-Receiver. These locations 

established for the NCDOT project were imported in a .kml file spatially referenced to the North 

Carolina state plane coordinate system, NAD83, feet (EPSG 2264). To help identify these staked 

locations in the aerial images, 4'' x 4'' plywood squares were painted and placed over the stakes.  

For comparison, these points were also located using our RTK-GPS (Emlid RS 2) with data 

collection times of 40 seconds (40 points) and 5 minutes (300 points). An additional eight North 

Carolina State University (NCSU) GCPs were established elsewhere on the site using the Emlid 

RS 2 unit, with collection times of 40 seconds (Fig. 2.4-2.5). These GCPs were identified with 2’ 

x 2’ Sky High Bull’s-Eye ground control points (Willis Worxs LLC, Birmingham, AL). These 

markers were placed along the corridor and spaced within thirty meters of NCDOT points (Fig. 

2.6). Similarly, a distribution of nineteen 2’x 2’ Sky High Bull’s-Eye ground control points 

identified as NCSU were located around the boundary and interior of the borrow pit (Fig. 2.7). 

The RTK-GPS (Emlid RS 2) located each GCP at 5-minute intervals. After the conclusion, 

locating GCPs at 40 seconds or 5 minutes acquired similar positioning measurements based on 

NC Highway 42 East time intervals. 
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2.2.5. Flight Missions 

Regarding NC Highway 42 East, both UAVs were flown at 60 m and 120 m and the 

flights were configured to collect images using either 20% (front) x 20% (side) overlap or 75% 

(front) x 60% (side) overlap to acquire images automatically (Table 2.4). Concerning the borrow 

pit, only the MPP surveyed this site using one altitude at 80 m and overlap at 75% (frontal) x 

60% (side). The Mavic Pro Platinum remote control software resides on a smartphone (or tablet) 

and can be used for mission setup and real-time display. Pix4Dcapture (Prilly, Vaud, 

Switzerland), was used to create flight missions in the flight controller software. In contrast, the 

Phantom 4 RTK has its own remote control which includes a touch display and software capable 

of visual or manual set-up of flight missions. RTK corrections from the North Carolina Real 

Time Network (RTN) were obtained using a personal WiFi hotspot and corresponding cellular 

data plan (AT&T, Dallas, TX, USA).   

2.2.6. Obtaining True Elevation for Real Time Kinematic- Global Positioning System 

Points 

In an effort, elevation for each RTK-GPS point needed correction by including respective 

geoid and initial heights to obtain true vertical representation. Horizontal Time-Dependent 

Positioning (HTDP), a database from the National Oceanic and Atmospheric Administration 

(NOAA) transformed RTK-GPS points initially from the WGS 84 frame to coordinates based of 

the fixed North American plate. These converted coordinates are inserted in, Geoid12B, a system 

of NOAA which is used by NCDOT to determine geoid elevations were applied to each RTK-

GPS point.  
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2.2.7. Photogrammetric Software: Agisoft Metashape 

The following describes the process of how the photogrammetric software, Agisoft 

Metashape version 1.5 (Agisoft LLC, St. Petersburg, Russia) produced these digital surface 

models (DSMs) and orthomosaic (Agisoft, 2018). Images collected by both UAVs were stitched 

together by implementing structure from motion (SfM) created spatially referenced orthomosaics 

and digital surface models. The first step was the alignment of images. This procedure used the 

camera position of each image to generate a sparse cloud (an unrefined model of 3D point 

clouds), essentially a rough estimate of the model. The photogrammetric software refined the 

model by using GCPs. 

Re-projection functions in ArcGIS version 10.6.1 (ESRI, San Diego, CA) were used to 

transform NCDOT points’ measurements to WGS 84 coordinates to match RTK-GPS locations 

and image positions received from the respective UAV GNSS (WGS 84). The imported GCPs 

were used to help refine the DSM by reducing georeferencing errors (Tables 2.5-2.6). A separate 

set of GCPs was used as checkpoints as an accuracy assessment of the model. The optimization 

procedure realigned the estimated coordinates for the cameras and markers to minimize 

georeferencing errors.  Once completed, a dense cloud (a refined model of 3D point clouds) was 

created, with DSMs and orthomosaic images created from the dense clouds. 

2.2.8. Ground Control Points and Checkpoints Treatments 

The effects of GCPs, overlap, altitude, and UAV on the precision of the DSM and 

orthomosaic were tested by running the image processing software with all combinations of 

these factors.  During this workflow, the DSMs and orthomosaics concerning NC Highway 42 

East were generated using four different levels of GCP correction:  no GCPs, six NCDOT GCPs, 

eight North Carolina State University (NCSU) GCPs, and all 14 GCPs.  These were run with 
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data from each UAV at each altitude and overlap amount.  Only one level of applied GCP 

correction regarding the borrow pit used nine of the nineteen ground control points for the 

photogrammetric procedure. 

2.2.9. Calculating Image Accuracy 

The default WGS 84 coordinates for both digital surface model and orthomosaic are 

converted to EPSG 2264 when exported to ArcGIS. ArcGIS acquired computational horizontal 

measurements based on the respective checkpoints within orthomosaic while vertical positions 

obtained from the DSM. However, to compare horizontal position between NCDOT survey 

coordinates and RTK-GPS points. ArcGIS used re-projection functions to transform collected 

RTK-GPS (Geographic coordinates- WGS84) data into North Carolina state plane coordinate 

systems (EPSG 2264). Regarding digital surface model, the layer was placed on top 

of orthomosaic to determine vertical measurement based on respective checkpoints. The 

difference in coordinates between computational and GNSS “surveyed” resulted in the 

horizontal and vertical root mean square errors (RMSE) for the following treatments. 

2.2.10. Statistical Analysis of Ground Control Points within NC Highway 42 East 

Data sets from NC Highway 42 East were analyzed by using SAS 9.4 Proc Two-Sample 

TTest (SAS, Cary, NC) to see if the accuracy of GCP locations collected with the RTK-GPS 

(Emlid RS 2) were different to NCDOT locations based on the number of points collected and 

averaged at each location. The collection times tested were forty seconds (40 points) and five 

minutes (300 points). The factors tested included horizontal (m) and vertical (m). Proc Mixed (a= 

0.05) model was set up and run in SAS to test the least-square means (ls-means) of horizontal 

and vertical accuracies. LS-Means are unbalanced values used by various SAS model procedures 

to create a balanced design (SAS, 2012).  Proc Mixed model with the random function was used 
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to determine a significant difference based on the combinations of factors within the model with 

significant effects on accuracy. The main effects tested included altitude, exclusion/ inclusion of 

GCPs, image overlap, and UAV model. Additionally, the same test conducted the interaction 

between main effects as well.  

2.3. Results and Discussion 

2.3.1. Time Intervals based on Ground Control Points within NC Highway 42 East 

There were no significant differences in location between data collection times (40s and 5 

min) for both horizontal and vertical measurements by the RTK-GPS receiver (Table 2.7). This 

suggests that it is unnecessary to collect location data for the longer interval, but it does not 

indicate if times shorter than 40 seconds would also provide similar accuracy. However, the 

vertical mean difference was higher than the horizontal average (Table 2.7). Obstacles like 

buildings and trees as well as atmospheric effects are known to create signal errors. When a 

GNSS receiver is affected by these situations, it will have a greater influence on the vertical 

coordinate instead of the horizontal (NCGICC, 2014).  

2.3.2. Horizontal and Vertical Accuracies for NC 42 Highway East 

RMSE values of MPP ranged between 0.65 and 14.3 m, regardless of altitude and overlap 

when applying no GCPs (Table 2.8.). However, the MPP values improved between 0.1-0.3 m 

both horizontally and vertically when applying GCPs for flight one. Yet, flight three values 

ranged between 0.03-0.3 m when utilizing GCPs. The increased overlap provided additional 

images for the software to detect more features resulted in better accuracy. The values of flight 

five ranged between 0.2-0.5 m with GCPs. The MPP at a higher altitude resulted in less clear 

images, and the software did not detect features. However, the results of flight seven varied 

between 0.1-0.2 m from the inclusion of GCPs. Similarly, like flight three the increased overlap 
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improved horizontal and vertical accuracies. With or without GCPs, horizontal and vertical 

accuracies of PRTK varied from 0.1-0.2 m, regardless of the multiple flight settings (Flight two, 

four, six and eight). Despite the altitude difference, the PRTK camera produced clearer images 

than MPP for the software to process. The use of RTK-UAV technology ensured similar 

accuracy, with or without GCP correction. The different flight applications for the MPP suggests 

that UAVs with a consumer-grade GPS will not meet sub-meter grade conditions without GCP 

correction.  

However, flight three and seven shows that MPP at a higher overlap trended better 

accuracy despite altitude difference (Table 2.8). Previous studies of Turner et al. (2012) and 

Gauci et al. (2018) obtained horizontal values between 0.1-0.2 m with GCPs or RTK 

applications. Evidently, all flights achieved similar measurements with GCPs or RTK usage. All 

flights paired similarly to the vertical results of Gauci et al. (2018) between 0.0-0.5 m with GCPs 

or RTK applications as well. When conducting flight missions, factors such as the distribution of 

GCPs, altitude, weather, and image quality can affect accuracy obtained from UAV models 

(Popescu et al. 2016). Within the same study, the quality of a GNSS receiver can create a 

positioning error that has a greater effect on vertical coordinates compared to horizontal 

measurements. Overall, the application of low overlap did not make any difference for the 

PRTK. Regarding MPP, the application of higher overlap implied better accuracy than using a 

lower overlap.  

2.3.3. Horizontal and Vertical Accuracies at the Borrow Pit 

It is standard procedure to use at least 60% frontal and side overlaps when surveying a 

site (Dandois, et al., 2015; Grubera, 2004; Turner et al., 2015), so this site was flown using. 

Horizontal and vertical accuracies derived from DSMs and orthomosaics ranged between 0.1- 
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0.5 m (Table 2.9). Previous studies attained similar horizontal and vertical measurements and 

(Gauci et al., 2018; Turner et al., 2012). The data suggests that UAVs equipped with a consumer-

grade GPS can create models to have sub-meter accuracy from GCPs correction.  

2.3.4. Ground Control Point Distribution of NC Highway 42 East 

It was important to see if a different GCP distribution than those located by NCDOT 

could create better accuracy. Regarding NC Highway 42 East, the NCSU GCPs located by the 

RTK-GPS (Emlid RS 2) had a different layout compared to markers surveyed by NCDOT. When 

using NCDOT GCPs and NCSU checkpoints, the results were sub-meter grade measurements, 

regardless of altitude, overlap, and UAV (Table 2.8). Switching the GCPs and checkpoints 

correspondingly produced similar results. Though it might be expected that combining all 

fourteen GCPs would result in better accuracy, it did not. The outcome yielded similar values to 

when fewer GCPs were used. The GCPs and checkpoints for the borrow pit obtained similar 

measurement to the MPP when implementing different GCPs distribution at 120 m, regardless of 

overlap. Martínez-Carricondo et al. (2018) acquired similar results to GCPs that were clustered, 

added, or evenly spaced. The study explains that fewer well-placed GCPs can result in similar 

measurements than sites that contain more or clustered GCPs. When placing GCPs throughout a 

site, they must be strategically planned. The GCPs must be evenly-space, placed around corners 

and at high and low altitudes within the site for the photogrammetric software to have a better 

computation for altitude changes.  

2.3.5. Main and Interaction Effects Overview 

All the main effects of altitude, image overlap, UAV platforms except GCPs had no 

significant effect on either horizontal or vertical accuracy (Table 2.10). The single replication 

resulted in low power to differentiate some effects. However, studies have shown that UAVs 
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without GCPs will not generate sub-meter grade accuracy regardless of altitude and overlap 

(Gauci, et al., 2018; Nagendran et al., 2018; Raczynski, 2017). It was more imperative to 

combine the other main effects with GCPs to obtain higher statistical power. When the main 

effects were combined two ways, excluding the interaction with GCPs, again the low power 

likely resulted in no significant difference for either horizontal or vertical accuracy. The 

interaction effects between GCPs and UAVs indicated a significant difference for both 

accuracies. However, the interaction effects between altitude and GCPs indicated no significant 

difference for horizontal accuracy but differences in vertical accuracy. The interaction effects 

between GCPs and overlap were significant for horizontal accuracy while but not for vertical. 

Similarly, the interactions between UAVs, overlap, and GCPs were significant for horizontal 

accuracy but not vertical. The combined effects of UAVs, altitude, and GCPs had an opposite 

outcome. 

2.3.6. Interaction Effects 

2.3.6.1. Unmanned Aerial Vehicle Platforms x Altitude 

The interaction effects between altitude and UAV platforms indicated that the GNSS 

receiver of an UAV can affect accuracy. The PRTK obtained more accurate horizontal ls-means 

than the MPP, because of RTK technology corrected any positioning errors (Table 2.11). 

Gómez-Candón et al. (2014) concluded that altitude does not affect horizontal accuracy, unlike 

vertical accuracy. Regarding vertical accuracy, the ls-means for the PRTK did not change as 

much, despite altitude differences errors (Table 2.11). Gauci et al. (2018) explained that higher 

altitudes reduce accuracy for GPS-UAVs when using no GCPs vertical values ranged from 0.8- 

21.3 m and 0.4- 4.4 m towards horizontal estimates. However, the ls-means of the MPP 

improved at 120 m instead of at 60 m (Table 2.11). Popescu et al. (2016) explained that the 
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positioning error of a GNSS receiver will cause vertical values to be more unsteady than 

horizontal values. Positioning error may have been less problematic at a higher altitude because 

of fewer obstacles such as trees or buildings that interfere with GNSS signals compared to a 

lower altitude. Nonetheless, the statistical analysis indicated that there were no differences 

between altitudes.  The implementation of GCPs helps to reduce fluctuations of GPS-UAVs. 

2.3.6.2. Unmanned Aerial Vehicle Platforms x Ground Control Points 

The interaction effects between UAV platforms and GCPs indicated that the accuracy for 

the MPP relies on GCPs while the PRTK does not (Table 2.12). When utilizing GCPs, the ls-

means for the MPP improved both horizontal and vertical accuracies to be sub-meter grade (Figs. 

2.8-2.9). Without GCPs, the MPP relied on its software and provided accuracy that was several 

meters off. Several authors have stated that a GPS-UAV will not meet sub-meter grade accuracy 

without GCPs (Gauci et al., 2018; Raczynski, 2017). On the other hand, the inclusion of GCPs 

did not improve the values of the PRTK. The GNSS receiver for the PRTK already corrected any 

signal error. Gauci et al. (2018) replicated various UAV platforms and concluded that the 

accuracy of RTK-UAVs was not different, regardless of GCPs utilization. This would further 

support the idea that RTK-UAVs can be independent of GCP usage, unlike GPS-UAVs.  

Although RTK-UAVs are not dependent on GCPs, if surveying an area with limited 

internet or cellular availability then RTK technology will not work. If GCPs were not used, then 

the RTK-UAV that implements GPS will have inaccurate finished products. Thus, having GCPs 

should act as a second measure in case RTK does not work. Post processing kinematics is 

another option that allows the UAV surveyor to manually correct positioning error without GCPs 

but adds more time to correct the data than RTK. The UAV surveyor must decide the quantity 

and distribution of GCPs for a site to obtain the ideal accuracy. 
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2.3.6.3. Unmanned Aerial Vehicle Platforms x Overlap 

The interaction effects between UAV platforms and overlap had contrasting differences 

for both accuracies regarding the MPP but not the PRTK (Table 2.13). A higher overlap with the 

MPP resulted in better ls-means compared to the lower overlap for the horizontal measurements. 

The additional images provided the software with more point clouds to improve horizontal 

accuracy. However, higher overlap had the opposite effect, as the MPP obtained better accuracy 

when using the lower overlap instead of the higher overlap (Table 2.13). The variability in 

positioning error of the MPP was caused by the respective GPS receiver. The GPS receiver, 

unlike RTK technology, does not correct positioning error and fluctuates more in vertical 

measurements (Popescu et al., 2016). Without GCPs correction, the photogrammetric software 

relied on coordinates based on images, which would possibly explain how higher overlap using 

hundreds of images had less precise results compared to lower overlap.  Additional replications 

are needed to further support this claim. Horizontal and vertical ls-means for PRTK improved 

when using a higher overlap, although the differences were not significant (Table 2.13). The 

RTK technology helped reduce positioning error, which resulted in better ls-means for the PRTK 

compared to the MPP. To reduce positioning error of the MPP, the application of GCPs is 

needed. 

2.3.6.4. Altitude x Ground Control Points 

The horizontal and vertical ls-means for both 60 m and 120 m trended better when using 

GCPs (Table 2.14).  The fluctuation of horizontal and vertical ls-means is evident from the 

inclusion and exclusion of GCPs. Without GCPs rectification, positioning error has a greater 

influence on vertical than horizontal measurements, resulting in greater variation and less 

accuracy (Fig. 2.10) (Popescu et al., 2016). However, when GCPs were applied, both horizontal 
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and vertical values did not deviate as much despite altitude change (Table 2.14). Nagendran et al. 

(2018) explained that the camera of a UAV can produce a high resolution of UAV-derived 

products regardless of height variation. Within the same study, when GCPs were applied at low 

altitude, the RMSE values were sub-meter grade, but with increasing altitude, accuracy varied 

between 0.1 and 0.2 m. The results seemed to suggest that horizontal and vertical measurements 

are attainable regardless of altitude difference only when implementing GCPs. However, it is 

important that UAVs are able to identify GCPs to ensure the best results. 

2.3.6.5. Overlap x Ground Control Points 

The interaction effects between overlap and GCPs indicated that both horizontal and 

vertical accuracies improved when utilizing GCPs (Fig. 2.11-2.12).  When combing these 

factors, the standard deviation implied that high overlap with GCPs obtains the most accurate 

measurements (Table 2.15). However, with GCPs application, UAVs using a low overlap at 20% 

(frontal) x 20% (side) can still achieved sub-meter grade results to overlap at 75% (frontal) x 

60% (side). The UAV surveyor must decide the appropriate overlap to ensure high-quality 

finished products. The individual can use overlap at 20% (frontal) x 20% (side) to save time in 

processing UAV data, but a lower number of images will increase the chance for the 

photogrammetric software to miss key features of a site. A higher overlap, on the other hand, 

will increase more precise measurements of a site, but requires longer processing time to 

evaluate UAV data. 

2.3.6.6. Altitude x Overlap 

The application of a higher overlap entailed better horizontal ls-means for both 

altitudes.  However, the ls-means for vertical accuracy interacted differently (Table 2.16). At a 

lower altitude trees and buildings near the UAVs are known to interfere with GNSS signals 
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which would explain improved vertical ls-mean when implementing the lower overlap (Popescu 

et al., 2016). Without GCPs usage, the photogrammetric software relied on coordinates based on 

images to obtain results. It is possible that low overlap had a lesser effect on the 

photogrammetric procedure compared to the hundreds of images obtained from the higher 

overlap. Vertical ls-means, in contrast, improved at a higher altitude. They were most accurate 

when using the higher overlap (Table 2.16). The effect of positioning error possibly had a lesser 

effect at a higher altitude, because of fewer trees and building to obstruct GNSS signals. 

Additional replications are needed to further support this claim.  

2.3.6.7. Unmanned Aerial Vehicle Platforms x Altitude x Ground Control Points 

The statistical analysis indicated that the combination of UAV platforms, GCPs, and 

altitude had a greater impact on vertical ls-means (Fig. 2.13). The interaction between UAVs, 

GCPs, and altitude had a different outcome compared to the combined effects between UAVs 

and altitude. In greater detail, the application of GCPs reduced GNSS errors while improving 

horizontal and vertical ls-means for the MPP, regardless of altitude to attain values like PRTK 

measurements (Table 2.17). However, without GCPs correction, the MPP at 120 m had a better 

vertical ls-mean compared to 60 m. The GPS receiver may have received less positioning error at 

a higher altitude, because of fewer trees and buildings that can hinder with GNSS signals 

compared to a lower altitude.  

The PRTK obtained similar results despite GCPs’ exclusion/ inclusion and altitude 

differences (Table 2.17). If given the right application, both UAVs are capable of surveying at a 

high altitude and still produce sub-meter grade orthomosaics and DSMs. The MPP with GCP 

usage is capable of surveying at a high altitude and still produce sub-meter grade orthomosaics 

and DSMs. In addition, the PRTK with or without GCPS is capable to create sub-meter grade 



58 
 

 

photogrammetric models when surveying at a high altitude. This suggests that at high altitude, 

cameras for both UAVS were able to capture more area, causing additional common features to 

be identified in multiple images while reducing surveying and processing time.  

2.3.6.8. Unmanned Aerial Vehicle Platforms x Overlap x Ground Control Points 

The statistical analysis indicated that the combination of UAV platforms, GCPs, and 

overlap had a greater influence on horizontal ls-means (Fig. 2.14). These combined effects had 

comparable results to the interaction effects between UAVs and overlap. Without GCPs, the 

GNSS receiver for the MPP resulted in positioning error to create less precise values. Horizontal 

ls-means had greater precision using a higher overlap compared to the lower overlap. Possibly, 

the hundreds of images allowed the photogrammetric software to better calculate horizontal 

measurements. In greater depth, the GNSS receiver for the MPP resulted in inaccurate values and 

greater positioning error for vertical measurements when using a higher overlap (Table 2.18). It 

seemed that the fluctuation in positioning error of the MPP was generated from the respective 

GPS receiver. The GPS receiver, unlike RTK technology, does not rectify positioning error and 

causes more variation in vertical measurements. Without GCPs, the hundreds of images from the 

higher overlap may have contributed to further vertical miscalculation during the 

photogrammetric procedure. However, the lower overlap resulted in better accurate vertical ls-

mean for the MPP. It is conceivable that the fewer images did not contribute as much too 

additional miscalculation. 

When implemented, GCPs usage improves horizontal and vertical ls-means for the MPP 

similar to PRTK values, but the data suggests that using a higher overlap had better 

measurements compared to the lower overlap (Table 2.18). The PRTK obtained sub-meter grade 

results regardless of the combined effect (Table 2.18). The RTK software within the PRTK 
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rectified positioning error without GCPs correction. Nevertheless, with or without GCPs, low 

overlap can acquire similar values to those achieved with a higher overlap, thus reducing 

surveying and processing time. Nonetheless, only with the utilization of GCPs will the MPP or 

any GPS-UAV provide sub-meter grade horizontal and vertical measurements using a low or 

higher overlap. 

2.4. Conclusion 

In summary, the MPP platform can achieve similar accuracy to an RTK-UAV only when 

using GCPs to register images, regardless of altitude and overlap. The number and distribution of 

GCPs is critical to ensure the absolute accuracy of the orthomosaic and digital surface model. As 

expected, the distribution of NCSU GCPs within the borrow pit resulted in similar horizontal and 

vertical accuracies between 0.1-0.5m with GCPs or RTK applications, similar to previous studies 

(Gauci et al., 2018; Turner et al., 2012). Also, the distribution of NCDOT and NCSU GCPs 

within NC Highway 42 East produced sub-meter grade results, despite different layouts. When 

all 14 GCPs were used together, it did not improved accuracy. Fewer, well-placed GCPs, when 

placed around the edges of the area to survey and at high/low altitudes within the site, produced 

similar results compared to additional or clustered GCPs. Similarly, nine of the nineteen GCPs 

within the borrow pit resulted in sub-meter grade results as well. The PRTK, regardless of 

altitude, use of GCPs, and image overlap, resulted in similar accuracies. However, if accuracy is 

less of a concern, lower overlap at 20% for both frontal and side overlap can still result in 

accurate UAV-derived models faster than the standard overlap requirement, but the option to use 

images with reasonable quality for the photogrammetric software to create UAV-derived 

products decreases. In addition, surveying with a UAV at 120-m altitude can still create sub-
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meter grade photogrammetric models. Further study should include conducting more flight 

missions at sites with different land characteristics.  

 Although the MPP is much less expensive than the PRTK, the individual or company 

will sacrifice more time establishing GCPs within the field and software. The PRTK has a higher 

initial cost, but it can save time by eliminating the needs for GCPs to help in the 

photogrammetric process. The disadvantage of an RTK-UAV is internet connectivity limitations 

due to remote locations. The RTK receiver will implement GPS, or the individual must use post-

processing kinematics to manually correct the data after the flight, and regardless of the choice, 

the result is more added time, and labor. The individual or company must decide which UAV 

would be most beneficial for their overall goals. It is strongly recommended that 

photogrammetric products, regardless of UAV type, are certified by the American Society for 

Photogrammetry and Remote Sensing, which ensures the high standards of orthomosaics that 

would be appropriate for small- and large-scale maps for engineering purposes (Whitehead and 

Hugenholtz, 2015).  
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Figures and Tables 
 

Figure 2.1. Various surveying techniques based on the area's size and complexity. Source: (Nex 
& Remondino, 2012) 

 

 
Figure 2.2. Overview map of the study sites’ location within the state of North Carolina. The 
blue star represents the study site’s location of NC Highway 42 East. The red star represents the 
study site’s location of US-401N. 
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Figure 2.3.  Overview widening area of NC Highway 42 East. The black rectangle is the area 
where the flight missions for both UAVs were implemented. 
 
 

                                                                                                        
Figure 2.4. Survey points were collected using an RTK-GPS and set to average locations at 40 
seconds and then 5 minutes intervals by using RTK tool, Emlid RS 2. 
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Figure 2.5. The left side exemplified one out of the 8 Checkered panels (2′x2′) set at GPS 
surveyed locations and used into test accuracy of UAV aerial surveys. The right side is a 
NCDOT survey location (4″x4″): spray paint used as identifying mark for visual identification in 
UAV imagery.  
 
 
 
 
 

NCSU Survey Point NCDOT Survey Point 

NCDOT Ground Control 
Point 

NCSU Ground Control 
Point

Figure 2.6. UAV-based survey of NC Highway 42 East with ground control points on 
September 07, 2019. 
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Figure 2.7. UAV-based survey of the borrow pit with 18 checkered panels (2′x2′) set at GPS 
surveyed locations and used into test accuracy of UAV aerial surveys ground control points on 
January 23, 2020.   

 

NCSU Ground Control 
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Figure 2.8. The interaction between GCPs and UAV platforms shows that the utilization of GCPs 
improves vertical accuracy for the Mavic Pro Platinum (MPP). The vertical accuracy of the 
Phantom 4 RTK (PRTK) did not improved from GCPs correction.  

 

  
Figure 2.9. The interaction between GCPs and UAV platforms shows that the utilization of GCPs 
improves horizontal accuracy for the Mavic Pro Platinum (MPP). The horizontal accuracy of the 
Phantom 4 RTK (PRTK) did not improved from GCPs correction.  
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Figure 2.10. The interaction between altitude and GCPs shows that GCPS correction improves 
vertical accuracy. Without GCPs correction, vertical accuracy is several meters off regardless of 
elevation. 
 
 

  
Figure 2.11. The interaction between GCPs and overlap shows from GCPs correction horizontal 
accuracy improves. However, the high (75% (frontal) x 60% (side)) overlap resulted in better 
accuracy compared to the lower (20% (frontal) x 20% (side)) image overlap. 
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Figure 2.12. The interaction between GCPS and overlap shows from GCPs correction vertical 
accuracy improves. Both high (75% (frontal) x 60% (side)) and low (20% (frontal) x 20% (side)) 
overlap attained similar vertical accuracy when utilizing GCPS. 

 
 

 
Figure 2.13. The interaction between GCPS, altitude, and UAV platforms shows from GCPs 
correction improves vertical accuracy for the Mavic Pro Platinum (MPP) at 60 m and 120 m.  
Regardless of altitude, the RTK technology corrected fluctuation in vertical position, caused the 
Phantom 4 RTK (PRTK) without GCPs usage to obtain similar results when utilizing GCPs. 
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Figure 2.14. The interaction between GCPS, overlap, and UAV platforms shows from GCPs 
correction improves horizontal accuracy for the Mavic Pro Platinum (MPP) at low (20% (frontal) 
x 20% (side)) and high (75% (frontal) x 60% (side)) overlaps. Regardless of overlap, the RTK 
technology corrected fluctuation in horizontal position, caused the Phantom 4 RTK (PRTK) 
without GCPs usage to obtain similar results when utilizing GCPs. 

 
Table 2.1. Global Navigation Satellite System (GNSS) based on the respective country. 

 
 

  

Country Regional GNSS 
China BeiDou Navigation Satellite System (BDS) 

 
Europe Galileo 
India Indian Regional Navigation Satellite System 

(IRNSS) 
 

Japan Quasi-Zenith Satellite System (QZSS) 
 

Russia Globalnaya Navigazionnaya Sputnikovaya 
Sistema (GLONASS) 

United States of America Global Positioning System (GPS) 
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Table 2.2. Camera and technical specifications on how Mavic Pro Platinum operate. 

 

Table 2.3. Camera and technical specifications of how Phantom 4 RTK operate. 

 
  

Satellite Positioning Systems GPS / GLONASS 
Max Flight Time Roughly 27 minutes  
Max Service Ceiling Above Sea Level 16404 ft (5000 m) 
Operating Temperature 32° to 104° F (0 to 40°C) 
Sensor Effective pixels:12.35 M 
Lens FOV 78.8° 26 mm (35 mm format 

equivalent) f/2.2 
Distortion < 1.5% Focus from 0.5 m to ∞ 

Image Size 4000×3000 
Electronic Shutter Speed 8s -1/8000 s 
Iso Range photo: 100-1600 
Supported SD Cards Micro SD™ 

Max capacity: 128 GB 

Satellite Positioning Systems Single-Frequencey GNSS, Multi-Frequency 
RTK GNSS 

Max Flight Time Roughly 30 minutes 
Max Service Ceiling Above Sea Level 19685 ft (6000 m) 
Operating Temperature 32° to 104° F (0° to 40° C) 
Sensor Effective pixels: 20 M 
Lens FOV 84°；8.8 mm / 24 mm (35 mm format 

equivalent:24 mm);  
f/2.8 - f/11, auto focus at 1 m - ∞ 

Image Size 4864×3648（4:3); 5472×3648（3:2） 
Electronic Shutter Speed 8s -1/8000 s 
Iso Range Photo: 100-3200(Auto) 
Supported SD Cards Micro SD™ 

Max capacity: 128 GB 
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Table 2.4. Various flight missions’ settings that were conducted on NC 42 East’s section 1.  

  
Table 2.5.  Ground control points’ coordinates (WGS 84) that were used in Agisoft to obtain sub-
meter grade digital surface models and orthomosaics. 
Ground Control 
Points 

Latitude Longitude Altitude (m) 

NCSU_1 35° 38' 40.8'' N 78° 25' 6.3'' W 86.4 
NCSU_2 35° 38' 41.6'' N 78° 25' 14.0'' W 90.3 
NCSU_3 35° 38' 46.3'' N 78° 25' 4.5' W 74.0 
NCSU_4 35° 38' 45.2'' N 78° 25' 3.3'' W 77.1 
NCSU 5 35° 38' 48.8'' N 78° 24' 51.5'' W 69.8 
NCSU _6 35° 38' 47.3'' N 78° 24' 50.2'' W 73.8 
NCSU _7 35° 38' 46.6'' N 78° 24' 58.4'' W 77.7 
NCSU _8 35° 38' 43.5'' N 78° 25' 14.5'' W 89.3 
NCDOT_1 35° 38' 43.7'' N 78° 25' 3.3'' W 85.7 
NCDOT_3 35° 38' 42.3'' N 78° 25' 11.3'' W 86.8 
NCDOT_4 35° 38' 42.9'' N 78° 25' 15.9'' W 90.8 
NCDOT_5 35° 38' 44.8'' N 78° 25' 8.6'' W 82.7 
NCDOT_6 35° 38' 45.6'' N 78° 25' 1.6'' W 77.5 
NCDOT_7 35° 38' 49.0'' N 78° 24' 49.3'' W 70.8 

 
 
 
  

Flight # UAV Altitude (m) Overlap (%) Images 
Flight 1 MPP 60 20x20 35 
Flight 2 MPP 60 75x60 310 
Flight 3 MPP 120 20x20 29 
Flight 4 MPP 120 75x60 122 
Flight 5 PRTK 60 20x20 50 
Flight 6 PRTK 60 75x60 332 
Flight 7 PRTK 120 20x20 41 
Flight 8 PRTK 120 75x60 194 
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Table 2.6. Latitude and longitude coordinates for each respective ground control points located 
by RTK-GPS (Emlid RS 2). The selected ground control points (GCPs) improved post-
processing when using the photogrammetric software. The unselected became checkpoints (CP) 
and helped achieve the root mean square error for horizontal and vertical accuracy. 
Ground Control 
Points 

Latitude Longitude Altitude (m) Utilization 

NCSU_1 35° 58' 10.5" 
N 

78° 23' 58.3" W 111.9 GCP 

NCSU_2 35° 58' 16.4'' 
N 

78° 23' 55.9'' W 117.4 CP 

NCSU _3 35° 58' 18.7'' 
N 

78° 23' 50.9'' W 115.9 CP 

NCSU _4 35° 58' 18.7'' 
N 

78° 23' 50.8'' W 115.7 CP 

NCSU _5 35° 58' 21.3'' 
N 

78° 23' 48.2'' W 113.5 GCP 

NCSU _6 35° 58' 22.3'' 
N 

78° 23' 48.7'' W 114.7 GCP 

NCSU _7 35° 58' 24.9'' 
N 

78° 23' 46.6'' W 115.4 GCP 

NCSU _8 35° 58' 25.9'' 
N 

78° 23' 55.4'' W 117.1 GCP 

NCSU _9 35° 58' 21.6'' 
N 

78° 23' 57.1'' W 113.9 GCP 

NCSU _10 35° 58' 20.3'' 
N 

78° 23' 56.3'' W 114.8 CP 

NCSU _11 35° 58' 16.7'' 
N 

78° 24' 2.6'' W 114.6 CP 

NCSU _12 35° 58' 15.6'' 
N 

78° 24' 4.4'' W 111.7 GCP 

NCSU _13 35° 58' 12.4'' 
N 

78° 24' 2.8'' W 111.4 GCP 

NCSU _14 35° 58' 12.5'' 
N 

78° 24' 1.6'' W 111.9 CP 

NCSU _15 35° 58' 12.8'' 
N 

78° 23' 59.2'' W 112.9 GCP 

NCSU _16 35° 58' 15.3'' 
N 

78° 23' 55.9'' W 121.9 GCP 

NCSU _17 35° 58' 17.4'' 
N 

78° 23' 57.2'' W 115.9 CP 

NCSU _18 35° 58' 23.3'' 
N 

78° 23' 53.1'' W 114.0 GCP 

NCSU _19 35° 58' 24.7'' 
N 

78° 23' 54.3' W 116.2 CP 
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Table 2.7. Two-Sample TTest of location difference values for data collection time intervals of 
40 seconds and 5 minutes for the RTK-GPS receiver (p<0.05) (n=12).                                                                                                   
                                                                                                                                                                                                                                                                

 

 

 

 

 

  

Variable 
(Difference 
between 
time 
intervals) 

Method Mean 
Difference 

(m)  

Std Dev (m)  Std. Err 
(m)  

P-Value 

Horizontal Pooled 0.004 0.5 0.3 0.9 

Vertical  Pooled 0.07 0.2 0.1 0.6 
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Table 2.8. RMSE based on the effects of altitude, GCPs, overlap, and UAV platforms. 

 
   Mavic Pro Platinum (MPP) Phantom 4 RTK (PRTK) 

Software Control 
Points 

0 6A 8B 14AB               0 6A 8B 14AB 

Check Points 14AB 8B 6A 14AB       14AB 8B 6A 14AB 

Altitude  
(m) 

Overlap 
(%) 

Check Point RMSE (m) 

60 20 x 20 Horizontal Flight 
1 

1.69 0.25 0.30 0.11 Flight 
2 

0.12 0.16 0.23 0.099 
Vertical 8.81 0.34 0.16 0.14 0.16 0.24 0.26 0.097 

75 x 60 Horizontal  Flight 
3 

0.65 
  

0.13 
  

0.11 
  

0.026 
  

Flight 
4 

0.13 0.14 0.17 0.06 

Vertical  14.3 0.26 
  

0.08 0.13 
  

0.19 
  

0.25 0.22 0.10 
  

120 20 x 20 Horizontal  Flight 
5 

1.73 0.33 0.31 0.19 Flight 
6 

0.18 0.20 0.26 0.26 
Vertical  7.00 0.54 0.54 0.51 0.21 0.23 0.28 0.25 

75 x 60 Horizontal  Flight 
7 

1.13 0.22 0.16 0.16 Flight 
8 

0.13 0.17 0.15 0.14 
Vertical  4.82 0.21 0.24 0.13 0.15 0.18 0.17 0.10 

A indicates GCPs located via RTK-GPS. B indicates GCPs located via NCDOT. AB indicates that GCPs from    
          RTK-GPS and NCDOT were combined. 
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Table 2.9. Horizontal and vertical root mean square error values based on the effects of altitude, 
GCPs, overlap, and Mavic Pro Platinum for the borrow pit between 01.28.20 to 06.12.20. 

Altitude 
(m) 

Overlap Date Software 
Control 
Points 

Check 
Points 

Horizontal 
Accuracy 
(m) 

Vertical 
Accuracy 
(m) 

 80 m  75% x 
60% 

01.28.20 11 8 0.34 0.43 

03.09.20 0.11 0.24 
03.19.20 0.10 0.45 

03.23.20 0.12 0.33 
06.12.20 8* 

 
5* 0.23 0.18 

                   * Construction machinery destroyed some of the GCPs.  

 

Table 2.10. ANOVA p-values of both main and interaction effects regarding horizontal/ vertical 
accuracy. UAV platforms, GCPs, altitude, and overlap are main effects for UAVs. The effect of 
GCPs caused statistical significance for p-values smaller than 0.05. x indicates interactions 
between main effects. 

Effects Degree of 
Freedom 

Horizontal 
Accuracy  

Vertical 
Accuracy  

UAV Platforms 1 0.1 0.1 
Altitude 1 0.3 0.2 

Overlap 1 0.1 0.6 
GCPs 18 <0.0001 <0.0001 
(UAV Platforms x 
Altitude) 

1 0.5 0.2 

(UAV Platforms x 
Overlap) 

1 0.2 0.6 

(UAV Platforms x GCPs) 18 <0.0001 <0.0001 
(Altitude x GCPs) 18 0.3 <0.0001 
(Altitude x Overlap) 1 0.8 0.5 
(GCPs x Overlap) 18 0.002 0.1 
(UAV Platforms x Altitude 
x GCPs) 

18 0.2 <0.0001 

(UAV Platforms x Overlap 
x GCPs) 

18 <0.0001 0.2 
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Table 2.11. LS-Means of UAV Platforms x Altitude are based on the analysis of variance of 
Table (2.10). Standard errors are in parentheses. Any means with the same standard error are 
based on the equal number of observations. 

UAV Platforms Altitude (m)  Horizontal LS-
MEAN (m) 

Vertical LS-
Mean (m) 

MPP 60 0.64 (0.062) 5.82 (0.53) 

MPP 120 0.82 (0.062) 3.14 (0.53) 

PRTK 60 0.13 (0.062) 0.19 (0.53) 

PRTK 120 0.18 (0.062) 0.20 (0.53) 

 

Table 2.12. LS-Means of UAV Platforms x GCPS are based on the analysis of variance of Table 
(2.10). Standard errors are in parentheses. Any means with the same standard error are based on 
the equal number of observations. 

UAV Platforms GCPS Horizontal 
LS-MEAN 

(m) 

Vertical LS-
MEAN (m) 

MPP No 1.3 (0.053) 8.7 (0.48) 

MPP Yes 0.19 (0.044) 0.26 (0.38) 

PRTK No 0.13 (0.053) 0.20 (0.48) 

PRTK Yes 0.18 (0.044) 0.19 (0.38) 

 

Table 2.13. LS-Means of UAV Platforms x Overlap are based on the analysis of variance of 
Table (2.10). Standard errors are in parentheses. Any means with the same standard error are 
based on the equal number of observations. 

UAV Platforms Overlap Horizontal 
LS-MEAN 

(m) 

Vertical LS-
MEAN (m) 

MPP low 0.97 (0.062) 4.1 (.53) 

MPP high 0.50 (0.062) 4.8 (.53) 

PRTK low 0.18 (0.062) 0.21 (0.53) 

PRTK high 0.13 (0.062) 0.18 (0.53) 
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Table 2.14. LS-Means of Altitude x GCPS are based on the analysis of variance of Table 
(2.10). Standard errors are in parentheses. Any means with the same standard error are based on 
the equal number of observations. 

Altitude (m) GCPS Horizontal LS-
MEAN (m) 

Vertical LS-
Mean (m)  

60 No 0.63 (0.053) 5.9 (0.48) 

60 Yes  0.14 (0.044) 0.18 (0.37) 

120 No 0.78 (0.053) 3.1 (0.48) 

120 Yes 0.23 (0.044) 0.26 (0.37) 

 

Table 2.15. LS-Means of Overlap x GCPs are based on the analysis of variance of Table 
(2.10). Standard errors are in parentheses. Any means with the same standard error are based on 
the equal number of observations. 

Overlap GCPS Horizontal 
LS-MEAN 

(m) 

Vertical LS-
MEAN (m) 

low No 0.93 (0.053) 4.05 (0.48) 

low Yes 0.22 (0.044) 0.28 (0.38) 

high No 0.48 (0.053) 4.8 (0.48) 

high Yes 0.14 (0.044) 0.17 (0.38) 

 

Table 2.16. LS-Means of Altitude x Overlap are based on the analysis of variance of Table 
(2.10). Standard errors are in parentheses. Any means with the same standard error are based on 
the equal number of observations. 

Altitude (m) Overlap Horizontal 
LS-MEAN 

(m)  

Vertical LS-
MEAN (m) 

60 low 0.53 (0.062) 2.6 (0.53)  

60 high 0.24 (0.062) 3.4 (0.53) 

120 low 0.62 (0.062) 1.8 (0.53)  

120 high 0.38 (0.062) 1.6 (0.53) 
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Table 2.17. LS-Means of UAV Platforms x Altitude x GCPs are based on the analysis of 
variance of Table (2.10). Standard errors are in parentheses. Any means with the same standard 
error are based on the equal number of observations. 

UAV 
Platforms 

Altitude (m) GCPs Horizontal LS-
MEAN (m)  

Vertical LS-
MEAN (m) 

MPP 60 No 1.2 (0.075) 11.0 (0.68) 

MPP 60 Yes 0.14 (0.062) 0.18 (0.53) 

MPP 120 No 1.4 (0.075) 6.0 (0.68) 

MPP 120 Yes 0.23 (0.062) 0.33 (0.53) 

PRTK 60 No 0.10 (0.75) 0.20 (0.68) 

PRTK 60 Yes 0.15 (0.062) 0.18 (0.54) 

PRTK 120 No 0.15 (0.075) 0.2 (0.68) 

PRTK 120 Yes 0.22 (0.062) 0.2 (0.53) 

 

Table 2.18. LS-Means of UAV Platforms x Overlap x GCPs are based on the analysis of 
variance of Table (2.10). Standard errors are in parentheses. Any means with the same standard 
error are based on the equal number of observations. 

UAV 
Platforms 

Overlap GCPs Horizontal LS-
MEAN (m)  

Vertical LS-
MEAN (m) 

MPP Low No 1.7 (0.075) 7.9 (0.68) 

MPP Low Yes 0.23 (0.062) 0.35 (0.53) 

MPP High  No 0.85 (0.075) 9.5 (0.68) 

MPP High  Yes 0.14 (0.062) 0.17 (0.53) 

PRTK Low No 0.15 (0.062) 0.20 (0.68) 

PRTK Low Yes 0.23 (0.062) 0.22 (0.53) 

PRTK High  No 0.15 (0.075) 0.20 (0.68) 

PRTK High  Yes 0.22 (0.062) 0.17 (0.53) 
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Chapter 3: Evaluation of Hydrologic Analysis and Topography Changes of UAV-Derived 

Digital Surface Models 

3.1. Introduction 

Construction of commercial/ residential developments and roads usually involves grading 

operations to create areas suitable for building.  This can involve substantial changes in the 

landscape and large volumes of soil being removed and added to different parts of the site.  It is 

often important to quantify these changes in topography depending on the contract between the 

landowner and respective company or state agency. Either organization must pay the landowner 

by the amount of soil excavated. Several methods are available to obtain these measurements. 

These include measurement of cross-sections, counting the number of truck-loads hauled and 

their volumes, surveys using light detection and ranging (LIDAR), and aerial photogrammetry. 

Images acquired from unmanned aerial vehicles (UAVs) and processed with photogrammetric 

software can produce orthomosaics and digital surface models (DSMs) with sub-meter accuracy. 

These data layers, when combined with geographic information system (GIS), are useful for 

development design, data interpolation, and documentation. The objective of this study was to 

use photogrammetric of what DSMs derives to measure volumetric changes as a result of 

earthwork activity. In addition, the DSMs were used to predict surface water flow and changes as 

grading activities progressed.  This was then used to evaluate the capacity of the sediment 

control practices in place.  

3.2. Field Measurements 

3.2.1. Cross-Section Measurements 

 Cross-sections are obtained manually by using a measurement tape (Bannister and 

Raymond, 2005; Schofield, 1993). Within the construction industry, this method is useful to 
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estimate stockpile or excavation volumes, but it cannot produce DSMs. A disadvantage is that it 

is labor-intensive because more than one person is required to conduct the survey (He et al., 

2019). Surveyors, depending on the project, may not be able to keep up with the ever-changing 

landscape or stockpiles. Siriba et al. (2015) and He et al. (2019) also suggest that surveyors 

trying to obtain volumetric measurements are at risk due to the heavy equipment which may be 

operating near them.  

3.2.2. Truck Measurements 

North Carolina Department of Transportation (NCDOT) often uses dimensions of a dump 

truck to record soil excavation volumes at an area of interest (NCDOT, 2012). In addition, this 

method is used when dump trucks transport materials such as fill, gravel, or rock to road 

construction projects. Each truck has an identification mark to indicate its maximum capacity. 

There are also calculations carried out that adjust the capacity for a loaded truck. Nevertheless, 

given the fast-paced work conditions to move excavated material swiftly and without any sensors 

attached to the dump truck to measure volumetric measurements accurately, it is possible that 

companies or state agencies over- or under-pay for the actual volume moved.  

3.2.3. Light Detection and Ranging Measurements 

LIDAR instruments can take the form of a terrestrial laser scanner (TLS) or an aerial 

laser scanner (ALS). These tools can take volumetric measurements regardless of the size or 

shape of the area of interest. Laser scanning instruments using a global navigation satellite 

system (GNSS) receiver can collect highly accurate 3D point clouds with known coordinates 

(Alkan and Karsidag, 2012). GIS applications can use point clouds to create DSMs. A drawback 

of the TLS is its inability to detect features hidden by shadows or other obstacles will result in 

volumetric miscalculations (Siriba et al., 2015).  The same report concluded that an ALS cannot 
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distinguish key features at high altitudes. Additionally, grazing angle errors (position of a 

scanner relative to the area of interest) can occur for both instruments and are very expensive to 

rectify (Young et al., 2010).  

 3.2.4. Photogrammetry 

UAVs equipped with a global position system (GPS) or a real-time kinematics (RTK) 

receiver can create sub-meter grade orthomosaics and DSMs at a lower cost than LIDAR by 

using photogrammetry (Uysal et al., 2015). Photogrammetry (which is explored in more depth in 

chapter 1) uses structure from motion (Sfm), a computational process that ties GCPs positions to 

UAV obtained images and photogrammetric software to create 3D points; these produce 

georeferenced models (Snavely et al., 2008). Photogrammetry can create products similar to 

LIDAR. The disadvantage of using GPS-UAVs is the need for ground control points (GCPs) to 

obtain sub-meter grade accuracy. These markers, which contain known coordinates, reduce 

errors from camera positions when implementing Sfm; it can be particularly time-consuming to 

include in the photogrammetric software. Alternatively, RTK-UAVs can achieve sufficient 

accuracy with or without GCPs as their GNSS receivers correct any signal errors. However, 

when surveying a remote area with a limited internet connection, RTK application may be non-

operational. The data must be manually corrected instead (Taddia et al., 2020). When utilized 

correctly, DSMs from either LIDAR or photogrammetry have similar use in civil engineering to 

plan and perform projects (Kazaz, 2019; Martínez-Carricondo et al., 2018).  

3.2.5. Differentiation between Photogrammetry-Derived Digital Surface Models and Light 

Detecting and Ranging-Derived Digital Terrain Models 

The points clouds acquired from photogrammetry based on images can create DSMs that 

represent the elevation of both terrain and non-terrain surfaces like trucks. The disadvantage of 
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DSMs derived from photogrammetry cannot filter obstacles when compared with LIDAR. 

LIDAR emits photons that can bypass objects like tree branches where gaps allow some of the 

light energy to be reflected (return points) before reaching the terrain. Return points occur at 

various levels and represent reflected obstacles. When processed with GIS, these return points 

can create a digital terrain model (DTM) showing bare-soil elevation (Evans et al., 2009). When 

using a DSM, the analyst must clip features, such as trees and buildings close to the area of 

interest. Obstacles with a higher elevation than the surrounding area can interfere with the 

hydrologic analysis. Thus, inaccurate flow patterns can occur.  

3.2.6. Research Objectives  

GIS utilization on a DSM can help civil designers implement the best erosion and 

sediment control (E&SC) practices, based on hydrologic analysis. This procedure can help 

identify areas most vulnerable to erosion and runoff. Further, GIS analysis can measure sediment 

removal or deposition using DSM. Overall, this study had two objectives: (1) Determine 

volumetric changes over time for a borrow pit (2) Conduct hydrologic analysis to determine the 

performance capacity for E&SC devices based on the delineation of watersheds and flow 

patterns.  

3.3. Methodology 

3.3.1. Study Sites 

To study the application of DSM within the construction industry, two NCDOT project 

sites with different site characteristics were evaluated. The first study site is the same area in 

chapter one: NC Highway 42 East, located in Clayton, NC. The purpose at this site was to 

determine if the active roadway was at risk to receive runoff based on computational water 

flows. The second site was a twenty-five-acre site in Youngsville, NC that was the source of 
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borrow for a highway widening project (Fig. 3.1). Throughout this site, there were sediment 

control devices to trap sediment in runoff as the site was being graded. There were five basins 

(1A-1E) and sediment fence along the boundary, but fences near these devices were split into 

seven sections based on their outlets in the hydrologic analyses. The purpose of these sediment 

control devices was to trap sediment in runoff as the site was being graded. One objective at the 

borrow pit was to calculate soil removal over time using DSMs and GIS applications. The 

material was used for subgrade fill on a US-401 widening project similar to the NC Highway 42 

East project.  The other objective was to estimate drainage watersheds for each device as the site 

changed due to excavation and deposition. 

3.3.2. Pre-Flight 

A distribution of georeferenced GCPs had to be visible for the UAV to identify these 

markers before surveying the borrow pit. Each GCP was located using a RTK-GPS that can 

locate them with survey-grade accuracy (Emlid RS 2, Hong Kong, SAR, China). Within the 

borrow pit, nineteen 2’x 2’ ground control points (Sky High Bull’s-Eye,Willis Worxs LLC, 

Birmingham, AL), were located by using the RTK-GPS at 5-minute intervals around the corners 

and interior of the site. Regarding the NC Highway 42 East, six of fourteen ground control points 

were fabricated 4” x 4” checkered squares made of wood. The other eight 2’x 2’ ground control 

points were surveyed at five-minute intervals. A further explanation of this for NC Highway 42 

East can be found in the previous chapter. 

3.3.3. Unmanned Aerial Vehicle (UAV) Flight Mission  

Flight missions for both sites were conducted using a Mavic Pro Platinum (DJI, 

Shenzhen, China). A software application (Pix4D, Prilly, Vaud, Switzerland) was used to 

configure the flight mission at 60 m with 75% (front) x 60% (side) overlap at NC 42 East.  The 
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same flight setup was used to study the borrow pit, but the elevation setting was increased from 

60 m to 80 m.  

3.3.4. Digital Surface Modelling, Orthomosaic Creation, and Accuracy 

The use of photogrammetric software and ground control points was necessary to create 

georeferenced DSMs and orthomosaics. The Agisoft Metashape version 1.5 software (Agisoft 

LLC, St. Petersburg, Russia) implemented structure from motion (Sfm), a technique that applies 

computational logarithms and alignment of image positions obtained from Mavic Pro Platinum. 

A detailed explanation regarding the borrow pit and NC Highway 42 East accuracy is in the 

previous chapter.   

3.3.5. ArcGIS Hydrologic Analysis using UAV Derived Digital Surface Models 

High resolution DSMs obtained from photogrammetry applications can act as a 

topographic model to conduct hydrologic analysis. The hydrology toolset with ArcGIS version 

10.6.1 (ESRI, San Diego, CA) has multiple procedures to estimate surface water flow and 

delineate watersheds. The fill tool eradicated any sinks (depressions) within the DSMs. The flow 

direction tool calculated water direction from every raster cell based on the fill layer and 

Deterministic 8 (D8) procedure. Kiss and Richard (2004) explains that the D8 application is a 

standard GIS procedure that uses slope value within a cell to determine eight possible flow 

directions, moving to adjacent cells (Fig. 3.2). The flow accumulation tool created a raster flow 

calculated from the accumulated weight of each cell based on D8 measurements. Within the 

software, the raster calculator filtered certain accumulated flow values to zero or one. The 

purpose was to classify water flows. Point features were created to show where computed water 

flow will enter E&SC devices within the site. The watershed tool delineated watershed areas 

based on flow direction values near point features. The conversion tool converted watersheds 
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into vectors to determine area and changed water flows that were classified as one into polylines.  

The inclusion of contours and orthomosaics illustrated where computational water will flow. 

ArcGIS applications can also determine elevation change based on DSMs. 

DSMs carried out over time can measure soil deposition and removal within the borrow 

pit. The raster calculator measured elevation change by subtracting the values between two 

DSMs. Each DSM difference layer had to be classified by altering the symbology property, 

excluded elevation values caused by non-terrain obstacles, and arranged values to represent 

sediment deposition and removal. Point features outlined sections of net changes between DSMs 

using field geometry to measure deposition and excavation areas. The zonal statistics tool 

averaged raster cell values within the outlined zones while using the DSM difference layer as the 

base. The averaged value represented depth for each zone; this was multiplied by the respective 

deposition and removal area to obtain volume measurements. Also, volume measurements 

obtained from multiple DSM differences were compared to NCDOT estimates acquired by 

trucks with 11 m3 (14 cubic yard) capacity, a standard procedure within the civil engineering 

sector uses truck dimensions to record net changes (NCDOT, 2012). 

3.3.6. Drainage Area Changes Over Time  

Drainage area values were compared between computation and the design to determine 

whether these the drainage areas were within the design for each device. Each respective basin 

and sediment fence outlet had its delineated watershed measured by computational measures 

within ArcGIS to obtain area. Equation 3.1 used basin designs to achieve real-life capacity. The 

combination of equations 3.2 shows storage volume for sediment fence sections concerning both 

NCDOT designs and ArcGIS measurements.  
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𝐸𝑞. 3.1.  𝐿𝑒𝑛𝑔𝑡ℎ (𝑚) ×  𝑊𝑖𝑑𝑡ℎ (𝑚) ×  𝐻𝑒𝑖𝑔ℎ𝑡 (𝑚)  ÷  51 𝑚

= 𝐷𝑟𝑎𝑖𝑛𝑎𝑔𝑒 𝐴𝑐𝑟𝑒𝑎𝑔𝑒 𝑓𝑜𝑟 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒 𝑏𝑎𝑠𝑖𝑛 

𝐸𝑞. 3.2. ( 𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝐹𝑒𝑛𝑐𝑒 𝐿𝑒𝑛𝑔𝑡ℎ (𝑚) ÷ 30 𝑚) ×  1012 𝑚

= 𝐷𝑟𝑎𝑖𝑛𝑎𝑔𝑒 𝐴𝑐𝑟𝑒𝑎𝑔𝑒 𝑓𝑜𝑟 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑓𝑒𝑛𝑐𝑒  

3.4. Results 

3.4.1. Net Changes in Site Topography: US 401 Borrow Pit  

Elevation difference derived from the subtraction between DSMs of 01.28.20 and 

03.03.20 indicated 2,195 m3 of deposited material on both sides of the pit (Fig. 3.3; Table 3.1). In 

comparison, excavated material of 6,390 m3 occurred on the eastern side between these dates. 

Meanwhile, debris and standing water caused false representation of sediment deposition in 

individual sections of the pit (Fig. 3.3). The DSMs difference between 03.09.20 and 03.16.20 

misinterpreted basins as sediment deposition because of the standing water inside the devices 

(Fig 3.4). However, on-ground inspections determined that sediment deposition did not occur.  

Earthwork activity continued on the eastern side, while excavation was beginning to start on the 

western section. The earthwork activity for both sides resulted in 5,485 m3 of excavated material 

(Table 3.1); similarly, the DSMs contrast 03.16.20 and 03.23.20 indicated sediment deposition 

erroneously as in the previous time frames (Fig. 3.5). There were no signs of deposition from on-

ground inspection, but excavation continued for both sides, resulting in 957 m3 (Table 3.1). The 

time frame between 03.23.20 to 06.12.20 resulted in 2,7046 m3 of excavated material, while 

2,380 m3 of deposited material occurred (Table 3.1). Likewise, erroneous indications of sediment 

deposition and removal, not evident in on-ground inspections, were modeled as well (Fig. 3.6). 

Overall, the total amount of fill material removed during this period was 33,455 m3 based on 

NCDOT measurements via trucks, while total UAV estimate was 39901 m3 (Table 3.1). When 
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the deposition (4,575 m3) is subtracted, the total sum of UAV estimate was 5.6% higher than 

NCDOT overall estimate for fill removed from the site.   

The difference between DSMs can estimate the depth of soil removal/deposition. 

However, it can be challenging to determine net changes, because the DSMs acquired from 

photogrammetry takes elevation of every surface (e.g., cars, E&SC devices, and debris) will vary 

from each survey. This variation can potentially result in false representations of deposition or 

removal, even when values are filtered. Orthomosaics between time frames illustrated areas of 

change by showing what sections were earthwork. DSMs, with the assistance of orthomosaics 

attained from photogrammetry applications, can report volumetric measurements within a given 

time frame (Table 3.1). Measurements obtained from UAVs can achieve accurate results similar 

to LIDAR, but at a cheaper operational cost (Uysal et al., 2015). The repeated use to determine 

volumetric changes can inform companies or state agencies in charge of the pit excavation, 

whether over or under-paying for sediment removal may occur. Further study to compare the 

cost analysis of volumetric measurements between UAV and dump truck counting to determine 

economic importance among procedures is required. 

3.4.2. Evaluation of Delineated Flow Patterns and Watersheds for Sediment Basins 

During the five months of monitoring, the delineated watersheds for basin 1B were only 

5-20% of design, while delineated areas for basin 1C ranged from 2-70% of design (Table 3.2). 

Initially, basin 1C had a small drainage area on 01.28.20. Through on-ground inspections, basin 

1C was found to have drainage issues resulting in sizeable water ponding at a lower elevation 

due to excavation (Fig 3.7). Fixing the inlet for basin 1C addressed that issue (Fig 3.8). The 

estimated drainage area for basin 1C increased after addressing these factors, but still did not 

exceed design (Table 3.2). A UAV surveyor must consider that the time of day can diminish 
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image quality, producing inaccuracy for orthomosaics and DSMs. Depending on the time of day, 

shadows within the diversion ditch of basin 1B prevented the software from identifying the 

elevations (Fig. 3.9). Thus, this would explain the smaller watershed for basin 1B on 01.28.20 

and 06.12.20. It is essential to consider the time of day when using UAV for surveying.  

Unlike the eastern side, with no vegetation and flat topography, the western side 

experienced drainage and vegetation issues around specific basins. Basins 1A and 1E had 

estimated drainage areas much smaller than their size would allow from 01.28.20 to 06.12.20 

(Table 3.2). The delineated acreages obtained from GIS indicate that the basin 1A watershed was 

only 1-13% of design (Table 3.2). However, earthwork activity on the western side caused a 

smaller watershed on 06.12.20. The watershed for basin 1E was only 0-6% of design from 

01.28.20 to 06.12.20 (Table 3.2). The watersheds for basin 1D ranged from 22-45% of design. 

When conducting on-ground inspections, a breach of the diversion for basin 1D was evident, and 

it remained throughout the survey period (Fig. 3.10). The hydrologic models also indicated a 

breach of the diversion to basin 1D as well (Figs. 3.11-3.15). 

UAVs can be a useful tool for inspectors for site evaluations. UAVs can show a site 

progression at a lower operational level and cost than other aerial tools such as airplanes (Young 

et al., 2010). Although airplanes can measure net changes with the assistance of LIDAR, they 

have a higher expense for relatively small areas similar to the borrow pit. UAVs with GIS 

applications can also create a record to show how earthwork activity affects flow patterns over 

time and determine if basins are capturing runoff. Inspectors can further verify whether a specific 

flow pattern is not being retained, or breaching diversions similar to basin 1A, 1C, and 1D by on-

ground inspections.   
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3.4.3. Evaluation of Watersheds for Sediment Fences 

The hydrologic models also indicated that all sediment fence sections except seven had 

large watersheds (Figs. 3.11-3.15). The delineated watershed areas for sediment fence sections 1, 

5, and 7 acquired from GIS did not exceed NCDOT designs (Table 3.3). Initially, the delineated 

watersheds for sediment fence section one obtained 40% of NCDOT designs based on 01.28.20 

and 03.09.20 surveys (Table 3.3). However, this section reached 100% for the following surveys 

because of earthwork activity. The delineated watersheds for sediment fence section five varied 

from 0-70% to NCDOT designs (Table 3.3). Similarly, the watershed for sediment fence section 

five increased on 03.16.20 and 06.12.20 surveys because of earthwork activity near its vicinity. 

Sediment section seven had no delineated watersheds based on the surveys (Table 3.3). The 

delineated flows derived from the multiple DSMs indicated that flow patterns were not reaching 

sediment fence section seven but towards section six (Figs. 3.11-3.15). On 06.12.20, an aerial 

image obtained from UAV further supports that flow patterns were more focused away from 

section seven, which was evident by the eroded areas (Fig. 3.16).  

In contrast, sediment fence sections 2, 3, 4, and 6 exceeded 100% of NCDOT designs, 

which all occurred between 01.28.20 to 03.23.20 (Table 3.3). However, these sediment fence 

sections showed no signs of damage during the survey period. Sediment fence sections 2, 3, 4, 

and 6 had good stands of vegetation. Possibly, this may have resulted in less runoff toward these 

sediment fence sections and with lower sediment loads. Between 03.23.20 to 06.12.20, the 

excavation on the western side continued to remove sediment material. The delineated watershed 

of sediment fence section 3 was 5% of NCDOT designs, while section 4 had 20% of design on 

06.12.20. Earthwork activity was the cause for a reduction in acreage for sediment fence sections 

3 and 4, but the watershed for section 2 did not became smaller. On the other hand, sediment 
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fence section six was not near any earthwork activity and had values between 27- 100% of 

NCDOT designs only on 01.28.20 and 06.12.20, while 03.16.20 and 03.23.20 surveys exceeded 

100%. The hydrologic models of 03.16.20 and 03.23.20 predicted flow patterns passing through 

sediment fences near sections 5 and 6, resulting in an over-estimated watershed for section 6 

(Fig. 3.15).  

The time of day can obstruct image quality, resulting in inaccuracy for finished products 

(e.g., orthomosaic, DSM). The DSMs created by photogrammetric software did not detect 

sediment fences near sections 5-6. The angle in which images were taken and image quality were 

possible factors that allow the software not to identify sediment fences on 03.16.20 and 03.23.20; 

this would explain how delineated watershed for sediment fence section 6 overtook section5 

when implementing GIS.  Regarding the 03.09.20 survey, D8 values derived from the DSM, 

caused flow patterns away from section five, resulting in no delineated watershed. 

Hydrologic analyses can inform inspectors about potential risks of erosion and sediment 

control practice failures at different grading and construction phases. UAVs with GIS utilization 

were able to determine that specific sediment fence sections had watersheds exceeding NCDOT 

designs. Also, UAVs are capable of showing a different perspective on sediment fence functions. 

An inspector would not know that sections 2, 3, 4, and 6 might have experienced stress based on 

the visual perspective from on-ground inspections. Also, aerial images from UAVs and on-

ground inspections can support hydrologic models, predicting flow issues like for section 7. 

Aerial inspections can be an alternative option to inspect a site. Over time, hydrologic analyses 

will act as records, while informing inspectors, companies, or stage agencies what actions should 

be implemented based on flow patterns.  
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3.4.4. Evaluation of Delineated Flow Patterns within NC Highway 42 East 

When interpreting flow analyses, the disadvantages of GIS became clear. The DSMs 

obtained from photogrammetry accounts for everything above the terrain. Thus, the D8 approach 

attains flow patterns from a DSM but sinks like culverts, underground pipes, and storm drains 

are not detected; additional steps, such as DSM correction and more delineation of these features 

are needed (Parece and Campbell, 2015; Turcotte et al., 2001). The interpreter must be aware 

that some areas may show artificial flows moving above these features. The orthomosaic 

combined with hydrologic modeling can also show how flow patterns can move to non-

designated sections of a location. The hydrologic model predicted flow patterns crossing the 

main road (non-designated area) of NC Highway 42 East (Fig. 3.17). An aerial inspection of the 

site verified that the hydrologic analysis was correct (Fig. 3.18)  

Basins, as a sediment control measure, help retain runoff and slowly release it at a 

location (NCDOT, 2003). When implementing the fill tool, basins no longer act as sinks. Thus, 

estimated flow patterns from the D8 method had some incorrect flow patterns within the 

southeastern retention basin, which is not part of the widening project but was part of a 

residential development. The flat area of the basin once filled was the cause of inaccurate flow 

movement. Nevertheless, the delineated flow regarding the retention basin did not affect the 

overall model. The model predicted that flow patterns were entering the retention basin. An 

aerial image of the basin further supports the prediction of the model was correct (Fig. 3.19). The 

problem was that the basin outlet connects to the underground pipe system of NCDOT. Thus, 

sediment buildup has been a reoccurring issue towards an E&SC device maintained by a 

company that is contracted through NCDOT (Fig. 3.20). Hydrologic flow models can identify 

potential risks in a site and provide additional documentation for inspectors, companies, or state/ 
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local government. The models and images obtained from UAVs would be useful for any court 

case to verify preventive measures were in place or E&SCs failures caused by earthwork activity 

not a part of the widening project.  

3.5. Conclusions 

Photogrammetric and GIS applications when combined can be used to estimate volume 

changes in local topography and over time, but the surveyor must know that certain areas do not 

accurately depict elevation net change. A DSM acquired from photogrammetry application 

represents surface elevations above bare soil (e.g., standing water, vegetation, construction 

equipment). Although non-terrain obstacles can be removed based on elevation values, the DSM 

is still susceptible to misrepresenting sediment deposition and removal. Orthomosaics are crucial 

as they can help surveyors determine areas of actual earthwork activity. Further studies could 

assess the economic differences between measurements obtained counting truckloads of hauled 

material and that calculation from the DSM. This would help construction companies determine 

what method provides a better estimate for the time involved. 

Depending on the site characteristics and GIS procedure, hydrologic analysis models can 

help identify potential problems before they occur. The delineation of watersheds suggested that 

basins within the borrow pit were much larger than needed during the period of observation, 

while some sediment fence sections had watershed that sometimes exceeded standard design. 

The hydrologic models predicted no signs of a breach in the sediment fence sections, but 

predicted flow patterns channeling around basin 1A, a drainage issue for basin 1C, and 

reoccurring diversion breaches at basin 1D. The surveyor must be aware that computation 

outcomes may not be accurate, because factors like image quality, time of day, and camera angle 

to take images can affect photogrammetric or GIS procedures to create over or underestimate 
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delineation. However, on-ground inspections are still important to verify the functions of erosion 

and sediment devices.  

The estimated flow analysis was helpful to show where runoff was flowing to designated 

areas within NC Highway 42 East. However, this type of analysis is most useful for areas lacking 

basins, culverts underground pipes, and storm drains, because the software may create a false 

representation. However, the individual must correct the DSM and use more extensive GIS 

application to allow these features to be part of the hydrologic procedure (Parece and Campbell, 

2015; Turcotte et al., 2001). Nevertheless, decisions can be made based on these analyses to add 

more preventive measures runoff, but on-ground inspections are still essential to accurately 

determine problems which may not be detected by UAV. These analyses with on-ground 

inspections would be useful documentation for the respective state agency or company to 

document the use of necessary practices on the project. 

  



96 
 

 

3.6. References 

Alkan, R. M., & Karsidag, G. (2012, May). Analysis of the accuracy of terrestrial laser scanning 
measurements. In FIG Working week (pp. 6-12). 

Bannister, A., & Raymond, S.: Surveying (5 ed.): Longman Scientific and Technical, 2005, 
510pp. 

Evans, J. S., Hudak, A. T., Faux, R., & Smith, A. (2009). Discrete return lidar in natural 
resources: Recommendations for project planning, data processing, and 
deliverables. Remote sensing, 1(4), 776-794. 

He, H., Chen, T., Zeng, H., & Huang, S. (2019). Ground Control Point-Free Unmanned Aerial 
Vehicle-Based Photogrammetry for Volume Estimation of Stockpiles Carried on 
Barges. Sensors, 19(16), 3534. 

Kazaz, B. (2019). Development of UAS-Based Construction Stormwater Inspections & Soil Loss 
Model. MS Thesis. Iowa State University, Ames, Iowa. 

Kiss, Richard. (2004). Determination of drainage network in digital elevation models, utilities 
and limitations. Journal of Hungarian geomathematics, 2, 16-29. 

Martínez-Carricondo, P., Agüera-Vega, F., Carvajal-Ramírez, F., Mesas-Carrascosa, F. J., 
García-Ferrer, A., & Pérez-Porras, F. J. (2018). Assessment of UAV-photogrammetric 
mapping accuracy based on variation of ground control points. International journal of 
applied earth observation and geoinformation, 72, 1-10. 

NCDOT (North Carolina Department of Transportation). (2013). Best Management Practices for 
Construction and Maintenance Activities. Raleigh, NC. 

NCDOT (North Carolina Department of Transportation). (2012). Standard specifications for 
roads and structures. Raleigh, NC. 

Parece, T. E., & Campbell, J. B. (2015). Identifying Urban Watershed Boundaries and Area, 
Fairfax County, Virginia. Photogrammetric Engineering & Remote Sensing, 81(5), 365-
372. 

Schofield, W.: Engineering Surveying: Theory and Examination Problems for Students (4 ed.). 
Oxford: Laxton's, 1993. 

Siriba, D. N., Matara, S. M., & Musyoka, S. M. (2015). Improvement of volume estimation of 
stockpile of earthworks using a concave hull-footprint. 

Snavely, N., Seitz, S. M., & Szeliski, R. (2008). Modeling the world from internet photo 
collections. International journal of computer vision, 80(2), 189-210. 

Taddia, Y., Stecchi, F., & Pellegrinelli, A. (2020). Coastal Mapping using DJI Phantom 4 RTK 
in Post-Processing Kinematic Mode. Drones, 4(2), 9. 



97 
 

 

Turcotte, R., Fortin, J. P., Rousseau, A. N., Massicotte, S., & Villeneuve, J. P. (2001). 
Determination of the drainage structure of a watershed using a digital elevation model and 
a digital river and lake network. Journal of hydrology, 240(3-4), 225-242. 

Young, A. P., Olsen, M. J., Driscoll, N., Flick, R. E., Gutierrez, R., Guza, R. T., & Kuester, F. 
(2010). Comparison of airborne and terrestrial lidar estimates of seacliff erosion in 
southern California. Photogrammetric Engineering & Remote Sensing, 76(4), 421-427. 

Uysal, M., Toprak, A. S., & Polat, N. (2015). DEM generation with UAV Photogrammetry and 
accuracy analysis in Sahitler hill. Measurement, 73, 539-543. 

  



98 
 

 

Table and Figures 
 
Table 3.1. Volumetric measurements obtained from DSMs differences between 01.28.20 to 
06.12.20 for the borrow pit. Truck counts inside parenthesis were based on a 14 cubic yard dump 
truck to collect volumetric measurements.  

UAV Estimates  NCDOT 
Estimates 

 Net Changes (m3) 
Date 
(Timeframe) 

Excavation  Deposition Total  Excavation 

01.28-20-
03.09.20 

6390 
 (597) 

2195 (205) -4195 
(392) 

4644 
(434) 

03.09.20-
03.16.20 

5485  
(512) 

0 -5485 
(512) 

6028 
(563) 

03.16.20-
03.23.20 

980  
(92) 

0 -980  
(92) 

719 
(67) 

03.23.20-
06.12.20 

27046 
(2527) 

2380 (222)  -24666 
(2305) 

22064 
(2061) 

Total Sum 39901 
(3728) 

4575 
(427) 

-35326 
(3301) 

33455 
(3125) 

 
Table 3.2. Estimated watershed areas obtained from GIS for the five sediment basins.  
       

 

 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

* Watershed size based on NCDOT design for each basin. 
 
 
 
 

Basin  
(ha) 

1A 
* (0.8) 

1B 
* (8.1) 

1C 
* (5.7) 

1D 
* (4.9) 

1E 
* (3.2) 

Dimensions 
(m) 

(18 x 6 x 1) (61 x 18 x 
1) 

(34 x 23 x 
1) 

(37 x 18 x 
1) 

(30 x 15 x 
1) 

Date Estimated Acreage (ha)  
01.28.20 0.004 0.8 0.1 1.3 0.02 
03.09.20 0.04 1.3 1.6 1.1 0.02 
03.16.20 0.04 1.3 1.6 1.1 0.02 

 03.23.20 0.1 1.6 3.4 1.1 0.2 

06.12.20 0.01 0.4 4.0 2.2 0.0 
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Table 3.3. Estimated watershed acreages obtain from GIS were compared to NCDOT designs to 
determine potential stress towards respective sediment fence outlet from 01.28.20 to 06.12.20. 

* Watershed size based on NCDOT design for each basin. 
 

 
 
 
 

Sediment 
Fence 
(ha) 

1 
* (0.2) 

2 
* (0.2) 

3 
* (0.2) 

4 
* (0.1) 

5  
*(0.1) 

6 
*(0.3) 

7  
*(0.2) 

Length 
(m) 

59 55 
 

58 41 41 83 50 

Date Estimated Acreage (ha)   
01.28.20 0.08 0.3 0.7 0.3 0.01 0.3 0.0 
03.09.20 0.08 0.3 0.8 0.1 0.00 0.6 0.0 
03.16.20 0.2 0.3 0.4 0.3 0.04 0.8 0.0 

 03.23.20 0.2 0.3 0.3 0.4 0.0 0.6 0.0 

06.12.20 0.2 0.3 0.01 0.02 0.07 0.08 0.0 
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Figure 3.1. Distribution of ground control points and check points in the borrow 
pit located by RTK-GPS (Emlid RS 2).  Basins and sediment fence (SF) outlets 
were assigned erosion and control devices to determine delineation of 
watersheds. 
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 Check Point 
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Figure 3.2.  The Deterministic 8 procedure calculates water flow to one the eight neighboring 
cells based on the steepest down slope direction. Source: (Kiss, Richard. 2004)  
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Figure 3.3. Topographic changes at NC 401 borrow pit during the first survey interval.  Solid 
lines represent areas of elevation difference between 01.28.20 to 03.09.20. Dashed lines give 
a false account of elevation changed caused from standing water and debris near basin 1B.  

0 80 16040 Meters
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Figure 3.4. Solid lines represent areas of elevation difference between 03.09.20 to 
03.16.20.  Dashed lines give a false account of elevation changed caused from debris 
and large body of water within basin 1B, 1C, and 1D.  

0 80 16040 Meters
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Figure 3.5. Solid lines represent areas of elevation difference between 03.16.20 to 
03.23.20. Dashed lines give a false account of elevation changed caused from 
debris and large body of water within basin 1B, 1C, and 1D. 

0 80 16040 Meters
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Figure 3.6. Solid lines represent areas of elevation difference between 03.23.20 
to 06.12.20. Dashed lines give a false account of elevation changed caused 
from debris, and construction machinery.  

0 80 16040 Meters
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Figure 3.7.  Area near Basin 1C on 01.28.20 showing accumulated runoff in a low point due to 
excavation. 
 
 

 
Figure 3.8. The dashed circle indicates inlet correction near Basin 1C to address water 
infiltration, resulting in less large bodies of standing water as of 03.09.20. 
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Figure 3.9. Shadow overcast caused from the sun did not allow the photogrammetric software to 
identify the channel within the diversion ditch of basin 1B as of 01.28.20. The observation of 
06.12.20 had a similar situation as well.  
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Figure 3.10. An on-ground inspection that shows a water breach at basin 1D that has being 

reoccurring since the survey period.  
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Figure 3.11. Watershed delineation of basins and sediment fence outlets as of 01.28.20 for US-
401N borrow pit. The black rectangle represents water flow escaping the diversion ditch for 
basin 1D. Contour lines represent elevation change from 113 m to 117 m. 
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Figure 3.12. Watershed delineation of basins and sediment fence outlets as of 03.09.20 for US-
401N borrow pit. The black rectangle represents water flow escaping the diversion ditch for 
basin 1D. Contour lines represent elevation change from 113 m to 117 m. 
  

0 80 16040 Meters
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Figure 3.13. Watershed delineation of basins and sediment fence outlets as of 03.16.20 for US-
401N borrow pit. The black rectangle represents water flow escaping the diversion ditch for 
basin 1D. Contour lines represent elevation change from 113 m to 117 m. 
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Figure 3.14. Watershed delineation of basins and sediment fence outlets as of 03.23.20 for US-
401N borrow pit. The black rectangle represents water flow escaping the diversion ditch for 
basin 1D. Contour lines represent elevation change from 113 m to 117 m. 
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Figure 3.15. Watershed delineation of basins and sediment fence outlets as of 06.12.20 for US-
401N borrow pit. The black rectangle represents water flow escaping the diversion ditch for 
basin 1D. Contour lines represent elevation change from 113 m to 117 m. 
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Figure 3.16. The black arrows represent eroded areas that suggested water flow is not reaching 

sediment fence seven as of 06.12.20. 
 

 
 

Figure 3.17. Estimated water flow regarding NC Highway 42 East on 09.07.20. The black 
rectangle represents runoff crossing the main road (non-designated area) and into a retention 
basin not part of the widening project.  
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Figure 3.18. After a precipitation event occurred on 09.08.20. Sediment runoff was on the road 
(non-designated area) within NC Highway 42 East. 

 

 
Figure 3.19.  During 09.06.20, the retention basin which is maintained by a residential complex 
has turbid runoff, which will eventually drain through an outlet that connects to NCDOT’s 
underground piping system.  
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Figure 3.20. Runoff from the retention basin discharges to a rock-lined ditch, an erosion and 
sediment control maintained by a company that is contracted through NCDOT have been 
reoccurring as of 10.07.20.  
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Appendix A: Recorded Time and Erosion and Sediment Control for Respective Inspections 

Table A1. Time comparison between UAV (manual) and on-ground inspections for NC Highway  
 42 East.  Under the UAV (manual) the average set-up to download images and pre-inspect UAV 
was 8 minutes added to total review time. 23 minutes was added to total review time under on-
ground based on the inspector to fill the NPDES form.  

 
   

Inspection 
Date 

Section UAV (Manual) On-Ground 
Acquire 
Photos 

Review 
Photos 

Total 
Review 
Time 

Obstacles Inspection Total 
Field 
Inspection 
Time 

Total 
Review 
Time 

Minutes 
07.19.19 1 10 12 30 3 12 15 38 
08.12.19 

 
7 17 32 0 16 16 39 

08.19.19  11 17 38 0 18 18 41 
08.26.19  10 12 30 1 10 11 34 
09.07.19  5 10 23 4 10 14 37 
10.08.19  7 18 33 0 12 13 36 
10.14.19  7 18 33 1 13 14 37 
10.21.19  12 20 40 3 9 12 35 
11.25.19  9 21 38 1 14 15 38 
07.19.19 2 10 7 25 3 13 15 38 
08.12.19  13 27 48 2 36 38 61 
08.26.19  18 20 46 7 47 54 77 
9.07.19  22 18 48 7 36 43 66 
10.08.19  9 15 32 1 13 14 37 
10.14.19  15 38 61 3 25 28 51 
10.21.19  15 33 56 4 22 26 49 
11.25.19  16 30 54 3 37 40 63 
12.02.19  9 24 43 4 41 45 68 
12.09.19  15 36 59 11 34 45 68 
07.19.19 3 13 35 48 7 26 33 55 
10.08.19 

 
14 27 49 3 28 31 54 

11.25.19  25 32 65 3 60 63 86 
12.02.19  15 22 45 2 53 55 78 
12.09.19  18 24 42 4 48 52 75 
12.16.19  22 37 59 2 59 61 84 
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Table A2. Time comparison between UAV (autonomous) and on-ground inspections for US-401. 
The average set-up to download images and pre-inspect UAV was 6 minutes added to UAV 
total. 

Inspection 
Date 

Section Altitude  
(m) 

Angle 
(°) 

Treatment Time to 
add 

Waypoints 

UAV 
Acquire 
Photos 

UAV 
Photo 

Review 

UAV 
Total 

 Minutes 
01.06.20 1 37 55 Video 14 12 16 48 

    Pic  13 15 48 
  

 
90 Video 11 12 15 44 

    Pic  12 15 44 
  60 55 Video 13 15 18 52 
    Pic  15 17 51 
  

 
90 Video 13 15 17 51 

    Pic  15 18 52 
  120 55 Video 12 9 13 40 
    Pic  11 13 42 
   90 Video 14 11 13 44 
 

 
 

 
Pic  11 15 46 

 2 37 90 Pic 16 14 20 56 
    Video  15 16 53 
   55 Pic 15 15 21 57 
    Video  11 13 45 
  60 55 Pic 17 15 18 56 
    Video  15 13 51 
   90 Pic 15 14 19 54 
    Video  15 17 53 
  120 55 Pic 16 18 19 59 
    Video  15 17 54 
   90 Pic 17 18 19 60 
    Video  16 17 56 

01.06.20 3 37 90 Pic 9 17 27 59 
    Video  15 27 57 

12.09.19  
 

55 Pic 10 16 37 69  
   Video  16 30 62 

01.06.20  60 55 Pic 8 13 22 49 
    Video  15 17 46 
  

 
90 Pic 15 15 19 55 

    Video  15 23 59 
  120 90 Pic 12 15 27 60 
    Video 11 15 22 54 
  

 
55 Pic 8 15 18 47 

    Video  15 31 60 
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Table A3. Time comparison between UAV (manual) and on-ground inspections for NC Highway 
42 East.  Under the UAV (manual) the average set-up to download images and pre-inspect UAV 
was 6 minutes added to total review time. 30 minutes was added to total review time under on-
ground based on the inspector to fill the NPDES form. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Inspection 
Date 

Section UAV (Manual) On-Ground 
Acquire 
Photos  

Review 
Photos 

Total 
Review 

Time 

Obstacles  Inspection  Total Field 
Inspection 

Time  

Total 
Review 

Time 
(Minutes) 

02.18.20 1 17 28 51 5 29 34 64 
03.01.20  15 40 61 1 46 47 117 
03.09.20  11 42 59 1 38 39 69 
03.22.20  13 51 70 2 34 36 66 
02.18.20 2 12 29 47 3 20 23 53 
03.01.20  7 27 40 0 19 19 49 
03.09.20  8 36 50 4 43 47 117 
03.22.20  8 27 41 2 38 40 70 
02.18.20 3 15 35 56 1 30 31 61 
03.01.20  18 45 69 0 23 23 53 
03.09.20  19 20 45 3 33 36 66 
03.22.20  17 37 60 3 36 39 69 
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Table A4. Time comparison between UAV (autonomous) and on-ground inspections for US-401. 
The average set-up to download images and pre-inspect UAV was 5 minutes added to UAV 
total. 
Inspection 

Date 
Section Altitude 

(m) 
Angle 

(°) 
Treatment Time to 

add 
Waypoints 

UAV 
Acquire 
Photos 

UAV 
Photo 

Review 

UAV 
Total 

 Minutes 
02.18.20 1 196 55 Pic 13 18 25 61 

    Video  17 22 57 
03.01.20 1 123 55 Pic 16 13 37 71 

    Video  14 32 67 
03.08.20 1 393 55 Pic 15 24 33 77 

    Video  26 36 82 
03.22.20 1 196 90 Pic 21 24 37 87 

    Video  26 42 94 
02.18.20 2 196 55 Pic 10 16 26 57 

    Video  15 22 52 
03.01.20 2 123 55 Pic 12 17 19 53 

    Video  19 19 55 
03.08.20 2 393 55 Pic 15 17 32 69 

    Video 13 15 22 55 
03.22.20 2 196 90 Pic 13 16 24 58 

    Video  21 22 61 
02.18.20 3 196 55 Pic 20 21 22 68 

    Video  20 29 74 
03.01.20 3 123 55 Pic 19 22 31 77 

    Video  23 33 80 
03.08.20 3 393 55 Pic 24 27 25 81 

    Video  27 33 89 
03.22.20 3 196 90 Pic 32 31 28 96 

    Video 31 28 37 83 
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Table A5. Erosion and Sediment Control identified within section 1 of NC Highway 42 East. 
BF=Baffle, RPI= Rock Pipe Inlet Sediment Trap, RCD=Rock Check Dam, RI= Rock Inlet 
Sediment Trap, RLD= Rock Lined Ditch, SF= Silt Fence, and SSCFC= Special Sediment 
Control Fence Cloth. 

 
Inspection 

Date 

 
# of 

BMPs 
accounted 

within 
Section 1 

 
# of 

BMPs 
passed 

 
# of 
total 

BMPs 
that 

failed 
(account 

UAV, 
On-

Ground, 
and 

Overlap) 

Concern(s) 
Overlapped 

by both 
On-Ground 
and UAV 

Solely 
identified 
via UAV 

Solely identified via 
On-Ground 

07.19.19 115 112 3 SSCFC RCD,  RI 
08.12.19 115 111 4 2x(RI), 

RCD 

 
- 

08.19.19 115 104 9 RPI, SF, 
RLD, 

3x(RCD), 
2x(W) 

 
SSCFC 

08.27.19 115 109 6 2x(RCD), 
3x(RLD) 

 
RLD 

09.07.19 115 105 8 2x(RI), 
2x(RLD), 
3x(RCD) 

BF - 

09.17.19 115 110 5 BF,  RCD RPI, SF, SSCFC 
09.24.19 115 111 4 BF, RCD, 

RCD, RCD 
- - 

10.08.19 115 110 5 BF, 
2x(RCD) 

SSCFC, 
RI 

- 

10.15.19 115 101 14 4x(W), 
5x(RCD), 
3x(RLD) 

2x(SF)  

10.21.19 115 112 3 2x(RLD) RI - 

11.25.19 115 111 4 2x(RLD) 2x(RI) - 
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Table A6. Erosion and Sediment Control identified within section 2 of NC Highway 42 East. 
BF=Baffle, GF= Geotextile Fabric, RPI= Rock Pipe Inlet Sediment Trap, RCD=Rock Check 
Dam, RI= Rock Inlet Sediment Trap, RLD= Rock Lined Ditch, SF= Silt Fence, and SSCFC= 
Special Sediment Control Fence Cloth. 

Inspection 
Date 

# of 
BMPs 

accounted 
within 

Section 2 

# of 
BMPs 
passed 

# of 
total 

BMPs 
that 

failed 
(account 

UAV, 
On-

Ground, 
and 

Overlap) 

Concern(s) 

Overlapped 
by both 

On-Ground 
and UAV 

Solely 
identified 
via UAV 

Solely identified via 
On-Ground 

07.19.19 304 301 3 RPI RCD, BF GF 

08.12.19 304 298 6 3x(RCD), 
RLD, 
2x(W) 

  

08.19.19 304 296 8 2x(BF), RI, 
RLD, RPI 

SSCFC  RPI, SF 

08.27.19 304 296 8 BF, RPI, 
RI, 

2x(RLD) 

2x(RCD) SF 

09.07.19 304 293 11 BF, RI, 
3x(RCD), 

RLD 

2x(SSCFC) 2x(SF), RLD 

09.17.19 304 299 5 BF, 
SSCFC 

 
SSCFC, RPI, SF 

09.24.19 304 301 3 BF RI, SF RPI 

10.08.19 304 303 1 - - SF 

10.15.19 304 303 1 GF - - 
10.21.19 304 293 9 4x(W) 2x(RCD), 

RLD, RI, 
SF 

SF 

11.25.19 304 301 1 - - SF 
12.02.19 304 302  GF, RPI   
12.09.19 304 301 3 RLD RCD RCD 
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Table A7. Erosion and Sediment Control identified within section 3 of NC Highway 42 East. 
BF=Baffle, GF= Geotextile Fabric, RPI= Rock Pipe Inlet Sediment Trap, RCD=Rock Check 
Dam, RLD= Rock Lined Ditch, SF= Silt Fence and SSCFC= Special Sediment Control Fence 
Cloth. 

Inspection 
Date 

# of 
BMPs 

accounted 
within 

Section 3 

# of 
BMPs 
passed 

# of 
total 

BMPs 
that 

failed 
(account 

UAV, 
On-

Ground, 
and 

Overlap) 

Concern(s) 

Overlapped 
by both 

On-Ground 
and UAV 

Solely 
identified 
via UAV 

Solely identified via 
On-Ground 

07.19.19 436 433 3 GF, RPI RCD - 

10.08.19 436 432 4  2x(RLD) BF, SF 

11.25.19 436 8 428  BF, 
SSCFC, 

RLD 

3x(SSCFC), RPI, 
RCD 

12.02.19 436 432 4 GF, RPI RCD, 
RLD 

 

12.09.19 436 435 1   RPI 

12.15.19 436 431 5 SSCFC, 
RLD 

 SSCFC, SF, GF 
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Table A8. Erosion and Sediment Control device issues detected by conventional on-ground and 
UAV-autonomous inspection based on the following effect of angle, elevation, and treatment 
within NC Highway 42 East. BF=Baffle, RPI= Rock Pipe Inlet Sediment Trap, RCD=Rock 
Check Dam, RLD= Rock Lined Ditch, and SSCFC= Special Sediment Control Fence Cloth. 

Inspection 
Date 

Section Altitude 
 (m) 

Angle 
(°) 

Erosion and Sediment Control 
Devices 

Images Videos 
01.06.20 1 37 55 4x(RLD) 4x(RLD) 

  60  4x(RLD) 4x(RLD) 
  120  4x(RLD) 4x(RLD) 
  37 90 4x(RLD) 4x(RLD) 
  60  4x(RLD) 4x(RLD) 
  120  4x(RLD) 4x(RLD) 
 2 37 55 2x(GF), RCD 2x(GF), RCD 
  60  2x(GF), 

2x(RCD) 
2x(GF), RCD 

  120  2x(GF), RCD RCD 
  37 90 2x(GF), RCD 2x(GF), RCD 
  60  2x(GF), RCD 2x(GF), RCD 
  120  2x(GF), RCD RCD 

12.09.20 3 37 55 2x(RPI) RPI 
1.06.20  60  3x(BF), 

3x(RPI), 
4x(RCD) 
5x(RLD) 

BF, 2x(RPI), 
4x(RCD) 3x(RLD) 

  120  3x(BF), 
3x(RPI), 

4x(RCD), 
5x(RLD) 

BF, 2x(RPI), 
4x(RCD), 3x(RLD) 

  37 90 3x(BF), 
3x(RPI), 

4x(RCD), 
5x(RLD) 

BF, 3x(RPI), 
4x(RCD), 3x(RLD) 

  60  3x(BF), 
3x(RPI), 

4x(RCD), 
5x(RLD) 

BF, 2x(RPI), 
4x(RCD), 3x(RLD) 

  120  3x(BF), 
3x(RPI), 

RCD, 
5x(RLD) 

BF, 2x(RPI), RCD, 
3x(RLD) 
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Table A9. Erosion and Sediment Control identified within section 1 of US-401. GF= Geotextile 
Fabric, RPI= Rock Pipe Inlet Sediment Trap, RCD=Rock Check Dam, RI= Rock Inlet Sediment 
Trap, RLD= Rock Lined Ditch, SF= Silt Fence, and SSCFC= Special Sediment Control Fence 
Cloth. 

 
Inspection 

Date 

 
# of 

BMPs 
accounted 

within 
Section 1 

 
# of 

BMPs 
passed 

 
# of 
total 

BMPs 
that 

failed 
(account 

UAV, 
On-

Ground, 
and 

Overlap) 

Concern(s) 
Overlapped 
by both On-
Ground and 

UAV 

Solely 
identified 
via UAV 

Solely identified via 
On-Ground 

02.18.20 237 223 14 3x(RLD), 
2x(RCD), 

BF GF, RPI 

SSCFC, 
SF 

2x(RLD), RPI, SF 

03.01.20 237 230 7 2x(RI), BF, 
RCD, GF 

RCD SF 

03.08.20 237 224 13 2x(SSCFC), 
RPI, RCD, 

BF 

 
7x(SF), SSCFC 

03.22.20 237 234 3 BF, GF, RI 
 

SSCFC 
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Table A10. Erosion and Sediment Control identified within section 2 of US-401. RPI= Rock 
Pipe Inlet Sediment Trap, RCD=Rock Check Dam, RLD= Rock Lined Ditch, and SF= Silt 
Fence.  

 
Inspection 

Date 

 
# of 

BMPs 
accounted 

within 
Section 2 

 
# of 

BMPs 
passed 

 
# of 
total 

BMPs 
that 

failed 
(account 

UAV, 
On-

Ground, 
and 

Overlap) 

Concern(s) 
Overlapped 

by both 
On-Ground 
and UAV 

Solely 
identified 
via UAV 

Solely identified via 
On-Ground 

02.18.20 162 155 7 2x(RPI), 
2x(SF) 

2x(RCD) 

 RPI 

03.01.20 162 159 3 RCD, SF, 
RPI 

  

03.08.20 162 157 5 2x(RPI), 
2x(RCD) 

 
SF 

03.22.20 162 159 3 2x(RPI), 
SF 

  

 
Table A11. Erosion and Sediment Control identified within section 3 of US-401. GF= Geotextile 
Fabric, RPI= Rock Pipe Inlet Sediment Trap, and RCD=Rock Check Dam, SSCFC= Special 
Sediment Control Fence Cloth. 

 
Inspection 

Date 

 
# of 

BMPs 
accounted 

within 
Section 3 

 
# of 

BMPs 
passed 

 
# of 
total 

BMPs 
that 

failed 
(account 

UAV, 
On-

Ground, 
and 

Overlap) 

Concern(s) 
Overlapped 

by both 
On-Ground 
and UAV 

Solely 
identified 
via UAV 

Solely identified via 
On-Ground 

02.18.20 115 114 1  
 

GF 
03.01.20 115 113 2 

  
SSCFC, RPI 

03.08.20 115 112 3 2x(RCD), 
RPI 

  

03.22.20 115 113 2 
  

2x(RPI) 
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Table A12. Erosion and Sediment Control device issues detected by conventional on-ground and 
UAV-autonomous inspection based on the following effect of angle, altitude, and treatment 
within US-401. BF= Baffle, GF= Geotextile Fabric, RPI= Rock Pipe Inlet Sediment Trap, 
RCD=Rock Check Dam, RLD= Rock Lined Ditch, and SSCFC= Special Sediment Control 
Fence Cloth. 

Inspection 
Date 

Section Altitude 
(m) 

Angle 
(°) 

Erosion and Sediment 
Control Devices 

Images Videos 
02.18.20 1 60 55 BF, GF, 

2x(RCD), 
4x(RLD), 
SSCFC 

BF, GF, 
2x(RCD), 
4x(RLD), 
SSCFC 

03.01.20  37   BF, GF, 
2x(RCD), 

SF 

 BF, GF, 
2x(RCD), 
SF 

03.08.20  120  BF, RPI, 
RCD, 

2x(SSCFC) 

BF, RCD 

03.22.20  60 90 BF, 
2x(GF), 

RI, SSCFC 

BF, 
2x(GF), 
RI,  

02.18.20 2 60 55 2x(RPI), 
2x(RCD), 

SF 

2x(RPI), 
2x(RCD) 

03.01.20  37  RPI, SF RPI, SF 
03.08.20  120  2x(RPI), 

RCD 
RCD 

03.22.20  60 90 RPI, SF RPI, SF 
02.18.20 3 60 55 RCD RCD 
03.01.20  37  - - 
03.08.20  37  - - 
03.22.20  60 90 2x(RCD) 
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Figure A1. Example of an official NPDES inspection form regarding grading phase details of 
NC Highway 42 East on 10.15.19. 
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Figure A2. An example of an official NPDES form detailing E&SC failures and 
recommendations from manual UAV and on-ground inspections within NC Highway 42 East's 
section 1 on 10.15.19. Within the corrective action needed section, "UAV" regards E&SC 
concerns detected by this method only. "Both" informs E&SC concerns detected by on-ground 
and UAV-aided inspections. 

 
 

 
 

 


