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Abstract

:

Gully erosion is a global problem that degrades land and reduces its utility for agriculture, development, and water quality. Quantification of sediment yield and control of sediment sources is essential for environmental protection. Five methods to evaluate erosion rates and sediment yield on an east Tennessee, USA, hillslope were compared: (1) physical measurement by removal of accumulated sediment using 10 L buckets; (2) repeated measurement of erosion pins in gully (erosional) and delta (depositional) areas; (3) geometric model using a combination trapezoidal prism-cylinder segment; (4) geometric model using a series of trapezoidal pyramids; and (5) 3D solid computer modeling. The 3D solid model created in SolidWorks was selected as the reference model and all other methods overestimated sediment yield to varying degrees. Erosion pin methods overestimated sediment yield by 368% in deltas and 123% in gullies. Volumetric measurement of sediment using buckets overestimated sediment yield by 160% due to void space in the buckets. The trapezoidal prism-cylinder segment model overestimated sediment yield by 66% and the trapezoidal pyramids method overestimated sediment yield by 5.7%. For estimation of sediment trapped behind an elliptical or circular silt fence dam, use of the trapezoidal pyramid method provides a good approximation comparable to 3D solid computer modeling.
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1. Introduction


Gully erosion is a global problem that degrades land and reduces its utility for agriculture, development, and water quality. Gully erosion begins with overland flow that concentrates into rivulets and erodes small rills. Over time rills erode into gullies which are a significant cause of land degradation and soil loss worldwide [1,2]. Eroded sediment from gullies is a primary sediment source, increasing nutrient loadings in runoff that impacts water quality downstream [2]. Given the persistent environmental effects of gully erosion, and its contribution to water quality impairments, quantification of sediment yield and control of sediment sources is essential to protect water quality [3].



In a comprehensive review of gully erosion research [4], gully erosion research sites were classified by climate; ~40% of gully erosion research was found to be conducted in humid climates (Koppen-Geiger precipitation classification “fully humid” (f)). Interestingly, only 11.5% of research was conducted in arid climates, with the remaining 26.7% conducted in seasonally wet/dry climates. Sites were also classified by land use (grazing—40.5%, agriculture—43.2%, forest—13.2%, and urban—3.1%) and lithology (sedimentary, at 67.7%, was the most common). Over 30% of the studies measured degradation rates at various time scales from short to long term, while other studies assessed factors and processes responsible for erosion (23.1%) and developed models to quantify or predict erosion (16.9%).



Gully erosion is complex, and gully initiation and development results from many different causes, under different climates, at different spatial and temporal scales [4]. Significant climatic and physical drivers for gully erosion are precipitation [5,6], freeze-thaw activity [7,8,9,10,11], wind [12,13], and gravity-driven mass wasting [14].



South-Eastern USA has been identified as a hot spot for widespread gully erosion, and the region’s humid climate and predominantly sedimentary geology make it a good representative region for gully erosion research. Average erosion rates on the Appalachian Piedmont have been measured to range from 0.04 mm/year to 2.47 mm/year [15,16,17,18,19]. In Tennessee’s Ridge and Valley physiographic province, erosion in a badlands-type gully system vary with geomorphic setting: 43 mm/year on interfluves, 5.9 mm/year on sidewalls, and 11.6 mm/year in channels, measured over a two year period [11]. These measurements were made using erosion pins installed in multiple transects throughout the gully system. Interestingly, erosion (pin lengthening) and deposition (pin shortening) in gully channels tended to cancel each other out, suggesting that significant sediment may be stored in the gullies themselves.



Several gully erosion sediment yield estimation methods are reported in the literature. Accepted methods to estimate gully erosion include erosion pins [20,21,22,23], geometric estimates of material eroded or deposited [24,25,26], feature based assessments [20], and volumetric measures of material deposited or trapped by physical capture of sediment in sediment trap buckets [27,28], or by modeling pre- and post-depositional surfaces [29].



The use of erosion pins to measure gully erosion is well established [20,21,22,23]. Pins are installed in the soil and exposed length is measured. Over time erosion increases the length of the pins and deposition decreases it. Periodic repeated measures of pin length captures erosion and depositional events at each pin. Frequent measurement is desired so that a high temporal resolution dataset may be obtained and erosion associated with single storm events may be quantified.



Measurement of gully features, including scour holes and headcut locations have also been used to quantify gully erosion. For example, 34 gully features were monitored in Australia’s seasonally wet-dry climate for headward advance or retreat, enlargement, or infilling [20]. Erosional features with depths of 0.2–1.5 m and widths of 0.3–8 m changed little over the five year study period, and hillslope-channel coupling was identified, suggesting that sediment has residence time on the hillslope and in the gullies. The authors concluded that despite the lack of change during the study period, the gullies were at a tipping point for rapid headward movement and expansion.



Two reviews of geometric sediment estimation methods for sediment trapped behind check dams for various channel geometries were published recently [3,30]. The Prism method [24] is employed when the channel is V-shaped and the volume of accumulated sediment (VP) is modeled with a trapezoidal prism using VP = ¼ × ls × h × (wb + ws), where ls = length of sediment wedge perpendicular to check dam, h = height of sediment wedge from base of dam, wb is the width of the channel downstream of the check dam, and ws is the mean width of the sediment wedge. Other models for various wedge tapers in both length and width were also presented [30].



The Pyramid method [25] is employed in trapezoidal channels, and models the volume of accumulated sediment (V) using a horizontal pyramid with a trapezoidal base such that V = 1/3 × b × h where b = area of trapezoid base in contact with check dam and h = length of sediment wedge. Other Pyramid methods for different wedge tapers were also presented [30].



Rectangular models have a rectangular area in contact with the check dam, but taper upstream height-wise and also possibly width-wise [30]. In that study, the authors propose criteria to select an appropriate model, based on field measurements of the check dam and channel.



The Trapezoids method assumes a U-shaped streambed, and divides the sediment wedge into sections. The volume of each section is calculated using the most appropriate geometric shape for the section cross-section, and the sections are summed to obtain the total wedge volume [3,31].



Furthermore, the Sections method models the wedge by dividing it into slices for which the volume is estimated and summed to obtain the total volume of the wedge. Sediment weight is determined from the total volume and the bulk density of the wedge sediment [26].



Of the geometric methods, the Prism [24] and Pyramid [25] methods tend to underestimate sediment retained by check dams by 21% and 16%, respectively [26], and 24.5% and 29.3%, respectively [3] when compared to the Sections method, which is deemed the most representative. Furthermore, the Trapezoids method overestimates trapped sediment volume by 24.8% [3].



The digital terrain model geospatial method measures the wedge volume by modeling the original stream channel using other nearby unsilted channels to develop a 3D digital surface for the channel base. A 3D wedge surface is then developed from a high resolution topographic dataset obtained in the field. Subtraction of the two surfaces using a GIS leaves the 3D wedge, for which volume and weight (using bulk density) may be calculated [3,29]. This digital geospatial method produces variable results (both overestimation and underestimation). Two other digital methods have also been used for gully delineation. A GIS based normalized topographic method using digital elevation model (DEM) data was employed across a wide range of scales from rills to badlands, with higher accuracy in gully volume calculations in smaller gully systems [32]. A low-cost and rapid tool to monitor gully erosion using overlapped images taken from a handheld camera along a predefined walking path, then assembled using a structure from motion (SfM) algorithm, was compared to results obtained using a terrestrial laser scanner system [33]. While the terrestrial laser scanner underestimated the gully volume due to shadowing effects, SfM provided views of the gully interior that helped eliminate shadows and increased accuracy in sediment yield calculations. SfM has also been employed to monitor erosion associated with single events at high temporal resolution (15 s intervals), capturing short term processes and geomorphic change with sub-cm accuracy [34]; and for efficiently reconstructing a 3D gully from a series of cross-sections created from smartphone camera images processed using the free tool FreeXSapp [35].



Monitoring of stream stage and turbidity can be used to calculate sediment yield by first establishing the stream rating curve for discharge, and modeling the correlation between turbidity and Suspended Sediment Concentration (SSC) for both rising and falling discharge. Sediment yield is estimated by integrating the product of discharge and SSC over time [36].



Noteworthy developments in producing prototypes using 3D models for 3D printing offer the ability to dynamically display, analyze, and interpret field data [37]. Among geoscientists, paleontologists were the first group to adopt this technology [38,39,40]. With the availability of high-quality, high-resolution datasets on Earth’s structure and surface, the geoscientific community has begun to embrace 3D model printing technology in work involving geomorphology, stratigraphy, terrestrial topography, and seismic studies [41,42,43,44]. While computer-aided 3D solid models have yielded realistic replicas of the real-world, no prior studies have applied this technique to sediment transport, deposition, or yield. The most closely related study investigated 3D printed river cobbles in relation to weathering processes [45].



In the absence of check dams, silt fences may be employed as an economical method to estimate soil erosion on hillslopes [46], and may have certain advantages over check dams for small catchments. For example, check dams allow passage of finer particles (silt and clay) through the gabion walls, and have a trap efficiency of as low as 35% [47], but potentially as high as 97.7% [3]. Silt fences, in comparison, have small openings (0.3–0.8 mm) and a high tensile strength (0.3–0.4 kN), and are therefore useful for temporary detention and storage of sediment [46]. Silt fence trap efficiency for a field study on a fallow agricultural plot with silt loam soil ranged from 73% to 100%, with a seasonal average of 93% [48].



While sediment yield estimation methods behind check dams are widespread in the literature, no studies have looked into sediment yield estimation behind curved silt fences, which generally produces an elliptical shaped delta area, very different from the ones produced behind straight-faced check dams. Additionally, application of 3D solid computer models in sediment yield estimation can provide a new dimension which is not explored in current studies. To bridge the knowledge gap, the objective of this present study is to compare different volumetric and geometric sediment yield estimation methods in an elliptical fan shaped gully depositional area with a realistic 3D solid computer generated model.




2. Materials and Methods


2.1. Study Area and Field Setup


This study was performed on an eroding hillslope in the Ridge and Valley physiographic province, east Tennessee, USA (36°25′20.1″ N, 82°32′39.1″ W). Soils are clay-rich ultisols (Collegedale-Etowah complex, CeD3), categorized as Acrisols, according to the World Reference Base for Soil. These soils have an erodibility factor of 0.28 indicating susceptibility to rill and gully erosion [49]. The typical soil profile in the study area consisted of a thin surface O-horizon, followed by a fine grained sand and silt layer, grading into silty clay [50]. The climate is Humid Subtropical (Köppen-Geiger classification Cfa) with hot summers, mild winters, and year-round precipitation [51]. Average annual rainfall is 1040 mm with average temperature ranging from 1.1 °C in winter to 23.3 °C in summer. The property was previously used for cattle pasture, and the gullies have developed over a period of nearly 30 years, based on analysis of historical air photos [50]. Gully depths and widths range from 0.5 m to 2.5 m and 3.5 m to 5.5 m, respectively, and the annual erosion rate for the complete 3870 m2 (0.387 ha) gully system was calculated from erosion pin data in 2013 at 30 mm/year, with a sediment yield of 116.26 m3/year [6].



A single gully within the system was selected for this study with an area of 544 m2 (0.0544 ha) measured with ArcGIS 10.3 (ESRI, Redlands, CA, USA). Gully cross-sections are V-shaped upstream and trapezoidal downstream closer to the delta area. A silt fence (0.9 m high by 11.53 m long) was installed in the delta area to capture sediment eroded from the gully. Twelve 5 mm diameter steel erosion pins were installed in the delta area to measure deposition behind the silt fence, and 13 erosion pins were installed in three transects throughout the gully (Figure 1). Transects were selected on mature portions of the gully that were physically representative of the gully.




2.2. Erosion Estimation Methods


2.2.1. Bucket Method


Sediment accumulation behind the silt fence was measured for three time-periods: 16 February 2011 to 11 May 2012 (456 days); 18 May 2012 to 17 August 2012 (94 days); and 21 August 2012 to 27 February 2013 (192 days). At the end of each time period, accumulated sediment was removed manually from the depositional area (delta) using shovels and 10 liter buckets. The number of buckets was recorded and the extracted sediment was deposited down gradient and therefore removed from the system. The original vegetation and soil O horizon were used as a marker horizon for the initial time period. For subsequent periods, red chalk was distributed over the delta area to form a marker horizon for a lower bound of sediment deposition immediately after sediment removal for the prior period. Sediment volume was totaled and adjusted for lost sediment using a trap efficiency ratio of 93% [48]. Erosion rate in m3/year (m3/y) was calculated.




2.2.2. Erosion Pins


Erosion pin lengths were measured on 25 April 2011, 11 May 2012, and approximately weekly thereafter following established methods [6]. Three time periods were used, as closely matching the time periods for the bucket method as possible: 25 April 2011 to 11 May 2012 (382 days); 23 May 2012 to 17 August 2012 (85 days); and 29 August 2012 to 23 February 2013 (178 days). Positive change indicated deposition during the measurement period, while negative change indicated erosion (Figure 2).



The volume of sediment deposited in the delta area (Figure 3a) was estimated by multiplying the average change in delta pin length by the surface area of the delta, and then scaling for an assumed trap efficiency of 93%. The surface area of the delta was modeled using a sector of an ellipse by extracting the silt fence outline from an aerial image, fitting an ellipse to obtain semi-major (a) and semi-minor (b) axes (Figure 3b). Arc length was calculated using Farooque’s method [52] and goodness of fit of the ellipse was assessed by comparison of the calculated arc length for the fitted ellipse with the measured arc length of the silt fence (w, Figure 3b).



The angle (θ) between sides x and y (Figure 3c) was calculated using the law of cosines


    x 2  =  y 2  +  z 2  − 2 y z   ×   c o s θ   



(1)




where x and y are the distances between vertex A and the ends of the silt fence, while z is the length of the chord connecting the ends of the silt fence, all measured in the field using a tape measure.



Surface area was calculated using [53]


   F  ( φ )  =   a b  2   [  φ −   tan   − 1    (     (  b − a  )  sin 2 φ    (  b + a  )  +  (  b − a  )  cos 2 φ    )   ]    



(2)




where ϕ is the angle measured from the semi major axis to the sector edge. Because the delta area intersected two quadrants of the ellipse (Figure 3b), total area was calculated from the sum of the area of the lower right quadrant F(90°) and the area of the upper right quadrant F(ϕ).



For gully pins, the change in pin length for the n = 13 pins installed in the three transects uphill of the delta was averaged. Erosion rate in m3/y was estimated using the gully area (544 m2) which was calculated using ArcGIS 10.3 (ESRI, Redlands, CA, USA).




2.2.3. Geometric Methods


The sediment wedge accumulated behind the silt fence can be visualized as pie-shaped, with pie thickness diminishing to zero at all three vertices (Figure 3c). Unlike sediment wedges that accumulate behind gabion basket check dams, the silt fence dam was elliptical and therefore assuming a flat downstream face for the sediment wedge would not be correct. This complicated the channel geometry, and none of the geometric methods developed or evaluated by Ramos-Diez et al. (2016; 2017) [3,30] were deemed appropriate for this site without modification. Therefore, the sediment wedge volume was calculated using two different combinations of geometric shapes: a trapezoidal prism-cylinder segment combination (Figure 4a) and a series of adjacent trapezoidal pyramids (Figure 4b).



The surface geometry of the wedge of accumulated material in the delta was measured. The sediment wedge depth was recorded at i = 11 fence posts along the arc, beginning and ending at areas of zero accumulation at the end posts. Depth was measured from the original ground surface on the downstream side of the silt fence, to the current sediment surface on the upstream side. Mean depth between each pair of posts (di) was calculated and averaged to obtain a single number representing depth    d ¯    of sediment accumulation along the arc. The distance from point A to each post and the distance between posts (zi) was recorded.



First, the wedge volume was approximated by the sum of the areas of a trapezoidal prism and a cylinder segment (Figure 4a). The volume of the trapezoidal prism (VP) was calculated using


    V P  =    1 3     d ¯  ∗ z ∗  h p    



(3)




where    d ¯    is the average thickness of the wedge at the silt fence, z is the length of the chord connecting the fence edges, and hp is the height of triangle XYZ calculated from its area using Heron’s formula [54]


   A r e a   Δ X Y Z =     p  (  p − x  )   (  p − y  )   (  p − z  )      



(4)






   p   =      (  x + y + z  )   2    



(5)







And x and y are previously defined as the distances from A to each end of the silt fence. The volume of the cylinder segment (Vc) was calculated using [55]


    V C  =  d ¯     [   R 2    cos   − 1    (    R −  h c     h c     )  −  (  R −  h c   )    2 R  h c  −  h c    2     ]    



(6)






   R =      (  x + y  )   2    



(7)






   h = R  (  1 −   cos  θ 2   )    



(8)







And the volume of the sediment wedge was therefore the sum V = Vp + Vc.



Second, the wedge volume was approximated by a series of trapezoidal pyramids, similar to the pyramid method [25], but modified to a sum of adjacent trapezoidal pyramid volumes (Vi) assembled in a fan shape (Figure 4b) using the sum of the volumes of i trapezoidal prisms (Equation (3))


   V =  ∑  i = 1   10    V i  =    1 3   ∑  i = 1   10    r i   d i   z i    



(9)




where ri is the average distance between A and posts i and i + 1, di is the average of sediment depth at posts i and i + 1, and zi is the distance between posts i and i + 1. Sediment yield was adjusted to account for a 93% trap efficiency for both geometric estimation methods.




2.2.4. The 3D Solid Model


The sediment wedge was modeled using the 3D solid modeling program SolidWorks 2016 [56], using dimensions measured in the field: distance from vertex A to each fencepost (r’i), distance between fence posts (zi), and depth of sediment at each fencepost (d’i) (Figure 5). This method differs from the trapezoidal pyramid method in that the base of each pyramid was modeled as an irregular polygon. The model was drawn by first creating a sketch of the base of the sediment wedge (Figure 3). Each section of the wedge was extruded to the measured depth, and a 3-D sketch was used to define the upper surface of the section relative to the adjacent section and vertex A. Each section was trimmed to the correct size using a cut extrude defined by the 3-D sketch. Sediment yield was calculated in m3/y and adjusted to account for a 93% trap efficiency.






3. Results


3.1. Bucket Method


Sediment accumulation behind the silt fence dam during the three periods was variable, ranging from 8.92 m3/y to 33.44 m3/y, with an average of 14.43 m3/y, after adjusting for trap efficiency (Table 1).




3.2. Erosion Pins


The semi major and semi minor axes of the fitted ellipse were a = 6.544 m and b = 4.475 m, respectively. The sector angle (θ) was 124.2° and therefore the depositional zone surface area was calculated as 34.45 m2, a sum of the two elliptical sectors of areas 11.45 m2 (ϕ = 34.2°) and 23.0 m2 (ϕ = 90°). The modeled arc length of 12.56 m overestimated the measured length of 11.53 m by 9.0%.



Erosion rate from the gully and deposition of the eroded sediment in the delta area were averaged for three periods (Table 2). Erosion rate in the gully was 22.7 mm/y with a sediment yield of 12.3 m3/y, calculated using the measured gully area of 544 m2. The deposition rate in the delta was 699.9 mm/y, with a sediment accumulation rate of 25.9 m3/y. During the first period (25 April 2011 to 11 May 2012), the gully experienced net deposition (positive sediment yield of 20.1 m3/y), and during the second period (23 May 2012 to 16 August 2012) that sediment was transported out of the gully into the delta area where a sharp increase in sediment accumulation was recorded (42.7 m3/y).




3.3. Geometric Methods


The trapezoidal prism–cylinder segment method produced an estimated sediment wedge volume of 10.53 m3, and a sediment yield of 9.19 m3/y after scaling for a 93% trap efficiency. The trapezoidal pyramid method produced an estimated sediment wedge volume of 6.71 m3, with a sediment yield of 5.85 m3/y after accounting for trap efficiency (Table 3).




3.4. 3D Computer Model


The 3D solid model of the sediment wedge had a volume of 5.69 m3 and a surface area of 27.9 m2, 19% less than the area modeled using a fitted ellipse (Figure 6).





4. Discussion


This study provided a comparative, quantitative analysis of sediment yield measurement in an elliptical delta setting, using five different methods including buckets, erosion pins, two geometric models, and a 3D solid model.



The bucket method was the most direct way of calculating sediment deposition in the gully delta area that estimated 14.43 m3/y sediment yield (Table 4). This approach, however, had the highest possibility of human induced error from bucket under- or overloading during sediment removal. Additionally the ‘cut and fill’ effect generated additional volume due to air space created during bucket loading.



The erosion pin method, another accepted method in the literature, provided quantitative estimates of sediment erosion in the gully and sediment deposition in the downgradient delta area. Ideally erosion should balance deposition after accounting for silt fence trap efficiency, however in the present study, using erosion pins, the sediment deposited in the delta was almost double the sediment eroded from the gully (Table 4). The erosion pins were installed in three transects in a small, mature portion of the gully that physically represented the entire gully system. Additionally, erosion pins in the delta were located in the area of greatest deposition to capture the maximum sediment loading. However, the results from this study suggest that monitoring erosion and deposition using additional transects throughout the gully systems, rather than targeting areas of highest erosion and deposition, has the potential to produce a more realistic outcome. During the first study period (25 April 2011 to 11 May 2012), sediment eroded from the gully area was redeposited in the gully farther downstream, and was not transported to the delta until the second study period (Table 2). In the second and third study periods the opposite pattern was documented. The sediment load balance between eroding and depositing areas may have varied due to the varying lengths of the intervals and their timing relative to seasonal fluctuating weather patterns including summer precipitation and winter freeze thaw effects [11].



The two geometric methods (trapezoidal prism–cylinder segment and trapezoidal pyramids) yielded slightly different results. In both geometric models, the base and top of sediment wedge were assumed to be planar while in reality the surfaces were slightly uneven, a surface that could not be measured in the present study. Specifically, the trapezoidal prism–cylinder segment model assumed the average depth across the wedge face (chord z in Figure 4a) was equal to the average depth at the silt fence, a value used in the both the trapezoidal prism and in the cylinder segment volume calculations, which resulted in an overestimation of sediment volume of 66% for the trapezoidal prism–cylinder segment model. Furthermore, the trapezoidal pyramid model assumed a planar face of the silt fence between each pair of fence posts, with a discontinuous sediment wedge surface. In reality the silt fence bulged slightly from the sediment load behind the fence and the sediment wedge surface was neither stepped between each segment (Figure 4b) nor completely planar. Both contributed to errors in the true volume estimation and resulted in a marginal overestimation (5.7%) of sediment yield in the gully delta.



When evaluating effectiveness of methods to predict sediment yield in an elliptical shaped depositional area, the 3D solid model created in SolidWorks was selected as the reference model. For the model, all input dimensional data: distance from wedge vertex A (center of the ellipse) to each fencepost, distance between fence posts, and depth of sediment at each fencepost, were collected in the field, and the sediment surface and base of each pyramid were entered as continuous, irregular polygons that taper to zero depth at end segments. Therefore, the output from the 3D solid model most realistically represented the actual gully depositional volume.



The trapezoidal pyramids geometric model was closest to the 3D solid model, as the majority of the model measurements were also made in the field, and average sediment depth ranged from zero to maximum to account for shallow and deep margins of the sediment wedge throughout the deposition area. The slight overestimation of this model (5.7%) from the 3D solid model can be explained by the way the base of each pyramid was modeled—as series of discontinuous rectangles whose widths were calculated as average sediment depth between two consecutive fence posts, contrary to the continuous, irregular polygons used in the 3D model. The trapezoidal prism—cylinder segment model was the second closest approximation, which produced a representative scenario, with the exception that the model could not handle the change in deposition depth from the silt fence to the chord z in Figure 4a. In the present study, the erosion pin method produced 123% and 368% overestimation of erosion in the gully and delta areas, respectively. In future, the erosion pins method can estimate results more accurately, provided erosion pins are installed uniformly and extensively throughout the eroding area, to represent different parts of the gully system. The bucket method, while easy to implement, was unable to account for under- and overfilling of the buckets caused by voids or mounding that occurred while loading the buckets. This produced a 160% overestimation of the sediment yield.



Comparison with other studies indicates that all but one of the methods compared in this study significantly overestimated sediment volume compared to several other studies. For example, the Prism [24] and Pyramid [25] geometric methods underestimated sediment retained by check dams from 16% to 29% [3,26], while our trapezoidal prism/cylinder segment model overestimated by 66%. The Trapezoids method of summing perpendicular sections transverse to the gully length [3] overestimated sediment volume by ~25%.



These other studies were performed on larger dams, with heights ranging from 1.3 m to 4.1 m, widths from 5.5 m to 13.2 m, and wedge lengths from 4.9 m to 55.7 m [3]. Our depositional area was comparable only to the smallest of these, with a height of 0.9 m, arc length of 11.5 m, and wedge length ranging from 4.4 m to 5.8 m. Comparison of our errors to the smallest checkdams, revealed similar direction of error (overestimation), and our errors were comparable in size for our trapezoidal prisms method (overestimation of 5.7%, Table 4).




5. Conclusions


This study compares geometric, volumetric, and 3D solid modeling methods to evaluate erosion rates and sediment yield for a sediment wedge trapped behind a silt fence dam. Two new geometric methods are presented (trapezoidal prism-cylinder segment and trapezoidal pyramids). All methods overestimate sediment yield compared to the reference method (3D solid model), however the trapezoidal prism method had the smallest error, overestimating sediment yield by 5.7%, which is comparable to overestimation measured in similar sized gullies using other geometric methods.



The availability of 3D printing software technology for 3D solid modeling presents numerous possibilities to investigate geomorphological process. The present study is the first of its own kind to adapt 3D printing software as a practical tool to estimate sediment yield in gully delta system. To improve the general applicability of the studied models including 3D solid models, future research should be performed in multiple elliptical gullies with varied delta sizes. Overall, in the absence of 3D modeling software, the new trapezoidal pyramid model presented in this study can produce a reasonable estimate of sediment volume trapped in elliptical shaped delta areas.
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Figure 1. Gully system location and setting (modified after Luffman et al. (2015)). (a) Geographic location of study area; (b) a typical gully in the system; (c) erosion pins (circled) are 0.5–1 m long, with exposed length approximately 30 cm in this image; (d) aerial view of the studied gully, silt fence is outlined in yellow and pins in delta and gully area are marked with white circles. Aerial image from Google Earth (2012 imagery). 
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Figure 2. Erosion results in increased exposed length of erosion pins at Time 1 (L1), such that change in exposed length (L0–L1) is negative for erosion and positive for deposition. 
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Figure 3. Delta area (a) was approximated by delineating the depositional zone, fitting an ellipse to the silt fence boundary, and summing the area of the delta sectors overlapping the lower and upper right quadrants of the ellipse (b). Wedge angle θ was calculated using the law of cosines (c). 
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Figure 4. Geometric approximation of sediment wedge volume: (a) using a trapezoidal prism and cylinder segment; (b) using a series of adjacent trapezoidal pyramids. 
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Figure 5. Input geometry for the 3D computer model of the sediment wedge. 
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Figure 6. 3D solid model created in SolidWorks 2016. 
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Table 1. Sediment accumulation behind silt fence dam, volume measured by sediment removal using 10 L buckets.
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	Date
	Days
	Buckets (10 L)
	Volume (m3)
	Deposition Rate (m3/y)
	Scaled for 93% Trap Efficiency (m3/y)





	16 February 2011 to 11 May 2012
	456
	1036
	10.36
	8.29
	8.92



	18 May 2012 to 17 August 2012
	94
	801
	8.01
	31.10
	33.44



	21 August 2012 to 27 February 2013
	192
	891
	8.91
	16.94
	18.21



	Totals or averages
	742
	2728
	27.28
	13.42
	14.43
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Table 2. Erosion pin change in length for delta pins (n = 12) and gully pins (n = 13). Positive values denote deposition and negative values denote erosion.
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Dates

	
Days

	
Gully

	

	
Delta




	
Average Pin Change (mm)

	
Erosion (−) Rate (mm/y)

	
Sediment Yield (m3/y)

	
Average Pin Change (mm)

	
Deposition (+) Rate (mm/y)

	
Sediment Accummlation (m3/y)

	
Accummlation Adjusted for 93% Trap Efficiency (m3/y)






	
25 April 2011 to 11 May 2012

	
382

	
38.6

	
36.9

	
20.1

	
207.8

	
198.6

	
6.8

	
7.4




	
23 May 2012 to 16 August 2012

	
85

	
−10.7

	
−45.9

	
−25.0

	
288.9

	
1240.6

	
42.7

	
46.0




	
29 August 2012 to 23 February 2013

	
178

	
−28.8

	
−59.0

	
−32.1

	
322.1

	
660.5

	
22.8

	
24.5




	
Average

	

	
−0.3

	
−22.7

	
−12.3

	
272.9

	
699.9

	
24.1

	
25.9
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Table 3. Sediment wedge volume calculation for trapezoidal pyramid method.
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Trapezoidal Segment i

	
Average Depth (m) di

	
Width (m) zi

	
Average Radius (m) ri

	
Volume (m3) Vi






	
1

	
0.08

	
1.19

	
4.49

	
0.14




	
2

	
0.22

	
1.30

	
4.41

	
0.42




	
3

	
0.29

	
1.04

	
4.47

	
0.45




	
4

	
0.39

	
1.25

	
4.81

	
0.78




	
5

	
0.45

	
1.30

	
5.36

	
1.04




	
6

	
0.42

	
1.17

	
5.69

	
0.92




	
7

	
0.44

	
0.84

	
5.78

	
0.70




	
8

	
0.45

	
0.81

	
5.79

	
0.70




	
9

	
0.46

	
1.02

	
5.73

	
0.88




	
10

	
0.24

	
1.63

	
5.22

	
0.68




	
Total Volume

	
6.71




	
Sediment yield (m3/y)

	
5.45




	
Scale for 93% trap efficiency (m3/y)

	
5.85
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Table 4. Comparison of results.
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Method

	
Sediment Yield (m3/y)

	
% Yield Difference

	
Considerations






	
Buckets

	

	
14.43

	
160

	
Air space in buckets, overfilling.

Inability to remove all sediment in one day, additional deposition during removal may cause overestimation.




	
Erosion Pins

	
Gully

	
12.33

	
123

	
Pins represent small part of eroding area.

Eroded sediment may be redeposited in gully.




	
Delta

	
25.93

	
368

	
Delta pins located in area of greatest deposition and no pins installed on shallow margins of sediment wedge.




	
Geometric

	
Trapezoidal prism/cylinder segment

	
9.19

	
66

	
Depth was averaged across wedge face.

Depth at fence assumed to equal depth along chord z.

Elliptical silt fence approximated with cylinder.

Base and surface of wedge assumed to be planar.




	
Sum of trapezoidal pyramids

	
5.85

	
5.7

	
Fence assumed to be planar between fence posts, with negligible bowing between posts.

Base and surface of wedge assumed to be planar.




	
3D model

	

	
5.54

	
-

	
Fades from measurable depth to zero depth in end segments.

Continuous sediment surface and base.
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