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Abstract

:

Erosion is a natural process, but it can be accelerated by anthropogenic activities. Two of the predominant types of human-induced erosion are related to agricultural and construction activities. Of the two, construction-induced erosion is more severe because of the simultaneous removal of the land cover, disturbance of the soil, and eventual compaction of the soil by heavy machinery. Eroded materials released from bridge construction sites can alter the sediment regime and geomorphological conditions of receiving streams and may have short- and long-term impacts on aquatic habitats. Several models have been developed to estimate the total amount of soil erosion and sediment yield; however, no predictive model is available to quantify the potential release of sediment during the construction of bridges or to predict the quantity, size fraction, and accumulation depths for the extent of the measurable downstream effect. A GIS-based predictive sediment toolkit is developed to estimate the overland erosion and to determine the potential depositional area and suspended sediment concentration downstream of bridges. The performance of the GIS toolkit in estimating soil erosion was assessed using field data collected from the Wilson Creek bridge construction site in McKenney, Texas, U.S., and it was concluded that it predicted the overland erosion rate and sediment yield within the ranges observed in the field.
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1. Introduction


Bridges are critical points of road networks, and the number of bridge construction projects is rising due to the continuous population growth that necessitates the widening of existing roads and construction of new interchanges [1]. Bridge construction activities are not limited to the actual construction of bridges but also include road widening and improvements to the associated approach lanes and sometimes reshaping of streambanks. All construction works that release sediment into streams are considered part of bridge construction activities.



The impacts of bridge construction can be classified into two categories: those that are overland and those that are on/in the water. The overland works include approach embankments, bridge abutments, retaining walls, slopes, and temporary work platforms used during the construction. The in-water works include construction of bridge elements in or above the water, such as foundations, bridge piers and decks, and cofferdams.



Construction activities disturb soil structures and vegetation covers and may accelerate the overland erosion process [2]. Activities such as the drilling of bridge foundations or in-water construction activities can result in mud being released into streams in the form of stormwater or as direct discharge. Sediment usually consists of clay, silt, and sand particles, cement wash-off, colloidal particles, and organic matter [3], and an excessive load may increase turbidity, change the stream morphology and stream bottom, and affect aquatic habitats [4,5]. The amount of sediment yield is affected by the intensity of the erosive forces and the sediment transport process. An intense storm of long duration can exacerbate soil erosion and lead to an increase in the amount of sediment released to the receiving body of water, as can various stages of bridge construction that involve a significant amount of earthwork, including excavation, grading, and sloping. Road and bridge construction sites are the major sources of sediment in streams [6].



Several models have been developed previously to estimate overland erosion, but their use is primarily intended for agricultural purposes and their applicability to construction sites is unknown [7]. For example, the SWAT model was used to evaluate the impacts of land use changes on streamflow and sediment yield in the Atibaia River Basin, Brazil [8]. It was concluded that curve number (CN), maximum canopy storage, and the land cover and management factor (C) had the largest impacts on streamflow and sediment yield. The physics-based EROSION-3D model was applied to simulate erosion-runoff processes in the Svacenický Creek watershed, the Slovak Republic, which is composed of 66% cropland [9]. The model results were used to identify the most vulnerable erosion and depositional areas within the watershed. The ANSWERS model was used to predict runoff and soil loss from three agricultural watersheds in the arid zone of India [10]. The model inputs including landform, drainage, soil, and land use/land cover were obtained from satellite imagery and limited field data. The results showed that the model predicted runoff hydrograph and sediment load within acceptable limits. The ArcMUSLE, a GIS-based tool, was developed to assess soil erosion risk and prioritize critical areas for soil erosion control practices [11]. The model was applied to an agricultural watershed in Black Hawk County, Iowa, USA. The output of the tool includes curve number, runoff amount, peak flow, and soil loss for a rainfall event within the watershed. The widely used overland erosion models are discussed in Section 2.



A GIS-based predictive sediment toolkit (PST) was developed in this research to estimate overland erosion and to determine the potential depositional area and suspended sediment concentration downstream of bridge construction sites. The PST can also be used to assess the impact of construction activities on aquatic life. One of the biggest inconsistencies in construction-related stream assessments is the delineation of the impacted area. Environmental agencies usually define the minimum buffer length for habitat surveys. This length comprises the project footprint and buffers for areas of the potential impact that include a minimum length upstream and downstream of the project [12,13,14,15]. It is unknown whether these buffer lengths adequately protect aquatic species. Field monitoring and numerical modeling efforts have been reported in various road and bridge construction projects where attempts are made to assess construction impacts on the stream sediment regime and aquatic habitat [7]. However, no predictive model was available prior to this research to quantify the potential release of sediment during the construction of bridges.



The development of PST was based on two models: the overland erosion model (OEM) and the in-stream sediment transport model (STM). The toolkit was designed as an ArcGIS add-in with pre-populated base data for the state of Texas, U.S.; however, it can be used for any bridge construction site by importing local base data. The development of the OEM, governing equations, and application for a bridge construction site are discussed in the following.




2. Overland Erosion and Sediment Yield


Erosion is a natural process, but excessive sediment delivery due to anthropogenic activities is one of the highest threats to the health of river systems [16]. Agricultural and construction activities are two of the predominant types of human-induced erosion with construction being 100 times more severe [17] because of the simultaneous removal of the land cover, disturbance of soil, and eventual compaction of soil by heavy machinery.



Several models have been developed to estimate the total amount of watershed erosion (also known as gross erosion) and sediment yield (the portion of the eroded material that enters streams). These models can be classified as empirical, conceptual, and physics-based models [18]. In this study, the conceptual and physics-based models are grouped into synergistic models. Some of these models and their applicability for estimating overland erosion at construction sites are discussed in the following.



2.1. Empirical Models


Universal Soil Loss Equation (USLE)



The most widely used soil erosion model, the Universal Soil Loss Equation (USLE), was originally released in 1965 and has since been used across the globe [19]. It is based on statistical analyses of data from 46 locations in more than 10 states in the central and eastern U.S. [20]. The USLE relationship has the following form:


   A = R   ×   K   ×   LS   ×   C   ×   P   



(1)







In this equation, A (tons/ha/yr.) is the soil loss, R (MJ·mm/h/ha/yr.) is the rainfall erosivity factor (which may vary seasonally and is determined via a table or R contour maps), K (tons·h/MJ/mm) represents the tendency of soil to erode, and LS (dimensionless) is obtained from established values presented in tables and represents the combined influence of slope length, or how long sediment may travel before deposition, and the slope steepness of the study area. The C factor (dimensionless) accounts for any soil coverings that impede the soil’s ability to erode, especially in terms of rainfall-impacted erosivity. Organizations such as the U.S. Environmental Protection Agency (EPA) have collected ranges for C, relative to construction Best Management Practices (BMPs) [21]. The term P (dimensionless) accounts for support practices, which are activities that are designed to limit the sediment yield of an area. Further information on the USLE parameters discussed here may be viewed in their respective formats via the U.S. Bureau of Reclamation Erosion and Sedimentation Manual [22].



Since the equation is empirical, it is relatively simple to use it to estimate overland erosion. It can generate a loading prediction based on annual averaged data; however, it should not be used on a storm-by-storm basis. The model is primarily intended to calculate erosion from agricultural land and only considers sheet erosion; it neglects both rill and gully erosion. Consequently, it cannot be used for construction sites where non-agricultural areas exist, sub-yearly erosion estimates are required, and/or erosion parameters are expected to change with time.



	
Revised Universal Soil Loss Equation (RUSLE)






RUSLE2 is an updated form of the USLE model and the second major iteration of RUSLE itself. RUSLE2 was introduced in 1992 to address USLE’s use in regions that it was not previously intended for, especially outside of the U.S. [23]. It uses the same form of relationship as the USLE but accounts for sub-yearly variations in the equation’s parameters and makes use of an LS equation that replaces the tables developed previously for the USLE model. Updated maps for R values to be used in the RUSLE2 model were developed and may be found in [24] and elsewhere.



RUSLE2 uses daily values to determine the sediment annual yield and adjusts it with an equation for deposition that is presented in [20]. It considers both rill and inter-rill erosion and because it uses daily values for all components except the slope, it is more responsive to short-term changes. It also determines an annual sediment load via the summation of daily loads, meaning that it can be used to evaluate any integer daytime period. It requires both daily precipitation and temperature data to estimate the C factor, the need for which can introduce uncertainty into the calculations or require more comprehensive data to be available, both for use and to improve future temperature estimates. Daily precipitation values are derived from monthly average values, and because this model uses average rainfall values and a rainfall-erosivity factor that is directly related to intensity, such an approximation may not be ideal for short-term estimations. Since the improved accuracy of this model comes from its daily variables, if R, K, L, C, and P variables are not at the daily scale, the improvement in accuracy is reduced. The RUSLE model was not considered in this research primarily because of the need for short-term sediment load estimates at bridge construction sites. The need for temperature data and daily values of most of the variables also contributed, to a lesser degree, to this decision. This additional information would not result in a better estimation of sediment yield, rather it adds to the list of required data that might not be available for each construction site.



	
Modified Universal Soil Loss Equation (MUSLE)






MUSLE is another derivation of USLE. This model, unlike both RUSLE and USLE, does not make use of the rainfall erosivity factor R; instead, it relates the sediment yield Qs to both the storm runoff volume Q and peak qp for a single event. This empirical relation is explicitly designed for a single storm event that has an arbitrary duration. Runoff is better linked to erosivity than rainfall [25]. It may better predict erosion in urban areas due to increased peak flows from increased imperviousness. The runoff energy factor eliminates the need for an independent deposition formula as is used in RUSLE2 [25]. This model can estimate erosion for a single storm or be used multiple times to determine daily, monthly, yearly, or total sediment loads for any construction duration. For these reasons and because of its simplicity, MUSLE was considered in developing the overland erosion model (See Section 3.1).



	
Younkin Model






The empirical equation proposed by Younkin [26] is the only model that has been developed to estimate the sediment supply to a stream during periods of rainfall-induced erosion of disturbed soils that are common to highway construction (Equation (2)). In this equation Qss (tons) is the suspended sediment yield at the stream station, R is the rainfall erosivity factor as defined in both USLE and RUSLE for a single storm event, A (square yards) is the area of the construction site, D (yards) is the average depth of disturbed soil, and P (dimensionless) is the ratio of the area upslope of the stream to the total area of the site.


   Q  s s    = 0.34     R  1.5        ( log   A )    2.45       ( 3.0 )  D       P     − 0.72       



(2)







In developing this equation, a total of 86 sediment data sets were collected from 5 stream locations along White Deer Creek during the construction of Interstate 80, Pennsylvania, U.S. The Younkin and USLE equations were found to perform almost identically, when compared against normal stream loading for almost 100 storm events [27]. Equation (2) is distinct from the empirical equations discussed above because it was derived using data from construction sites; however, it has not been as heavily validated as the above equations and is considered slightly inferior to more established sediment loading estimation methods [27]. The same field data set used to develop Equation (2) was utilized to validate the model performance. While it was specifically derived for construction activities, it is not well enough developed to warrant selecting it over more broadly validated equations.




2.2. Synergistic Models


Synergistic models attempt to combine various data to produce a more accurate picture of what is occurring inside a simulation domain. They are also capable of utilizing more complicated relationships. For example, they use iterative equations, such as the Green-Ampt method, to account for infiltration, sediment transport relationships, such as Shields’ diagram, to calculate critical shear stress, and statistics-based methods to simulate weather. These relationships require more data, however, which adds to the computational cost and decreases the ease of using them. Some of the most widely used synergic models are ANSWERS (Areal Non-point Source Watershed Environmental Response Simulation Model) [28], EUROSEM (European Soil Erosion Model) [29], WEPP (Watershed Erosion Prediction Project) [30], and SWAT (Soil and Water Assessment Tool) [31]. These models largely focus on agricultural applications, and while some respected exceptions exist, they have a larger overall focus and are thus more complicated than necessary for estimating erosion from bridge construction sites. SWAT uses the MUSLE equation for its overland erosion calculation; however, functions such as modeling bacterial and algal growth, nitrogen and phosphorus transport/cycles, and accounting for groundwater flows are unnecessary for estimating soil erosion from construction sites and are computationally inefficient for this application. It was designed for long-term simulations and not for single-event analysis [31].





3. Overland Erosion GIS Toolkit


A GIS-based toolkit is developed to determine the amount of overland erosion induced by runoff from bridge construction sites and to assess changes in the sediment regime of downstream waterbodies. Precipitation events are the primary cause of construction site sediment and turbidity discharges to surface waters [2]. Wind erosion is not considered in the model because bridge construction is a temporary activity with a relatively limited footprint. In addition, wind erosion mostly affects lighter soil particles and transports them as dust, whereas heavier materials settle down and result in sedimentation. Wind-blown dust from earthworks sites can be a significant form of air pollution [2].



The toolkit is designed as an ArcGIS add-in that uses a combination of base data and user-supplied information to estimate the amount of sediment released from bridge construction sites to downstream waterbodies. It is developed based on two interconnected models: the overland erosion model (OEM), and the in-stream sediment transport model (STM). The governing equations of the OEM and information that is required for estimating overland erosion in bridge construction sites are discussed in the following.



The MUSLE has been utilized extensively in many watersheds throughout the world for different purposes and has produced reasonable results when it is applied under conditions similar to those where the original formula was developed or calibrated [32]. Since it was originally developed with data from microwatersheds [25,33], it appears appropriate to use this model for bridge construction sites that usually have small contributing watersheds. It has been also argued that if the MUSEL model is used instead of USLE, the accuracy in estimating sediment yield is increased because it eliminates the need for sediment delivery ratio calculation. Moreover, all model parameters can potentially be used in the calibration and validation process, especially when the model is applied to watersheds that have different conditions than those where the model was originally developed [34]. For these reasons, the MUSLE was chosen for developing the OEM in this study.



The core of the OEM is the information it requires about hydrological conditions and soil characteristics to estimate the sediment yield from the MUSLE model. The method used by the Natural Resources Conservation Service (NRCS), formerly known as the Soil Conservation Service (SCS), relates rainfall to both peak flow rate and flow volume [35], both of which are required to utilize the MUSLE model, and uses rainfall, flow length, percent slope, storage, and the watershed area to estimate those quantities. Figure 1 displays the order in which the SCS and the MUSLE are used in the GIS toolkit. The MUSLE model and SCS method, and the input data, including supplied and user-defined data, are discussed in the following.



3.1. MUSLE Model


The MUSLE model relates soil erosivity to both stormwater runoff volume Q and peak flow qp. It does not relate erosion to rainfall impact energy as in the original USLE because impact energy may not be useful in urban environments with increased development. The MUSLE equation is given in the following [32,34].


   Q s   =     11.8   ( Q   ×   q   p   )  0.56      ×   K   ×   L S   ×   C   ×   P   



(3)




where Qs (tonnes) represents sediment yield, Q (m3) is the flow volume, qp (m3/s) refers to the peak flow rate, K (dimensionless) is soil erosivity, LS (dimensionless) is slope length factor, C (dimensionless) is the management practice factor, and P (dimensionless) is the erosion control factor. The present study used the SCS method to calculate the total flow volume and peak flow rate.




3.2. SCS Method


The SCS method was selected to estimate the runoff volume and the peak flow rate. Equations (4) and (5) are used to calculate the runoff depth Pe (mm) and the peak flow rate qp (m3/s) [35].


   P e   =       ( P    −  0.2 S )   2     P + 0.8 S     



(4)






   q p   =       2.08   A   P   e       0.67   t   c     



(5)




where P (mm) is total rainfall, S (mm) is potential maximum retention, A (km2) is the watershed area, and    t c    (h) represents the time of concentration. S and tc are calculated using Equations (6) and (7).


   S =    2540   CN   − 25.4  



(6)






    t c   =       (  3.28 L  )    0.8      (   Y + 1   )    0.7        1140   Y      0.5       



(7)







In these equations, CN (dimensionless) is the curve number, L (m) is the flow length, and Y (%) is the average slope along the flow path. The runoff volume is calculated as      Q = P   e     A   .



Some of the parameters needed for the MUSLE and SCS equations cannot be populated in the GIS toolkit or manipulated prior to a simulation. For instance, the slope length factor is specific to the watershed being investigated, but it is derived from the internally supplied digital elevation model (DEM). Conversely, management and erosion control factors rely on their site-specific implementation but have a known efficiency range. Other parameters, such as existing soil erosivity (K) and both management practices (C) and erosion control (P) factors, may be pre-loaded.




3.3. Model Inputs


The OEM requires both preloaded and user-defined data to calculate the overland erosion at construction sites. The preloaded data includes the digital elevation model (DEM), curve number (CN), soil erosivity (K), soil gradation, stream segments, and road map inventory. For this research, these data were collected for the state of Texas, from the sources that are presented in the following sections, as a base reference to be used in analyzing overland erosion, but such information for other locations can be uploaded into the model in advance. The user-defined data includes the project’s footprint, start and end date of construction activities, and Best Management Practices (BMPs) that will be utilized by the contractor. Since construction activities may alter elevations, land cover, and soil type, these changes impact surface flow patterns, runoff volume and peak flow, and the overland erosion process and magnitude. Therefore, the user should introduce any changes in DEM, CN, and K due to construction activities. Rainfall is another important input to the overland erosion model, and it is synthesized by using data from the most recent 50 years obtained from the rainfall gauge closest to the bridge construction site.



3.3.1. Preloaded Data


	
Digital Elevation Model (DEM)






The DEM obtained from the United States Department of Agriculture NRCS gateway data [36] was assembled and then clipped with the Texas boundary; the data may be replaced by a new DEM with different resolutions, or DEM of a disturbed construction site to meet the needs of the user. The resolution of the DEM is 10 m, and finer resolutions portend higher quality analyses, but the improved hydrologic analysis comes at the cost of increased computational time. Figure 2a contains the DEM for Texas.



	
CurveNumber (CN)






The CN of a region is associated with its runoff potential, with higher values indicating increased potential for runoff. The curve number, as a raster, was derived from the NLCD (National Land Cover Database), hydrologic soil groups, and the DEM. The HEC-GeoHMS was used in conjunction with a table created from CN values retrieved from a USGS (United State Geological Survey) and Bureau of Reclamation co-authored document [37]. The CN map for Texas is shown in Figure 2b.



	
Soil Erosivity Factor (K)






The soil erosivity factor (K) is a shapefile that references the erosivity of the soil. K is intrinsic to the soil itself and is determined via properties, such as soil texture, organic material, and permeability; however, disturbance of the ground surface may warrant adjusting the values. The default values are provided in the model for undisturbed soils. The soil erosivity (K) was downloaded from the U.S. Department of Agriculture (USDA) web soil survey [38]. The SSURGO (Soil Survey Geographic Database) data was collected for all counties within Texas; each county file was imported and merged with the others. Using the USDA-supplied soil data viewer, the soil erosivity is exported as a GIS recognizable format. Figure 2c shows the soil erosivity shapefile, with an inset to emphasize finer details.



	
Stream Segments






The stream segments as line data that traces the path of waterbodies in Texas, were obtained from the TCEQ (Texas Commission on Environmental Quality) GIS data portal [39]. Stationary waterbodies, such as lakes and reservoirs, are not included in this data set, and the data was not split because of its comparatively small file size. Figure 2d shows the TCEQ stream segments.



	
Road Map Inventory






The GIS data for Texas roadways was downloaded from the Texas Department of Transportation (TxDOT) GIS portal [40] and contains numerous characteristics associated with the road segments they represent. For this model, the number and width of a high occupancy vehicle (HOV) and normal lanes were found and appropriately multiplied and buffered. This created a plan view of the road network footprint, neglecting internal medians, that was used to modify the K and CN values found in the data sets. Conventional paved roads are neither permeable nor readily erodible; therefore, the K value was set to 0.01 and the CN value to 99 to adjust the data sets. The TxDOT Road Map Inventory is displayed in Figure 2e.




3.3.2. User-Defined Data


The GIS toolkit interface and its data entry page are shown in Figure 3.



	
Construction Site Footprint






This variable is a shapefile that is entirely defined by the user. While the input shapefile may be made up of multiple polygons, the model currently only looks at the point where the highest volume of runoff occurs. All hydrologic calculations and resulting sediment loads are based on the point with the greatest contributing volume and corresponding greatest contributing area.



	
Start and End Dates of Construction Activities






These values mark the start and end of each construction activity. The range of dates, inclusive of the ends, are included in the sediment loading point file. The date may be typed in the format mm/dd/yyyy; alternatively, the date picker may be used.



	
DEM Change






A DEM Change variable is provided because earthwork is a normal occurrence in construction processes, and altered elevations could change surface flow patterns. Raster resolution is required to match the resolution of input DEM. This variable is only useful when large quantities of earthwork or earthwork that exceeds a single raster cell coverage is performed. The raster input should show the expected new elevations, not the difference from the existing elevations.



	
Curve Number (CN) Change






Alterations in the site conditions can change how much rainfall an area may absorb and influence the runoff volume and response time. Should noteworthy changes occur, they may be input in the form of a raster that shows the expected conditions, not the difference.



	
Soil Erosivity Factor (K) Change






Disturbance of the ground surface due to construction activities may warrant adjusting the K value. Loosening or compacting soil changes the ease with which it may be carried away with runoff. The new K values may be in the form of polygon shapefiles. This shapefile should be prepared by the user and uploaded if the native soil in the construction area is disturbed, and foreign soil has been used in filling activities.



	
Best Management Practices (BMPs)






BMPs are artificial measures implemented to reduce soil erosion, sedimentation, and non-point source pollution. Different BMPs may be utilized by various sectors to achieve these goals. Examples of agricultural BMPs are conservation tillage, bench terracing, and conservation buffers. In stormwater management for urban areas, BMPs are utilized to remove pollutants from runoff. BMPs may include vegetated swales, retention/detention ponds, raingardens, and wetlands. For this research, the commonly used construction BMPs and their efficiencies were collected from documentation of completed construction projects and a literature review and were pre-assembled as two drop-down lists: structural BMPs and landscape BMPs (Figure 4). BMPs efficiency relates the performance of practice to soil loss reduction. The user may select the type and efficiency of BMPs that are to be implemented. Land management factor (C) and erosion control factor (P) in the MUSLE equation are accounted for via landscape and structural BMPs, respectively.



Structural BMPs account for discrete alterations to the construction site. Examples of structural BMPs are slope benches, silt fences, filter socks, and retention ponds. By default, this parameter is set to the None condition, but selecting the drop-down button allows for each construction activity. Landscape BMPs account for non-discrete alterations to the construction site. Mulching, hydroseeding, and turfing are common landscape BMPs in construction projects. By default, this parameter is set to the None condition, but selecting the drop-down button allows the parameter to be changed for each construction activity.



Should a BMP that is not listed be used or if other modifications are made to existing BMPs, the efficiencies can be changed manually via the corresponding overrides. The user can override the existing value of a landscape or structural BMP from the C or P overrides that reset to 1.0 after each addition. This value is analogous with to do nothing. If the input value is less than 1.0 and greater than 0.0, it will replace the appropriate BMP efficiency. If the value is not within that range, it will reset to 1.0, and the BMP selected will take precedence.





3.4. Rainfall Data


Rain gauge stations are scattered throughout a watershed and are generally more concentrated around major population centers. In addition, the precipitation data are continually being updated with new information. Because of climate change, a static weather model may not be ideal. Therefore, the National Oceanic and Atmospheric Administration (NOAA) Global Historical Climatology Network (GHCN) [41] will be used by the GIS toolkit to retrieve historical records from gauging stations within a set distance from the construction site centroid and will be processed to produce parameters for a 2-parameter gamma distribution. The Pearson Type III distribution, based on a 3-parameter gamma distribution, is widely used in hydrology [42]. The primary use of the third parameter is to have a lower bound that is not located at zero [43]. Since rainfall has a lower bound of zero, the 2-parameter gamma distribution was selected as a suitable substitution, following the work by [44,45]. The rainfall data will be used to produce a random distribution matching the weather statistics of the region being considered. The output will be used as the input for rainfall across the construction site for the SCS flow calculation approach.



3.4.1. Rain Gauge Station Selection


The GIS toolkit selects the appropriate rain gauge station in two major steps. First, a list of available gauges is retrieved from the NOAA GHCN database [41]. Then, a bounding box described by the latitude and longitude pairs of 36.6°, 25.8°, −93°, −107°, respectively, is utilized to select the gauges within the boundary. The current year at runtime (in the GIS toolkit) is retrieved from which two values are produced: the maximum start date of record and the minimum end date of record. In the developed model, these are described as at least 50 years from the current year and at most records ending 5 years from the current year.



After the rain gauge stations have been selected, a basic point distance formula (Equation (8)) will be used to find the closest gauge to the centroid of the construction site.


    d =             ( x   1     −   x   2  )  2     + ( y   1     −   y   2   ) 2      



(8)




where d is distance, x1 and y1 are the rain gauge site latitude and longitude, and x2 and y2 are the construction site latitude and longitude. All distances are measured in decimal degrees (DD).



Because of the Earth’s ellipsoidal shape, the distance between lines of latitude is not identical; however, the spacing between the lines of latitude at the equator and poles change by less than 1.6 km. For this application and narrow extent, the change was considered negligible. The closest site is then used to retrieve the rain gauge data from the NOAA GHCN database [41].




3.4.2. Rainfall Synthesis Methodology


This section explains how the data obtained from the rain gauge station closest to the construction site is used to develop a synthetic rainfall time series. Some simplifying decisions, such as only considering full record years, are made to enable automating the fitting of data to a two-parameter gamma distribution.



It is not appropriate to simulate a time series event by using consecutive single day design storms; therefore, an alternate standardized and reasonably repeatable method is required. To achieve that, each month was individually analyzed, synthesized, and merged with the previous monthly time series, which are equivalent to a 2%, 50%, and 75% chance of monthly occurrences. Those probabilities correspond to the 98th, 50th, and 25th percentiles, which are the required format for the statistical package.



An observation set comprised of n years of daily data for each month will be collated, then a Markov analysis will be performed. The analysis involves finding the probabilities of having consecutive rainy-days, consecutive dry-days, a rainy-day followed by a dry-day, and a dry-day followed by a rainy-day. These values will be counted and divided by their total counts to form a 2 × 2 probability matrix. The critical probabilities will be determined using a linear algebra solver. The two values represent the probability of rain or no rain for a given dataset and account for both the raw number of wet or dry days and the consecutive occurrences of each. Both the initial 2 × 2 probability matrix and stable state probabilities are shown for the Navasota River Bridge site and the month of January 2021 in Table 1.



The gamma distribution parameters will be fit to the observed data using the sums of the individual monthly rainfalls, and the target values for the total monthly rainfall will be determined for the time series probabilities outlined above. The Python package, scipy.stats.gamma.fit, is used to fit the parameter, then an individual gamma distribution fitting of only rainy days will be performed. The sample size will be calculated by using the standard deviation of the total monthly rainfall (  σ )   and Equation (9). In this equation, the value of 1.26 corresponds to a 90% confidence level and an allowable error of 7 mm rainfall from the observational mean.


   n  samples    =     (     1.26   σ   7   )   2   



(9)







The variable nsamples defines the number of random gamma distributions produced. These distributions are the product of rainy days and are therefore representative of potential values if rain occurs each month. A list of random values ranging from 0 to 1 is then produced and evaluated against critical probabilities mentioned previously. If the random value exceeds the probability of a dry-day, the random value is redefined to 1. If the random value does not exceed the probability of a dry-day, the value is redefined to 0. Each random rainfall distribution is multiplied by its own set of redefined random probabilities. The result is a synthetic rainfall time series that respects the local rainfall probabilities and the rainfall volume for a month-specific single event. These time series are nsamples large per month.



Finally, the sums of the nsamples time series are compared against the target monthly rainfall sums. The target monthly rainfall sums are produced by fitting a gamma distribution to the individual observed monthly rainfall sums. Then, the target percentiles are input into the distribution; the target monthly sums are output, and those that are closest to the targets are selected for each probability range. Both the synthetic rainfall volume and rainy-day occurrence are confined but random events. Through the sample size calculation, a statistically reasonable number of random time series can be generated to reflect the target sums from the observation data. After the initial production of these synthetic time series, they are only referenced and not reproduced for each consequent construction activity in a simulation. A synthetic rainfall generated for the Wilson Creek bridge construction site, Texas, U.S. is presented in Figure 5.






4. Study Area


The Wilson Creek bridge construction site on highway FM 2478 between the town of Prosper and the city of McKinney, Texas, U.S. was selected to evaluate the performance of the overland erosion model. The bridge is part of a roadway expansion project that is expanding the two-lane highway to six lanes. The construction of the bridge was proposed in two phases: a northbound bridge was constructed in Phase I, and the southbound bridge was completed in Phase II. Figure 6 shows the location of the bridge construction site and the nearby gauge stations.



The Wilson Creek watershed originates in Collin County and is 196.8 km2. The creek is 46.6 km long and discharges into Lavon Lake, which is located on the East Fork of the Trinity River. The bedrock in the Wilson Creek watershed consists of Austin chalk [46]. Wilson Creek lies within the Blackland Prairie, which expands through North Texas to the southwest of San Antonio [47] and is dominated by swelling clay soils (Vertisols according to the World Reference Base for Soil Resources (WRB)) that are prone to widescale surface erosion [48]. The land use in the watershed is comprised of residential and undeveloped agricultural areas. Flow in the upper part of the creek is intermittent but becomes more perennial in its lower reaches due, in part, to runoff from municipal water uses [49].



The Wilson Creek watershed is in a humid subtropical climate area characterized by hot and humid summers and mild to cool winters. The temperature typically varies from 2 °C to 35 °C. The prevailing winds are from the south for 10 months; however, strong winds from the north can occur frequently in January and February. The average mean hourly wind speeds are the highest in March (19 km/h) and the lowest in August (13 km/h).



The weather stations closest to the Wilson Creek bridge construction site are the Frisco USC00413370 and McKinney US1TXCLL026 stations. The Frisco station is located 7.2 km southwest of the construction site, and the McKinney station is 12.9 km southeast (Figure 6). The rainfall data recorded at the Frisco station was selected in this study because of its closer proximity to the bridge sites and based on field observation, better represents the rainfall amount and timing at the construction site. The historical maximum, mean, and minimum annual precipitation at this station are 1850, 1013, and 592 mm. Rain is the dominant precipitation type in the watershed, and on average Frisco receives 25 mm of snow per year. The precipitation data recorded at Frisco and McKinney stations between December 2020 and December 2021 is shown in Figure 7. In 2021, a total of 1041 mm of precipitation was recorded at the Frisco station.




5. Field Monitoring


The overland erosion was monitored at the Wilson Creek bridge construction site, and four 3 m × 3 m erosion plots were installed in February 2021 on the north and south sides of the creek, downstream of the bridge location (Figure 8a). The plots were constructed on different slopes, soil conditions, and surface covers based on the available space near the construction site. The components of the plots were the conveyance unit, storage tank, filtering mesh, and boundary (Figure 8b). The erosion plot was constructed to collect sediment moving towards the creek during storm events. Sediment deposited in the storage tank of each plot was collected after each storm from March to December 2021 and was sent to the lab for weight measurement and particle size analysis. The weight of the sediment was used to estimate the soil loss from the bounded area in each plot. The measured overland erosion data were compared with the result from the GIS toolkit overland erosion model to evaluate its performance.



	
Erosion Plot 1






Erosion Plot 1 was constructed on the south side of the creek (Figure 9a). The ground surface was vegetation-free and consisted of very fine to very coarse materials. The average surface slope inside the plot was 5.4%. Plot 1 was used for estimating the erosion of undisturbed soil from March to May 2021. Six overland erosion sediment samples were collected and analyzed from this plot.



	
Erosion Plot 2






Plot 2 was constructed on the north side of the creek (Figure 9b). The ground surface was vegetation-free and consisted of very fine to very coarse materials. The topsoil in this plot was much more compact than that in Plot 1. The average slope inside the plot was 5.9%. Plot 2 was used for collecting the overland erosion from undisturbed surface conditions until May 2021, after which it was used for collecting soil erosion data from disturbed surface conditions. The topsoil inside the plot was raked during each visit to disturb the soil. Seventeen samples were collected and analyzed from this plot.



	
Erosion Plot 3






In April 2021, Plot 3 was constructed beside Plot 1 on the south side of the creek before Plot 1 was removed (Figure 9c). This plot was also constructed in a vegetation-free area with the same soil type as Plot 1. The average slope inside Plot 3 was 10.4%. This plot was used to collect the samples from disturbed and undisturbed soil surface conditions. The topsoil was raked during each visit, and eroded material samples were collected until June 2021. Plot 3 was removed after the implementation of slope protection BMPs at the end of June 2021. Five samples were collected and analyzed from Plot 3.



	
Erosion Plot 4






Plot 4 was constructed on the south side of the creek in an area with vegetative cover (Figure 9d). The eroded soil samples obtained from Plot 4 were compared with the sediment obtained from other plots constructed in areas with no vegetation. The average slope of Plot 4 was 7.3%. Eight samples were collected and analyzed from this plot.



The erosion plots were visited after each rainfall event. They were inspected regularly, and the sediment in the storage tanks was collected and measured to determine the amount of soil loss from the erosion plots during the storm event. A total of 36 sediment samples were collected from 4 erosion plots during the monitoring period and were transferred to covered, watertight containers to prevent leakage or spillage. They were then transported to the lab, where they were filtered to separate the sediment particles from the sediment-water mixtures, dried, and weighed to obtain the weight of soil loss from the plots during a storm event. They were filtered, using Whatman filter papers that were 15 cm (6 inches) in diameter with a pore size of 2.5 microns. The filtered samples were dried in an oven at 105 °C before the dry weight was measured.



The content of gravel, sand, silt, and clay in the sediment samples was measured by gradation and hydrometry tests. A gradation analysis was performed according to the American Society for Testing and Materials (ASTM) standard procedures [50] to classify the soil collected from the erosion plot. Several U.S. standard sieves ranging from No. 4 (4.75 mm) to No. 200 (75 μm) were used to determine the soil grain size.



A hydrometry test was conducted for the portion of the sediment sample that passed through sieve No. 200. The soil was mixed thoroughly with dispersing agents and water and poured into a cylinder with additional water. A hydrometer was used to take readings at specific time intervals. The result of the hydrometry test was combined with those of the sieve analysis for a complete gradation curve of the material or just for the fine material.



The data obtained from the recorded rainfall data at the Frisco rain gauge station (Figure 7) and the dry weight of sediment deposited in storage tanks were used to develop relationships between the rainfall amount and soil loss from erosion in Plots 1 to 4. These relationships are plotted in Figure 10. In developing these relationships, the dry weight of the sediment was plotted against the cumulative rainfall amount recorded between two site visits. For example, between the time when Plot 1 was installed and the first visit on 2 March 2021, there were four rainfall events with amounts of 65, 0.5, 1.8, and 2 mm. The cumulative rainfall for this period was 69.3 mm, which was plotted against the 1568 g of sediment collected during this visit. The relationships between the sediment yield and the rainfall show a moderate correlation with R2 of 0.6 and 0.5 for Plots 1 and 4 and a higher correlation with R2 of 0.8 for Plots 2 and 3. Figure 10 shows that plots with steeper slopes of trend lines were more susceptible to overland erosion. Plot 1 and Plot 4 showed the highest and lowest amounts of surface erosion during the monitoring period, respectively. Plot 4 was covered with native vegetation; therefore, a low erosion rate was expected. Plots 1 and 3 were constructed side by side; however, Plot 3 showed a lower erosion rate even though its soil surface was frequently disturbed by raking. Plot 3 was constructed on a much steeper surface than Plot 1 (10.4% vs. 5.4%). Plot 2 had the same slope as Plot 1, but it exhibited a lower erosion rate than Plot 1, even though it was raked frequently. The more compact soil on the north side of the construction site could be the reason for the moderate erosion rate in this plot. It should be noted that due to the limited length of the erosion plots, the runoff might have reached the plot outlet very quickly before forming concentrated flows. Thus, the erosion process in this plot might have been only due to the sheet flow.



The gradation curves of the eroded soils from each plot during the monitoring period are shown in Figure 11a–d. The eroded soils were primarily composed of clay, silt, sand, and a small percentage of gravel; the D50 of samples collected from each plot varied from 0.3 to 0.9 mm. No significant difference in the composition of eroded soils from Plots 1 to 4 was observed. A representative gradation curve for each plot was developed by averaging all gradation curves of that plot. The representative gradation curves for Plots 1 to 4 are shown in Figure 11e.




6. Wilson Creek Bridge Construction Site Overland Erosion Model


The overland erosion at the Wilson Creek bridge construction site was estimated for two scenarios: without-construction and with-construction. The without-construction scenario was simulated to evaluate the general performance of the model in predicting the natural erosion and sedimentation process in the study area. Neither construction activities nor BMPs were considered, as the lack of construction activity meant that the site’s DEM, CN, and K were unchanged and there was no need for BMPs, as the site condition remained the same during the modeling period. Other inputs to the model, such as project footprint and rainfall were the same for both scenarios. The with-construction scenario was considered to assess the bridge construction effects on overland erosion and to compare the model results with the field data and observations.



Model Setup


The GIS toolkit estimates overland erosion using the MUSLE equation, which requires information about the watershed characteristics and rainfall, as broadly discussed in Section 3. Implementing the MUSLE in a geospatial format, however, requires different raster and vector input variables that are prepared by an automated iteration system. This section discusses the use of the geospatial input and intermediate datasets that were produced by the overland erosion model (OEM) for the Wilson Creek bridge construction site. Figure 12 illustrates the calculation steps used by the MUSLE-based overland erosion model and its six computational layers. These layers are discussed in the following.



	
Layer 1: Site Footprint






The user manually-created bridge construction site footprint and the buffer analyst tools from the Arcpy package will be used to generate the construction site’s area of interest (AOI) for the overland erosion model. Arcpy is a library that is used to produce automated geospatial calculations on the raster and vector input variables. The model generates a buffered layer based on the construction footprints covering the entire construction site, and the buffered layer is used as the main layer for clipping the required dataset in the MUSLE model. Users must manually produce the construction site footprint, and the model will automatically generate the AOI, based on a predefined buffer size. The size of the buffer zone is a function of DEM resolution, i.e., 10 m in this study.



The Wilson Creek construction site footprints were created based on field observations and are illustrated in Figure 13a. The total area of the footprints on the north side of the construction site is 1552 m2 (16,705 ft2) and on the south side is 2349 m2 (25,284 ft2). The footprint was considered the same for both the with- and without-construction scenarios.



	
Layer 2: Sub-watershed Selection Process






After introducing the construction site footprints, the centroid of these areas will be calculated by the model and the nearest sub-watershed (HUC-12) from the watershed depository dataset stored in the GIS toolkit package will be selected. Figure 13b shows the Wilson Creek watershed determined by the model. The selected watershed zonal coordinates (xmin, xmax, ymin, ymax) delineate the DEM corresponding to the study area on a larger scale. The DEM of the study area should be introduced manually by the user (the DEM layer for Texas is provided in the toolbox installation files) and stored as a pre-requisite file in the model’s setup package. Once the DEM has been imported to the model, it is delineated, using a hypothetical rectangle that is based on the watershed’s zonal coordinates. The delineated DEM is used in the spatial analysis fill toolbox to clean up the DEM from local depressions (sinks) before clipping it to a smaller area based on the site footprint. The DEM-filled (DMF) is the base layer that generates the flow direction and flow accumulation maps discussed in the following. Figure 13c shows the delineated DMF based on the site footprint. The construction site elevation ranged from 187 m (613.5 ft) to 198 m (649.6 ft). Since the DEM was not changed significantly due to the construction activity, the DMF was considered the same for both with- and without-construction scenarios.



The OEM uses the DMF to create the flow direction (FDR) and flow accumulation (FAC) raster datasets, based on the construction site footprint. Figure 13d shows the FDR raster dataset for Wilson Creek that was generated using spatial analyst tools in the Arcpy Python package. In a raster cell of flow direction, a drop of water can move in eight different directions. The inset in Figure 13d shows the possible directions for the water in each cell and the corresponding number representing the flow direction (FDR). The flow direction raster map identifies the cumulative number of cells that flow into each cell. A concentrated flow has a higher value of flow accumulation (FAC). Figure 13e illustrates the flow accumulation (FAC) maps for Wilson Creek’s northern and southern construction sites. The flow direction (FDR) and flow accumulation (FAC) directly affect the area of the contributing watershed and the average slope length factor (LS_mean), calculated in Layers 3 and 4, respectively.



	
Layer 3: Creating Contributing Watershed






The third layer of the OEM uses the FAC and AOI to find the pour point of the contributing watershed on each side of the construction site. Once the pour point is defined, the watershed generator toolbox in the Arcpy spatial analyst tools can be used to generate the contributing watershed of the bridge construction site, using the FDR and pour point location. The OEM delineates the appropriate contributing watershed, based on the buffered construction site footprints. Figure 13f shows the contributing watersheds for the north and south sides of Wilson Creek. The contributing watershed area significantly affects the sediment yield generated by the MUSLE model. The delineated contributing watershed for the south part is estimated as 1735 m2 (18,675 ft2), while the north side contributing watershed area is calculated as 1378 m2 (14,832 ft2).



	
Layer 4: Calculating Hydrologic and Watershed Components






The overland erosion model produces buffered site footprints, DMF, FAC, FDR, and the contributing watershed geospatial variables required to calculate the sediment yield, using the MUSLE method. In Layer 4, the OEM uses geospatial datasets from Layers 1 to 3 to collect the appropriate hydrologic and watershed components from the depository dataset and the DEM-generated slope of the contributing watershed. The FDR is used to delineate the curve number (CN) and soil erosivity factor (K) from the depository dataset. Figure 13g shows the delineated CN map, where it can be seen that the CN values ranged from 63 to 98. The OEM used an average value of CN for each side of the creek to calculate the runoff volume. The CN map shown in Figure 13g was produced for the pre-construction condition and does not reflect any construction activity. The changes to CN caused by construction activities were introduced to the model at this step as a homogeneous raster dataset.



The soil erosivity factor (K) was used to produce the K map for the construction site footprints on the north and south sides of the creek, as shown in Figure 13h. For the without-construction scenario, the average value of K for the north side was 0.17, and for the south side was 0.20. It should be noted that the south side soil consists of two erosivity classes, including K = 0.17 for areas close to the stream and K = 0.24 for up-bank areas (Figure 13h). The model uses the invert distance weight function to calculate the impact of each soil class and to estimate the average K value, which was approximately equal to 0.20 for the south side.



Construction activities change the K value of the construction site. The overland erosion model is designed to consider a single value as the average K for the entire affected area for each construction activity. For example, Figure 13i shows the activity footprint for site clearing on the north side of Wilson Creek that covers an area of 338 m2 (3638 ft2). The grading activity footprint occurred after the site clearing, in an area of 251 m2 (2701 ft2). As shown in Figure 13i, the footprint of the grading activity overlaps with the site clearing footprint and requires the user to calculate a new K value based on the weighted average method and to introduce a single average K layer that represents the effect of all activities with overlap footprints. The green dash line in Figure 13i shows the merged area affected by grading and clearing with an average K value of 0.25. Since both activities have a K value of 0.25 in this project, the weighted average of K, in this case, is also 0.25. A weighted average K value was calculated for each construction activity for the entire site footprint on the north and south sides of the creek.



	
Layer 5: Construction Activity Duration and Rainfall Generator






The duration of each construction activity is introduced by entering its start and end date, and the BMPs that have been implemented may be introduced in this step. Bridge construction activities from 1 February 2021 to 31 November 2021 were considered and nine different activities were simulated. These activities and their durations are listed in Table 2.



The GIS toolkit produces a set of synthetic daily time series that correspond to the 98th, 50th, and 25th percentiles of monthly rainfalls. Each time series is unique to that month, and the rain gauge is located near the construction site. The nearest rain gauge station to the Wilson Creek bridge site is the Frisco gauge station. In the present study, the recorded rainfall was exported from the Frisco precipitation gauge station, located 7.2 km southwest of the construction site, and imported to the model instead of producing synthetic rainfall scenarios to evaluate the overland erosion model performance.



	
Layer 6: MUSLE Model






A sediment yield calculation is iterated for each construction activity defined by the user. The sediment load tables are generated as the model outputs with corresponding sediment gradation, which are the required variables to run the in-stream sediment transport model of the toolkit.





7. Assessment of Overland Erosion Model Performance


The performance of the OEM for the Wilson Creek bridge site area was assessed by using the results from modeling the without-construction scenario and comparing them with the values estimated by other methods and field data. The start/end dates were entered into the toolkit from 1 January 2021 to 24 December 2021 as a one-year simulation period. Neither construction nor BMPs were considered, as the lack of construction activities meant that the site’s DEM, CN, and K were unchanged and there was no need for BMPs, as the site condition remained the same during the modeling period.



7.1. Model Results for Without-Construction Scenario


The outputs of the OEM include sediment yield and gradation of the eroded materials. Figure 14 shows the rainfall events and the daily sediment yield from 1 January to 24 December 2021 for the north and south sides of the creek, as well as the combined sediment yield from both sides. It can be seen that the sediment yield from the south side was greater than that from the north side. The maximum estimated sediment yields from the north and south sides were 1.5 and 8.7 tons/day, respectively. The minimum sediment yield for the days with rainfall that caused soil erosion was estimated as 0.1 tons/day in total for both sides. The total annual sediment yields from the north and south sides were 9.3 and 42.6 tons/year, respectively, with corresponding sediment yield per unit area of 5.8 kg/m2/year (23.3 tons/acre/year) and 18.6 kg/m2/year (74.7 tons/acre/year), respectively.



Gradation of the eroded soil was also generated by the OEM for both the north and south construction sites. The soils were classified into three categories: sand, silt, and clay. Table 3 shows the fraction and average diameter of the soil particles for each side of the construction area.




7.2. Comparison with Universal Soil Loss Equation (USLE) Method


The soil loss for the north and south construction sites was calculated using the USLE method, which uses Equation (1) to calculate the annual soil loss rate due to rainfall. The rainfall erosive energy R for the Wilson Creek bridge site is 295 [22]. From Figure 13h, it can be seen that the average K values for the north and south construction sites are 0.17 and 0.19 (weighted average of 0.17 and 0.24), respectively. These values were extracted by the GIS toolkit from the SSURGO database. The average slope length factor (LS) was calculated by the GIS toolkit as 0.7 and 4.11 for the north and south sites, respectively. These values were confirmed by hand calculations and the table and graph presented in [22] for calculating the LS factor. Because no management practices and erosion controls were implemented in the without-construction scenario, the C and P values were taken as 1.0. The soil loss rates for the north and south construction sites calculated using Equation (1) were 8.7 kg/m2/year (35.1 tons/acre/year) and 59.9 kg/m2/year (242.5 tons/acre/year). The USEL equation parameters and estimated annual soil loss rates are summarized in Table 4.



All of the eroded materials from a watershed may not enter streams or other waterbodies. The sediment delivery ratio is the ratio of the sediment yield (the portion of eroded material that enters the river or waterbody) to the total soil loss. In this study, the sediment yield was estimated by the OEM (Section 7.1), and the total soil loss was estimated using the USEL method (Table 4). The sediment delivery ratio for the north and south sides was 66% and 31%, respectively. The delivery ratio in areas with gully and streambank erosion is usually higher than that for sheet and rill erosion in up-bank areas, and since the Wilson Creek construction site is a mix of steep streambanks and areas with smaller slopes, the estimated sediment delivery ratios are within the ranges reported for Texas watersheds [51].




7.3. Comparison with Soil Loss from Erosion Plots


The sediment yields for the north and south construction sites were computed using the relationships developed between the rainfall and weight of the soil loss measured for Plot 1 (south side) and Plot 2 (north side), which are shown in Figure 10. The sediment yield for each day with recorded rainfall at the Frisco station, from 1 January to 24 December 2021, was calculated and totaled to obtain the annual sediment yield. The annual sediment yields for the north and south construction sites were estimated as 1 and 4.6 tons/year, respectively. These values are significantly smaller than estimated sediment yields by the OEM for the north and south sites, i.e., 9.3 and 42.6 tons/year. The reasons for such differences could be attributed to the plot size and soil conditions of the plots. Due to their limited length (3 m), runoff that developed inside the plots might have reached the outlet quickly, before forming concentrated flows. Hence, the erosion process in the erosion plots might have just been due to the sheet flow. In addition, the soil conditions in each plot may not completely represent the entire construction site. For example, the surface slope of Plot 1 is 5.4%, while the average slope of the south construction site is 18%. The curve number (CN) for Plots 1 and 2 are 63 and 84, while this parameter varies between 48 and 86 on the south side and 84 to 89 on the north side (Figure 13g). Both the surface slope and the CN play significant roles in the volume of runoff, peak runoff discharge, and therefore the soil erosion rate. The soil erosivity factor (K) in Plot 1 (=0.17) is also different from the average K for the entire south construction site (=0.19) (Figure 13h). Despite the differences between the results from the OEM and erosion plots, however, both methods show that the annual sediment yield from the north site is 22% of the annual sediment yield from the south site.





8. Effects of Bridge Construction on Overland Soil Erosion


The OEM’s estimates of the daily sediment yield from 1 January to 24 December 2021 are shown individually and collectively in Figure 15; the rainfall events are also shown in this figure. The contribution to the sediment yield was higher from the construction site in the south than from the north. The maximum estimated sediment yields from the north site and the south site and the total value from both sites were 1.7, 11.1, and 12.8 tons/day, respectively. These values correspond to 1.2, 6.4, and 4.1 kg/m2/day. The minimum sediment yield for days with rainfall causing soil erosion was estimated as 0.1 tons/day for both sides. The total annual sediment yields from the north and south sides were 10.3 and 51.2 tons/year. These results show that the average sediment yield from the north and south construction sites increased by 11% and 20% because of construction activities. Figure 16 shows the period of each construction activity and compares the daily sediment yields for the north and south construction sites, for both the without-construction and with-construction scenarios. The total annual sediment yield from both sides was 61.5 tons/year (or 19.8 kg/m2/year), which is 18.5% higher than the without-construction scenario’s annual sediment yield.




9. Discussion


The developed GIS toolkit was set up for the Wilson Creek bridge site for two scenarios: without-construction and with-construction. A one-year simulation period, from 1 January 2021, to 24 December 2021, was selected for both scenarios, and the recorded rainfall for this period was used in the simulations. The without-construction scenario was performed to evaluate the toolkit performance in simulating overland erosion in the absence of any construction activities. The with-construction scenario simulation was conducted to assess the impact of bridge construction on overland erosion in Wilson Creek and compare the modeling results with the field data observations.



The overland erosion was monitored using erosion plots at the Wilson Creek bridge construction site, and data pertaining to the amount of rainfall was collected from the station closest to the construction site. The relationships developed between the amount of rainfall and the soil loss from erosion show that the erosion rate depends on the land cover, soil composition, degree of compaction, and length and slope of the overland flow path. The field data and observations provided information on the physical parameters, enabled the evaluation of the effects of bridge construction on overland erosion, and helped ground-truth the GIS predictive toolkit.



The performance of the OEM was evaluated by comparing the model results with the annual soil loss values estimated using the USLE method and field data. The application of the GIS toolkit in the Wilson Creek bridge construction site shows its potential in predicting the impacts of bridge construction projects on overland erosion.



9.1. Comparison with Soil Erosion from Other Construction Sites


The maximum increase in the daily sediment yield for the Wilson Creek construction site is estimated at 0.15 kg/m2/day (north side), 1.38 kg/m2/day (south side), and 0.83 kg/m2/day (both sides). The sediment yield estimated for the north side is much smaller than the south side because of the smaller slope and soil erosivity factor K (Table 4). It is also comparable with the increase in the suspended sediment yield from a road construction site upstream of the Susquehanna River in Pennsylvania, U.S. where the increase in suspended sediment yield was measured as 3.85, 3.70, and 30 tons/h during three major construction activities. These values correspond to 0.085, 0.027, 0.1 kg/m2/day [26].



The maximum increase in yearly sediment yield for the Wilson Creek construction site is estimated as 0.73 kg/m2/year (north side), 5 kg/m2/year (south side), and 3.1 kg/m2/year (both sides). Similar to the maximum daily sediment yield, the increase in annual sediment yield for the north side is much smaller than for the south side. The total sediment yield from both sides of the creek is comparable with reported values for the Pennsylvania Route 15 relocation and reconstruction, during which an additional 9100 tons of suspended sediment were introduced to the downstream creeks from the construction areas. The annual sediment yields due to construction activities in two watersheds in the project area were estimated between 2.8 and 3.9 kg/m2/year [52].




9.2. Limitations of the Model and Future Direction


The toolkit is designed as an ArcGIS add-in with a pre-populated database for the state of Texas, U.S., but it can be used for any bridge construction site when the local database is imported. The performance of the toolkit was assessed using field data and observations at the Wilson Creek bridge construction site. The toolkit showed a promising performance; however, to reduce modeling uncertainties, develop an understanding of the uncertainties, and increase the accuracy of the approaches and model capabilities, the tool is to be applied at six bridge sites with a wide range of sediment characteristics.



Future research is required to assess alternative methods for defining eroded sediment characteristics from a typical construction site and to make recommendations for specific procedures that could be applied to bridge construction projects. The use of online soil databases, such as the SSURGO, has the advantage of ease of use but may not reflect conditions that have been altered from previous construction projects. Field sampling has the benefit of identifying more precise soil data but adds cost and requires standard procedures for the location and acquisition of the samples. Because the construction footprints for bridge projects are small compared to the scale of the soil surveys, field assessment of the soils may be required to determine accurate soil properties.



Future research will investigate using POLARIS soil data [53] in the toolbar instead of SSURGO. POLARIS is a probabilistic soil property map of 30 m over the contiguous U.S. It provides improved local prior distributions of soil parameters for land surface and hydrologic models. Soil sampling from six bridge sites will be collected to verify soil gradation obtained from SSURGO and POLARIS.



The soil erosivity K factor for the Wilson Creek bridge site (with-construction scenario) was selected based on judgment and values reported in a limited number of references. Future research can be performed to determine K for different soil types and conditions that represent typical bridge construction sites. Indoor or outdoor erosion plots can be designed and utilized for this purpose.





10. Conclusions


Eroded materials released from bridge construction sites may alter sediment regime and geomorphological conditions of receiving streams and may have short- and long-term impacts on aquatic habitats. Field monitoring and numerical modeling efforts have been reported in various road and bridge construction projects where attempts were made to assess the impacts that the construction might have on the stream sediment regime and aquatic habitats. However, no predictive model has been available to quantify the potential release of sediment during the construction of bridges. Therefore, a GIS-based Predictive Toolkit has been developed to estimate the overland erosion in bridge construction sites.



The preliminary evaluations showed promising results; however, the model needs to be applied to a large number of bridge construction sites to assess its performance in different settings and to increase its accuracy in estimating overland erosion and sediment yield.



Implementing the results of this research and utilizing the developed GIS toolkit will allow bridge design improvements that minimize the downstream effects and select effective BMPs. By applying this tool in bridge construction sites, transportation agencies and authorities may predict the project impacts and require contractors to implement measures to avoid or minimize such impacts.
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Figure 1. Overland erosion model input flowchart. 
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Figure 2. Pre-populated base data in the GIS toolkit for the state of Texas: (a) Digital elevation model (DEM), (b) Curve Number (CN), (c) Soil erosivity factor (K), (d) Stream segments, and (e) Road map inventory. 
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Figure 3. (a) GIS toolkit interface, and (b) Data entry space. 
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Figure 4. Pre-assembled commonly used construction BMPs available in the GIS toolkit: (a) Structural BMPs, and (b) Landscape BMPs. 
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Figure 5. Synthetic rainfall time series generated by the overland erosion model for the Wilson Creek bridge construction site, Texas, U.S. 
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Figure 6. Wilson Creek bridge construction site on highway FM 2478, McKinney, Texas, U.S. and nearby precipitation and discharge gauge stations. 
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Figure 7. Rainfall data at McKinney and Frisco stations, Texas, U.S. in 2021. 
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Figure 8. (a) Location of erosion plots on the north and south sides of Wilson Creek downstream of the bridge location, and (b) Erosion plot No.1 and its components. 
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Figure 9. Erosion plots installed at the Wilson Creek bridge construction site (all plots were 3 m × 3 m × 0.3 m). 
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Figure 10. Relationship between the soil loss weight and cumulative rainfall depth from storms that occurred between two site visits to erosion Plots 1 to 4. 
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Figure 11. (a–d) Gradation curves of eroded soils from erosion Plots 1 to 4 during the monitoring period of March to December 2021, and (e) Representative gradation curve for Plots 1 to 4. The dates represent the site visits when the samples were collected from the plots. 
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Figure 12. Calculation process of the GIS toolkit overland erosion model, based on the MUSLE method. 
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Figure 13. Wilson Creek (a) north and south bridge construction site footprints, (b) Texas HUC pieces used as repository dataset and selected watershed (HUC-12) for Wilson Creek by the model, (c) digital elevation model (DMF), (d) flow direction (FDR), and flow direction (FDR) values for eight different directions around a cell in raster dataset, (e) flow accumulation (FAC), (f) contributing watersheds, (g) curve number (CN), (h) soil erosivity factor (K), (i) footprint of clearing and grading activities in the north construction used in the calculation of weighted average soil erosivity factor (K). 
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Figure 14. Sediment yield at the Wilson Creek bridge site for the without-construction scenario and daily rainfall records at the Frisco station. 
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Figure 15. Sediment yield at the Wilson Creek bridge site due to overland erosion in construction areas and daily rainfall records from the Frisco station. 
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Figure 16. Comparison of with-construction and without-construction daily sediment yields at the Wilson Creek bridge site due to overland erosion and duration of construction activities. 
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Table 1. Probability and Stable State Matrices for the Navasota River Bridge Site, Texas, U.S. (33°14′00 to 33°14′30 N; 96°43′25 to 96°44′20 W) and the Month of January 2021.
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	State
	Dry
	Wet





	Dry
	0.821
	0.179



	Wet
	0.617
	0.383



	Stable state
	0.775
	0.225










[image: Table] 





Table 2. Wilson Creek Bridge Construction Activities and Implemented BMPs.
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Construction Activity

	
Date

	
BMPs




	
Start

	
End






	
Site clearing

	
1 February 2021

	
10 March 2021

	
Silt fence-north side




	
Grading

	
11 March 2021

	
26 March 2021

	
Silt fence-north side




	
Temporary access road

	
27 March 2021

	
10 April 2021

	
Silt curtain and rock trap across the creek




	
Drilled shafts

	
11 April 2021

	
3 May 2021

	
Silt fence along the creek edge on both sides/Rock trap




	
Foundations/piers/abutments

  Southside

  Northside

	
 

4 May 2021

3 June 2021

	
 

2 June 2021

14 July 2021

	
 

Silt fence along the creek edge on both sides (after 15 May)/Rock trap (until 29 May)/Vegetation BMPs on the south side (from 3 June)




	
Backfilling

	
3 June 2021

	
14 July 2021

	
Silt fence along the creek edge on both sides/Vegetation BMPs on the south side




	
Slope formation

	
15 July 2021

	
29 July 2021

	
Vegetation BMPs on south side/Rock trap




	
Superstructure

	
30 July 2021

	
30 November 2021

	
Vegetation BMPs on south side/Rock trap
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Table 3. Fraction and Average Diameter of Eroded Soil Particles from the North and South Sides of the Wilson Creek Construction Site Developed by the OEM for the Without-construction Scenario.
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Sediment Class

	
Ave. Diameter (mm)

	
Fraction (%)




	
North

	
South






	
Sand

	
0.25

	
9

	
10




	
Silt

	
0.016

	
21

	
32




	
Clay

	
0.002

	
70

	
58
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Table 4. USLE Method Parameters and Estimated Annual Soil Loss Rate, Sediment Yield, and Sediment Delivery Ratio for Wilson Creek’s North and South Construction Sites.
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	Site
	R
	K
	LS
	C
	P
	Soil Loss, A 1

(kg/m2/Year)
	Sediment Yield 2

(kg/m2/Year)
	Sediment Delivery Ratio (%)





	North
	295
	0.17
	0.7
	1
	1
	8.7
	5.8
	66



	South
	295
	0.2
	4.11
	1
	1
	59.9
	18.5
	31







1 Calculated using Equation (1). 2 Estimated by the overland erosion model (OEM).
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