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The Road Sedimentation Problem

Road Prism Structure and Drainage Patterns

Forest roads are at the core of modern forestry, providing quick, economical access to the wooded areas. To facilitate forest operations in areas managed for timber production, a well developed network of roads must exist.. As engineered structures on the landscape, forest roads have the potential to disrupt the drainage characteristics of the watersheds they traverse by altering their natural flow patterns. (Schiess and Whitaker 1986). In order to keep the road prism in good condition and avoid structural damage, roads are outfitted with drainage features. 
Cross drain systems have originally been devised as an engineered solution for reducing the adverse effects of excess water within the roadway. They are commonly composed of culverts placed at key locations along the road alignment that drain the side ditch of its accumulated water. Positioning and spacing of these culverts are essential for keeping the road prism in a well functioning state. With the recent evolution of road design into a more environmentally aware paradigm, a new challenge for the cross drain systems has surfaced. Due to their intrinsic properties of intercepting and rerouting sediment-laden ditch water, cross drain systems emerged as a potential solution to the stream sedimentation problem. Thus, in addition to the functionality dictated by the prism health state, another prerequisite was added: to reduce sediment delivery to stream networks. 

Designing cross drain systems to meet this new functionality asks for an analysis of the potential amount of sediment delivered by each culvert. In order to reduce sediment delivery, a cross drain must divert the sediment-laden water from the road ditch onto the side slope where it can be dispersed and filtered prior to reaching a stream (Figure 1). 

The filtering capabilities of a side slopes vary with location as micro-topography and vegetation conditions fluctuate (Section: Sediment Production and Delivery Mechanisms). An effective reduction of the sediment delivery from a road network requires a certain number of culverts strategically placed to take advantage of local filtering capabilities (Figure 2). It is important to note that these locations may not always coincide with optimal locations for prism drainage but are not mutually exclusive.

When the amount of sediment available for delivery at a particular culvert location exceeds the lateral slope’s filtering potential sediment could still reach the stream. These cases are often met where a road is located too close to the valley bottom or a cross drain is placed too close to a stream crossing.
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Figure 2: Cross drain system dispersing sediment. The red arrows indicate sediment routing direction
Policy and Design Restrictions

Cross drain spacing is seen as an essential aspect of sedimentation reduction. Generally, cross drains are to be spaced at regular intervals along the road. The distance between culverts is provided as a function of road grade, side slope, average distance above streams, road surface condition and use, precipitation, and soil erosion potential. The rules also specify that the distance between a stream crossing and the first upslope cross drain is important to the volume of sediment delivered and recommend that a culvert should be installed 50 to 100 feet above all stream crossings (WA Forest Practices Board Manual 2000).

Using these guidelines makes it possible for an experienced professional to design a functional cross drain system. However, one potential draw back of spacing cross drains at regular intervals is that the site filtering potential might not be fully exploited. In areas highly susceptible to sedimentation, a non-uniform spacing of culverts to take advantage of local terrain and lateral sediment retention capabilities might be more suitable. 

The Need for a Specialized Cross Drain Design Tool

The contemporary emphasis on modeling the processes that lead to erosion and sediment transport resulted in a well represented collection of computer programs.. They are focused on accurate modeling of sedimentation processes but do not provide the means for minimizing total sediment delivered, especially important when designing cross drain systems. None of these tools actively address the question of how culvert placement impacts sediment delivery to stream networks.  
There is presently no methodology that allows a road engineer to quantify the effects of varying culvert spacing or selecting specific culvert locations, on sediment delivery to streams. The absence of such a design tool makes it more difficult to take culvert spacing into account as an effective solution for reducing sediment impacts from forest roads.

Goal:

· Investigate culvert placement as a method for reducing sediment delivery to stream networks from forest roads.

Objectives:

· Develop a software program that allows engineers to quantify the effects of varying culvert location along a road network with the following properties:

· Spatially explicit – associates sedimentation to precise locations on along the road.

· Integrated with a standard geographic information system platform.

· Efficient - evaluates alternatives in a timely manner without using external programs of procedures.

· Ease to use.

Concepts

The Cut-Off Culvert

In order to analyze cross drain systems design and minimization of sediment delivery from forest roads we introduce the term Cut-Off Culvert. The cut-off culvert is any culvert that directs water across a vegetated hillslope. Typically cutoff culverts are placed solely to reduce ditch erosion and maintain ditch flow capacity. Concurrently they can also be used to reduce the direct delivery of sediment-laden water from the road’s ditch by diverting it onto the forest floor where a major part of the sediment will be filtered out and retained prior to entering the stream (Section: Cross Drain Systems and Sediment Reduction). From the sediment reduction standpoint, the cut-off culvert’s location is crucial to the well functioning of a cross drain system. Figure 4 shows the effects of placing a cut-off culvert at different locations along a road segment.

The volumes of overland delivery (OD) from culvert C after filtering and direct delivery from ditch (DD) are represented by the two colored areas. The total sediment delivered is given by the summation of these two areas and fluctuates with culvert placement. Assume that the amount of sediment produced by the road prism is constant in all three cases, the side slope has uniform filtering capabilities and the lateral filtering is proportional with the distance the sediment must travel downhill this side slope. It can be noticed that by placing culvert C closer to the stream intersection increases its lateral delivery potential while it decreases the direct delivery from ditch (Figure 4b). Conversely moving culvert C away from the intersection gives more filtering power but also leaves more contributing area for direct delivery (Figure 4c). The question of ideal placement of a cut-off culvert becomes a question of maximizing the filtered sediment (ND) at the expense of direct delivery (DD) and overland delivery (OD)
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	a. Initial set-up
	b. Culvert moved towards the stream crossing
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	OD – Amount of sediment from overland delivery

DD – Amount of sediment from delivered directly by the road ditch

ND – Amount of sediment not delivered (filtered)

	c. Culvert moved away from stream crossing
	


Figure 4: Effects of moving cut-off culvert C along the road alignment. To minimize sediment delivery the sum of overland delivery OD and direct delivery DD has to be minimized by increasing filtering ND.

Minimization of Sediment Delivery for a Simple Case

To explore the optimal location of a single cut-off culvert a simplified case scenario was built (Figure 5). A straight 150m long road segment, of constant grade, crossing a uniform slope hillside intersects a stream at an angle (. The sediment generating factors along the road segment and the filtering characteristics of the side slope are invariable. A cut-off culvert is placed at a random location along the road alignment. A direct delivery distance through the ditch (d) and a sediment- filtering potential characterize every possible location. 


[image: image5]
Figure 5: Analysis setup for a single cut-off culvert scenario

The water dispersed by the culvert in question usually travels towards the stream on a sinuous path following the local topography (flow distance). For simplification purposes assume that the side slope’s topography is uniformly flat and this flow path is identical to a straight perpendicular to the stream (Euclidian distance). The generic term: overland distance (o) refers here to the Euclidian distance between culvert and stream (Figure 5).

The sediment filtering potential expressed here as the proportion of total available sediment delivered to stream (F), varies with the overland distance (o) as well as other site-specific factors like: soil types, local gradient and vegetation cover. Because the overland distance (o) is in this case proportional with the direct distance (d) it can be stated that the filtering potential (F) is also proportional with the direct distance (d). By expressing F as a function of d the total sediment delivered to the stream can be budgeted with Equation 1:
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Equation 1: Total sediment as a function of culvert location d

T = total sediment delivered (kg)

K = sediment production rate (kg/unit length of road prism)

L = total road length

F = fraction of sediment delivered (non-dimensional)
The minimum delivery T is obtained when:
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Equation 2: Optimal culvert location d

The optimal location for cut-off culvert C can be obtained by solving differential Equation 2 for d. It can be noticed that the optimal location of C is not dependent on the sediment production rate K but only on the road-stream geometry and the local filtering characteristics.

Exploring Optimization of Cross Drain Systems

Elaborating on the simple geometry single culvert case scenario presented above, the question of further minimization of sediment delivery with the introduction of additional culverts was explored. Another experiment was conducted where two adjacent culverts were moved away and toward each other in an attempt to obtain a reduction in sediment delivery. The setup for this experiment is seen in Figure 8. Note that the essential simplification of flow path distance being identical to the Euclidian distance was maintained from the previous case (Section: Minimization of Sediment Delivery for a Simple Case)
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Figure 8: Setup for the two cross drain experiment

The total sediment delivered was recorded again using WEPP:Road. All WEPP sediment-modeling parameters set in the previous experiment (one culvert scenario) were kept unchanged. The stream intersection angle ( was set at 45(. Starting with the cut-off Culvert1 in the optimal position previously determined at 60 m from the stream, the total sediment delivered was computed with Culvert 1 and Culvert 2 at several different locations. Due to the high number of possible combinations of 10m increments over a 150 m road segment only a few were fully explored. Table 1 present the results of this experiment. The sediment delivery to stream S was reduced by as much as 58 % with the cross drains at 30 and 90 m away from the stream crossing as compared to the case of a single cut-off culvert in optimal location. Other possible combinations may further improve this result. It can be inferred that the addition of a third culvert at a key location could decrease sedimentation even more.

Table 1: Reduction of total sediment delivered (overland and ditch) with 2 culverts; road is 150m long, 4 m wide; stream crossing angle is 45 degrees.  Configuration 12, with Culvert 1 at 30 m and Culvert 2 at 90 m from stream crossing delivers the least sediment.

	Config.

No.


	Culvert 1 location
	Culvert 2 location
	Sediment Delivered
	Sediment

Reduction

	
	(m)
	(m)
	(kg / yr)
	(%)

	0
	60
	-
	2661
	0

	1
	70
	100
	1471
	45

	2
	70
	110
	1497
	44

	3
	60
	100
	1284
	52

	4
	60
	110
	1349
	49

	5
	60
	90
	1290
	51

	6
	50
	100
	1217
	54

	7
	50
	90
	1227
	54

	8
	40
	100
	1125
	58

	9
	40
	90
	1140
	57

	10
	40
	80
	1219
	54

	11
	30
	100
	1165
	56

	12
	30
	90
	1112
	58

	13
	30
	80
	1132
	57


CULSED- A Decision Support Tool for Cross Drain System Design

a specialized computer program named “Culvert Locator for Sediment Reduction” (CULSED), was developed to help optimize x-drain locations. The program is a GIS based decision support tool focused on assisting engineers during cross drain system design. Its primary function is to assess the sediment delivery at each culvert location and graphically display it on the computer screen such as users can immediately ascertain the validity of a design decision. CULSED gives users the ability to add, move and remove cross-drain culverts, dynamically evaluating the total sediment impact to the stream network from the analyzed road system. Culverts can be represented with graduated symbols proportional to their sediment delivery (Figure 11). The question of minimizing sediment delivery is thus transposed to a question of minimizing symbols on screen. The total sediment delivered by the road is displayed at all times during the analysis stages and changes with every modification performed to the cross drain system. The program has no automated procedures for achieving absolute minimization of total delivery but provides the users with the means to compare culvert locations and identify good solutions.
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Figure 1 (29): Flow Setup and Sediment Analysis have been run. The existing culverts are snapped to roads, culverts are automatically placed at stream crossings and a volume of sediment delivered is associated with each culvert. The user places cross drains to reduce sedimentation.

CULSED is implemented as an ArcGIS extension that seamlessly integrates with the standard ArcGIS package being able to access all the existing functionality and providing a familiar interface and ease of use. Running CULSED requires at the minimum a GIS road layer, a stream layer, and a digital elevation model. Additional information such as: road surface, road age, road grade, soil and parent material and side slope vegetation cover may also be used during the sediment modeling stages. 

At the core of CULSED is a suite of three modeler modules: the Road Ditch Model, Sediment Production Model and Side Slope Filtering Model. The Road Ditch Model is a simplified representation of the road’s drain ditch, modeling the flow of water along it. This module makes the following assumptions:

· All roads are insloped 

· There is continuous ditch along every road segment in the network

· Water flows along the ditch and spills out only at culverts and ditch ends

· All culverts are functioning within designed parameters

The Sediment Production Module used by CULSED follows the methodology outlined in the Washington Department of Natural Resources Standard Method for Conducting Watershed Analysis to compute the amount of sediment generated by the road prism (Appendix AThe sediment delivered by each culvert is calculated in response to various user triggered events as the sum of the sediment produced by all contributing road segments multiplied by the filtering potential at that particular location (Equation 4).

The total sediment delivered by the entire road drainage system is thus given by sum of all contributing culverts (Equation 5).
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Equation 5 Total sediment delivered by road

Results of a Cross Drain Redesign Application

In order to proof the concept of the cut-off culvert and demonstrate its applicability in a real world case scenario, several road settings were examined within the context of a forest harvest plan. The goal of these experiments was to reduce the total sedimentation from an existing road network by redesigning its cross drain system to make better use of sediment dispersion and filtering potential on vegetated side slopes. As the cost of the resulting drainage system had not to exceed the original cost, the total number of cross drains could not be increased. CULSED was used to compute the amount of sediment delivered by the entire road network at each design alternative during the design process.

North Tahoma Planning Area

The North Tahoma State Forest is an area of approximately 25,000 acres of forested terrain on steep topography, with a well developed road network. It is located along the Nisqually River, near Ashford WA, contained within T15N, R6E and T14N, R6E. This site was chosen for our cross drain design experiment due to its fragmented terrain with many streams and road-stream crossings. A sufficient amount of site descriptive information was available. Digital datasets of existing cross drains, roads and high resolution digital elevation models were obtained from WA DNR. We focused our study on Reese Creek Watershed, a central part of the North Tahoma State Forest (Figure 14). The existing road network in our study area was approximately 42 miles long with 76 stream crossings. The road grade varied between 1 and 19% with an average of 6%. The majority of roads were the typical one lane forest road, 12 ft. width, surfaced with gravel and maintained in good condition. As the roads were relatively old, the side slopes were mostly re-vegetated. A cross drain system was already in place and contained 168 culverts placed according to the standard WA DNR regulation. respectively.
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Figure 14: Shaded relief model of the North Tahoma planning area; green dots represent the original cross drain locations

Original Sediment Delivery

The North Tahoma road network within our planning area was built approximately 10 – 40 years ago. cross drains had been spaced at relatively uniform intervals along the road alignments, a common practice among road engineering professionals (Figure 14). Some cross drain locations had been dictated by the terrain features, as roads went across natural wet spots, draws, swells or other formations that could lead to water saturation of the road prism and cause potential road damage. They were identified and labeled appropriately for the purpose of our analysis (Figure 15). The other cross drains had been placed according to designer’s best judgment and experience in order to reduce ditch erosion and maintain flow capacity.

All existing culvert locations were used as a starting point in our sedimentation analysis. 

Based on local site conditions CULSED produced an associated amount of sediment for both the East and West halves of our planning area. Figure 15 and Figure 16 show maps of the sediment delivery potential in this standard configuration, represented with proportional symbols. The total sediment delivery given by the original cross drain configuration summed up to 67.11 tons/year. This number was computed by an empirical sediment model based on the Washington DNR Manual for Conducting Watershed Analysis. Although the accuracy of this model may be debatable, it provided us with a basis for culvert location comparisons as a relative scale to measure sediment reduction. 
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Figure 16: Initial sedimentation from West North Tahoma road network – 25.18 tons/yr; blue dots represent stream crossings; green dots represent cross drains; red arrows indicate direction of sediment flow along roadside ditch; yellow circles are proportional to the sediment delivered at location; dashed bounding box represents a subset example.

Design Process Example

To illustrate the steps taken during the investigation of a near optimal location for a cross drain culvert, a single stretch of road was analyzed in greater detail. The sample road segment, a part of the North Tahoma network, was chosen for its relatively simple set-up (Figure 16). Starting with the original culvert configuration, a cross drain was relocated progressively towards the stream crossing in five iterations. Sedimentation was graphically displayed with proportional symbols making the effects of each of these possible culvert configurations readily apparent. The goal of the road designer using CULSED was to minimize the sum of sediment delivered by all culverts involved in this operation, expressed in this case by the area of the yellow circles. Figure 17 presents the five design iterations completed in this case. The examination of sediment delivery potential at each of the five steps revealed a minimum at the third iteration with cut-off culvert placed 108 ft away from the stream crossing. This is reflected in the relative size of the graphic symbols associated with the cross drains. 


[image: image13]
Figure 17: Composite map of a culvert placement investigation process; the circle symbols indicate the volume of sediment delivered; lowest sedimentation is obtained at alternative 3.

Sediment Reduction by Cross Drain System Redesign

By applying methods similar to the one described in the “Design Process Examples”, a number of culverts were relocated to key locations in order to achieve sediment reduction for the entire North Tahoma project area. The culverts originally designed for reasons of prism health, identified and marked in the earlier steps of our design exercise, were considered “unmovable” and kept unchanged. The process of redesigning the cross drain system was attempted in stages, for both the East and West subsets of our area. 

The original culvert configuration for the East half of North Tahoma consisted of 39 stream crossings, 22 unmovable drainage culverts and 64 cut-off culverts. This configuration yielded a total of 42.10 tons/year of sediment to the stream network. Acting gradually upon the greatest sediment contributors, relocating the cut-off culverts involved at each of these road settings, we were able to achieve a substantial reduction in sediment delivery. After repositioning approximately 35 cut-off culverts, the total sedimentation of the East area was reduced to 10.04 tons/year, a 76 % percent drop from the original delivery. Figure 18 displays a graphic representation of the final sedimentation. Comparing the relative size of the proportional symbols with the original configuration (Figure 15) the sediment reduction becomes obvious.

An analogous design process was conducted for the West part of North Tahoma. The original cross drain system containing 28 stream crossings, 27 drainage culverts and 55 cut-off cross drains, was potentially delivering 25.01 tons of sediment / year. Redesigning this system involved relocation of approximately 20 cross drains. The final sediment delivery was dropped to 6.33 tons/ year, achieving a 74 % reduction from the initial amount (Figure 19). The graphic quantification of this improvement can be easily noticed when contrasted with the original setup (Figure 16). The total improvement for the entire North Tahoma planning area can thus be quantified at approximately 75 % decrease in sedimentation. A number of 55 cross drains have been moved to new locations. No new culverts have been introduced in the system.
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Figure 19: Sediment delivery from West North Tahoma road network after redesigning the cross drain system – 6.33 tons/yr.  Yellow circles are proportional to the sediment delivered at the respective locations; 74% sedimentation reduction from the original design.

The average distance from the first cut-off culvert to the stream crossing at the end of the design process was 140 ft. A minimum of 55, maximum of 289 and a standard deviation of 59 ft were recorded. These results contrast with the Forest Practices Board recommendation of placing the first culvert within 50 – 100 ft of a stream crossing. The wider range of values produced by CULSED stems from the variability of local conditions: sediment producing factors and delivery potential, characteristic to each road location. The interplay of the direct delivery from ditch and overland delivery from cross drain is what determines the amount of sediment reaching the streams in the near vicinity of a stream crossing. Although general guidelines can be successfully applied in certain average situations, cross-drain location design is best approached on individual bases.

One important aspect to mention is the scope of the analysis carried above. Given that an absolute optimal location is impractical to obtain through experimentation (especially when dealing with a high number of culverts over a large area) a three quarter reduction of sedimentation was considered satisfactory. Further culvert manipulation could lower sedimentation even more but major improvements should not be expected.

Weaknesses and Shortcomings

The most important location for a cut-off culvert is within 100 – 200 ft uphill from a stream crossing, while other locations on the road alignment can have little to no effect on sedimentation. This is especially true on mid-slope roads situated far enough from a stream valley to benefit from full sediment dispersion and filtering on vegetated side slopes. In these conditions, designing a culvert system strictly for the purpose of sediment reduction could lead to an oversimplified drainage configuration. There is a tendency to keep the number of culverts to a minimum as they are neutral to sediment delivery. However, by spacing cross drains too coarsely, long stretches of road are left exposed to ditch scouring and infiltration of ditch water into the road structure. This may impact the maintenance costs and potentially cause road failure as the prism and/or subgrade reach the saturation point. The road engineer’s experience is crucial for the outcome of such a design project.

The benefits of the cut-off culvert are more apparent in regions with steep, fragmented topography, where higher amounts of sediment are produced and transported. Flat areas with low grade roads and few stream crossings do not gain from a complex culvert analysis. Furthermore, modeling flow patterns in these flat areas presents a challenge for the current GIS algorithms, yielding unreliable results. 

A particular GIS problem affecting CULSED analysis is the modeling of the flow-path and generation of streams from a digital elevation model. The raster resolution strongly impacts the outcome of this analysis. The cell spacing determines the minimum increment of the flow path distance measurement and implicitly influences the number of valid culvert locations that can be evaluated along a road segment. Analyzing short road segments with wide cell spacing can render this technique impractical. The standard 10m and 30m DEM can only be used for smaller scale analysis with a larger tolerance for error.

Specific issues related to computer modeling of the cut-off culvert concept currently restrict its wide scale usability. CULSED was designed for insloped roads with a side ditch. The ditch model assumes ditch continuity along all roads segments. A road network containing road types where the side ditch may not be present would be misinterpreted as its sediment flows would erroneously be simulated. 

Sediment production and delivery potential associated with each culvert are computed with empirical models derived for particular conditions in the Northwest of the United States (WA Forest Practices Board 1997, Ketchesson and Megahan 1996). These models were meant to operate on relatively large scales and adjust poorly to the micromanaging imposed by a culvert by culvert analysis. Their absolute results may not always reflect the reality of all case scenarios met in road design. Overestimation of sediment production seemed characteristic for the North Tahoma planning area. Nevertheless, as culvert locations are evaluated on a relative scale, these figures can serve as a basis for comparison and decision support.

Discussion

Importance of Better Models

One major component of cut-off culvert modeling is the flow of surface water from precipitation. Accumulation, canalization and dispersion of this water drive processes of erosion, sediment transport, deposition and infiltration into the stream networks. Cut-off culverts together with the road ditch are directly involved in the local hydrology as man-made structures that reroute water away from its original pathways. To identify and estimate localized stream sedimentation from roads, a successful model has to be able to track the flow direction across the terrain. Flow direction constitutes the starting point of such an analysis, a foundation on which sediment can be associated with relevant locations within the study boundaries. Only after the determining the flow direction can the sediment quantification be performed. Culverts would then be spaced according to their associated amount of sediment. This level of functionality is supported by CULSED, a decision support tool for cross drain design introduced above. An important enhancement to be made to this approach is to evaluate the actual amount of water traveling along the road’s side ditch. By knowing how much water is accumulating at any point on a road alignment, ditch scouring processes could be modeled. Cross drain spacing could therefore take into account scouring in order to avoid problems related to long, unprotected road segments. Moreover, the estimated amount of water flowing through a particular location could serve as a parameter for dimensioning culvert pipes. By examining an actual road set-up, existing culverts susceptible to overflow could also be identified and marked for a potential redesign. 

A common occurrence in GIS environmental analysis also employed by CULSED is the use of raster elevation models (DEM) to describe terrain features. They are in essence a discrete pixel representation of the ground topography. In terms of pixel resolution and generating method, various DEM standards exist but their ability to capture topographic details varies. When performing a detailed analysis as required by cross-drain modeling, the topographic expression is critical to the accuracy of the results. Natural terrain features such as small stream valleys, draws, swells and other low spots influence local hydrology, road layout and implicitly sedimentation. More particularly, in a computer environment they affect the modeling of the flow path, at the base of the cross drain design process. Recently, high resolution DEM, a new standard in terrain modeling have been introduced. Their ability to reveal a lot of the micro-topography makes them suitable for cross drain analysis. The North Tahoma Redesign Project has been carried out on a 6 ft high resolution DEM. A shaded relief of this model clearly illustrates the micro-topographical detail included in that analysis (Figure 20). Although new, this kind of data is rapidly becoming available at lower costs. Organizations such as Puget Sound LIDAR Consortium are developing datasets of large extents. As this technology matures and turns more accessible, the usability of tools like CULSED will increase.
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Figure 20: Topographic detail of North Tahoma, 6ft resolution DEM
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