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bstract

Unsealed roads and tracks are potentially significant sources of diffuse pollutants, particularly sediment. This paper describes
he application and development of a road erosion and sediment transport model in the Moruya-Deua and Tuross River catchments
f southeast Australia. An empirical model based on the Washington Road Surface Erosion Model (WARSEM) is applied using
ypically widely available spatial data sets and field-collected data. The results suggest that approximately 21 kt and 35 kt of sediment
espectively are produced annually from road erosion in the Moruya-Deua and Tuross River catchments, but that less than 10% of
he sediment is delivered to streams. Surprisingly, about half of the delivered sediment is derived from only 4% of the total road
etwork. Testing of the model shows that the model outputs are likely to overestimate road erosion rates. To address this problem,
atchment-specific testing of the factors of the model and improving knowledge of the processes of road to stream sediment transport
re required.

2008 IMACS. Published by Elsevier B.V. All rights reserved.
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. Introduction

The significance of unsealed roads to off-site water quality decline is well recognised, especially in forested catch-
ents [1,2,8,12,18,19]. For example, erosion rates from unsealed roads have been shown to be four and six orders

f magnitude higher than undisturbed hillslope areas in the US Virgin Islands [19] and coastal southeast Australia
2], respectively. It is therefore critical to understand road erosion and sediment delivery processes, and to quantify
otential road-derived sediment contributions for the effective management of water quality at catchment scales.

Techniques for quantifying erosion from roads include the use of road-side and stream monitoring, sediment tracing
nd modelling. Each has its inherent advantages and limitations. For example, sediment traps are inefficient for
stimating the contribution of fine sediment [19]. It is difficult to distinguish road-derived sediment from other sources
Please cite this article in press as: B. Fu, et al., Modelling erosion and sediment delivery from unsealed roads in southeast
Australia, Math. Comput. Simul. (2008), doi:10.1016/j.matcom.2008.10.001

sing stream monitoring techniques. Environmental tracing results are affected by stream water geochemistry, organic
atter and particle size sorting [9], and the interpretation of tracing results can hence be difficult [10]. Environmental
odels have the advantages of catchment-scale application and prediction beyond current conditions, but model

alibration and testing are difficult without access to appropriate data for comparison.
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Road erosion models are relatively less developed than hillslope erosion models which have been a focus of active
research and development over the last half century. A review of road erosion models has been completed by Fu and
Newham [11]. The findings of the review are summarised below:

• many road models adapt theories of hillslope erosion processes, and the inherent limitations of the ‘parent’ models
are retained;

• the data required as inputs to road models are seldom routinely collected;
• many road models show a significant bias towards simulating erosion process, with much less consideration given

to delivery process;
• for management application, simpler models are potentially more directly useful; and
• model testing and uncertainty analysis is seldom reported, but is fundamental to advance capability in road erosion

modelling.

This paper describes the application and modification of a road erosion and sediment delivery model to assess road
erosion in the Moruya-Deua and Tuross River catchments of southeast Australia.

2. The road model

2.1. Model selection

The scope of this study requires the road model to estimate contributions of road sediment at a catchment scale,
be relatively simple, have modest data requirements, and be testable. The Washington Road Surface Erosion Model
(WARSEM) was selected as a basis for the road model for the following reasons:

• it can be applied at catchment scales;
• it incorporates many of the major factors thought to control rates of road erosion;
• it can be used for management purposes;
• it can be implemented as a GIS-based model;
• it has flexibility to be modified and applied in different environmental settings;
• most data required for the model are available or can be routinely collected in the field; and
• the characteristics of the physical environment where WARSEM was developed (e.g. rainfall, dominant lithology,

landuse, and topography) is similar to the Moruya-Deua and Tuross River catchments.

2.2. WARSEM

WARSEM is an empirical model used to estimate long-term average sediment delivery from roads to streams. It was
developed by the Washington State Department of Natural Resources [6]. WARSEM was developed as a Microsoft
Access database application, but has been integrated into a GIS model (SEDMODL) [6]. WARSEM is spatially
distributed by road segment. It can be applied at large catchment scales and the effects of a variety of best management
practices can be simulated to aid catchment decision-making.

WARSEM considers sediment sources from multiple features, including the road surface, the table drain, and
cutslope. A base erosion rate is estimated as a function of average annual rainfall. This rate is multiplied by a
series of factors that act to increase or decrease the base erosion rate. The delivery of road-derived sediment to
a stream is modelled using a sediment delivery ratio based on the study of Megahan and Ketcheson [16]. The
factors are derived from literature on the effects of changes in road characteristics on road erosion and sediment
delivery [6]. A maximum of 15 data inputs are required but these vary according to the intended purpose of the
Please cite this article in press as: B. Fu, et al., Modelling erosion and sediment delivery from unsealed roads in southeast
Australia, Math. Comput. Simul. (2008), doi:10.1016/j.matcom.2008.10.001

modelling [6]. These inputs include annual average rainfall, road surface materials, vegetation cover, slope, traf-
fic and maintenance, and the contributing area for the road surface, cutslope and table drain. The factor-based
approach used in WARSEM has many similarities to the Universal Soil Loss Equation (USLE) [21]. The factors
of WARSEM are directly related to road surface erosion while those of the USLE are estimated for agriculture
lands.

dx.doi.org/10.1016/j.matcom.2008.10.001
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ig. 1. The location of study catchments (left) and the distribution of road network in the study catchments (right). The spatial data describing the
ocal road network were obtained from the Department of Environment and Climate Change, NSW.

. Description of case study catchments

The Moruya-Deua and Tuross River catchments are located along the southeast coast of Australia (Fig. 1). The
nnual average rainfall ranges from approximately 700 mm to 1100 mm declining from east to west. The Moruya-Deua
iver drains a catchment of approximately 1500 km2. The Tuross River Catchment is located to the south and adjacent

o the Moruya-Deua catchment. It has a total area of approximately 2100 km2. Both catchments are dominated by
ative eucalypt forests with metasedimentary lithologies.

The Moruya-Deua and Tuross River catchments have road lengths of 1120 km and 2090 km, respectively, with road
ensities of 0.75 km/km2 for the Moruya-Deua River Catchment, and 1.00 km/km2 for the Tuross River Catchment.
ost of the roads are located in the lower parts of the catchments and have highest densities in forest areas (Fig. 1).
oads in these areas were constructed for access for forestry harvesting and associated activities and for fire suppression.

Approximately 89% and 97% of the roads are unsealed in the Moruya-Deua and Tuross River catchments, respec-
ively. Most of the unsealed roads have slopes between 10◦ and 30◦. The road surface is typically worn gravel. A total
f 72 and 124 unsealed road crossing of perennial and intermittent streams in the Moruya-Deua and Tuross River
atchments have been estimated from the available GIS data. It is likely that a larger number of road stream crossings
re present when minor drainage links are considered. The proportions of the roads that are within 100 m to the stream
etwork in the Moruya-Deua and Tuross River catchments are 23% and 20%, respectively.

. Road modelling for the study catchments

.1. Model structure

Cutslopes are not considered in this study because their stability was assessed as moderately high across the study
atchments through field-based inspection. The road model modified from WARSEM [6] and used in this research is
escribed below:
Please cite this article in press as: B. Fu, et al., Modelling erosion and sediment delivery from unsealed roads in southeast
Australia, Math. Comput. Simul. (2008), doi:10.1016/j.matcom.2008.10.001

Ed = EAcSDRR−S (1)

E = EbGf Ff Sf Tf L W (2)

Eb = 3 × 10−5R1.5 (3)

dx.doi.org/10.1016/j.matcom.2008.10.001
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Table 1
Factor values for the road model.

Factor Class Factor value

Geology (Gf) Metasediment 5
Granite 5
Others 1

Surface (Ff) Sealed 0
Unsealed arterial road 0.5
Unsealed subarterial road 0.5
Unsealed local road 0.7
Unsealed track vehicular 1
Unsealed path 1

Road slope (Sf) <5% 0.2
5–10% 1
>10% 2.5

Traffic (Tf) Arterial roads 10
Subarterial roads 10
Local roads 2
Track vehicular 1

Path 0

Contributing area proportion (Ac) – 0.7

SDRR−S = max

(
0,

103.6e−D/32.9 − 4.95

100

)
(4)

Here Ed is the total sediment delivered to a stream from each road segment (kg/yr); E is the road surface sediment
yield from each road segment (kg/yr); Ac is the contributing area proportion (percentage); SDRR–S is the sediment
delivery ratio from road to stream (dimensionless); Eb is an erosion rate based on average annual rainfall (kg/m/yr);
Gf is a geologic erosion factor (dimensionless); Ff is a road surfacing factor (dimensionless); Sf is a road slope factor
(dimensionless); Tf is a traffic factor (dimensionless); L is the segment length (m); W is road width (m); R is average
annual rainfall (mm/yr); and D is the distance between road drain outlet and streams (m) (assuming that the maximum
sediment travel distance is 100 m).

The factor values are based on those of WARSEM [6], with modifications corresponding to available data on the
catchment geology, surface, and traffic. The values used are listed in Table 1.

Field investigation of the study area suggests that the distinctions of different road configurations (i.e. insloped,
outsloped and crown) are not simple. Most often, a road segment has a combination of different configurations. Thus,
instead of using road configuration to estimate road surface contributing area (as in WARSEM), a fixed contributing
area proportion (Ac) factor is used. The Ac is the percentage of road surface that has effective runoff delivered to the
drain outlet. The remaining road surface delivers diffuse runoff to the lower hillslope from the road side. Considering
the low energy in diffuse roadside runoff and high levels of ground cover in the catchment, this proportion of the road
surface is assumed not to deliver sediment to streams.

4.2. Model application

The application of WARSEM in the Moruya-Deua and Tuross River catchments is divided into three steps: (i)
spatial data processing, (ii) modelling, and (iii) summarising and mapping. The spatial data processing involves using
an Arc Macro Language (AML) script to generate spatial inputs for the model. This is followed by modelling sediment
yields and delivery for each segment using Microsoft Access. ArcGIS is used to summarise and map the results. The
Please cite this article in press as: B. Fu, et al., Modelling erosion and sediment delivery from unsealed roads in southeast
Australia, Math. Comput. Simul. (2008), doi:10.1016/j.matcom.2008.10.001

processes are illustrated in Fig. 2 and the details on how the spatial data were obtained are described below.
The spatial data used for the application of the model are a 25 m digital elevation model (DEM), geology coverage,

and a road network coverage. All data were obtained from NSW government agencies. The road network data contains
the classification of the roads based on their function (primary, arterial, subarterial, local, track and path), and road

dx.doi.org/10.1016/j.matcom.2008.10.001
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Fig. 2. The processes of road modelling for the study catchments.

urface (sealed or unsealed). These data are representative of what is available for remainder of southeast Australia
nd hence this study provides a strong basis for further application of the model outside the study catchments.

For using WARSEM, it is necessary to know the segment length, width and slope for all road segments in the road
etwork. However, these data are not available in the study area, and surveying all roads is impracticable. Thus, the
verage segment length and width extrapolated from field measurements were used to divide roads into segments,
ssuming the segment length and width are constant for roads of the same function (arterial, subarterial, etc.). The
oad slope was calculated by determining the difference in elevation of both the ends of a road segment from digital
levation data, and the length of the segment. The road surface is assumed to be planar between the ends of a road
egment.

Field measurements such as segment length, width, and the contributing area proportion were collected for selected
oad segments. A road segment was identified as the length of a road that flows to a drain. The ends of a road segment
re a hilltop, or mitre, culvert, stream crossing, or the end of a road. Road drain outlets were located using a hand held
PS. A distance-measuring wheel was used to measure the length of the road segment and a measuring tape was used

o measure the width of a road segments (defined as the road surface area that bears traffic). The contributing area
f the road surface proportion was recorded based on observation. Four types of roads were sampled: arterial roads,
ubarterial roads, local roads, and tracks. The number of segments, and the length and width of roads are summarised
Please cite this article in press as: B. Fu, et al., Modelling erosion and sediment delivery from unsealed roads in southeast
Australia, Math. Comput. Simul. (2008), doi:10.1016/j.matcom.2008.10.001

n Table 2.
An annual average rainfall surface was produced by ordinary kriging, using data from 49 rain gauges within and

urrounding the catchments obtained from the Australian Bureau of Meteorology databases. The mean value of average
nnual rainfall at the two ends of a road segment was used for model input for each segment. The road-to-stream distance

able 2
ummary of the number of sampled segments and the average length and width.

oad type Arterial Subarterial Local Track

umber of segments 25 12 20 20
verage segment length (m) 50 100 70 55
verage road width (m) 5.4 3.9 3.2 2.8

dx.doi.org/10.1016/j.matcom.2008.10.001
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was calculated using the flow distance of the road end with lower elevation. A flow distance grid was obtained through
analysis of the DEM data. The geology of the road was obtained directly from an overlay of the road network with the
available spatial data.

4.3. Results

The overall modelled estimates of sediment yields from unsealed roads of the Moruya-Deua and Tuross River
catchments are approximately 21 kt/yr and 35 kt/yr, respectively. About 9% and 6% of the sediment is delivered to
the streams in the Moruya-Deua and Tuross River catchments. Model simulations show that the roads that deliver
sediment to stream network account for approximately 16% and 14% of the total road lengths in the Moruya-Deua
and Tuross River catchments, respectively. The distribution of erosion rates and sediment delivery are shown in
Fig. 3.

Three roads are identified as having consistently high sediment delivery: the Araluen Road in the Moruya-Deua
River Catchment; and the Eurobodalla-Reedy Creek Road and the Bourkes-Wadbilliga Road in the Tuross River
Catchment. All of these roads are either arterial or subarterial roads, which have higher traffic levels, are typically
wider than other types of unsealed roads, and are typically adjacent to major streams. The Araluen Road, which
constitutes 2.6% of the total road length in the catchment, is estimated to deliver approximately 820 t/yr of sediment to
streams, equivalent to about 64% of the total road-derived sediment in the Moruya-Deua River Catchment. The road
segments of the Eurobodalla-Reedy Creek Road and the Bourkes-Wadbilliga Road that deliver sediment to streams
are only 1.4% of the total length of road in the Tuross River Catchment but deliver 35% of the total sediment in that
catchment.

Fig. 3. Road surface erosion rate (left) and sediment delivery (right) in the Moruya-Deua and Tuross River catchments.

dx.doi.org/10.1016/j.matcom.2008.10.001
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5. Management options

The factors used in the model that can be changed for management practices include the road surface type, traffic
volume, road contributing area proportion and segment length (controlled by drain spacing). Re-gravelling or sealing
native dirt roads leads to a lower surface factor in the model. Reducing the traffic volume results in lesser disturbance
of the road surface, hence lesser estimated erosion. Changing the road configuration, increasing the proportion of
outsloped surface of a road segment (within safety standards) can reduce the road contributing area proportion, hence
reduce sediment delivery (but not erosion). Shortening the road segment length by addition of drains can reduce the
volume of road runoff and hence the possibility of delivering sediment to the streams [13]. Currently, consideration of
the road length is not included in the sediment delivery model, and hence its impacts on sediment delivery cannot be
identified but are discussed later.

Three scenarios were run for selected road segments: (i) re-gravelling the road surface, which reduces Ff by 0.4;
(ii) reducing traffic level, which reduced Tf by 3; and (iii) reducing road contributing area proportion, which reduced
Ac by 0.3. These scenarios were applied on the roads that were identified as having high sediment yields, with a total
management length of 60 km, equivalent to 1.8% of the total road length. The results show that re-gravelling on these
roads can reduce the sediment delivery by 35–50% in both catchments. Nearly a third of sediment delivery can be
reduced if the traffic levels are reduced. Simulations showed that among the tested scenarios, reducing the effective
road contributing area by changing the road surface configuration is the least effective means of reducing sediment
delivery.

6. Discussion and recommendations

6.1. Model testing

Model testing and uncertainty analysis are critical for developing an understanding of model outputs [14]. However,
they are seldom reported for road erosion and delivery models [11]. The factors limiting model testing and uncertainty
analysis include access to data of sufficient quantity, and of appropriate spatial and temporal resolution and reliability
for comparison against the model outputs, and the large inherent variability in the data. There is unfortunately no data
available for direct testing of the performance model applied in this study. However, two indirect tests were undertaken.
The first compared the modelled outputs of sediment delivery from road model with the monitoring data of sediment
yields from the river gauges of the Moruya-Deua and Tuross River catchments just upstream of the tidal reach [4,5].
The second means of testing the model involved a comparison of the model outputs for a road network in southeast
Australia [20].

The annual average sediment delivery from roads is compared with event-based suspended sediment loads in 2005
[4,5] (Table 3). The suspended sediment loads were estimated using a log discharge-concentration regression [15], with
consideration of the time shift between the concentration and flow to account for hysteresis between concentration and
flow. The road-derived sediment accounts for 30% and 80% of the total sediment loads in the Moruya-Deua and Tuross
River catchments, respectively. Direct testing of the road model could not be made from the event-based suspended
sediment loads due to the difficulty in estimating accurately the inputs of other sediment sources, sediment deposition,
and the differences in the time frame of modelling and monitoring. However, such comparison may suggest that the
outputs on road sediment delivery are within the reasonable magnitudes for the study catchments.

A one-year monitoring program of road erosion was conducted during 2002–2003 in the Central Highlands area of
the Great Dividing Range, Victoria [20]. These data are used to compare against the predicted outputs of WARSEM
based on the published road conditions. The comparison between the modelled and measured erosion rates is illustrated
in Fig. 4. Overall, the road model slightly overestimates generation from most road segments. Significant overestimation

Table 3
Comparing sediment delivery from roads, and total SS yields in 2005 [4,5].

Catchment Road sediment (t/yr) Total sediment (t/yr) Road sediment proportion (%)

Moruya-Deua 1300 3800 34
Tuross 1400 1700 82

dx.doi.org/10.1016/j.matcom.2008.10.001
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Fig. 4. Comparison of annual road erosion rates between observed [20] and modelled values. Estimated erosion rates for segments R8–10 are
significantly higher than observed values, possibly due to the overestimation of traffic and surface factors.

of sediment generation is made for segments R8, R9 and R10 relative to the observed data. The significant overestimation
of road erosion rates for these segments is likely due to the overestimation of sensitive factors such as traffic and surface
factors.

6.2. Model improvement through collection of monitoring data

The fundamental uncertainty in this study is the application of an empirical road erosion model outside the area
in which the model was originally developed. An investigation on the response of erosion of the road surface on the
various factors is required to adapt the model to Australian conditions and to build confidence in the model outputs.
The method recommended for such investigation includes field monitoring of road surface erosion rates under a range
of likely factor conditions. For example, the response of road surface erosion resulting from changes in road slope can
be quantified using rainfall simulators to measure sediment runoff at different slopes while holding other factors such
as annual rainfall, geology, surface and traffic constant. These investigations are beyond the scope of this study, but
they are important components for future research to improve the reliability of road erosion modelling using WARSEM
and more generally to develop capability in road erosion models.

The model application is largely based on widely available data in southeast Australia, and some limited field
measurements. However, monitoring data such as the location of the drains (i.e. the segment length), road width, road
slope, more detailed traffic levels and road surface conditions are lacking. As a result, uncertainty in model application
on individual segments can be high. In this study, model inputs on segment length and width were based on a small
subset of roads sampled and, as resources allow, steps should be taken to address this data gap.

Road monitoring programs are expensive. However, the results of this paper suggest that most of the sediment
delivered to the streams is derived from a very small proportion of the road network. Hence improving road monitoring
programs on the identified critical road erosion sections will improve confidence in model predictions. This iterative
approach combining data collection and modelling can be applied to other catchments, to refine monitoring programs
based on the results of preliminary modelling from generally available data, and then to refine the model application
by improving the quality of the monitoring data.

6.3. Sediment delivery ratio

In WARSEM, the SDRR–S is a function of the distance between the road drain outlet and streams. However, it is
argued that the contributing road area is also an important factor affecting the volume of sediment delivered to streams
Please cite this article in press as: B. Fu, et al., Modelling erosion and sediment delivery from unsealed roads in southeast
Australia, Math. Comput. Simul. (2008), doi:10.1016/j.matcom.2008.10.001

[3,13]. This is because larger contributing areas produce larger volumes of runoff, which have greater potential to reach
streams.

Hairsine et al. [13] estimate the probability of road runoff reaching the streams based on both the distance between
the road drainage outlet and streams, and the road contributing area. But, there has been no investigation to relate

dx.doi.org/10.1016/j.matcom.2008.10.001
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ydrological connectivity to SDRR–S. It is believed that conceptually the hydrological connectivity model [13] has the
road behaviour expected for sediment. When the road drainage outlet is very close to the streams, the SDRR–S is
igh regardless of the road contributing area. However, when the road-stream distance increases, the road contributing
rea becomes important. A large road contributing area keeps the SDRR–S high, even the road to stream distance is
arge. Data are needed to test this conceptual framework for sediment and generate a sediment delivery model. If this
elationship is identified, the impact of changing drainage spacing on sediment delivery can then be modelled, and
reater confidence placed on the model outputs.

.4. Management implications

Identifying the likely locations of highest sediment generation from a road network is itself effective at identifying
pportunities to control erosion. Field inspection of such sites may quickly reveal whether the generated sediment
s being delivered to areas of concern in problematic quantities, and whether the best solution is improved road

anagement and drainage or improved off-road practices such as detention ponds. On the other hand, simply identifying
he sediment delivery potential of road segment is also useful to identify potential road segments for further investigation
r monitoring on sediment generation, and to assess alternative road or drainage locations to control sediment from
oads [7].

Models containing stochastic variables can be used to define the probability of erosion. WARSEM does not use
probabilistic approach for prediction, but this approach has been used in other erosion models. For example,
egahan et al. [17] used Monte Carlo simulation to predict the probability of occurrence of sediment yields from

ranitic fillslopes in Idaho, USA, under various levels of ground cover density. Such probabilistic modelling can be
ntroduced in WARSEM to help land managers define the risks from road erosion, as well as assess management
lternatives.

. Conclusions

Unsealed roads are recognised as an important source of diffuse sediment requiring robust models for their
ssessment. In this study the WARSEM road erosion model was applied to identify critical road segments
or sediment delivery. WARSEM was modified according to data availability in the study catchments. These
ata are also generally available in southeast Australia, making it possible to apply a similar model in other
reas.

It was found that approximately half of the road sediment delivery is derived from only 4% of the roads in the
oruya-Deua and Tuross River catchments. Improved management of these critical road segments can cost effectively

educe sediment inputs. Sediment delivery was assessed under three management scenarios. Re-gravelling was found
o be the most effective management option in reducing sediment delivery.

Two approaches have been used to indirectly test the model outputs: (i) using monitoring data of sediment load
rom the catchment outlet; and (ii) comparing erosion rates reported for Victorian forest roads. Both testing approaches
uggest that the road model may overestimate erosion rates and sediment delivery, likely due to the overestimation of
ensitive factors such as traffic and surface.

Due to the limitation of the road measurement data, the uncertainty of the model may be high. However, the model
rovides a useful starting point for more detailed analysis and objective and transparent method of identifying priority
ites for management intervention. Investigation on the response of erosion rates on various sensitive factors such as
raffic, slope, surfacing, and SDRR–S should be the focus of future research. A conceptual framework is suggested to
stimate SDRR–S as a function of both the distance between the road drain outlet and the steam, and the road contributing
rea. With such research greater confidence can be placed in the outputs of the modelling and effective management
f sediment inputs can be achieved.
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