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ABSTRACT / This study evaluated the effectiveness of two
application rates of a coral-derived surfacing material for
both traffic and nontraffic road conditions using simulated
rainfall (110–120 mm h)1 for 30–90 min) on 0.75-m (wide) ·
5.0-m (long) plots of similar slope (roughly 0.1 m m)1). The
coral is a locally available material that has been applied to
unpaved roads surfaces on Schoffield Barracks, Oahu, Hawaii (USA), where this experiment was conducted. The
simulations show that compared with a bare control plot, the
coral-based surface application rates of 80 and 160 kg m)2
(equivalent to only 10- and 20-mm thicknesses) reduced
road sediment production by 75% and 95%, respectively, for
nontraffic conditions. However, after two passes of the re-

Unpaved roads are important sources of sediment
entering streams worldwide (Reid and others 1981;
Grayson and others 1993; Gucinski and others 2001;
Wemple and others 2001). Roads therefore play a key
role in water quality decline, disruption of stream
ecological processes, and sedimentation in downstream water systems (e.g., Hafley 1975; Cederholm
and others 1981; Reid and Dunne 1984; Fahey and
Coker 1992; Lee and others 1997; MacDonald and
others 1997; Forman and Alexander 1998; Jones and
others 2000). Compared with many other land surfaces, roads contribute disproportionately to the basin
sediment yields because of several interrelated reasons
(Dunne and Dietrich 1982; Motha and others 2004).
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search vehicle during wet conditions, sediment production
rates for the two coral treatments were not significantly different from those on the bare road plots. The overall effectiveness of the coral-derived surfacing material is
unsatisfactory, primarily because the on-road surface thickness associated with the application rates tested was too
small. These rates were selected to bracket those applied to
training roads in the study area. Furthermore, the composition of the coral-based material does not facilitate the
development of a sealed, erosion-resistant surface. When
applied at the low rates tested, the coral material breaks
down under normal traffic conditions, thereby losing its
ability to counter shearing forces exerted by overland flow on
long hillslopes where erosion measures are most needed.
These simulations, combined with observations on roads in
the study area, indicate that this material is not an appropriate road surfacing material for the site—at least for the low
application rates examined. These results are preliminary;
extended testing of higher applications rates at the hillslope
scale under natural climate and traffic conditions is needed
to better judge the effectiveness of this material over time.

Firstly, infiltration is reduced by compaction; therefore, roads have the propensity to generate erosionproducing overland flow during most rain events (Luce
and Cundy 1994; Ziegler and Giambelluca 1997). Furthermore, on shallow soils subsurface flow may exfiltrate from the cutbank (Megahan 1972; Megahan and
Clayton 1983; Wemple and Jones 2003), thereby
enhancing the total on-road overland flow that can
detach and entrain sediment. Road runoff may also
drain directly into the stream channel at low-water
bridges or locations where the road and ephemeral
channels intersect, or form partial or complete linkages with the stream via hillslope channelization
(Croke and Mockler 2001; Sidle and others 2004;
Ziegler and others 2004). In such cases, little opportunity exists for sediments to be filtered in vegetative
buffers (Trimble and Sartz 1957). Roads cut into hillsides on steep terrain exacerbate landslide-related
sediment production by oversteepening cut and fill
slopes, removing support at road cuts, overloading
fillslopes, and concentrating drainage water and
ª 2006 Springer Science+Business Media, Inc.
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diverting it onto unstable hillslopes (Dyrness 1967; Sidle and others 1985; Montgomery 1994; Wemple and
others 2001).
High road sediment production rates occur typically
in the initial years after construction, but elevated rates
can linger for many years, relative to undisturbed
hillslopes (Megahan and Kidd 1972; Swift 1988). High
rates of sediment production persist, in part, because
loose surface material is re-supplied by inter- and intrastorm phenomena, including road maintenance
activities (e.g., Megahan 1984; Swift 1988; Ziegler and
others 2001b) and vehicle traffic (e.g., Sullivan and
Duncan 1981; Burroughs and others 1984; Reid and
Dunne 1984; Bilby and others 1989). Prior studies have
shown the effectiveness of surfacing materials and
vegetation measures in reducing sediment production
on road surfaces (e.g., Beschta 1978; Burroughs and
others 1984; Swift 1984; Kochenderfer and Helvey
1987). In the extreme, Reid and Dunne (1984) determined that a paved road segment at their NW USA site
yielded less than 1% of the sediment produced on a
heavily used gravel road.
Paving and/or regulating usage are not viable options on most secondary roads. In some cases, a practical strategy for reducing sediment production is
resurfacing with inexpensive, coarse-aggregate materials extracted from local burrow pits, gravel bars, and/
or hard rock surfaces (Foltz 1996; Foltz and Truebe
1995, 2003). Erosion-control effectiveness of such
strategies depends on many factors, including surface
application rate (thickness in particular), erodibility of
both the surfacing material and the underlying road,
traffic intensity, and site characteristics, such as rainfall
intensity, slope, and flowpath distance (Foltz and
Truebe 2003). Before application of any surface
material, one should understand the intrinsic properties that affect erosion processes and the resilience of
the material under expected physical conditions
(namely, traffic intensity and climate conditions).
Furthermore, surfacing materials should be evaluated
under natural or simulated conditions before they are
applied (cf. Foltz and Truebe 2003).
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the Hawaii locale. In this study, we evaluate this ability
for two surface application rates via plot-scale rainfall
simulation experiments, for both traffic and nontraffic
conditions. We attempt to answer the following fundamental questions: (1) do the tested application rates
of the coral-derived material mitigate road erosion
processes during high-energy rainfall conditions? and
(2) does any reduction in sediment production afforded by the material occur when the additional stress of
vehicle trafficking is applied?

Background
General material properties and historical use of
coral-derived material (also known as coronous material) for use in road and airfield construction are
summarized by Bullen (2003). These materials are often extracted from land-based, uplifted coral reef formations to substitute for more recognized engineering
aggregates, which may not be economically obtained in
some tropical island and coastal areas. Coral-derived
materials have been used for road surfacing in places
such as Hawaii, the Federated States of Micronesia,
Papua New Guinea, the Solomon Islands, Western
Samoa, Fiji, the Caroline Islands, and various military
installations in the South Pacific (e.g., Bowers 1944;
Corradi 1945; TRRL 1977; Bearkley 1984; Ziemer and
Megahan 1991; Bullen 2003). Although coral-derived
materials appear to be satisfactory for use in unsealed
gravel pavement applications, they do not generally
meet typical requirements for ‘‘high-quality’’ crushed
work—in part, because they often contain an abundance of plastic fines (Bullen 2003). In general, they
do not meet typical engineering specification tests for
road-related applications (e.g., some of the tests discussed by Bofinger and Rolt 1976; Bullen and Heaton
1986; Skorseth and Selim 2000; Foltz and Truebe 2003;
Bullen 2003). Coronous materials, being composed
largely of calcium and magnesium carbonates, are not
subject to substantial mineral alteration; however, significant alteration can occur by compaction, which
often produces additional fines that affect stability of
the surfacing material (Bullen 2003).

Objectives
The objective in this research experiment was to
determine the effectiveness of a coral-derived surfacing
material in reducing sediment production on military
training roads on Schofield Barracks, Oahu, Hawaii.
The coral is a locally available material in Hawaii that
was being used on the military base at the time of
testing. To our knowledge, it had never been examined
rigorously with respect to erosion-mitigation ability in

Study Site
In August 1997 we performed rainfall simulations
on a recently abandoned section of the primary access
road to South Firing Range 1, Schoffield Barracks, in
central-west Oahu Island, Hawaii, USA. The site is located on the Schoffield Plateau, near the base of the
Waianae mountain range. Rainfall is seasonal, with
about 75% of the annual 1000–1100 mm occurring
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Figure 1. (a) The car-wash-type, low-energy simulator on the experimental road section at Schofield Barracks. (b) The three
side-by-side treatment plots. (c) Runoff sample being collected during a simulated event. (d) Deep ruts formed on an adjacent
road that has been surfaced with the coral-derived material tested herein. In panels (b) and (c), the treatments from left to right
are 1xCoral, 2xCoral, and bare.

from October to April. The road section runs perpendicularly to the slope contours on a relatively steep hill.
It had incised into the landscape 1–4 m; thus, the
surface material on the test road was a composite of
Kolekole Oxisol, Helemano Inceptisol, weathered oxidic ash, and exposed saprolite (Soil Conservation Service 1981). Slope on the running surface varied from
about 0.05 to 0.35 m m)1. Traffic was infrequent at the
time of testing, because the road had been closed after
slope failure near the base. The failure was well below
the 80-m upper section where we conducted the
experiments. Although grass and shrubs grew in
roadside margin, no surface vegetation grew on the
running surface (Figure 1a).

Methods
Physical–Chemical Properties
We collected several physical–chemical properties to
provide information regarding the physical nature of
the road and the surrounding nonroaded land surfaces. Prior to testing, we divided the road section into
12 approximately 7-m-long sections. Within each section, we made the following measurements: (1) three
bulk density (qb) values were determined in the upper
5 cm of the soil by collecting a 90-cm3 core, then oven

drying for 24 h at 105C; (2) one saturated hydraulic
conductivity (Ks) was determined in situ with a Vadose
Zone (Amarillo, TX) disk permeameter (described in
Ziegler and Giambelluca 1997); (3) 10 penetration
resistance (PR) values were determined with a static
Lang penetrometer (cf. Bradford 1986); (4) 11 vane
shear strength (sv) values were determined with a
pocket torvane; and (5) three organic carbon (OC)
and total nitrogen (TN) values were determined from
the soil cores collected for the qb measurements
(determined at the University Hawaii, Soils and
Agronomy, Agriculture Diagnostics Service). All PR
and sv measurements were made during similar soil
moisture conditions (see below). Differences in sample
numbers among the properties reflect time requirement for making a measurement.
Surface Treatments
The first coral application rate tested was 80 kg m)2
(1xCoral); the second was two times greater (2xCoral:
160 kg m)2). These rates were chosen to bracket that
applied to some training area access roads on the
military base (based on our observations; the actual
application rate was not disclosed). Each treatment was
applied by hand, and then compacted by stomping; no
heavy compaction machinery was used. The thickness
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Table 1. Physical characteristics of the road surface and adjacent off-road area
Property

Units
)3

qb
PR
sv
Ks

Mg m
MPa
KPa
mm h)1

Road
1.32
6.2
21.6
28.4

±
±
±
±

0.02
0.1
0.5
4.5

n

Off road

n

36
120
132
12

0.96 ± 0.03
4.4 ± 0.2
19.0 ± 1.1
—

9
30
15
—

Values are means ± 1 SE; qb, bulk density; PR, penetration resistance; sv, vane shear strength; Ks, saturated hydraulic conductivity.

Table 2. Percentage of material passing through various sieve sizes for (a) the coral material tested herein, (b)
Grading D specification, and (c) the Base 1 specification for gravel road pavements for developing countries;
and (d) typical increase in particle size fractions of coral-derived surfacing materials after compaction
Sieve size
(mm)

(a) Hawaiian coral
material tested

(b) Grading D
specification (%)

32
25.4
19*
16
9.5
8
4.75
4
2
1
0.6
0.5
0.3
0.25
0.125
0.075
0.0625

100
82
75
69
43
37
26
24
16
11
8
7
5
5
3
1
1

—
100
90–60
—
—
—
55–30
—
—
—
27–11
—
—
—
—
15–6
—

±6
±3
±2
±2
±1
±1
± 0.3
± 0.1
± 0.1

(c) Base 1
specification (%)

(d) Increase after
compaction (%)

—
—

—
—
na
—
11
—
10
—

100
—
100–80
—
85–60
—
70–45
60–35
—
—
40–20
—
—
25–10
—

7
6
5
—
4
—
3
—
—

Measured values are mean ± 1 SD (n = 5); values without standard deviations were interpolated to compare with percentages required to meet
Grading D specification for good-quality surfacing aggregate (Foltz and Truebe 2003) or the recommended values for Base 1 gravel pavements in
developing countries (Bofinger and Rolt 1976).
* indicates that the measured/estimated percentage for the Hawaiian coral material is acceptable, as compared with at least one of the standards.
Data from Bullen (2003).
Values are reported for 2.36- and 1.18-mm sieve sizes in Bullen (2003); data for 19-mm fraction are not applicable because the original
percentage passing through was 100%.

of the two application rates was equivalent to only
about 10 and 20 mm, respectively.
Extracted from a landfill on the Island of Oahu, the
coral material is an inexpensive surfacing material that
is available in Hawaii. This ‘‘pit-run’’ coral-derived
material had not been sorted prior to application. It
therefore consisted of fragmented coral, fine sands,
and marine shells—it is best described as a soft-rock
aggregate. Table 2 shows the percentage of material
passing through various sieve sizes.
Rainfall Simulations
We used a low-energy rainfall simulator (LES) that
consists of a rectangular frame hosting eight 60 axial
full cone nozzles (0.04 mm orifice diameter; Lechler,

St. Charles, IL), situated in two rows of four, and
directed toward the road surface (Figure 1a). Water
from a 1850-L refillable storage container was delivered to the simulator through 2.5-cm flexible PVC
hose by a 1-hp centrifugal pump, powered by a portable generator. Mean fall height was 2.7 m. Spacing
of the nozzles was 1.45 m. We designed the ‘‘carwashtype’’ LES to allow vehicles to pass beneath during
simulation events. Operating pressure for the experiments was 25 psi (172 kPa), which typically produces
rainfall intensities of 90–120 mm h)1. Median drop
size at this pressure is 0.99 mm (based on engineering data from the manufacturer). We regard this
simulator to be of low energy because of the small
drop sizes produced, as compared with a high-energy
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simulator used in prior work at the same site (Ziegler
and others 2000).
We choose five road subsections at random for the
experiments. At each location, one bare control and
two application rates of a coral-derived material were
tested in side-by-side plots, also assigned at random
(Figure 1b). Thus, we performed simulations on a total
of 15 subplots—five replications for each treatment.
We avoided simulating in locations where saprolite was
exposed. Prior to testing, the simulation surfaces were
therefore covered with a thin layer of loose material
that was either detached from the road surface by past
traffic or had perhaps originated from piles of ravel
that lay at the base of the cut slopes. Slope angles,
determined from Abney level measurements taken every 0.25–0.5 m along a transect running through each
simulation plot, varied only slightly from 0.09–0.11 m
m)1 among all subplots.
We arranged tubular-shaped, sand-filled, geotextile
bags (3.0 m · 0.2 m · 0.1 m) below the simulator to
form three rectangular subplots (0.75-m width · 5.0-m
length). The LINQ GTF 200 woven geotextile bags,
which we have used in other road simulation studies
(Ziegler and others 2000, 2001a,b), has a permeability
of 0.005 cm s)1. At the base of each subplot, the geotextile bags were arranged into triangles that directed
runoff into a hand-dug drainage trench (Figure 1c).
This 0.5-m-long triangular-shaped section of each subplot was treated with a 5:1 mixture of water and an
acrylic vinyl acetate polymer (Soil Sement; Midwest
Industrial Supply, Inc., OH) to prevent sediment from
detaching from this ‘‘nontreatment’’ area.
On each of the three treatments, we performed two
simulation phases, referred to hereafter as pretraffic
and posttraffic phases. Prior to the pretraffic phase,
antecedent soil moisture was determined from grab
samples (10–20 g) taken from the surface of the individuals plots. During the pretraffic phase, runoff samples were collected at the time of runoff (TORO), then
again at 1.0, 2.5, 5.0, 7.5, 10, 15, 20, 25, 30, 40, 50, 60,
70, 80, and 90 min thereafter.
Immediately after the final pretraffic measurement,
the simulator was switched off. Two ‘‘passes’’ of a threequarter-ton pickup truck were then made within each
plot. Because we wanted to leave the plot boundaries in
place and protect the sealed plot outlet, ‘‘trafficking’’
consisted of backing the truck down through the entire
length of the plot, then driving out. Thus, the
detachment forces exerted by tires of the vehicle on
the road surface were likely less than those of a vehicle
driven at a normal operating speed. After a rainfall
hiatus of 30 min, the 30-min posttraffic simulations
were conducted. Samples were again collected when

runoff resumed, and then at 2.5, 5.0, 7.5, 10, 15, 20,
and 30 min afterwards. Owing largely to time restrictions, the length of the posttraffic simulations was
shorter (30 versus 90 min). In addition, because of
limited availability of the three-quarter-ton pickup
truck, we only performed posttraffic simulations after
three of the pretraffic simulations.
Rainfall rate during each simulation was determined
from 15 10-cm manual gauges placed on the subplot
borders during both pre- and posttraffic phases. Eventaveraged intensity was calculated by the total depth
divided by simulation time. Energy flux density (EFD, J
m)2 h)1) was calculated as in Ziegler and others (2000)
using a raindrop D50 value of 0.99 mm. Runoff for both
the pretraffic and posttraffic phases was sampled by
filling a 510-mL collection bottle. Instantaneous discharge rates were determined by dividing the sample
volume by the time to fill each bottle.
After settling for several days, the supernatant in
each bottle was decanted. The samples were then ovendried at 105C for 24 h to determine the mass of solid
material present. When calculating discharge, all sample volumes were reduced to account for the presence
of sediment. Instantaneous sediment concentrations
were calculated as sediment mass per corrected discharge volume. The dried sediment was stored in
refrigeration for several weeks. OC and TN contents
were then determined as above.
Statistical Testing
Statistical testing for all variables was made using
one-way analysis of variance on log10-transformation
data, followed by post-hoc multiple comparison testing
with the FisherÕs protected least squares difference test
when the F-values were significant at a = 0.05.

Results
Simulation Conditions
Physical properties associated with the road surface
and adjacent areas are listed in Table 1. Antecedent
soil moisture varied from 0.28 to 0.33 g (H2O) g)1
(soil) over the course of the 10 days during which the
simulations were conducted; no substantial rainfall
occurred during this period. Differences in eventaveraged simulated rainfall intensities (RFevent) and
associated EFD values were not statistically significant
among treatments (Table 3). RFevent ranged from 109
to 118 mm h)1; and EFD varied from about 790 to 870 J
m)2 h)1. This energy regime is equivalent to that produced by the following naturally occurring 1-h events
in Hawaii: (1) a 75-mm storm, having 1.0-mm median
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Table 3. Rainfall simulation summary statistics
Treatment

n

RFevent
(mm h)1)

EFD
(J m)2 h)1)

DTORO
(mm)

Qtotal
(mm)

Pretraffic

Control
1xCoral
2xCoral

5
5
5

109 ± 17a
117 ± 27a
112 ± 19a

803 ± 123a
865 ± 202a
824 ± 140a

3.0 ± 0.9 a
6.1 ± 1.9ab
8.9 ± 4.6b

111 ± 30b
111 ± 47ab
92 ± 36 a

Posttraffic

Control
1xCoral
2xCoral

3
3
3

107 ± 5a
118 ± 7a
117 ± 21a

791 ± 35a
872 ± 54a
863 ± 154a

1.1 ± 0.4a
2.1 ± 1.6a
1.0 ± 0.2a

42 ± 3a
37 ± 13a
33 ± 2a

Stotal
(kg ha)1 mm)1)

Ctotal
(kg m)3)

35 ± 19b
9 ± 04a
2 ± 05a

5 ± 2b
2 ± 1a
1 ± 1a

124 ± 89a
62 ± 30a
78 ± 31a

15 ± 9a
6 ± 4a
11 ± 6a

Simulation times for pre- and posttraffic simulation phases are 90 and 30 min after runoff generation; n = simulation replications; RFevent =
event-averaged rainfall intensity; EFD = event energy flux density; DTORO = depth of rainfall prior to time of runoff; Qtotal = depth of total
discharge from simulation plot; Stotal = total sediment transported during the event normalized by area and total rainfall depth; Ctotal = eventaverage sediment concentration. Values are means ± 1 SD.
For each of the pre and posttraffic phases, values with the same letter in a column are not statistically distinguishable using one-way analysis of
variance on log10-transformation data followed by post-hoc multiple comparison testing with the FisherÕs protected least squares difference test
when the F-values were significant at a = 0.05.

drop size and 50-year return period; and (2) 40-mm
storm, having a 2.0-mm median drop size and a 1–2
year return period. A 1-h, 118-mm h)1 event—our
largest simulated event—would most likely resemble
storms with return periods more than 100 years and
EFD values ranging from approximately 1000–2500 J
m)2 h)1 (i.e., for median drop sizes ranging from 1.0 to
2.5 mm). Thus, although the total energy of our simulated storms may be representative of 1-h storms in
Hawaii, the total depth of simulated rainfall is high.
Effectiveness Related to Application Rate
Substantial differences were found in the runoff and
sediment production variables for the three treatments
differing in application rate of the coral surfacing
material (Table 3). During the pretraffic phase, depth
of rainfall prior to the time of runoff initiation
(DTORO) increased with application rate: control (3
mm) < 1xCoral (6 mm) < 2xCoral (9 mm). Only the
2xCoral DTORO value was significantly different from
that of the bare road control. Differences in DTORO
are, in part, proxies for differences in surface ponding
depth, but they probably also reflect differences in
water storage within the coral surfacing layer.
Mean total discharge (Qtotal) for the 2xCoral treatment was significantly lower than that of the bare road
control. Qtotal for the 1xCoral treatment was equally as
high as the bare road, but it was not significantly different from the 2xCoral treatment because of high
variability between individual runs. Thus, the 2xCoral
application rate exhibited the ability to reduce runoff
by storing water either on the surface via ponding or
within the matrix of the material itself. Both normalized (by rainfall depth) sediment production (Stotal)
and total event concentration (Ctotal) on the bare road
were significantly higher than for either the 1xCoral or

the 2xCoral application rates (Table 3). Importantly,
Stotal on the 2xCoral treatment was about 95% lower
than that on the bare road (2 versus 35 kg ha)1 mm)1);
Stotal on the 1xCoral treatment was about 75% lower
than the control (9 kg ha)1 mm)1). No significant
difference in sediment production, however, was
indicated between the two coral treatments for Stotal or
Ctotal (Table 3). Absent in the instantaneous sediment
concentration (Ct) time series for both the coral
treatments is the initial flush of sediment within the
first 10 min of simulated rainfall (Figure 2). Compared
with the bare road control, sediment output is about
60% and 75% lower for 1xCoral and 2xCoral, respectively, during this period. Furthermore, sediment
concentrations on the bare plot remained elevated
over the duration of the 90-min pretraffic event,
compared with those of the 1xCoral and 2xCoral
treatments. After about 60 min, Ct values on the bare
road control were approximately 3 g L)1, compared
with values less than about 1 g L)1 for both coral
treatments (Figure 2). Again, event total sediment
concentration was significantly higher for the control
than for 1xCoral or 2xCoral treatments (Table 3).
Effectiveness Related to Trafficking
All three treatments showed elevated sediment
output values during the posttraffic simulations, demonstrating the influence of trafficking in exacerbating
sediment production on the wet road (Table 3). Peak
concentration following the truck passes were 2, 3, and
13 times greater than the peaks during the pretraffic
simulations on the control, 1xCoral, and 2xCoral
treatments, respectively (Figure 2). These peaks were
as much as two orders of magnitude greater than the
concentration values at the end of the pretraffic simulations. Comparatively higher sediment production
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Figure 2. Mean instantaneous sediment concentration (Ct) for the 90-min pretraffic simulations and the 30-min posttraffic
simulations. For visual clarity, error bars (standard errors) are shown for the bare control treatment only. The pretraffic values
are means of five simulation replications; those for posttraffic are means of three replications.

rates per unit discharge depth were associated with the
posttraffic phases, as compared with the pretraffic
phases (Figure 3). Mean, normalized sediment output
values for the three treatments were respectively about
3.5, 7, and 40 times higher during the posttraffic phase
(Table 3). Although the 1xCoral and 2xCoral posttraffic Stotal values were much lower than those on the
bare control treatment, the differences were not statistically significant because of high variability among
individual simulation runs and small sample number.
Road Sediment Sources
The nutrient data in Table 4 support the notion
that the material mobilized during the simulations
originated predominantly from the road surface. For
example, organic carbon (OC) and total nitrogen
(TN) values for sediment removed from the plots show
only a slight enrichment over the values associated with
the road surface material. In comparison, background
OC and TN values collected on adjacent nonroad
surfaces in a disturbed forest were an order of magnitude higher.

Discussion
Road Sediment Production
The observed 35 kg ha)1 mm)1 sediment production rate on the bare road treatment during the pretraffic phase is much less than the 197 kg ha)1 mm)1
rate determined during a prior rainfall simulation
study on the same road section using a ‘‘high-energy’’

Figure 3. For both pre- and posttraffic simulation phases,
total event discharge Qtotal and normalized sediment output
(Stotal) are shown for the bare (diamonds), 1xCoral (circles),
and 2xCoral (triangles) treatments. The dashed line serves
only to separate the phases for clarity.

simulator (EFD = 803 versus 1860 J m)2 h)1; Ziegler
and others 2000). In other simulations conducted at a
Thailand site, a sediment production rate of 190 kg
ha)1 mm)1 was determined during similar high-energy
experiments (1745 J m)2 h)1) (Ziegler and others
2000). The prior experiments in Hawaii and Thailand
showed that sediment production on unpaved roads
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Table 4. Organic carbon and total nitrogen data for the simulated road surface, sediment transported during
the simulations, and adjacent nonroaded lands
Organic C (g kg)1)
Road surface
Transported sediment
Adjacent nonroad surfaces

8.6 ± 1.0 a
10.6 ± 0.5 a
44.2 ± 6.3 b

Total N (g kg)1)

C/N ratio

n

0.7 ± 0.01 a
0.9 ± 0.01 a
3.4 ± 0.40 b

13.0
11.6
13.2

36
18
9

Values are mean ± 1 SD; differences in sample number (n) reflect differences in collection protocols for related experiments. Values with the
same letter in a column are not statistically distinguishable using one-way analysis of variance on log10-transformation data followed by post-hoc
multiple comparison testing with the FisherÕs protected least squares difference test when the F-values were significant at a = 0.05.

originated from two primary sources: (1) loose surface
material entrained by flowing water; and (2) material
detached from the underlying road surface of relatively
high erodibility (Ziegler and others 2001a). Compared
with the prior high-energy simulations conducted in
Hawaii, detachment of new material by rain splash
during the LES simulations herein was reduced substantially (this is determined by comparing instantaneous sediment output rates after 60 min simulation
time: 0.11 versus 0.35 g m)2 s)1 for LES and HES,
respectively (Ziegler and others 2000). Thus, a high
percentage of sediment removed from the plots during
the pretraffic phase was that associated with the
entrainment of already-detached material by overland
flow.
Again, the nutrient comparisons indicate that the
road surface was the primary source of material transported during the simulations (Table 4). Recognizing
the predominance of this sediment source is important
because of the presence of large ravel piles along the
roadside margin. This material originates from
slumping of the cutbank. The nutrient composition is
therefore similar to that of the adjacent nonroad,
vegetated surfaces. Ravel is a persistent source of loose
surface sediment on the roadside margin that could
potentially elevate sediment production on the entire
road section. Although it did not appear to influence
our experimental results, ravel may be mobilized during large natural runoff events, thereby exacerbating
sediment production regardless of the presence of a
surfacing material.
Reduction in Sediment Production by Resurfacing
The pretraffic rainfall simulations show that the
coral-derived material reduced sediment production
on the road during nontraffic conditions (Table 3,
Figure 2). The erosion-mitigation effect provided by
the coral-derived surfacing material is analogous to
that shown in numerous nonroad, process-based studies (e.g., Summer 1982; Poesen 1992; Abrahams and
Parsons 1994; Valentin 1994). For example, the presence of the relatively coarse coral material reduces

splash detachment and transport by intercepting
raindrops. In general, higher application rates provide
greater surface coverage; and thus greater reduction in
raindrop impact energy. In addition, the coral material
increases surface roughness, which decreases flow
velocity, thereby decreasing the shear stress and transport capacity of flowing water (cf. Lal 1990; Morgan
1995). Increased surface roughness also increases
depth of surface ponding. Ponded water, after some
critical threshold depth, mitigates raindrop erosion
processes (Palmer 1964; Mutchler and Young 1975;
Ghadiri and Payne 1979; Poessen 1981; Torri and Sfalanga 1986). Back-calculation using measured Ks and
simulation discharge data indicate that ponding on the
1xCoral was about 3 mm greater than on the bare
control, and ponding on 2xCoral was roughly 3 mm
greater than that on 1xCoral. Some portion of this
estimated ponding depth, however, might be water
stored within the matrix of coral surfacing. If this
storage is large, the effect of ponded water reducing
rain splash detachment may not be important.
Effect of Trafficking
Despite demonstrating a general ability to reduce
sediment production during simulated rainfall without
traffic, the coral-derived surfacing material failed to
reduce sediment production significantly after trafficking. This failure was likely related to the light
application rates tested, which allowed the
development of well-defined ruts that concentrated
overland flow and increased runoff stream power (because of greater water depth, flow velocity, and shear
stress). During the posttraffic simulation phases, runoff
and sediment flowed from the plots exclusively in
vehicle tracks.
Trafficking during wet conditions provided a
mechanism by which additional sediment could be
both detached and entrained after sediment output
had reached equilibrium at the end of the pretraffic
phase. Neither coral application rate was sufficient to
counter these erosion processes. We expect that subsequent vehicle passes would produce additional spikes
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in sediment output (Coker and others 1993). Unfortunately, we cannot determine whether the magnitude
of these spikes would eventually decline, thereby indicating that some degree of erosion protection was
provided, relative to the bare road surface.
Negative evidence regarding the erosion-reduction
performance of the coral surfacing material was also
found on nearby road sections during a survey of
runoff flowpaths. On one adjacent road of similar
slope, for example, a deep rut had formed in the
running surface (width = 20–40 cm; depth = 10–15
cm), despite prior resurfacing with a similarly thin layer
of coral (Figure 1d). The presence of this type of rutting on many road sections demonstrates the ineffectiveness of the coral-derived material at the hillslope
scale—at least for light application rates and the volume of traffic at the site (unknown). Similarly, Ziemer
and Megahan (1991) found in the Federated States of
Micronesia that when thin layers of crushed coral were
applied without adequate subgrade preparation, traffic
rapidly rutted the road, particularly during wet conditions. Swift (1984) determined that a thinly graveled
road initially reduced sediment production relative to a
bare road, but traffic quickly wore the surface layer
down, thereby compromising its ability to reduce surface erosion and rut formation.
Application Rate and Aggregate Quality
Findings from other studies related to application
rate and aggregate quality help explain the poor performance we observed both in our plot-scale simulations and on resurfaced roads at the test site (hillslope
scale). Swift (1984) reported that a 15-cm layer of
crushed rock and a 20-cm layer of large stones lowered
sediment yields 92% and 97%, respectively; a 5-cm layer
of crushed rock, however, produced no sediment yield
reduction benefits. Kochenderfer and Helvey (1987)
similarly reported reductions in sediment production
of approximately 80–90% over a 4-yr period for 15-cm
layers of gravels ranging in size from about 3.8 to 7.6
cm. In comparison, the material we tested was much
finer and less durable (Table 2). In addition, our
application rates produced an on-road surface layer <2cm thick. Again, we chose these rates to bracket those
already used at the military installation. Based on the
experimental findings from other studies, these rates
are probably not adequate to provide the strength required to mitigate erosion processes when trafficking
occurs.
Foltz and Truebe (1995) showed via long-duration, high-intensity rainfall simulations on non-trafficked road plots that sediment production was
exacerbated when surface aggregates were of mar-

ginal quality (also see Foltz and Truebe 2003).
Burroughs and King (1984) suggested that erosion
reduction on highly erodible subgrade materials is
maximized by using ‘‘hard’’ crushed rock of appropriate thickness. Foltz and Truebe (2003) found that
the percentage of particles passing through a 0.6-mm
sieve was a good indicator of the ability of a surfacing material to reduce sediment production on
roads. Briefly, they found that sediment production
was directly proportional to the percentage of the
surfacing material passing through the 0.6-mm sieve.
Approximately 8% of the coral-derived material tested herein passed through the 0.6-mm sieve; this is
comparable to the 8–12% found for the ‘‘best performers’’ in the Foltz and Truebe (2003) study.
Thus, the general relationship between <0.6-mm
material and sediment production found by Foltz
and Truebe was not a good indicator of the effectiveness of the coral-derived material we tested.
Again, this might be an artifact of applying too thin
a surface layer, and not compacting it sufficiently
(see below). Surfacings in the Foltz and Truebe
(2003) study were 20-cm thick, and compacted with a
130-kg vibrating roller.
Comparison of aggregate fractions passing through
several sieve sizes with two reported size specifications
for road design indicates an overabundance of fractions greater than about 8 mm (Table 2). Using the
Grading D and Base 1 specifications in Table 2 as
metrics, the coral-derived material tested herein does
not contain a desirable balance of aggregate fractions. Although too many fines may increase sediment production (Foltz and Truebe 2003), a good
balance between all fractions is needed to fill the
void spaces, thereby forming a stable, sealed surface
(Skorseth and Selim 2000). During our rainfall simulations, a noticeable portion of the sediment transported from the plots was that associated with the
coral material itself, probably because a sealed, stable
surface was not present (also see next section). When
applied on roads, the aggregate size distribution
should become somewhat finer, because the medium
and large fractions of these coral-based materials tend
to break down during trafficking (column d, Table 2). Field evidence, however, suggests that such
breakdown does not necessarily produce a more stable road surface: e.g., see the discussion above
regarding rut formation. In addition, the presence of
the fine ‘‘dirty’’ component in the coral material
tended to make surfaced roads in the study area
exceptionally muddy during rainfall events (Integrated Training Area Management staff, personal
communication).
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Experimental Bias
Finally, the poor performance of the coral-derived
material during trafficking conditions was likely influenced by our plot preparation methods. For example,
we did not compact the surfacing treatments in a
manner that they would be when applied in most road
surfacing applications. Improper compaction and surface preparation may have elevated sediment production rates during our experiments, particularly during
the posttraffic phases. For example, Ziemer and
Megahan (1991) reported that thin coatings of
uncompacted coral dredgings are highly erosive. Failure to form a homogeneous compact surface layer may
have contributed to disproportional ‘‘sediment
pumping’’ on the small experimental plots, as coarse
aggregates were forced into the road bed, thereby
allowing finer material to rise to the surface where it
was eroded easily by flowing water (cf. Reid and others
1981). In addition, we performed the vehicle passes
during wet conditions when road surface shear
strength was relatively low. A similar degree of trafficking during dry conditions probably would not have
produced the well-defined ruts we observed in the
coral treatment plots. Despite these experiment-related
biases, we attribute the poor performance to the
insufficient thickness of the surfacing layers tested, and
in part, to the marginal quality of the coral-derived
material.

Conclusion
The plot-scale rainfall simulation studies suggest
that the coral-derived material applied at rates of 80
and 160 kg m)2 reduces sediment production on unpaved roads, but only during nontraffic conditions.
Reduction in sediment production is related to an increase in surface cover/roughness that reduces both
detachment and entrainment of road sediment. During rainfall simulations following two vehicle passes on
wet plots, the two coral-derived treatments failed to
reduce sediment production significantly, compared
with the bare road plot. Road sediment and other
materials associated with the coral material itself were
transported in well-defined ruts that formed during the
vehicle passes. In addition to serving as efficient pathways to channel runoff and sediment from the experimental plots, such ruts when formed on long, surfaced
road sections would likely incise during subsequent
overland flow events.
Literature comparisons suggest that any erosion
benefits provided by these low application rates would
be short-lived because the associated thicknesses (only
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1–2 cm) fail to prevent rutting—particularly as the
material breaks down over time in response to trafficking. These rates are probably also insufficient to
counter erosion processes on long and/or steep road
sections where concentrated overland flow develops. In
addition, the composition of this material does not
contain a balance of coarse, intermediate, and fine
aggregates that facilitates the formation of a stable,
erosion-resistant surface. Although our results are
influenced by the small-scale of the test plots, the
omission of proper compaction during application,
and trafficking only during wet conditions, we believe
the performance failure of this material results primarily from an insufficient application rate (i.e., surface thickness), and in part, to the marginal quality of
the coral-based material itself. Literature comparison
suggests that effective applications rates should be
about 5–10 times higher than those we tested. The
rates we used were in line with observed practices at the
test site, where deep ruts had already formed on some
road sections that had been resurfaced with this
material in the past.
We agree with Bullen (2003) that this particular
type of material is a subgrade alternative surfacing
material for roads. Mixing with other good-quality
aggregate may improve the strength and ability to
form a resilient surface, as might proper compaction
and subgrade preparation. Those wishing to use similar locally and economically available coral-derived
materials for road surfacing, however, should perform
additional long-term (multiseason) testing on representative road sections for a wide range of trafficking
conditions and higher application rates. During testing, the probable application methods should be
considered (namely, compaction, rolling, and multiple layering).
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