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Abstract

This sudy investigated the sediment production from various aggregates. The
objectives of this study were 1) to evauate the erodibility of arange of aggregate surfacing
materials and relate it to standard and non-standard specification tests, 2) provide a means
of gpecifying aggregate materids and understand the sedimentation implications, and 3) to
provide arelative ranking of the erosive potentia of aggregates. To accomplish this,
elghteen aggregates from the Pacific Northwest were sdected based on qudity and
geologic parent materid. A suite of aggregate specification tests were performed to
characterize each aggregate. The sedimentation from asmulated rain sorm on aplot
representing a freshly constructed road section was measured. Traffic was applied and the
sediment production from asmulated storm again measured. The two best indicators of
aggregate quaity were Sand Equivaent and Oregon Air P20 test results. Knowledge of
whether an aggregate was classified as good or margina was not sufficient to estimate
sediment production. The best indicator of sediment production was the percent passing
the number 30 seve.

I ntroduction

The United States Forest Service road network consists of 590,000 km;
approximately 75 percent are un-surfaced, 20 percent are aggregate surfaced, and 5
percent are paved. Inwet climates, such aswestern Oregon and Washington, most roads
are surfaced with 200 to 400 mm of aggregate to provide structura support during wet
wegther. In drier climates, such as the Intermountain West, placement of aggregate is more
often used to reduce sedimentation. In both Stuations, the aggregate thicknessis selected
to provide adequate bearing strength to “ protect” the subgrade from significant
deformation, from intrusion of the subgrade into the aggregate, and reduce the amount of
sediment produced from the road.

Aggregate qudity is a subjective rating used by road engineers to describe the
suitability of an aggregate for use on forest roads. Resistance to both mechanica
breakdown from traffic and chemical breakdown from westhering are considered. A good
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qudity aggregate in one area may be only amargina qudity in another area because of
differencesin climate and road use. This degree of subjectivity makes comparisons based
on aggregate quality done difficult. Many Forest Service road engineers believe aggregate
qudlity is an important factor in determining the quantity of road sedimentation. High qudity
road aggregate is not dways available in many locdities, and margind quality aggregates
are often used to reduce road building costs.

A four-year aggregate quality study was conducted on the Lowell Ranger Digtrict
of the Willamette Nationa Forest, Oregon. This study’ s results demonstrated that
aggregate quality made a subgtantid difference in the amount of sediment produced (Foltz
and Truebe, 1995). Log truck traffic amilar to that associated with atypicd timber sdle
was incorporated in thisresearch. A section of road with margind quality aggregate
produced 4 to 17 times as much sediment as a smilar section with good quality aggregate.
The mechanisms that caused the increase in sediment production from the margina
aggregate were alonger runoff flow path on the margind aggregate and the inability of the
margind materid to resst mechanicd crushing and chemica weethering.

Objectives

A study was undertaken to investigate the sediment production of various
aggregates. The objectives of this sudy were 1) to evauate the erodibility of arange of
aggregate surfacing materids and relate it to stlandard and non-standard specification tests,
2) provide ameans of specifying aggregate materias and understand the sedimentation
implications, and 3) to provide aranking of the erosive potentia of the salected aggregates.

Methods

Selection of Aggregates. Forest Service personnel from the states of MT, ID, UT, SD,
WA, and OR responsible for aggregate salection for forest roads were asked to nominate
both good and margind aggregate that was widdly used on their forest. Eighteen
aggregates were sdlected, 11 of which were believed to be good, and the remainder to be
margind. In Table 1 the aggregate samples are delinegted by the forest, sate, qudity, and
geologic parent materids.

Performance Tests. Vaioustests exist to quantify the performance of aggregates when
subjected to traffic and moisture. Performance is generdly characterized by an amount of
degradation, and is reported as an index of how the materia degrades.

The Sand Equivaent test (AASHTO T-176) indicates the relative amount of fine dust
or clay sze materid. The Durability test (AASHTO T-210) is an index which indicates the
resistance to production of clay size fines during exposure to water. The DMSO test is
amilar to the Durability test with the subgtitution of dimethylsulfoxide to accelerate the
weather process. Sodium Sulfate Tests (AASHTO T-104) measure the resistance to
wesethering action such as freeze-thaw and wetting-drying cycles. The Oregon Air
Degradation tests are Smilar the Durability test with the addition of ajet of air.



For each performance test an andlyss of variance (ANOVA) was used to determine
if there was a difference between good and margina aggregates. A test was deemed
acceptableif it had ap-vaue of 0.05 or less.

These performance tests were also used to find the best single estimator of sediment
production potentid. Both an ANOVA and a correlation coefficient between the test and
the sediment production were used.

Aggregate plot preparation. Sted frames, 1.25 m wide, 4.83 m long, and 0.20 m deep,
were condructed to hold the aggregate during rainfall and traffic application. Aggregate
was compacted in two lifts a optimum moisture and 95% of maximum dengity. Each lift
was compacted with a 130 kg vibrating roller.

Trafficamulator. A traffic mulator congsting of the rear two axles of a sandard
tractor-trailer and loaded to anear highway lega 14,180 kg was congtructed. The
simulator was pulled at a speed of 0.3 kph for adistance of 7.3 meters by an hydraulic
powered winch.

Traffic application. Each plot received the equivaent of 200 logging truck passes
determined by converting the 14,180 kg dud axle load to a Single Axle Equivaent
(Whitcomb, et. d., 1990). The traffic smulator reproduced near-static loads well.
Dynamic loads were not as well represented because the axles were not driven resulting in
no whed dip.

Simulated road conditions. Three road conditions were smulated for each aggregate.
These smulations varied the rut depth and effective cross drain spacing. One was a short
road section (~30 meter) on a 6% grade without sufficient traffic to leave whed ruts. This
trestment will be referred to as “short section”. The second was a short section (~30
meter) on a 6% grade with deep (50 to 100 mm) whed ruts and will be called “ short,
rutted section”. The final treatment was along road section (~140 meter) on a 6% grade
with deep (50 to 100 mm) whed ruts, subsequently called the “long, rutted section”. Both
short sections received a Smulated rainstorm with an intengity of 50 mm per hour for 30-
minute duration from a Purdue-type rainfdl smulator. The long section received the same
samulated raingtorm plus added flow of 28 Ipm to smulate the additiond runoff from a
longer road section. Runoff was measured with an Isco 3230 flow meter. Sediment
concentrations were determined by oven-drying grab samples taken a one minute intervals.
Added fines - Occasondly, fines are added to an aggregate if it is deficient in fine materidl.
The impact of these additiona fines on sediment production was tested by adding finesto
two of the test aggregates. These aggregates had the rainfal-traffic-rainfal sequence
repeated.

Near-satur ated traffic conditions - Four of the aggregates came from the west side of
the Cascades where traffic often occurs on nearly saturated roads. To Smulate these
conditions a condant rainfal of 6 mm/hr was gpplied during the traffic application. This
kept the plot in anear-saturated condition. The rainfall-traffic-rainfal sequence was
repeated for these four aggregates.



RESULTS AND DISCUSSION

Aggregate gradations. Forest Service specifications require a materid with aliquid limit
maximum of 35 and aplagtic limit of 2t0 9. Eleven of the 18 aggregates did not meet these
specifications with approximatdy an even salit between margind and good aggregates.

Seven of the aggregates had materid exceeding the 1 inch maximum size dass. Five
of these were margina aggregates suggesting a preference by forest road designersto use
larger sized gradations when known margina aggregates are used.

Only gx of the aggregates tested met the Sze requirements with dl but one being
good quality. The most notable variation was a deficit of number 4 Seve (4.75 mm) Sze
fines
Predictors of aggregate quality. Anandyssof variance was used to determine which
tests showed significant differences between good and margind aggregates (Table 2). Six
tests had Satidticaly significant differences between the two aggregeate qudities. The Sand
Equivaent test had a p-value of 0.002. Because of the ease of performing this test
compared to the other five tests, the authors prefer thistest.

Five of the 9x tests were on the fine materid portion of an aggregate. This indicated
that the characteridtics of the fine materia in an aggregate had a greater impact than the
coarser Szes on the quality classfication.

Sediment Production and Aggregate Quality. Sediment production for each of the
three road conditions grouped by aggregate quality is shown in Table 3. For each road
condition the margina aggregates produced more sediment. In the short section there was
2.9 times as much sediment from the margina aggregates. Anaysis of variance showed
that there was a gatidticaly significant difference (p-vaue of 0.04) between the average
sediment production of margind and good qudity aggregates for the short road section.
Thisindicated adatidicaly sgnificant difference in sediment production between aggregeate
qudities for a short un-rutted road section.

For the rutted conditions, the marginal aggregates produced 1.2 to 1.8 times as much
sediment as the good aggregates. However, the analysis of variance indicated thet there
was no daigicaly sgnificant difference between the average sediment production between
margind and good quality aggregate when the road section wasin arutted condition (p-
vaue of 0.26 for the short, rutted section; p-vaue of 0.60 for the long, rutted section).

These testsindicated that differencesin aggregate quaity became less gpparent asthe
plot length or the degree of rutting increased. This suggests that in order to derive
maximum benefit from the better quality aggregate deep ruts should not be dlowed to
remain in the road during heavy rainfdl periods.

The importance of testing aggregates under traffic conditions was highlighted by these
results. Had the study been conducted without traffic, the conclusion would have been that
aggregate quaity was sufficient to determine sediment production potentid. Inthe
presence of traffic, however, the opposite conclusion was reached. Testing of sediment
production potentid from aggregate should include traffic.

Prediction of Sediment Production. The best predictor of sediment production was the
percent passing the number 30 (0.60 mm) sieve with p-vaues ranging from 0.0005 to



0.0001 and correlation coefficients from 72% to 79% depending on the treatment. A
measure of the fines as the best predictor of sediment production was alogica result.
Infiltration was controlled by the size of the pore space between larger aggregates.
Increasing finesfilled the pore space and reduced infiltration resulting in increased runoff.
Additiondly, this 9ze range is most susceptible to eroson by raindrop impact and
concentrated flow erosion. Figure 1 shows the relationship between sediment production
and percent passing number 30 Seve for the short, rutted section.

It would appear that to minimize sediment production one should minimize the
percent passing the number 30 Seve. However, aggregate gradations must be considered.
A dense graded aggregete, one that contains dl materid szes from the maximum to the
fines, will have the larger pore paces occupied with sand and fines. Thisisahighly
desirable condition because it provides for stability and waterproofing. Alternaively, an
aggregate that istoo open graded, one that lacks sufficient sand and fines to occupy the
larger pore spaces, will be unstable and dlow water to infiltrate and saturate the subgrade.
An unsgtable surface causes a high rate of aggregate loss from traffic “kicking” the materia
off the road as well as the sensation of driving on ball bearings. Neither of these are
desrablein aroad.

A conflicting relationship exists between gradation and sedimentation. Dense graded
materids will have more fine materid (percent passng number 30 Seve) and will produce
more sediment. Gradations, and specificaly the percent passng number 30 Seve, haveto
be sdlected to satisfy the conflicting requirements of sediment production and aggregate
performance under traffic.

Relative Ranking of Aggregates. Since there were three road treatments (short
section, short, rutted section, and long, rutted section), ranking could be done on any of the
three conditions. To determineif there was agatistica difference between the rankings a
Spearman’ s Rank Correlation was performed. A high correlation between ranks meant
there was no statistical reason to prefer one ranking scheme over the aternative one.

The p-vaue for the corrdation of ranks between the short section and the short,
rutted section was 0.0001. For the rankings between short section and the long, rutted
section, the p-value was 0.0002. The combination of short, rutted and long, rutted sections
had ap-vaue of 0.0001. These vaues show that the reative rankings of the aggregates
based on sediment production were not statisticaly different regardiess of the ranking
method. One can use any of the trestments and the relative ranking of the aggregates
tested will not be gatisticaly different.

In Table 1 the aggregates are ranked based on the short, rutted section sediment
production. The range of sediment production covers two orders of magnitude. Note that
knowing the geologic parent materid provides only little indication of sediment production
potential. For example, the basdts are scattered throughout the table.

Effect of added fines. The BWG aggregate had a small percent passing the number 200
seve (5.7 percent vs. 6 to 15 required) and the LG had a small percent passing the number
4 deve (24 percent vs. 36 to 60 required). Additiona fines were added to the BWG
aggregate to meet the specification. The LG sSte was revisited and samples taken that met
the grading criteria. In both instances the sediment yield increased after the fines were



increased. As shown in Figure 1, (compare BWG to BWG+ and LG to LG+) these
aggregates with increased fines had sediment production consistent with other aggregates
having the same percent of fines passng the number 30 Seve.

Trafficunder near saturated conditions. - Four of the aggregates, BY M, AHM, BWM,
and BWG+, were tested under a wetter traffic regime. Three of the aggregates produced
more sediment compared to the base conditions. One produced substantialy less
sediment. In Figure 1 these aggregates are shown with an open circle and alower case‘w’
appended to the abbreviation.

CONCLUSIONS

For the suite of aggregates tested, the Oregon Air P20 and the Sand Equivaent test
were the best indicators of aggregate quality. Both tests had Statigticd significance
corresponding to a p-value of 0.002 or less. The authors prefer the Sand Equivalent test
dueto itssmplicity.

For the rutted condition trestments (both short, rutted condition and long, rutted
condition) smply knowing whether an aggregate was consdered good or margind quality
was not sufficient to determine whether it would have ahigh or alow sediment production.
Only for the short road section was one able to use the classification of good or margind to
predict whether the sediment production would be high or low. Relying on the classification
of aggregates into good or margina aone was not useful to determine the sediment
production potentid.

Sediment production was directly proportiond to the percent passing the number 30
seve. The Forest Service specification for the percent passing the number 30 Seve ranges
from alow of 12% to a high of 31%. To minimize sediment production, one should
minimize the percent passing the number 30 Seve. This desire to minimize the percent
passing the number 30 seveisin conflict with the need to have sufficient fines to keep the
aggregate stable and on the road.

A relative ranking of the aggregates was found. The range of sediment production
was two orders of magnitude. The geologica parent materiasin thistest did not provide
aufficient informetion to determine if an aggregate would have ahigh or alow sediment
production.

Fines are occasondly added to meet specifications. The sediment production
potentia of the resulting aggregate is the same as an aggregeate with a smilar fines content.

Three of four aggregates tested under a near saturated condition produced more
sediment than they did under adrier condition. This illustrates the importance of attention
to traffic under wet conditions.

The 18 aggregates tested showed a wide range of runoff, and sediment production
potentid. Careful attention to aggregate salection appears necessary to minimize impacts to
the environment.
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Figure 1 - Relationship between sediment production and percent passing number
30 sieve for the short, rutted condition. Closed circles represent base conditions.
Open circles represent near saturated conditions.



Table 1 - Parent materid, locations, and sediment production for the 18 aggregates.
Sediment production from the short, rutted road section.

Sadiment

Parent Materia and Source Name Forest Production
Abbreviation )
Limestone (LG) Black Hills Black Hills, SD 0
Western Cascadesbasalt ~ Springfidd Quarry Willamette, OR 3.6
(BWG)
John Day basdt (BJG) Highland Ochoco, OR 8.8
Columbia River basdt UmatillaB Umatilla, WA 31.0
(BC3G)
Wedded tuff (WM) Montane Wadlowa 44.4

Whitman, OR
Columbia River basdt Harvard Fit Clearwater, ID 46.7
(BC1G)
Weded tuff (WG) Fir Tree Ochoco, OR 91.9
Y ahats basdlt (BY M) Saddle Mountain Sudaw, OR 101.3
Columbia River basdt Top of the World Clearwater, ID 131.9
(BC2G)
Quartzite (Q2M) Stage Nez Perce, ID 217.3
Western Cascades basalt  Lowell Willamette, OR 325.1
(BWM)
Columbia River basdt Twin Ravens Nez Perce, ID 339.1
(BCM)
Alluvid High Cascades Recycled Surfacing ~ Willamette, OR 548.7
(AHM)
Quartzite (QG) Tyler Ridge Panhandle, ID 719.0
Glacid outwash (GG) Johnson Creek Panhandle, ID 740.1
Allwvid (AG) Strawberry Pit Unita, UT 986.8
Quartzite (Q1M) Forage Mountain Panhandle, ID 1020.6
John Day basalt (BIM) Sherwood Saddle Ochoco, OR 1322.2




Table 2 - Andysis of variance (ANOVA) of the difference between aggregate qudity and
aggregate performance tests. Tedts are listed in decreasing order of Satistical significance.

Typicd Average of Average of

Test Vdue Specification  Good Margind p-vaue
Aggregates Aggregates

Oregon Air - P20 35 max 85 19.6 0.0004
Sand Equivaent 35 min 36.7 22.8 0.002
Durdhility - Fine 35min 60.1 38.3 0.007
Sodium Sulfate - 12 max 1.6 9.3 0.012
Fne
DMSO 12 max 9.0 27.3 0.015
Sodium Sulfate - 12 max 1.7 6.5 0.017
Coarse
Oregon Air - H 3.5 max 11 3.8 0.038

Table 3 - Sediment production by aggregate qudity for each
road condition. P-vaue tests the hypothesis that thereis no

difference between the means.
Sediment Production
Road Condition (0) p-vaue
Margind Good
Short section 601.4 208.8 0.041
Short, rutted section 489.8 279.8  0.255

Long, rutted section 4095.5 3309.2 0.597
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