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III. ABSTRACT 

Eleven series of replicated tests were conducted using 38.1 mm, 15.9 mm, and 9.5 

mm gravel to determine the most effective soil surface cover to prevent soil erosion from 

rainfall. A sediment tray one meter square in size wath an integrated rainfall simulator 

was used to generate data after initial trial runs had established test procedures. Various 

size gravels and a control with no cover were tested in a laboratory using simulated 

rainfall to evaluate their effectiveness in preventing erosion. Through thirty-three 

experiments, signature traits of specific rock sizes were identified. Experiments on 38.1 

mm gravel indicated the usefulness of rock mulches in soil erosion prevention. 

Evaluations with 9.5 mm material indicated that erosion prevention varies inversely with 

particle size. Experiments with 15.9 mm gravel suggested that this material could 

increase erosion. This study reflects the ambivalence in the literature and points to the 

complexity of micro-interactions and erosion potential as influenced by gravel size. Six 

mechanisms governing rock mulch erosion were proposed. 
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IV. INTRODUCTION 

PROBLEM STATEMENT 

Soil Conservation of resources has long been a concern of agricultiiral engineers. 

Efforts at mathematically predicting erosion date back over sixty years (Renard et al, 

1997). Much work has been done on rocks and their impact on soil erosion by water 

(Box, 1981; De Ploey, 1981; Rowntree, 1982; Simanton, et al, 1984; Abrahams and 

Parsons, 1991,1994; Lavee and Poesen, 1991; Poesen and Lavee, 1991; Poesen and 

Ingelmo-Sanchez, 1992; Bunte and Poesen, 1993; Poesen, 1993; Poesen, etal, 1994). 

This includes aspects of infiltration, runoff, and erosion. But the question remains, 

what is the optimum size of rock fragments for soil conservation (Simanton, pers. com.)? 

This study sought to identify the relative effectiveness of various sizes of commercially 

available rocks for the prevention of soil erosion by water on present or future disturbed 

lands, in arid as well as other climates, created naturally, manufactured, or threatened by 

global change. 

OBJECTIVE 

The objective of this study was to discover which of three gravel sizes, 38.1 mm, 15.9 

mm, and 9.5 mm, is the most effective soil surface cover for the prevention of soil 

erosion from rainfall. Since this research was targeted for application, the volume of 

different sized gravel was held constant. This would aid future requirement 
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specifications. An average of 2.2 cm of gravel material was evenly distributed over 1.1 

cm of sand. 

The procedure used was one of serial experiments with varying dry, wet and wetter 

antecedent soil moisture conditions. Tests were conducted to determine the best erodible 

test medium. Two trial runs, one armored and one unarmored, established test 

procedures. After finding that Quikcrete All Purpose Sand gave consistent measurable 

results, experiments were conducted on the three gravel sizes. These experiments were 

then replicated. An additional test of longer duration was done on 15.9 mm gravel. In 

all, 36 experiments were conducted in this study. 

HYPOTHESIS 

The hypothesis investigated in tills study is that synthetic desert pavements may be 

beneficial for the prevention of surface soil erosion by rainfall and that smaller size 

gravel would provide better coverage and therefore less erosion. 

BACKGROUND: EVOLUTION OF RESEARCH QUESTION TIMELINE 

The development of the research question is presented as a timeline in respect to 

concepts and refinements with pertinent persons and sites if applicable. 

• Fall 1989 Identification of the need for geomorphic blending of engineered sites. 
Southern California. K. Foster. M. Karpiscak. 

• Spring 1990 Concept of prescribed erosion for geomorphic blending of 
engineered sites. Southern Arizona. D. Wilkin. 

• Spring 1996 Focusing of research on synthetic desert pavements (rock mulches) 
for erosion control. University of Arizona. R. Reeves. 
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• Spring 1997 Proposal for use of rock mulch for mine reclamation in Southem 
Sonora, Mexico. A. Burges. 

• Summer 1999 Identification of research question "optimum size." USD A ARS 
Tucson, Arizona. R. Simanton (pers. com.). 

• Fall 1999 Loan of rainfall simulator. USD A ARS Tucson, Arizona. G. Paige 
(pers. com.). 

• Fall 1999 Possible use of varying rock mulches to produce differential erosion 
and achieve geomorphic blending of engineered sites. USDA ARS Walnut 
Gulch, Arizona. H. Canfield. 

• Spring 2000 Approval of possible study sites: ASARCO mine, Sahuarita, 
Arizona. S. Bengson (pers. com.), D. Yantomo; abandoned mine sites on BLM 
land, Tucson, Arizona. G. Auby (pers. com.). 

• Summer 2000 University of Arizona ALRS Dissertation Committee approval. 
• Summer 2000 Rainfall simulator no longer available due to its' being under 

development. USDA ARS Tucson, Arizona. J. Stone. 
• Summer 2000 Cancellation of Sahuarita and Tucson study sites. S. Bengsen, G. 

Auby. 
• Fall 2000 Construction of first generation rainfall simulator and sediment tray 

with flume. 
• Fall 2000 Experiments terminated due to drought. 
• Spring 2002 University of Arizona ALRS Dissertation Committee approval of 36 

laboratory scaled experiments. D. Foster, A. Huete, D. Wilkin, A. Comrie (elec. 
com.) Final extension. G. Pivo. 

• Summer 2002 Enclosure of first test facility. 
• Simmier 2002 National Disaster floods. Loss of first generation test facility, 

rainfall simulator and sediment tray with flume. 
• Fall 2002 Remodeling of second test facility. 
• Winter 2003 Construction of second generation sediment tray and flume with 

integrated rainfall simulator. 
• Spring 2003 Completion of 36 experiments with original and significant 

contributions on mechanisms governing gravel mulch erosion. 

BORROWED CONCEPTS: OTHER DISCIPLINES, DIFFERENT SCALES 

The power of interdisciplinary studies lies in their ability to see and malce connections 

among various disciplines. In this study, the concept of spectral signatures used in 

remote sensing (Way, 1978) is borrowed and reinvented as erosion profile signatures. 

Perhaps even more fitting would be the concept of temporal profiles (Huete, pers. com.) 
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as discussed in Zhang et al. (2003). In measuring global scale vegetation dynamics or 

phenology, the use of time series from satellite data to follow relatively well-defined 

temporal patterns appears promising. The temporal variation that characterizes complex 

behavior can be modeled and identifies specific vegetation periodicity. In a similar 

maimer the graphs of sediment yields depict temporal profiles with their significant traits 

indicating erosional micro-processes and thereby identifying contributors. 

In addition, hypotheses proposed in geomorphology are brought to bear on the 

mysteries of gravel mulch ambivalences. What has been found to be at work in large 

scale geomorphology is reduced down to the rocks world of micro-geomorphology. 

CONCLUSION 

Current climate change is impacting, and, in turn, being affected by unprecedented 

vegetation clearing and soil degradation occurring in many regions. Concerns are 

mounting over soil loss through wind and water erosion processes. This research 

investigated an alternate solution to soil erosion challenges. Soil armoring in the form of 

stone pavements may provide an ecologically aesthetic as well as an economically 

effective remedy for soil erosion. Rock mulches are low tech, cost effective, and yield 

immediate results. 



15 

V. LITERATURE REVIEW 

STONE PAVEMENTS 

Stone pavements are found in many arid lands throughout the world and are often 

referred to as desert pavements. They consist of an armoring of coarse particles, usually 

broken rock fragments, overlying materials that are much finer in texture. These desert 

pavements can be produced in two ways: either by wind or water erosion of the surface 

finer materials leaving the larger materials to form a pavement, or by a vertical sorting 

process. In this case natural forces, whether wetting and drying or frost action, force the 

upward migration of coarse particles (Cooke, 1970; Shaw, 1929; Lowdermilk and 

Sundling, 1950; Wainwright et al, 1995; Musick, 1975; Cooke et al, 1993; Gomez, 

1984). 

Composed of rounded or angular rock fragments, stone pavements are common to hot 

desert regions. They serve to stabilize and protect the soil surface, provide storage for 

loose sediment, and influence runoff characteristics and surface infiltration (Cooke et al 

1993). Cooke et al on their work on stone pavements, write, "Stone pavements protect 

desert surfaces. This is a fact of great potential value to those seeking to limit surface 

erosion and to stabilize surfaces. The message from the previous discussion is clear: 

protect surfaces by not disturbing pavements; stabilize surfaces by creating pavements 

(Cooke etal, 1993, p.75)." 

Coarse particle concentrations on a soil surface are known by several names: stone 

pavements (Cooke, 1970; Cooke et al, 1993), desert pavement (Musick, 1975; 
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Wainwright et al, 1995), erosion pavement (Lowdermilk and Sundling, 1950; Shaw, 

1929), stable armour or stable pavement (Gomez, 1984), and surficial armouring 

(Canfield and Lopes, in press). 

Synthetic stone pavements might find useful application in soil stabilization programs 

in arid as well as in humid climates, in developed, and especially, in developing countries 

(Yair and Lavee, 1974; Roy and Jarrett, 1991; Lattanzi et al, 1974; Meyer et al, 1972; 

Beedlow, 1984; Kochenderfer and Helvey, 1987; Agassi and Levy, 1991; Poesen and 

Lavee, 1991). Better understanding of the parameters of slope, precipitation, soil texture, 

and rock fragments would serve to enable the utilization of stone pavement to protect 

soils in a variety of environments. 

SOIL EROSION BY WATER 

Erosional processes are detachment and transport. Detachment is defined as the 

destruction of aggregation. Transport is the movement of detached particles. 

There are two methods of erosion by water. These are raindrop splash erosion and 

surface flow, often called Horton overland flow (Morgan, 1986). Raindrop splash 

erosion causes the initial detachment. Good soil cover can minimize this process of 

erosion. It is the purpose of this study to discover which of three gravel sizes would 

make the optimum soil surface cover to minimize soil loss by raindrop splash erosion. 

Stirface flow causes transport of particles. Slowing the velocity of water controls 

transport. Methods to minimize transport are also good soil cover and anything that 

reduces slope or slope length such as terracing, contour cultivation, or strip cropping 
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(Thompson, no date). Horton overland flow can cause rill or gully erosion. Sheet flow 

occurs in areas between rills that are termed interrill. 

Merritt (1984) identified four stages of micro-rill development. These were sheet 

flow, flowline development, micro-rills, and micro-rills with headcuts. Torri (1996) 

refers to the stage of flowline development as protorills. On a larger scale. Moss et al. 

(1982) refer to thin, supercritical sheet flows as protochannels. 

Factors influencing erosion by water are four: erosivity of rainfall, erodibility of 

material, slope, and cover (Morgan, 1986). Increasing slope tends to increase erosion and 

cover tends to minimize it, but not always, as can be seen in this study. 

Erodibility is defined as the resistance of soil to detachment and transport. Larger 

particles are resistant to transport because of the greater force required to entrain them. 

Fine particles are more resistant to detachment due to their cohesiveness. The particles 

with the least resistance to erosion are silts and fine sands. Therefore, soils with a higher 

silt content are more erodible (Morgan, 1986). 

Erosivity is based on the kinetic energy of rainfall which is a function of its intensity 

and duration, and the mass, diameter, and velocity of the raindrops. 

The following diagram models controls on transport and detachment (Figure 5.1). 
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Figure 5.1 Erosion Diagram. After Meyer and Wischmeier (1969) 
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AN AMERICAN MODEL: RUSLE 

Of all the methods for predicting soil erosion by water, the most famous is the 

Universal Soil Loss Equation (USLE), now revised into RUSLE. Erosion as modified by 

vegetative cover and better calculations of the slope factors are the major changes in the 

values. This revised equation is now undergoing further revisions (Renard et ai, 1997). 

The formula for RUSLE is: 

A =  R x K x L x S x C x P  

where A = erosion soil loss in tons per acre per year 
R = rainfall factor 
K = soil erodibilty factor 
L = slope length factor 
S = slope gradient factor (percentage steepness) 
C = vegetative cover and management factor 
P = practices used for erosion control 

In experiments using RUSLE, (EI)io, the storm erosivity of a single storm with a 10-

year return frequency of the selected site is used (Renard et ai, 1997). 

A brief look at RUSLE was included to give the reader an idea of how erosion factors 

may be combined. As this topic heading implies, there are other American models and 

certainly other models not of U.S. origin. For instance, the European Soil Erosion Model 

(EUROSEM) simulates interrill and rill flow as well as rock fragment effects on 

infiltration, flow velocity and splash erosion (Morgan et ai, 1998). 
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RAINFALL SIMULATORS 

The need for rainfall simulators for research has long been established (Neff, 1979; 

Renard, 1979) with workshops on rainfall simulation dating back to 1979 (anonymous, 

1979). Characteristics important in rainfall simulators have been identified (Bubenzer, 

1979; Bubenzer and Jones, 1970; Chapman, 1948; Foltz et al, 1995; Laws, 1941) 

The grandfather of rainfall simulators is Swanson's (1963; 1971) rotating boom 

rainfall simulator. Rotating boom rainfall simulators are common in U.S. Government 

studies (Laflen, 1979b). 

Rangelands have been the most frequently studied areas in the U.S. with the aid of 

rainfall simulators (Blackburn, 1979; Brown, 1979; Green, 1979; Lane, 1985; Renard, 

1982; Simanton etal, 1985; Simanton e/ al, no date). Mines (Riley, 1994) and mine 

roads (Johston and Sundberg, 1979) have also been studied using rainfall simulators. 

Some fields of study aided by simulated rainfall are predicting soil erodibilty (Bryan, 

1974), rill development (Bryan and Poesen, 1989), infiltration (Amerman, 1979; Collinet 

and Valentin, 1982; Dixon 1979; Frasier e/a/., 1995; Laflen, 1979a; Smith, 1979). 

Others are surface sealing (Slattery and Bryan, 1994), water quality (Schreiber et al, 

1991), and the development of stone pavements (Wainwright et al, 1995). 

Historically, many studies using rainfall simulation have been conducted in the arid 

and semi-arid Western United States. Other arid lands that have been researched with the 

aid of simulated rainfall are Western Africa (Collinet and Valentin, 1983; Collinet and 

Valentin, 1984), Australia (Riley, 1994), Israel (Yair and Lavee, 1974), and Portugal 

(Walsh et al, no date). 



21 

New developments in rainfall simulators include automated (Hignett et al., 1995) and 

programmable models (Smith and Schreiber, 1992). Increasingly, there has been a need 

for portability (Wilcox et al., 1986). Some devices have taken into consideration not 

only erosion by water due to raindrops but also to Horton Overland Flow. Luk et al. 

(1986) includes a channel at the top of the device that allows water to pour over the 

experiment as rainfall is being simulated. 

The size of the simulator determines the study area, whether field, plot or laboratory. 

An Internet search found the following two depictions of rainfall simulators in the U.K. 

(Figure 5.2, Figure 5.3). 

ANGLE OF REPOSE AND FAILURE: MASS MOVEMENT 

The angle of repose of granular material is the angle at which it rests, so it is 

sometimes called the angle of rest. It may be variable according to whether it has just 

come to rest or is just about to move, so it is related to angle of initial yield, or the angle 

of residual shear (Stratham, 1977). 

Mass movement refers to hillslope failure. There are various types of mass 

movement. For this study it is important to understand flows: dry flows which occur 

when sand or silt with very low moisture content rapidly slides down steep slopes; and 

debris flows when mixtures of fine and coarse materials v^th high moisture have very 

rapid flow (Summerfield, 1991). The experiments in this study sought to stay on the safe 

side of these events happening on the sediment tray while maximizing slope. 

That slope gradient is a factor influencing interrill erosion was demonstrated by 

Kinnell and Cummings (1993). In a laboratory study using 20 soils v^th widely varying 



Figure 5.2 Plot Scaled Rainfall Simulator. University of Leicester, 2001. 

Figure 5.3 Laboratory Scale Rainfall Simulation. Cranfield University, 2002. 
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erodibility, three forms of response were identified. Those with large stable aggregates 

formed a highly protective layer, or erosion pavem.ent, and eroded at a rate that increased 

with gradient at a decreasing rate. Another form of soil had increasing erosion with 

increasing slope at an increasing rate. For the third group of soils that formed crusts the 

relationship was linear. 

Melton (1965) found that debris-covered hillslopes of less than 28.5 degrees were 

highly stable, whereas from 28.5 degrees to 36.0 degrees they were increasingly imstable, 

and that the upper limit of the of debris-covered hillslopes is approximately the angle of 

repose of the debris. 

MULCHES, ROCKS AND THEIR AMBIVALENCE 

In a study using simulated rainfall on natural desert pavement, or debris covered 

slopes, Yair and Lavee (1974) observed that there was no runoff due to the high 

infiltration. In yet another rainfall simulated study of surface slaty fragments, it was 

found that soil loss reduction directly related to the percent of surface cover. 

Roy and Jarrett (1991) also foimd the same reduction of interrill erosion from 

naturally occurring rock fragments. Furthermore, when they removed coarse fragments, 

erosion was increased by between 94 percent on uncompacted areas to 99 percent on 

compacted areas. However, in a similar study that used trampling with four levels (5,10, 

15, and 20 percent), rock cover did not significantly affect sediment production (Dadkhah 

and Gifford, 1980). 

Studies of mulches date back to 1943 (Beutner and Anderson, 1943). In a study using 

four rates of straw mulch on four slope steepnesses with simulated rainfall, interill 
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erosion was reduced by 40 percent when 0.5 tonne/ha were applied, 80 percent when 2 

tonnes/ha were applied, and was negligible when 8 tonnes/ha were applied. Soil losses 

were double on 20 percent slopes as compared to 2 percent slopes (Lattanzi et al, 1974). 

Natural stone and woodchip mulches have been studied for erosion control on 

construction site slopes of 20 percent (Meyer et al, 1972). One inch of stone mulch was 

more effective than straw. Heavier rates of stone were even more effective and good to 

excellent stands of grass were obtained following the erosion tests. 

Beedlow (1984) found that by applying rock to the soil surface, soil loss was 

drastically reduced. Gravel has been used to reduce soil loss from forest roads 

(Kochenderfer and Helvey, 1987). Roads surfaced wdth 7.62 cm of clean limestone 

gravel lost an average of 13.44 tonnes ha"' year"', while imgraveled road sections lost an 

average of 105.35 tonnes ha"' year"'. 

A study (Agassi and Levy, 1991) using synthetic mulch of 5 mm thick square 

asbestos cement plates measuring 10 and 250 cm found that erosion was reduced by the 

stone cover in direct relation to percent of cover (0, 25, and 50 percent cover). However, 

the size of the cement plates had no effect on infiltration or erosion. In contrast to Agassi 

and Levy (1991), a study using 20 mm thick Styrofoam mulch materials in squares of 3.0, 

5.9,11.7, and 22.3 cm, found that "soil loss from interrill soil surfaces is inversely 

proportional to the size of the individual mulch elements (Poesen and Lavee, 1991, p. 

209)." 
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Poesen and Bunte (1996) diagram rock effects, making a distinction between rock 

fragments on the soil surface and rock fragments beneath the surface (Fig 5.4). When 

rocks rest on the soil surface or are partially incorporated into it, they affect the 

partitioning of rainfall into interception, runoff generated by the rock surface or rockflow, 

infiltration, overland flow, and evaporation. Rock Augments below the soil affect water 

percolation through the soil and therefore also the infiltration rate and, it follows, the 

generation of runoff. 

EROSION MECHANICS 

RAINSPLASH 

Through the use of high speed photography, Ellison (1948) demonstrated the role 

raindrops have on soil particles being splashed into motion. The raindrops which 

compose a moderate storm in terms of size and intensity possess tremendous amounts of 

kinetic energy due to their mass and falling velocity. This kinetic energy is equal to half 

of their mass times their velocity squared. A large part of this energy mobilizes the soil 

particles, the major process initiating soil erosion where there is Horton runoff. After 

rainstorms, particles protected by pebbles can be seen pedastalled, with height indicating 

the amount of soil moved by rainsplash (Dunne and Leopold, 1978). The rainfall 

characteristic that is linked to random roughness decay is impacting drop kinetic energy 

(Tometal., 1999). 

The resistance of soil to dispersal controls the intensity of rainsplash erosion. Smaller 

particles of soil are more easily moved than larger ones. However, clay, due to cohesive 

factors, is the least easily dispersed. Therefore silt is the most erodible. There is a 
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Figure 5.4 Illustration of Possible Effects of Rocks in Various Vertical Positions. 

After Poesen and Bunte, 1996 



seasonal trend in soil detachability as indicated by variations in soil detachment on soils 

sampled in different periods of the year (Ciampalini and Torri, 1998). 

Slaking, the greatest crumbling of the soil surface, occurs in the first 15 to 20 minutes 

of a storm event as the soil imdergoes the greatest disturbance as it transitions from dry to 

wet conditions (Torri, 1996). Slaking can also occur below the surface. In a study of 

erosion mechanisms in a Biancana badland, Torri et al. (1994) found that soil detachment 

was largely due to mechanical and chemical slaking during infiltration. The role of 

runoff was almost solely transport. 

Since vegetation intercepts virtually all of the kinetic energy of rainfall, rainsplash 

erosion is particularly important on steep slopes devoid of vegetation, such as arid areas 

or those created by agriculture, mining, infi^tructure, or construction. The denser the 

vegetation, the lower the rate of erosion. According to Durme and Leopold (1978), this 

factor, controlled by climate and land use, has a greater impact on erosion than all other 

factors, such as rainfall energy and hillslope gradient, clearly making a case for surface 

cover. 

Transport of sediment produced by raindrop detachment can be by airsplash or 

overland flow if sediment size matches interrill-flow competence (Parsons et al, 1991). 

By measuring vertical drift profiles and horizontal splash drift, which is highly variable 

even for the same rain event, Goosens et al. (2000) foimd that the inclination of the rain 

with respect to the process of hydraulic splash was significant. It is not known at present 

how the kinetic energy of falling raindrops is distributed among the component processes 

of soil matrix deformation, detachment, airsplash, transport and topsoil heating (Poesen, 
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1993). Due to fnctional losses during impact, only a small percentage of kinetic rain 

energy is used to move detached soil particles by splash. This percentage ranges from 

0.2 percent and 20 percent (Poesen, 1983, Brandt and Thomes, 1987). 

OVERLAND FLOW 

Horton (1940) observed that there is a maximum limiting rate at which a soil 

imder specific conditions can absorb rainfall. Once this infiltration capacity is exceeded, 

rainfall then begins to fill depressions. This is called depression storage v^th the amount 

stored termed surface detention. When depression storage is exhausted, rainfall begins to 

run down slope in a visible irregular sheet of overland flow. This Horton overland flow 

can be seen flowing as a thin sheet of water or a series of rivulets over large areas. 

The following illustration (Figure 5.5) describes the effect of rain becoming 

Horton Overland Flow. Before sufficient rain can accumulate to flow over the surface 

only rainsplash erosion can occur and there is no sheetwash erosion. As more and more 

rain accumulates down slope and exceeds infiltration the flow of water over land 

becomes visible increasing in depth and velocity and also causing sheetwash erosion. In 

the zone of no overland flow, especially, the applicability of fluvial hydraulics seems 

questionable. 

The depth and velocity of Horton overland flow tends to increase downslope thereby 

increasing in erosive force. If the rivulets begin to cut separate channels, this process 

then becomes rill erosion with the areas between rills called interrills. If the rills become 

engraved into the surface of the land to a depth greater than a foot, they are then 

classified as gullies (Dunne and Leopold, 1978). 
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Gully erosion is small by comparison to rainsplash erosion and the sheetwash erosion 

caused by overland flow (Dunne and Leopold, 1978). Comparing gully and sheetwash 

erosion on agricultural lands in the east and central United States, Glymph (1957) found 

that gullies supplied less than 30 percent of the total sediment yield in 75 percent of the 

cases. 

Overland flow is not seen in areas of high infiltration or vegetation. In arid areas with 

sparse vegetation or in denuded areas it can be clearly visible. In regions where Horton 

overland flow is the dominant erosive force it is used synonymously with soil erosion 

(Dunne and Leopold, 1978). 

Another type of overland flow is saturation overland flow. This type of flow occurs 

when water is forced to the surface or remains on it as a result of saturation of the soil 

underneath. The usual areas of saturation overland flow are footslopes next to stream 

chaimels, topographic depressions, and places where the soil cover is thin. By 

comparison, Horton overland flow tends to occur in places of sparse vegetation 

permitting surface sealing or where rock outcrops limit infiltration. Therefore, the most 

probable places to encounter Horton overland flow are in arid, semiarid, or disturbed 

lands. The two separate groups that study overland flow are agricultural engineers and 

hydrologists, mostly situated in the U.S. and focusing on applications on agricultural 

land, and geomorphologists, mostly located in Europe and concentrating in imderstanding 

processes, with engineers and hydrologists having made greater progress (Parsons and 

Abrahams, 1993). 
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Parsons and Abrahams (1993) conducted field investigations on interrill sediment 

removal by overland flow to determine roles of rainfall and surface flow on detachment 

and transport by overland flow. While detachment by surface flow was minimal due to 

the dissipation of more that 90 percent of the power by form resistance, raindrop 

detachment was substantial but spatially highly variable. Sediment transport was 

controlled by surface flow capacity. Sediment transport rate did not increase with 

gradient as is widely assumed. Since no incision of flowlines was observed, field and 

laboratory studies concluding that most sediment detachment on interill areas is mainly 

by raindrops were supported. 

Simple relationships between gradient and infiltration and gradient and transport 

capacity were not found (Parsons and Abrahams, 1993). Because steeper slopes tend to 

have greater amounts of debris, lower erosion rates occur on these steeper slopes. 

Therefore, Parsons and Abrahams (1993) disagree with Gilbert's (1877) proposal that in 

general erosion is most rapid where slopes are steepest due to the increase in velocity of 

running water and with this an increase in transporting power. 

There is a temptation to use concepts developed for rivers for overland flow. The 

following studies demonstrate this. 

Using a 18-m-wide by 35-m-Iong runoff plot in southern Arizona that extended from 

the divide to the rill heads, the full range of lateral variability and downslope changes 

were examined (Parson et al, 1990). Overland flow with mean depth d, mean velocity v 

and Reynolds number Re was computed for two upland measured sections. Increases in 

Re were found to be accommodated by increases in d, as a result of resistance to flow 
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increasing with Re as overland flow spread into new areas. Downslope hydraulic 

relations were found to be strikingly different. Resistance to flow decreased as Re 

increased permitted by increases in v. Progressive concentration of flow into fewer 

deeper threads resulted in the decrease in resistance to flow. 

Seventy-three experiments were performed on the resistance to overland flow on 

desert pavement (Abrahams and Parsons, 1991). Because of the form resistance supplied 

by the gravel surface, the grain resistance was small. This work has probable application 

on humid hillslopes and agricultural lands where gravel as a source of form resistance is 

replaced by plant stems, litter, and tilled surfaces, ensuring that grain resistance remains 

small. 

Conducting semi-arid field and laboratory studies on the resistance to interill overland 

flow, Abrahams et al. (1993) identified controls and factors. With the Darcy-Weisbach 

friction factor f that is used for rivers to characterize flow resistance, form resistance is 

dominant at Froude numbers less than 0.5. Approximately 95 percent of f is form 

resistance. Wave resistance is dominant at Froude numbers between 0.5 and 2.0. 

Predictive equations are produced depending on gravel size and concentration. These 

experiments on overland flow describe it as a sheet of water sometimes laminar, 

sometimes turbulent, sometimes transitional, sometimes all three. The authors state that 

one of the limitations was that cover values were at 24 percent or less, while gravel cover 

on arid hillslopes is typically in excess of 60 percent. It is worth noting that overland 

flow rapidly decelerates at the base of surface steepenings and that there is an 

anastomotic pattern of overland flow around microtopographic protuberances (Abrahams 
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et al, 1993). In the wakes of roughness elements, turbulence is created in overland flow 

as energy is dissipated. This is in contrast to river flow and occurs sufficiently close to 

the bed to affect sediment transport and therefore transport capacity is greater than that 

predicted by grain shear stress (Abrahams and Parsons, 1994). 

Gilley et al. (1993) also analyzed resistance to overland flow using Darcy-Weisbach's 

f, but instead of using form and other resistances, they used the physical contributors to 

resistance: rills, gravel and cobble, surface residue, and plants. Percent cover for gravel 

and cobble ranged from 3 to 90 percent. Gravel and cobble were glued onto a flume 

maintained at a slope of 1.35 percent and water was supplied to the flume using a 

constant state tank. When covers were between 56 and 80 percent, the depth of water 

was usually greater than the height of the material. At lower cover values of 4,16 and 32 

percents, the water was typically less than the height of the material. Higher C values 

with greater water depths had lower roughness coefficients. In contrast, roughness 

coefficients with lower water depths initially increased with Reynolds numbers. 

Through monitoring six consecutive storms applied to each of three soil types in a 

small laboratory catchment, an African investigator (Rowntree, 1982) found that 

significant variation in sediment yield resulted from rilling and armoring processes which 

shifted sediment source form rills to interrill areas. The concept of stable erosion rates is 

questioned. Instead, dynamic models are needed which account for rill development and 

changes in sediment availability. 

In the Preface of Overland Flow, editors Parsons and Abrahams (1993) lament the 

assumption of a rill-interrill dichotomy which disallows rill formation and growth and 
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landform evolution, then echo De Lima (1993) as making the important point that all 

models are simplifications. Perhaps Parsons and Abrahams (1993) are right, after all. 

Our oversimplified dichotomous conceptual models of either/or rill/interrill are 

lamentable. It's time to explore both/and plus others as well. It's time for a punctuated 

evolution of our erosion mechanics constructs. 

Govers (1993) recognizes the problems with borrowed models. He states that when a 

large number of equations are tested using limited range data, at least one will give 

satisfying results. He concludes that there is more experimental work necessary for the 

evaluation of the transporting capacity of overland flow as influenced by form roughness 

and also for the evaluation of transporting capacity at lower discharges on steep slopes. 

Perhaps the choice of conceptual models used in erosion mechanics could be 

expanded. Rivers are rivers because they have water running in them all of the time. In 

contrast, rills contain water intermittently and interrill areas, at most, may have sporadic 

sheetflow, if at all. Could present models be all wet? Could some answers lie not in 

research subjects where there's always lots of water, but where the lack of water is 

dominant? Could the study of erosion in terms of rills and interrills be suffering from 

long term conceptual inbreeding and be in need of an infusion of new conceptual models 

that deal with arid areas? 

DEBRIS TRANSPORT MODES 

Dunne and Leopold (1978) describe the four modes of debris transport in flowing 

water in streams. This action of water on submerged particles occurs near the streambed. 
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Differential velocities occur in streams with the main body of flow being greater than 

those near the boundaries, bed or bank. The resulting shear caused by faster water 

flowing past slower water is called the velocity gradient. Beginning and ending in a 

random manner, swdrls or eddies in turbulent flow transmit the momentum of the faster 

water to the slower water. Some of the energy is dissipated into heat, a fiictional loss; 

some kinetic energy does the mechanical work of moving rocks or debris on the stream 

bed. 

The four modes of transport are: 

(a) spiraling up by the higher velocity flow, then mixing v^dth the slower water with a 
slowing of the mean velocity of tiie whole by frictional resistance. 

(b) subjected to the same shearing motion, a rock may be rolled and dragged along, or 
deflected upward upon collision with another rock and bounced up into the higher 
velocity flow. 

(c) skipping, or saltation, in which a particle is dragged up into the flow, then, due to 
its weight, falls down again to the bed. 

(d) with a small enough particle and an immersed weight giving it a fall velocity less 
than the eddy's upward velocity, a particle may be carried upward into the main 
flow. Falling, it may be entrained in yet another eddy so that it glides like a hawk. 

Poesen and Torri (1989) examined mechanisms governing incipient motion of rocks 

in concentrated overland flow. Using Shield's entrainment theory, they found roll waves 

could explain the transport of rock fragments having diameters larger then the flow 

competence. Collisions between rock fragments were not the result of saltating 

fragments, but rather gliding or rolling fragments on the rill bed. Therefore, transfer of 

linear momentum in a downslope direction is more effective than in saltating grains. 

Hydraulic conditions for incipient motion have been described in terms of Shields' 
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entrainment parameter modified for steep slopes as well as relative depth, and adjusted 

for rill conditions (Torri and Poesen, 1988). 

A field study monitoring colored rocks found that rock fragments up to 9.0 cm in 

diameter traveled downslope by rill flow during a moderate rainfall event (Poesen, 1987). 

For interrill flow, the competence was one order of magnitude smaller. Size rather than 

shape controlled rock fragment transport distance. For single or clustered rocks lying on 

a rill bed, the Shields criterion value corresponded to 0.015 rather than 0.05. In Poesen 

(1990) the Shields entrainment is reported as 0.012 rather than 0.06. 

Parsons and Abrahams (1993) feel that even though there has been considerable study 

on how movement of granular materials is initiated by flowing water, there are significant 

shortcomings for application in predicting detachment by interrill overland flow because 

it is largely empirical and so can not be used for prediction outside the range of 

experimental data and, furthermore, because turbulent flow conditions were used with a 

large flow depth in comparison to the diameter of the transported particles. 

EROSION MECHANICS: ROCKS 

The process mechanisms of rock Augments are various at different scales: the 

microplot (4 x 10(-6) - 10(0) m^), the mesoplot (10(-2 -10(2) m^) and the macroplot 

(10(1) - 10(4) m^). Focusing on process mechanisms, Poesen et al. (1994) discuss how 

sediment yield is determined by the varying intensities of the hydrological and erosion 

subprocesses. At both microplot scale, which is the soil surface area covered by a single 

rock, and at macroplot scale of upland areas where both interrill and rill erosion take 
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place, rocks have a negative effect on sediment yield. At the mesoplot scale, erosion 

from interrill areas is complicated by the conditions of fine earth porosity, soil surface 

slope, vertical position and size of rock fragments, and the occurrence of horseshoe 

vortex erosion. Therefore, rock fragments at the mesoplot scale may have a negative or 

positive effect on sediment yield. 

Using an interrill flume with simulated rock fragments, Poesen and Lavee (1991) and 

Lavee and Poesen (1991) found that small rock fragments reduced the runoff coefficient 

when compared to bare soil while larger rock fragments increase runoff coefficients. 

These observations are similar to those reported on field studies by Yair and Lavee 

(1976). Rocks have ambivalent effects on overland-flow production. They may prevent 

infiltration of intercepted rain into the soil, but also prevent surface sealing by protecting 

the soil surface against raindrop impact forces, thereby increasing infiltration. In a 

reanalysis of published data, Poesen et al. (1994) found that scale determines whether 

rocks have a negative or positive effect on sediment yield. At the micro and macro-scale 

they lessen erosion, but at the meso-scale rocks may behave ambivalently. 

El Boushi and Davis (1969) found that on rock fragments smaller than 3 cm, most of 

the storage of water was what was retained between adjacent rock fiagments; for rocks 

larger than 10 cm most water storage is puddles on rock surface. Water holding capacity 

determines rainwater absorbed by rocks. Type of rocks is also important; the gravimetric 

moisture content at saturation of flintstone is 0.2 percent, while for chalk it can be as high 

as 91.7 percent. Small rock fragments are usually more weathered, and therefore more 

porous, than large rock (Childs and Flint, 1990). 
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Rock fragments restrict water vapor adsorption by soils, but also reduce evaporation 

with a greater contribution to soil moisture content under Mediterranean climatic 

conditions (Kosmas et ai, 1998). Pure rock layers have very low unsaturated hydraulic 

conductivity. Therefore the amount of water transported to the surface by capillary rise is 

decreased and water transport through the layer is by vapor diffiision only (Poesen and 

Lavee, 1994). Because of this, water evaporation losses are low with the greatest 

inhibiting effect the first few days following a rain event. 

Using glass spheres to test for relationships between gravel content and saturated 

hydraulic conductivity, Dunn and Mehuys (1984) found that it decreased v^th increasing 

volumes of gravel. This phenomenon of decreasing saturated hydraulic conductivity also 

occurred when the diameter of the spheres was increased. While not fully imderstood, 

Durm and Mehuys (1984) propose that it may be a combination of increased boundary 

flow around the spheres, increased tortuosity, and decreased cross-sectional area. 

For erosion control, rocks placed on the surface were found to be twice as effective as 

rocks embedded in the soil surface (Poesen, 1993). This is due to the negative effect of 

rock fragment cover on overland flow velocity (Poesen and Ingelmo-Sanchez, 1992) and 

the amount of sediment detached by raindrops. 

However, with well-embedded rock fragments, there was a positive relation between 

percentage cover and sediment yield caused by overland flow due to an increase in 

volume and velocity of reticular overland flow (Poesen and Ingelmo-Sanchez, 1992). 

Not only is there an increase in volume of overland flow, but there is also a 

corresponding reduction of the interill flow zone in the area between the fragments. 
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Therefore more and more is channeled between the rocks leading to larger unit flow 

discharges and deeper and faster flow (Poesen and higelmo-Sanchez, 1992; Thomes et 

al, 1990). When covers are very high and a critical value is exceeded, the relation 

between cover and sediment yield switches, with a minimum sediment yield reached 

when rock cover is at 100 percent (Poesen and Ingelmo-Sanchez, 1992). 

Laboratory studies by Poesen and Lavee (1991) and field observations by Fletcher 

and Beutner (1941) indicate that there is positive effect of rock-fragment size on overland 

flow volume and overland flow velocity, leading to their conclusion that erodibility of 

soils containing rock fi^gments increases with size of fragments. For example, within 

any one soil type, soils with rock firagments greater than 40 mm in size were 32 percent 

more susceptible to erosion by overland flow than soils with rock fragments between 2 

and 60 mm in size. Poesen and Lavee (1991) and Lavee and Poesen (1991) foimd that 

there is a generation of overland flow near the edges of rock fragments and that the 

distance between rock fragments can control the continuity of overland flow along a 

hillslope. 

Generally, when soils contain more than 10 percent surface soil rock fragments, there 

is a negative relation between cover and sediment yield due to rill or interrill flow (Box, 

1981; Collinet and Valentin ,1984; Simanton et al, 1984). One exception is the case of 

Bamett et al. (1965), where rock fragments greater than 5 cm and well embedded in a 

sealed topsoil increased rill and interrill soil erodibility. On sealed top soils with 

embedded stone covers the flow is reticular rather than sheet flow. This reticular flow 

concentrates erosive forces on the soil surface between rock fragments (Thomes et al. 
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1990). As surface rock fragments increase overland flow velocity, transporting capacity 

is increased (Poesen, 1993). This effect is temporary. The increased erosion exposes 

more subsurface rocks creating an increasingly armored erosion pavement (Shaw, 1929). 

Using fractal structures to analyze drainage networks, Rinaldo et al. (1992) have found 

that drainage networks organize themselves not only because of chance acting through 

random conditions but of necessity also reflect least energy expenditure considerations. 

Seventy-three experiments were performed on the resistance to overland flow on 

desert pavement (Abrahams and Parsons, 1991). Because of the form resistance supplied 

by the gravel surface, the grain resistance was small. This work has probable application 

on humid hillslopes and agricultural lands where gravel as a source of form resistance is 

replaced by plant stems, litter, and tilled surfaces, ensuring that grain resistance remains 

small. 

EROSION MECHANICS: FROM MESO TO MICRO 

De Ploey (1981) was one of the first to argue against the widely held opinion that 

topsoil covers, whether by vegetation or stones, protect against erosion. Instead, he notes 

that effects can be ambivalent. Stating that the internal resistance of either regolith or 

debris mantle to gravity depends on its shear strength, he adds that erosion on hillslopes 

by raindrop impact or slope wash is spatially distributed according to unequal 

concentrations and magnitudes of forces and resistances. De Ploey (1981) also observes 

that there can be opposite effects to those commonly believed, and that many of these are 

not widely understood. 
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Citing work by Singer and Blackard (1978), who found that erosion was more likely 

when mulch was low than when the soil is bare, De Ploey (1981) stresses that vegetative 

or stone roughness elements may act ambivalently, either protecting or activating erosion. 

These effects depend on the type of turbulent flow patterns that result form the obstacles. 

In his work on a steppic grass cover, De Ploey (1981) proposes that these roughness 

factors change the hydraulics of runoff, developing turbulent flow patterns, including 

roller flow (De Ploey et al, 1976). 

More than twenty years later, Bunte and Poesen (1993) discuss how surface rock 

fragments can create horseshoe vortex erosion, again stressing that the effects of rock 

fragments on the hydraulics of overland flow have not been studied comprehensively. 

Results are scarce and ambivalent. Relationships of flow hydraulics and stone covered 

soils are not fully understood. 

Taking erosion around bridge piers as a model for scour foxmd around rocks, Bunte 

and Poesen (1993) developed their scaled down theories on horseshoe vortex erosion. 

Experimenting on a flume with 12 different rock cover percentages ranging firom 0-99 

percent, they found that maximiun erosion occurred at 20-25 percent pebble cover. At 14 

percent cover density, scour holes did not interfere v^th each other. As cover rates 

beyond 25 percent increased, erosion decreased. Mean flow velocity decreased steadily 

with increase of rock fragment cover. Bunte and Poesen (1993) conclude that rock 

mulches could be used to reduce or increase soil erosion. 
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Just as Bunte and Poesen have taken DePloey's old findings and used scour around 

bridge piers as a model reduced to the microscale, arroyos may also shed light on the 

erosion mechanics of near 100 percent gravel covers. 

ARROYO FORMATION 

The literature review section would not be complete without a brief visit to arroyo 

formation processes, since they will be used in the analysis section to attempt to explain 

anomalous study results. 

The model of arroyo formation proposed by Cooke and Reeves (1976) proposes that 

two fundamental changes acting either individually or together could cause localized 

erosion. These two factors are increased erodibility of materials or an increase of 

erosiveness of flows. 

COMMON METHODS OF HILLSLOPE SOIL STABILIZATION 

Common methods of soil stabilization include vegetation, grass or shrubs, contouring, 

rip rap, geotextiles and constructed elements, such as crib or retaining walls (Table 5.1). 

Landscape architecture periodicals often feature manufacturers and providers of 

geotextiles, such as Soil-Loc, Inc., Davisson Golf, Inc., and Engineered Fiber Products. 

What may well be the quickest and cheapest method, rock mulching, is not usually 

considered. In an extensive mining bibliography (Dryden, 1993), no mention was found 

of the use of rock mulches for soil stabilization. 
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Table 5.1 Common Methods of Stabilization. After Tsunokawa and Hoban, 1997. 

Measures Effectiveness Comparitive costs 
Grass Seeding Only surface effective, 

avoids start of erosion 
Least Expensive 

Vetiver grass Excellent, even at depth Inexpensive 

Shrubs Excellent Two to three times cost of 
grass 

Stepped slopes Excellent Substantially raise the 
volume of earth-works -
dependent on the distance 
from quarries 

Riprap Excellent for embankment 
protection 

Depends on distance from 
source 

Crib Walls Good One-quarter the cost of a 
retaining wall 

Gridwork, 
wooden 
barricades, etc. 

Fairly good Five times the cost of 
vegetation 

Geotextiles Excellent: good 
mechanical and chemical 
resistance 

Ten to twenty times the cost 
of vegetation 

Retaining Wall Good Most expensive 
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According to Wheatcraft's Materials in Kerrville Texas (pers. com.), 9.5 mm gravel 

was commonly used in parking areas and to top roads. For driveways, 15.9 mm gravel 

was typically purchased if level and 38.1 mm gravel if sloping. The 38.1 mm gravel was 

also used for yards. There was no mention of gravel use for the purpose of erosion 

control or slope stabilization. 
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VI. METHODOLOGY 

RAINFALL SIMULATOR AND SEDIMENT TRAY 

In the fall of 2000, work began on construction of a rainfall simulator. A sediment 

tray was built which consisted of a one meter square tiltable tray to contain test medium. 

A flume located on the lower side of the tray was designed to capture sediment laden 

runoff. This laboratory was engineered to accommodate a maximum erosion medium 

and armor depth of 15 cm. The tray bottom had a water-only permeable lining that 

restricted sediment loss (Figures 6.1, 6.2). 

The rainfall simulator consisted of a portable boom (Figure 6.3). A series of nozzles 

could deliver rainfall at adjustable rates up to 10 cm per hour uniformly over the 

laboratory tray. Test trials were used to arrive at nozzle spray patterns, volumes, and 

spacing along the boom. The low boom allowed accurate control of precipitation rate 

and complete coverage. It did not simulate natural raindrop size or velocity. 

Two people could operate the tiltable soil tray and rainfall simulator. A tray fully 

loaded with soil and armor would weigh less than 900 kg. The total water delivered to 

the plot in a one hour run would be as much as 100 liters. In the final tests water was 

delivered at a rate of two inches or approximately five centimeters per hour for a total 

application of 50 liters. Because volumes of water were controllable, and soil and armor 

were manageable amounts, a far greater number of simulated rainfall experiments could 

be run than would be possible under field conditions. 



Sediment Tray 

Flume 

Figure 6.1 Early Model Sediment Tray and Flume. 
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Figure 6.2 Construction Drawing of Early Model Laboratory. 



Figure 6.3 Early Model Rainfall Simulator Boom during Simulated Rainfall. 
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Preliminary testing indicated the need for several design changes. Outdoor operations 

were impractical for several reasons. First, the simulated rainfall could be deflected by 

even a gentle breeze. This made control and consistency difficult. Secondly, if natural 

rainfall occurred it would make operation impossible and affect test results. It was 

decided to put it in a building. Weather conditions during actual testing demonstrated 

that they would not have been possible without an enclosed facility. 

Now that the equipment would be operated in this new test facility, the rainfall 

simulator required further adaptations. Nozzles producing an even rainfall pattern with 

the required volume needed to be located eight feet above the soil tray. With a ceiling 

height of approximately eight feet and a tray height of three feet, there wasn't the 

required distance to produce an even rainfall pattern on the soil tray with the nozzles 

initially selected. A number of different commercially available spray jets and adjustable 

misters in various ceiling moimted configurations were tested but all yielded inadequate 

results. 

Finally, the solution was to mount the misters near the lowest comer of the soil tray 

and spray water in an upward arc falling on the tray. Eight adjustable misters (Raindrip, 

Inc. #R166C, Simi Valley, CA) were mounted on adjustable arms on either side of the 

tray. These could be adjusted and readjusted to produce a uniform application of water at 

the desired rate (Figure 6.4). Further test runs resulted in the use of only four of the eight 

nozzles, run at a uniform pressure of 20 PSI (Figure 6.5). This then produced an average 



Figure 6.4 Calibration of Simulated Rainfall. 



Figure 6.5 Nozzle Closeup During Calibration. 
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application rate of approximately two inches, or five centimeters, or approximately 13 

gallons or 50 liters per hour. 

Testing was also done at higher simulated rainfall rates. When all eight nozzles were 

used, an application rate of approximately 10 cm per hour could be produced. However, 

this resulted in sloughing of the medium on the tilted soil tray. In order to yield 

consistent test results, application rates were adjusted downward. After three hours of 

continuous operation, there was no sloughing at the 5 cm rate. 

Water pressure was preset with a gate valve and pressure gage. A ball valve below 

the gate valve could then be turned either "on" or "off' always returning to the desired 

pressure. 

The metal and plastic components from the old tray which was destroyed during a 

flood were used in the final laboratory design. These were salvaged nearly intact from 

the origmal laboratory tray. It is one meter square and was designed to accommodate a 

considerably thicker layer of medium and armor than that which was ultimately used. 

The sides were made from Plexiglas with comer reinforcements on an aluminum fi^me. 

Clear material was selected because it might have been possible, with a thicker medium 

and armoring, to observe some of the mechanics of the interactions between the medium 

and armor surfaces. The 6.4 mm material was also chosen because it is narrow and 

would provide a barrier against splashing of rainfall from outside into the tray. 

The bottom of the tray and the lower side were open. These were covered with 

galvanized "hardware cloth" which is a ~6 mm welded wire mesh (wwm). On the 

bottom of the tray only, the mesh was covered with a single layer of Easy Gardener brand 
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Commercial Landscape Fabric (Model 2508). This product is a spun bonded polyester 

fabric used commercially as a soil covering for erosion control and weed prevention. It 

easily passes water but no visible amount of medium. 

Due to the 6 mm wwm on the lower end of the tray, the armor is held in place but 

allows the erodible medium to pass through (Figure 6.6). Material washing through the 

mesh travels over an aluminum lip and falls into a flume or "gutter" which is fabricated 

firom 10.2 cm PVC sewer pipe. This flume runs the full length of the tray. A slot was cut 

to accept the aluminum lip. The eroded material flows over the aluminum lip and 

collects in the PVC pipe. This pipe flume was fitted with a screw-in end cap on one end 

and a downward facing 90 degrees elbow on the other. A collection bucket was placed 

beneath the elbow to collect eroded material during the test run (Figiires 6.7 and 6.8). At 

the end of each of the runs the cap was removed from the end and the flume was flushed 

into the bucket by spraying water through it. 

The loading of the erodible medium into the tray had to be done in a uniform manner, 

especially along the "leading edge" of the material that rests on the mesh. A great deal of 

effort went into loading the tray exactly the same way for each run. A flirther refinement 

to the design of the laboratory tray may be to incorporate in the future a loading template 

or leading edge "form" to load the medium and then remove it before initiating rainfall 

simulation. 



9.5 mm Armor in Test Tray 

Flume 

Lab Floor 

Figure 6.6 Overhead View into Flume During 9.5 mm Experiment. 



Figure 6.7 Experiment with 38 mm Gravel. 



Figure 6.8 Experiment with 9.5 mm Gravel. 
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The soil tray and attached flume were fixed onto a base consisting of a galvanized 

angle steel and aluminum angle sub-table (Figure 6.9). This in turn was attached to a 

wooden base in such a manner as to allow the sub-table and tray to be tilted upward to the 

selected slope angle. The hinge point is only slightly ahead of the center of gravity so 

that it could be manually tipped to slope by one person (Figure 6.10). 

To load the laboratory tray, it was first placed in a horizontal position. The bottom 

membrane was wetted lightly for adhesion. The erodible medium was manually placed 

to a depth of 1.1 cm uniformly over the membrane using a squeegee. Next, an average 

depth of 2.2 cm of armoring was placed uniformly over the erodible medium. Finally the 

tray was tipped to the desired slope and secured. 

TEST MEDIUM 

Since the very first research proposals were for mine sites, initial choices made 

attempts at simulating mine spoils. Stu Bengsen, working at the Asarco mine in Green 

Valley, had said that some of the tailings materials could even pass through a .02 mm 

sieve (pers.com.). Since material this size was the same as silt, it was at first determined 

to use silt. However, mine tailings aren't soil, but rather crushed bedrock. It was 

subsequently decided to use crusher fines firom a limestone quarry as a substitute for mine 

tailings. However, this material varied and would lead to inconsistent and therefore 

inconclusive results. It became clear that highly consistent packaged engineered 

materials might be the answer. 



Figure 6.9 Galvanized Angle Steel and Aluminum Angle Sub-Table. 
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Figure 6.10 Construction Drawing of Second Generation Laboratory. 
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Black marble dust was procured from Gary Pools in San Antonio, Texas, as well as 

two packaged sands. A complete series of dry, wet, and wetter runs was conducted using 

Texas Black #00 manufactured by Texas Architectural Aggregate. Inc. based in San 

Saba, Texas. This series was then replicated. Texas Black #00 is very angular and the 

tests made it clear that it was self-armoring. Since it was not erodible enough, it would 

not give good measurable test results. For this reason, it was rejected as a test medium. 

Sand media were then explored. 

Stoke's law (Thien and Graved, 1997) expresses the relationship between particle 

size and specific surface area to settling in solution, with smaller particles having more 

resistance and therefore slower velocities. Since the collection method involved 

decanting, it follows that higher velocities were required. Therefore sand made a good 

test medium as sand particles settle within 40 seconds. 

The erodible medium selected was All Purpose Sand (APS) made by Quikrete 

(Quikrete Companies, Product #1152) because erosion was consistent and measurable. 

This was purchased in 70 lb (~32 Kg) bags. For each run -16 Kg was used. This 

-10,900 cm^ created an average medium thickness on the tray of just vmder 1.1 cm. 

GRAVEL 

In contrast to medium selection, gravel choices were self-selecting. Many sizes of 

rock fragments can be found for sale at Wheatcraft's Materials in Kerrville, Texas. But 

rock fragments are inherently angular and so add another variable to the experiment. 

Therefore unbroken round rocks, or gravel, in the only three sizes for sale were selected 
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for testing. These are 38.1 mm, 15.9 mm and 9.5 mm. In the Revised Soil Survey 

Manual (USDA, 1981) all are classed as medium gravel. On the Modified Udden-

Wentworth Scale (Blair and McPherson, no date) 38.1 mm and 15.9 mm gravel are 

differentiated as medium pebbles while 9.5 mm gravel is classed as a fine pebble (Table 

6.1). I took great care when procuring these materials not to contaminate one with any of 

the others. 

The quantity of gravel applied over the test medium was a level five-gallon bucket or 

approximately 22 liters. This yielded an average armor thickness of just over 2.2 cm over 

the tray. The percent cover of the materials was 100 percent for the 9.5 mm gravel, 

virtually 100 percent for the 15.9 mm gravel and 95 percent for the 38.1 mm material. 

ROCKS USED IN STUDY 

The rocks used in this study were obtained from the upper Guadalupe River drainage, 

from Recent alluvial gravel deposits. This drainage is located about five miles southeast 

of Kerrville, Texas. Cretaceous, Fredericksburg Group, Edwards Formation was the 

source terrain. The Edwards has been eroded from the Edwards Plateau to the west and 

nordi of Kerrville. Cherty, brownish-gray, fossiliferous limestone and marly limestone 

make up these gravels of Pleistocene to Recent floodplain. Individual pebbles range in 

size from 15 mm to 500 mm and are hard, subrounded to rounded. Thin, light yellow-

brovm caliche coats most of the material. This is typical of the svirface deposits in this 

semi-arid limestone terrain. Among the larger pebbles are a few very hard, dark 
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Table 6.1 Udden -Wentworth Grain-size Scale 
for Silliclastic Sediment. After Blair and McPherson, no date. 

Seive Alternate (2) 
Grade Size ASTME-11-95 

Boulder 
G 
R 
A 
V 
E 
L 

256 mm 

Cobble 

G 
R 
A 
V 
E 
L 

64 mm 

Pebble 

G 
R 
A 
V 
E 
L 

4 mm 

Granule 

G 
R 
A 
V 
E 
L 

2 mm 

Very Coarse 

S 
A 
N 
D 

1 mm No. 18 

Coarse 
S 
A 
N 
D 

0.5 mm No. 35 

Medium 

S 
A 
N 
D 

0.25 mm No. 60 

Fine 

S 
A 
N 
D 

0.125 mm No. 120 

Very Fine 

S 
A 
N 
D 

0.0625 mm No. 230 

Coarse 

S 
1 
L 
T 

0.0313 mm 

Medium S 
1 
L 
T 

0.0156 mm 

Fine 

S 
1 
L 
T 0.0078 mm 

Very Fine 

S 
1 
L 
T 

0.0039 mm 

Clay 
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brownish gray chert nodules, although most of the pebbles are fine grain, buff colored 

limestone. Cemented, fine grain fossiliferous detrital material makes up a few of the 

pebbles. Porosity varies from non-porous to possibly as high as 5 percent for all of the 

material (Wightman, pers. com.; Bluntzer, 1992). 

RAINFALL 

Rainfall selection should be typical for the study area. Since the simulation of the 

mine site in Southern Arizona was abandoned, a two inch rainfall was selected as it is 

typical of 100 year, one hour rainfall of large sections of the arid western United States 

(MIFAB, no date). 

SLOPE 

Again, with no need to simulate mine tailings slopes, the experiments coxald be better 

focused on answering the question: what is the optimum size of gravel for use as a 

ground cover to prevent soil erosion by water? Stu Bengsen (pers. com) had indicated 

that slope angles of ASARCO mine tailings were 45 degrees. An interdisciplinary 

approach looking at both geomorphology (Cooke and Reeves, 1972) and engineering 

literature (Lyle, 1987) showed that three inch rocks were required to stabilize this slope 

angle. Therefore, in order to study the prevention of soil erosion using armoring on this 

steep of a slope, two courses would have to be applied. First one of three inch rocks, then 

one of three gravel sizes to fill in the voids. This added more variables to the 

experiments. 
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Instead, the erodible medium was tested to find the point just before it began to flow, 

its' natural angle of repose. This was 35 degrees. Therefore, this was the optimum slope 

that resulted in the greatest erosion without failing. It follows that it would yield the most 

conclusive results. 

The sand layer was 1.1 cm in depth and the average gravel depth was 2.2 cm. 

Because erosion increases with gradient, the greater the slope the more that erosion is 

maximized. There are natural limits below which the material will not fail or flow. 

Experiments could not be conducted on material that had flowed down to the bottom of 

the sediment tray. These would no longer provide a suitable surface for erosion. It 

should be noted that mass movement is more likely on wet or saturated materials. That is 

why it was critical to have a membrane lining the bottom of the sediment tray that was 

very water permeable. 

Four measurements were taken to determine the angle of repose of the three gravel 

sizes. The mean for 9.5 mm gravel was 36 degrees. For 15.9 mm gravel, the angle of 

repose was 35 degrees. The angel of repose for 38.1 mm gravel averaged 39 degrees. 

For all three gravel sizes, the slope was held constant at the angle of repose of the APS 

material underneath. The pomt of failure of the sand was a limiting factor to any 

variation in slope angle for overlying material. 

EXPERIMENTS 

There were four kinds of covers, all on the same sand medium: no cover, 38.1 mm, 

15.9 mm and 9.5 mm. Experiments (runs) had 30 minutes of rain and were measured at 
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five-minute intervals during the rain event, then again five minutes after rain stopped for 

a total of seven data points. Three runs were conducted on each set up to represent dry, 

wet, and wetter antecedent moisture condition with a rain break of 30 minutes in between 

subsequent runs. Quickrete All Purpose Sand was not replaced between runs. Sand was 

replaced between sets of runs so that the first run was dry then became wet and finally 

wetter. Each series of three runs was then replicated. 

Test results were collected in buckets then decanted and transferred into cups and 

allowed to air dry. All collection equipment was rinsed between uses so as not to 

contaminate results. The air-dried results were weighed on an Ohaus Model 505 balance 

calibrated in grains and tenths. Measurements were converted to milligrams using a 

factor of 64.8 mg per grain. 

A form was designed to facilitate recording of experimental data (Appendix A). 

Experiments were run in series of three with dry, then wet, and finally wetter antecedent 

moisture conditions. Horizontal rows were grouped into three with a blank space 

between series. With a total of 36 experiments in all, the data sheets proved a useful tool 

during experiments as well as for reference afterwards. 

SIEVE ANALYSIS 

Both the test medium and the collected results were graded (Goudie et al, 1981). 

The results for each tested material and cover were first combined. For example, all 

collected medium fi-om 38.1 mm armor runs, or seven fi-om each run, three runs to a 

series with each series replicated, so 42 (7 x 3 x 2) were combined. The material was 
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then graded using a Keck Sand Shaker with sieves fitted to correspond to the Udden-

Wentworth grain-size scale for siliciciastic sediment as explained in Blair and McPherson 

(no date). Each of the five sand grades was then weighed and percentage of tlie total 

sample weight calculated. 
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VII. RESULTS AND ANALYSIS 

DUAL METHOD OF ANALYSIS 

Two methods were used to analyze data results. One method was a statistical 

analysis. Logarithmic trendlines show clearly how the five types of experiments relate to 

each other. Furthermore, the R-squared values are good ranging from 0.79 to 0.95. Since 

statistical analysis did not have enough detail to decipher mechanisms governing erosion 

processes of rock mulches, it follows that a complementary method of analysis was 

required to arrive at rock mulch erosion mechanics. Therefore a visual analysis was 

conducted on the data in a graphic format. This second method of analysis yielded 

insight into gravel mulch erosion mechanics and hypothesis. 

STATISTICAL ANALYSIS 

Regression analysis was conducted on data from the five types of experiments: Texas 

Black with no armor, All Purpose Sand (APS) with no armor, APS with 9.5 mm rock 

armoring, APS with 15.9 mm armoring and APS with 38.1 mm armoring (Figure 7.1). 

Two or, in the case of 15.9 mm gravel, three points on each run were averaged. The 

seventh points on the dry and wet runs were aggregated into the first point of the 

subsequent run to arrive at a meaningful look at the data. On the third and final run of 

each series, the last point, that is the seventh data point, was dropped so as to represent 

actual response during rainfall event. Using Microsoft Excel, a best fit logarithmic 

trendline was superimposed on the data. 
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Figure 7.1 Superimposed Best Fit Logarithmic Trend Line. 
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The statistical analysis shows clearly that a 38.1 mm rock mulch with an R 0.83 

reduces the degree of erosion seen on APS with no cover (R 0.89). An R 0.95 was 

determined for 9.5 mm gravel that provided additional erosion control over the 38.1 mm 

gravel. The lowest amount of erosion was observed in the self-armoring Texas Black 

marble dust (R~ 0.91). The 15.9 mm gravel mulch appeared to increase the amount of 

erosion (R^ 0.79). 

DATA SHEETS 

The six data sheets (Appendix B) tabulate results of the various experiments with 

subtotals and grand totals. Looking at these, total increases in this order: Texas Black 

with no cover, followed by 9.5 mm armoring, then 38.1 mm armoring, then tests done on 

APS with no cover, and finally the greatest total erosion results from applying a cover of 

15.9 mm gravel. 

DATA SUMMARIES 

Texas black - no cover: total for first series was 21,604 mg. Second run series had a 

total of 6,260 mg of sediment yield. The grand total for both of these series was 27,864 

mg. 

All Purpose Sand - no cover: total for first series was 33,126 mg. Second run series 

had a total of65,001 mg of sediment yield. The grand total for both of these series was 

98,127 mg. 



70 

All Purpose Sand - 38.1 mm armor: total for first series was 22,071 mg. Second run 

series had a total of 53,084 mg of sediment yield. The grand total for both of these series 

was 75,155 mg. 

All Purpose Sand - 15.9 mm armor: total for first series was 42,489 mg. Second run 

series had a total of 98,976 mg of sediment yield. The third series resulted in a total of 

73,347 mg. These three totals were averaged. Then the mean of these three series was 

multiplied by two. This resulted in 143,389 mg of sediment yield. 

All Piirpose Sand - 9.5 mm armor: total for first series was 29,588 mg. Second run 

series had a total of 21,656 mg of sediment yield. The grand total for both of these series 

was 51,244 mg. 

Because there was a large peak in sediment yield on the first dry run, due to slaking, 

which typically only lasts the first 15 to 20 minutes when the soil has the greatest 

disturbance as it goes from dry to wet (Torri, 1996), I thought the wet and wetter runs 

would be more representative of equilibrium and therefore recorded totals of wet and 

wetter runs (Appendix B1 - B6). The pattern of erosion prevention remains the same, 

with 15.9 mm increasing sediment yields. While wet and wetter results may reveal 

equilibrium, designs for erosion control must still take into accoimt initial peak sediment 

yields. 

Finally, please note data point "GG" (Appendix B4). A visual analysis of sediment 

before measuring seemed to suggest that 15.9 mm armoring might be the most effective 

for erosion control. Therefore, replication was left for the last and it alone was run. After 

the entire series of dry, wet, and wetter experiments had been completed, and after the 
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requisite rain break, another test was run to see if indeed the supposed state of 

equilibrium persisted. This experiment consisted of one additional hour of rainfall at two 

inches per hour at which point the flume was flushed to represent one data point, "GG". 

If divided by twelve, as if measured every five minutes, it appears to fit in the range of 

points FF 3 to FF 6 above. If halved into two possible 30-minute totals it is less than the 

wetter run and much less than the wet run, so there appears to be a downward trend in 

sediment yield. This half hour total of 3,872 mg closely approximates wetter totals of 

3,771 mg and 3,648 mg for the unarmored All Purpose Sand, again arguing for eventual 

equilibrium. 

LOW AND HIGH SEDIMENT YIELDS 

This graph shows how the lower and higher results fi'om replicated tests pair up 

(Figure 7.2). The smallest sediment yield was clearly Texas Black, the angular self-

armoring marble pool dust, on the left. The no cover control established levels which this 

study hoped to reduce through a rock mulch. Clearly, this was achieved as can be seen 

with the 38.1 mm armoring next to it. On the far right is armoring of 9.5 mm, which 

gives even better results with much better consistency. The 15.9 mm bar, between the 

38.1 mm and 9.5 mm, repeatedly causes greater erosion with wild fluctuations. A third 

series of three additional tests was conducted using 15.9 mm gravel armoring on All 

Purpose Sand. The total of this 15.9 mm series was not only greater than any other low 

series, it was also greater than any of the high series of the other four types of 

experiments. 
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Figure 7.2 Comparison of Low and High Sediment Yields. 
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RELATIVE SEDIMENT YIELDS 

Average sediment yields of the five types of experiments are ratioed in Figure 7.3. 

With APS and no cover forming the standard, Texas Black had only 28 percent sediment 

yield in comparison. The self-armoring aspects of Texas Black were evident in 72 

percent less erosion when compared to APS with no cover. 

When APS was covered with the three sizes of gravel mulches the effects were 

ambivalent with the largest and smallest sizes reducing erosion down to 77 percent and 

52 percent, respectively. In contrast, the mid-sized gravel mulch of 15.9 mm increased 

sediment yield to 146 percent when compared to APS sand without any gravel mulch. 

CHOICE OF ERODIBLE MEDIUM 

Figtire 7.4 illustrates the choice of optimal erodible medium. APS without 

armoring had both greater sediment yields and clearly defined sediment yield peaks 

throughout the entire series of dry, wet, and wetter runs. 
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Figure 7.3 Relative Sediment Yields. 



75 

Texas Black - No Armor 

5,000 

4,500 

4,000 

3,500 
CO 
F 3,000 
TO 
O) 2,500 

1 2,000 

1,500 

1,000 

500 

0 

—o— TB No Armor 1 

--0—TB No Armor 2 

12 3 4 5 6 7 
Dry 

12 3 4 5 6 7 
Wet 

12 3 4 5 6 7 
Wetter 

APS - No Armor 

\X '  ̂ 

X X-X 

7^r^-x'x--x 

12 3 4 5 6 7 

Dry 

12 3 4 5 6 7 

Wet 

— — A P S  N o  A r m o r  1  ;  

—X—APS No Armor 2 I 

1 2 3 4 5 6 7 

Wetter 

Figure 7.4 Choice of Erodible Medium. 



76 

EFFECTS OF ROCK COVER 

The effects of rock covers are clearly evident in Figure 7.5. The APS with no 

armor formed the standard against which the rock covers were measured. As can be seen 

in the 38.1 mm armor experiments, this rock cover reduced both the total amounts of 

sediment yield as well as the sediment yield peaks seen in APS with no armor. In 

comparison, in the graph of 9.5 mm armor the reduction in sediment yield was even more 

pronounced than in the 38.1 mm armoring. In contrast to the sediment yield reductions 

evidenced in both 38.1 mm and 9.5 mm armor when compared to the standard of APS 

with no armor, 15.9 mm armoring increased both sediment yield and sediment yield 

peaks. 

PAIRED GRAPHS 

A visual analysis of graphs illustrating replicated series suggests that surficial 

material may have erosion signatures (Figures 7.4 - 7.5). More specifically, graphs of 

sediment yield may be taken as temporal profiles (Huete, pers. com.). These demonstrate 

that erosional subprocesses may be deciphered from the physical attributes of cover 

material. In this manner, the size of gravel may be identified from graphs of sediment 

yields. 

For instance, by looking at the sediment yield graphs, it can be seen that Texas Black 

when replicated had the smallest sediment peak of all ten dry runs (Figures 7.4 - 7.5). 

Texas Black flattened out quickly and had the smallest peaks on wet and wetter runs. It 

was the most resistant to sediment yield peaks of all five surfaces tested. 
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In contrast, APS with no armor had the most consistent peaking in wet and wetter 

runs (Figures 7.4 - 7.5). This signature profile is indicative of measurable erodibility. 

This attribute made it a good test medium for erosion control studies and is why it was 

chosen for series testing. 

Armoring with 38.1 mm gravel demonstrated matching peaks on both trials at the 

end, point six, of the rain event on the dry run (Figure 7.5). The wet runs don't look 

anything alike. The first time around sediment yields peaked on both ends with an even 

higher peak in between. The second time the wet run exhibits a beautiful downward 

trending S curve. The last two wetter runs do tend to show similar plateaus of sediment 

yield. 

The initial series of tests of 15.9 mm armoring reveal initial high peaking in the first 

dry run diminishing to smaller erosion in the second wet run and settling down even 

further in the third wetter run so as to describe the flattest profile of any of the 33 

experiments in the eleven complete series of dry, wet, and wetter runs (Figure 7.7). This 

is why it seemed after the first experiments that 15.9 mm might be the most promising for 

application in erosion control. Therefore, it was decided to leave replication of the 15.9 

mm until the end and conduct one additional longer test. Unexpected results from 15.9 

mm tests resulted in a third test run. The results of the third series of three experiments 

conducted on 15.9 mm gravel armoring fell in between the results of the first and second 

series of experiments. 



79 

On the dry runs of 9.5 mm gravel there are significant sediment yields. Both wetter 

experiments showed a leveling off matching peaks and valleys (Figure 7.5). The last 

point of both of these second experiments in the series was practically the same. Finally 

the last two experiments in both series had increased sediment yields. On the first series 

it is towards the beginning while on the second series it is closer to the end. Please note 

that on the initial series of experiments on 9.5 mm armor there is an increase in sediment 

yield at point 7 on both the beginning dry run and the final wetter run. The only other 

place this is seen in any of the 33 experiments is on the final wetter run of the first series 

on APS with 38.1 armor, but this is quite small, v^th some 130 mg versus 117 mg of 

sediment produced, a difference of 13 mg. 

At the end of rainfall on the first dry run some 985 mg of sediment were collected 

while a yield of 1,115 mg was observed five minutes after the end of the rainfall event on 

the 9.5 mm armor. This pattern was repeated. In the third wetter run, 181 mg were 

collected at the end of the rain event. This was followed by a sediment yield of 350 mg 

five minutes after the end of rainfall simulation. These differences are increases of 130 

mg and 169 mg, respectively. These larger delayed yields five minutes after the end of 

the simulated rain could be a signature indicator of this size of gravel armoring, a factor 

of the amount of interception and subsequent aflerflow made possible by the greater 

relative surface area of the smaller particle size. 
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ELEVEN SERIES GRAPH 

On this graph, the profile similarities of replicated series are evident, such as the 

graphing of the APS with 9.5 mm armoring and the APS with no armoring (Figure 7.6). 

Clearly evident, also, is the topmost line profiling the large sediment yields of the 

replicated series of the 15.9 mm armoring. By comparison with the first dry run of Texas 

Black with the dry runs typically exhibiting the largest sediment yields, the second wet 

run of the replicated 15.9 mm series shows a much higher peak yields of 3,117 mg 

against the Texas Black peak yield of 1,788 mg. The third series of three experiments on 

15.9 mm gravel are also evident in how high their sediment yield is in comparison to the 

other types of experiments; their plotted graph lines can be seen peaking above the rest. 

THIRTY-THREE EXPERIMENT GRAPH 

While the scale of this graph may obscure differences in the wet and wetter 

experiments as well as the last half of the initial ten dry experiments, some interesting 

discrepancies can be noted in the initial eleven dry runs (Figure 7.7). Eight of the 

experiments display a typical peaking during the second five-minute collection of 

sediment. Three do not. Instead, they peak at the very first five-minute collection point. 

Two persons were required to run laboratory simulations. This is in contrast to the 

seven or eight people needed to conduct experiments with the larger rainfall simulator 

operated by the United States Department of Agriculture Agricultural Research Service 

Southwest Watershed Research Center in Tucson, Arizona. Their "smaller" rainfall 
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simulator, designed by Ginger Paige, requires only four to six people (Canfield, pers. 

com.). 

In the 34 experiments conducted with data results reported in this dissertation, the 

eleven initial dry runs showed very clear and critically timed peak phenomena. While 

one person watched the clock the other monitored the pressure gage located by the flume 

to insure consistent rainfall simulation. There was a very marked peak right at five 

minutes. A wetting threshold was reached and runoffbegan to carry sediment. Seconds 

could alter whether this peak went into the first or second collection. In redesigning these 

experiments for the third replication of 15.9 mm gravel armoring, the initial ten minutes 

on dry runs was broken down into four two and one-half minute collection points rather 

than the two five minute collection points which coincide with wetting thresholds. Torn 

(1996) discusses the phenomenon of slaking during the first 15 to 20 minutes when the 

soil has the greatest disturbance as it goes from dry to wet. 

Please note that one of the Texas Black sediment peaks at the second collection point 

is greater than that of both of the 9.5 mm armoring second collection points. Also note 

that the lines of the 15.9 mm armoring peak high at 33,327 mg and highest at 60,536 mg. 

The third series of three experiments on 15.9 mm gravel armoring on All Purpose Sand 

peaked at 44,492 mg of sediment yield. 

SIEVE TEST RESULTS 

Particle size analysis was conducted on eroded material as well as on samples of the 

uneroded medium used for testing. Percentages for eroded material from the six 
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experiments conducted on 9.5 mm gravel resemble the textural percentages of uneroded 

material reflecting the armoring that is taking place (Table 7.1). In contrast, the All 

Purpose Sand with no armoring, the 38.1 mm gravel armoring and the 15.9 mm gravel 

armoring form another grouping of textural percentages. However, percentages of the 

"GG" experiment, armored with 15.9 mm gravel, look like the 9.5 mm armoring and the 

uneroded All Purpose Sand. This indicates a shifting back to a percentage profile that 

begins to approximate that of the uneroded test medium and the 9.5 mm armoring which, 

as the 30 experiments show, is the most effective, or optimum gravel size for use as a soil 

surface cover for the prevention of soil erosion by water. This may indicate that 15.9 mm 

gravel mulch may not continue to induce erosion at the same level. 

Furthermore, the 9.5 mm sieve tests had 2,028 mg of material larger than 2.36 mm. 

This is approximately 10 pebbles. Pebbles eroded off in sediment could serve as armoring 

material when sediment is deposited on gentler slopes or flat areas. 

ARROYO MECHANISMS 

Cooke and Reeves (1976) propose that arroyo formation is due to two fimdamental 

changes, acting either individually or together, resulting in localized erosion. These two 

factors are increased erodibility of materials or an increase of erosiveness of flows. Since 

the erodible test material was held constant, this could not be a factor. This leaves 

increased erosiveness for speculation as the reason for the induced erosion seen in 15.9 

mm gravel mulch. 
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Table 7.1 Sieve Test Results of Collected Sediments. 

Grade mg mg mg 
APS 1 APS 2 APS 3 

Very Coarse 6,493 5.8% 2,981 9.0% 6,960 7.4% 
Coarse 36,748 32.7% 9,564 28.9% 29,575 31.6% 
Medium 60,672 53.9% 17,729 53.6% 50,252 53.7% 
Fine 7,782 6.9% 2,728 8.2% 6,519 7.0% 
Very Fine 829 0.7% 97 0.3% 305 0.3% 

112,525 33,100 93,610 

Very Coarse TB 1 TB2 
Coarse 48,995 57.6% 36,664 44.2% 
IVIedium 13,997 16.5% 17,289 20.8% 
Fine 13,984 16.5% 15,908 19.2% 
Very Fine 6,039 7.1% 7,750 9.3% 

1,983 2.3% 5,398 6.5% 
84,998 83,009 

APS No Amior 
Very Coarse 7,957 8.2% 
Coarse 40,928 42.0% 
Medium 43,073 44.2% 
Fine 5,333 5.5% 
Very Fine 97 0.1% 

97,388 

38 mm 1 Armor 
Very Coarse 4,238 5.9% 
Coarse 31,778 44.2% 
Medium 30,767 42.8% 
Fine 4,951 6.9% 
Very Fine 130 0.2% 

71,863 

15.9 mm Armor "GG" 
Very Coarse 9,532 6.8% 771 10.0% 
Coarse 61,657 43.7% 2,028 26.2% 
Medium 62,752 44.4% 4,108 53.1% 
Fine 6,934 4.9% 829 10.7% 
Very Fine 330 0.2% 0 0.0% 

141,206 7,737 

9.5 mm Armor 
Very Coarse 2,372 4.9% 
Coarse 13,355 27.6% 
Medium 28,305 58.6% 
Fine 4,270 8.8% 
Very Fine 13 0.0% 

48,315 

TB No Amior 
Very Coarse 11,398 42.4% 
Coarse 4,789 17.8% 
Medium 3,894 14.5% 
Fine 2,942 11.0% 
Very Fine 3,836 14.3% 

26,860 
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Increased erosiveness can be achieved by any of the following three changes acting 

alone or in any combination: 

a. increase of slope 
b. increase of hydraulic radius 
c. reduction of surface roughness 

Since the effect of the gravel mulch was to increase surface roughness, c) could not 

be responsible for increased erosiveness. This leaves a) increase of slope and b) increase 

of hydraulic radius. 

The angle of the tiltable sediment tray was held constant. However, the rocks may 

have produced an increase of slope. Rockflow would change flow positions and raise 

flow gradients. 

Next we look at (b). An increase of hydraulic radius can be achieved by two means: 

1) increase of discharge and 2) concentration of flows. Discharge is the product of mean 

width times mean depth of flow times mean flow velocity. Therefore an increase in a 

variable could increase discharge. The rocks would have increased depth of flow and 

rockflow might have increased flow velocity. As for 2) concentration of flows, there is 

little doubt that 15.9 mm and 38.1 mm gravel would concentrate flows. 

MECHANISMS GOVERNING EROSION BY WATER ON ROCK ARMORED 

SURFACES 

Volumes of cover material were held constant so as to be applicable in future large 

field applications. Percent cover was 100 percent on 9.5 mm gravel. The percent cover 

on the 15.9 mm gravel was virtually 100 percent. The percent cover on the 38.1 mm 
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gravel was 95 percent. It follows that 38.1 mm gravel should have been less effective in 

reducing erosion by water than the 15.9 mm gravel. 

The porosity was the same since all material was of the same composition and merely 

screened for different sizes. Furthermore, the effect of porosity is believed to be 

negligible since it is between 0 to 5 percent. 

Six mechanisms were found to be influencing sediment yield on APS covered by rock 

mulches of 9.5 mm, 15.9 mm, and 38.1 mm gravel sizes. These are as follows: 

1. Due to specific surface area, interception and storage is sufficient on 9.5 mm 
gravel to cause post-rain event sediment yield peaks. Velocity on the soil surface 
is retarded. 

2. Gravel sizes of 15.9 mm and 38.1 mm disturb sand bed with subsequent 
deposition of easily eroded sand particles as evidence by sediment peaks in initial 
dry run. 

3. Due to a higher specific area, mechanism number 2 is greater in 15.9 mm gravel 
than in 38.1 mm gravel. 

4. Rockflow is sufficient in 15.9 mm and 38.1 mm to cause microrilling in an 
angvilar drainage pattern due to rock controls. Rockflow increased velocity and 
channelized water flows. 

5. Soil surface cover is sufficient in 38.1 mm gravel to reduce erosion as compared 
to APS without cover. 

6. In 15.9 mm gravel the relationships of rockflow, surface cover, and drainage 
density of microrilling are such that an erosion inducing threshold is reached. 

The following illustrations (Figures 7.8,7.9) explain the above mechanisms. 

GRAVEL MULCH MECHANISM NUMBER ONE 

The first gravel mulch mechanism is described in Figure 7.8. In this mechanism, 

the specific surface area of gravel mulch allows a delayed increased sediment yield after 

the end of the rainfall event. Rainfall is slowed down as it is intercepted and stored then 

follows a torturous path down to the soil surface where it can then erode the sand grains. 
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sufficient on 9.5 mm gravel to cause post-rain event sediment yield 
peaks (a). Velocity on the soil surface is retarded (b). 

Figure 7.8 Illustration of Erosion Mechanism No. 1. 
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In the sediment yield graph of 9.5 nmi armoring, a delayed yield was seen in both the dry 

and wetter runs of the first series in points seven which occurs after the termination at 

point six of the thirty minute rainfall simulations. In these two cases, point seven was 

greater than the previous point. In the initial dry run, 1,115 mg were eroded from the 

sediment tray in point seven as compared to 985 mg in point six. While in the final third 

run, this phenomenon was again in evidence with 350 mg of sediment collected at point 

seven as compared to 181 mg from point six. 

This phenomenon of delayed erosion after interception and saturation may also be 

in effect in the final wetter run of the initial series of 9.5 mm armoring experiments. 

Total for the final run was 2, 540 mg, while the total for the second run was less at 2,132 

mg of sediment collected. This is the only occurrence in the eleven series of experiments 

where the total sediment yield was greater in the final wetter run than in second wet run. 

GRAVEL MULCH MECHANISMS NUMBERS TWO TO SIX 

Figure 7.9 illustrates how the two larger gravel mulch sizes of 15.9 mm and 38.1 

mm affect erosion of the underlying APS sand. The graph of APS without armor (a) can 

be compared to the graphs for 38.1 mm (b) and 15.9 mm (c) armoring. Armoring with 

38.1 mm gravel (b) reduced both the yield and the sediment yield peaks of the uncovered 

APS sand (a) while the 15.9 mm gravel armoring increased both the total sediment yield 

as well as the peaks when compared to unarmored experiments (a). 

The illustration on (d) shows how the sand bed was disturbed when the gravel 

mulch was placed on it and sand particles then adhered to the surface of the individual 
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gravel. When the simulated rainfall was initiated these particles eroded away. After this 

the rockflow then began to erode particles between the gravel. The gravel acted as both 

protection against erosion of sand particle beneath the gravel as well as obstacles to the 

flow of water. Since the rock elements were not submerged, the water flow needed to go 

around the rocks. Therefore the water would flow in an angular pattern (f) around 

individual rocks. Since the individual elements of the 15.9 mm gravel are smaller than 

the 38.1 mm gravel, it follows that the relative channel density would be finer (g) for the 

15.9 mm gravel. A finer network would expose more area to erosion thereby resulting in 

increased erosion. 

Mechanisms numbers two to four affected both sizes of rock mulches. However, 

due to its larger size, only the 38.1 mm gravel reduced erosion (Mechanism 5). Gravel of 

15.9 mm was subcritical to produce mechanism 5. Instead, coverage of the underlying 

sand was insufficient to offset the size threshold reached by the 15.9 mm gravel in which 

rockflow increased velocity and therefore erosion of sand particle between rocks 

(Mechanism 6). 
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VIII. DISCUSSION and CONCLUSION 

The literature reveals that turbulent flow conditions when used with large flow 

depth in comparison to the diameter of transported particles have significant 

shortcomings for application in predicting detachment by interrill overland flow (Parsons 

and Abrahams, 1993). Abrahams and Parsons (1994) have recognized that unlike river 

flow, in overland flow turbulence is created in the wakes of roughness elements, 

dissipating energy and affecting sediment transport. Because turbulence occurs 

sufficiently close to the bed due to the shallower water, transport capacity is under-

predicted when using river models. 

As Covers (1993) states, there can be problems with borrowed models. He 

stresses the need for research on the need to factor in transporting capacity as influenced 

by roughness in lower discharges on steep slopes. This begs the question of the use of 

fluvial formulas. Using these, Gilley et al. (1993) remark that greater water depths have 

lower roughness coefficients. But when would water actually cover gravel and cobbles 

located on steep interrill areas? 

Poesen and Ingelmo-Sanchez (1992) have noted the negative effect of rock 

firagment cover on overland flow velocity and the amount of sediment detached by 

raindrops. The corresponding reduction of the interrill flow zone in the area between the 

fragments leads to larger unit flow discharges and deeper and faster reticular flow 

(Poesen and Ingehno-Sanchez, 1992; Thomes et al, 1990). But while Poesen and 

Ingelmo-Sanchez (1992) have found that sediment yield is higher for mid-percentage 

covers and lower for higher covers, this study found that the largest gravel with less cover 
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had a lower yield than the mid-sized gravel with higher percent cover. Is it possible that 

similar thresholds are in effect in the two studies? Could it be that relationships among 

fragment size induced rockflow velocity, surficial cross sectional area and rock edge 

effects can also explain ambivalent sediment yield effects in mid-percentage covers? 

Rock fragment edges generate overland flow. Distance between rock fragments 

control continuity of overland flow (Poesen and Lavee, 1991; Lavee and Poesen, 1991). 

Reticular flow concentrates erosive forces on the soil surface between rock fragments 

(Thomes et al., 1990). As surface rock fragments increase overland flow velocity, 

transporting capacity is also increased (Poesen, 1993) and it may be that flowlines are 

developing. Both laboratory studies (Poesen and Lavee, 1991) and field observations by 

Fletcher and Beutner (1941) indicate that there is a positive effect of rock-fragment size 

on overland flow volume and velocity and so conclude that soil erodibility increases with 

size of fragments. However, this study found that this did not hold. It was the mid-sized 

rather than the largest fragments that had the highest sediment yields. Could this be 

indicative of multiple thresholds? 

Abrahams et al. (1993) have noticed that overland flow decelerates rapidly at the 

base of surface steepenings. The microtopographic protuberances force an anastomotic 

pattern of overland flow around them. While flowlines organize themselves to expend 

the least energy (Rinaldo et al., 1992), the larger rocks still dissipate greater energy by 

increasing flowlength. This retardation of flow velocity leads therefore to a reduction of 

detachment and transport capacity (Poesen and Bunte 1996). Larger rocks have 

corresponding increased tortuoisity. Greater cross-sectional areas also related to 
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protection against raindrop and flow detachment, but compensation can lead to 

contrasting effects. Rocks may be sufficient in size to increase boundary flow but 

insufficient to protect against detachment. 

While the experiments in this study did not create horseshoe vortex erosion 

(Bunte and Poesen, 1993) due to percent covers being too high, it may be that some 

similar relationships exist. Both mid-sized rock fragments and mid-percentage rock 

covers can increase erosion. These thresholds deserve to be explored. 

Research of this sort may prove to be highly significant in light of trends in large 

scale deforestation. The biotechnical and bioengineered approaches currently in vogue in 

the restoration professions are poorly suited for use in arid lands, as well as in developing 

countries. Biotechnical and bioengineering methods for soil stabilization are time and 

water intensive. Primitive techniques of soil armor clearing were effectively used in 

ancient times to manage runoff (Evenari et al, 1982). The creation of stone pavement 

employing indigenous materials can also be effectively used today in rural settings. It is 

in this context that the value of such a simple approach to soil stabilization may best be 

realized; it is here that time and labor cost effectiveness takes on a whole new meaning. 

And yet a review of mining reclamation literature revealed not a single instance of the 

use of stone pavement for soil stabilization (Dryden, 1993). 

Various surficial armoring gravel sizes give varying results. While rock mulches can 

be beneficial in the prevention of soil erosion by water, some gravel has been 

demonstrated to be detrimental. It could be that the function of some critical dimensional 

relationship between rock size and the exposed surrounding surface arrives at a threshold 
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of micro-rilling. The largest gravel size tested does seem to protect surface soil from 

erosion in spite of rock flow tending to charmelize overland flow between and among the 

individual rocks. The smallest size of gravel armoring demonstrated the greatest benefit. 

Sediment dumps after rain events have ended, a signature mark of this size of gravel 

armoring, may be the consequence of the amount of interception and depression storage 

made possible by the high surface area; runoff is slowed down as evidenced by delayed 

yields. 

The smallest size of gravel tested was found in sediment test results. Smaller particle 

sizes, and therefore gravel sizes, are most easily washed down. This could have both 

detrimental and beneficial impacts. While there is a loss of armoring material on slopes, 

colluvium, sediment collecting at the toes of slopes would carry with it it's own armoring 

material, thereby providing further stabilization to the toes of slopes. 

Complexity of the results argue for more testing and improvements. Overland flow 

could be incorporated into the sediment tray. Now that it has been rebuilt, it is strong 

enough to be tested with natural rainfall. If wheels were added and the ground was paved 

it could be wheeled outside. Certainly larger plot and field studies could be conducted, 

but a great deal more testing could be done more efficiently at this smaller scale on the 

test eqixipment. 

Rainfall simulation and small-scale studies made possible by laboratories provide a 

means to begin to unravel complex interactive erosion processes. This study has 

endeavored to make an original and significant contribution to the complex dynamics of 

surficial armoring for the prevention of soil loss by rainfall. Erosion profile signatures of 
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armored and unarmored surfaces were identified. These point to microthresholds and 

indicate complex interactions. Six mechanisms governing these interactions have been 

proposed. Erosion inducing gravel has been identified. 

Parsons (1988) states that a much larger data set is needed than that which is currently 

available, adding that it is not any single study, but accumulations of studies and their 

findings that will allow conclusions on hillslope forms and rock types. Soil degradation 

problems are found throughout the world. Some occur naturally while others are created 

by agriculture, construction or industry. Still greater contributors to soil erosion threaten. 

Poesen and Bunte (1996) discuss the increase of three to four degrees in average 

temperature and decrease in annual precipitation predicted by global circulation models 

for some parts in the Mediterranean and the resulting increasing aridity. And with 

increasing aridity, bioremediation becomes less viable. Rock mulches are low tech and 

cost effective. Implementation of this method also yields immediate results. 

Applications may be found in many other places. With knowledge of specific optimum 

particle size, rock mulches may be of even greater service in the prevention of erosion by 

water in the future. 

FUTURE STUDIES 

This investigation revealed other aspects of ftiture tests that may aid in understanding 

erosion subprocesses. Further studies that relate directly to the experiments conducted 

and that may shed light on them are listed below. 

1. Conduct same studies on previously wet sand to see if effect of particle 
deposition on rock mulch is lessened. 
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2. Reduce slope length in half to see what effect this has on sediment yield. 
3. Use longer test time for settling of fine materials. 
4. Incorporate Horton overland flow as well as rainsplash into experiments. 
5. Fill sediment tray to a higher level so as to observe flowline development and 

microrilling. 
6. Sieve to test other gravel sizes and compare effects of cross-sectional area. 
7. Test for effect of angularity by comparing vsdth same size sub-rounded gravel. 
8. Investigate multiple course rock mulch with slope specific riprap under gravel 

mulch. 
9. Research self-armoring aspects of Texas Black. 
10. Conduct site-specific tests in terms of erodible material, slope and rainfall 

event first in laboratory then in plots. 

COMMITTEE RECOMMENDED FUTURE STUDIES 

The dissertation review process yielded the following recommended studies: 

1) A study of stones in relation to slope as is found in the literature (Abrahams et al, 

1984; Canfield and Lopes, in press; Cooke and Reeves, 1972; Simanton et al, 

1994; Simanton and Toy, 1994) with sampling and comparison of soil particles 

protected and unprotected by stones. 

2) Study of the opinion of experts, as recognized in their respective businesses, 

agencies, or fields, by various means of correspondence and travel (Wilkin, dis. 

rev.). The research of business cross-cultural technology transfer would be a 

fascinating study. It would be interesting to see the rate of adoption and behavior 

change as influenced by motivated perceptions. Behavior change is an intriguing 

indicator of the evolution of consciousness. 

This study demonstrated the clear advantage of having size specific screened 

material for testing. It was unlike other reports from field studies where naturally 
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occurring rocks were naturally varying in size and, therefore, as pointed out by this 

research, results were conflicting due to the conflicting erosional signatures of the varied 

material. The cacophony of temporal profiles of mixed material found in fields yields 

mixed and therefore ambivalently contradictory results. This study may explain some 

aspects of the relationships of flow hydraulics and stone covered soils. 
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APPENDIX A 

Gravel Armoring Data Sheet 
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APPENDIX A 

This is the data sheet that was used during the gravel armoring experiments. Columns on 
the data sheets were used to keep track of tests, antecedent moisture conditions, date and 
time tests were initiated, and gravel size. If no gravel armoring was used, then this space 
was marked "NONE". Next follows a column for recording the test medium to be 
eroded. After this is a column for water pressure in Pounds per Square Inch (PSI). The 
"rate" of rainfall per hour times the "duration" gives the "total." The column for notes 
was used to record any special or unusual conditions observed. 



Gravel Armoring • Data Sheet 

Test Ant. Moist Date Time Slope Gravel Medium PSI Rate Duration Total Notes 

o K> 
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APPENDIX B 

Experimental Data in Milligrams 
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APPENDIX B 

These six sheets are the data in milligrams that were eroded from the sediment tray. 



Appendix B1 Texas Black - No Cover Data. 

Texas Black No Cover Runs, Control - Data in milligrams eroded from tray 

Run Run 
Samole # No Cover #1 Samole# No Cover #2 total 
C1 784 G1 518 1,302 
02 12,293 02 1,788 14,081 
03 2,184 03 823 3,007 

RUN DRY 04 1,089 04 531 1,620 
(no rain) 05 791 05 376 1,166 

06 985 06 227 1,212 
07 58 07 91 

18,183 4,296 22,479 

D1 259 F1 350 609 
D2 680 F2 305 985 
D3 415 F3 117 531 

RUN WET D4 363 F4 207 570 
(1" rain) D5 175 F5 486 661 

D6 389 F6 130 518 
D7 6 F7 6 13 

2,287 1,601 3,888 

E1 227 HI 97 324 
E2 350 H2 32 382 
E3 143 H3 45 188 

RUN WETTER E4 78 H4 162 240 
(2" rain) E5 123 H5 6 130 

E6 181 H6 13 194 
E7 32 H7 6 M 

1,134 363 1,497 

Grand Total: 21,604 6,260 27,864 
Total WET + WETTER 3,421 1,963 5,385 
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Appendix B2 All Purpose Sand - No Cover Data. 

APS No Cover Runs, Control - Data in milligrams eroded from tray 

Run Run 
Sam Die # No Cover #1 Samoie# No Cover #2 total 
11 9,811 U1 842 10,653 
12 6,856 U2 42,418 49,274 

RUN DRY 13 3,000 U3 4,361 7,361 
(no rain) 14 1,620 U4 2,676 4,296 

15 1,244 U5 2,262 3,506 
16 1,322 U6 1,963 3,285 
17 894 U7 194 1,089 

24,747 54,717 79,464 

J1 227 VI 1,704 1,931 
J2 1,290 V2 816 2,106 
J3 778 V3 1,503 2,281 

RUN WET J4 829 V4 804 1,633 
(1"rain) J5 531 V5 966 1,497 

J6 855 V6 680 1,536 
J7 9Z W 162 259 

4,607 6,636 11,243 

K1 279 W1 901 1,179 
K2 570 W2 408 978 
K3 467 W3 428 894 

RUN WETTER K4 492 W4 719 1,212 
(2" rain) K5 745 W5 531 1,277 

K6 1,147 W6 525 1,672 
K7 11 W7 136 207 

3,771 3,648 7,420 

Grand Total: 33,126 65,001 98,127 
Total WET + WETTER 8,379 10,284 18,662 



Appendix B3 Thirty Eight Point One Millimeter Gravel Armoring on APS. 

38.1 mm Gravel Cover Runs - Data in milligrams eroded from tray 

Run Run 
38.1 mm 38.1 mm 

Samoie # Cover #1 Samoie # Cover #2 total 
L1 8,482 AA1 292 8,774 
L2 6,953 AA2 33,592 40,545 
L3 1,348 AA3 5,527 6,875 

RUN DRY L4 946 AA4 1,769 2,715 
(no rain) L5 376 AA5 1,639 2,015 

L6 784 AA6 1,788 2,573 
L7 6 AA7 168 175 

18,896 44,777 63,672 

M1 117 BB1 1,516 1,633 
M2 343 BB2 1,108 1,452 
M3 201 BB3 816 1,017 

RUN WET M4 667 BB4 771 1,439 
(1"rain) M5 123 BBS 693 816 

M6 240 BB6 531 771 
M7 0 BB7 162 162 

1,691 5,599 7,290 

N1 78 001 311 389 
N2 298 002 486 784 
N3 324 003 350 674 

RUN WETTER N4 389 004 680 1,069 
(2" rain) N5 149 005 700 849 

N6 117 006 162 279 
N7 130 007 19 149 

1,484 2,709 4,193 

Grand Total: 22,071 53,084 75,155 
Total WET + WETTER 3,175 8,307 11,483 
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Appendix B4 Fifteen Point Nine Millimeter Gravel Armor on APS. 

15.9 mm Gravel Cover Runs - Data in milligrams eroded from tray 

Run Run Run mean 
# 15.9 mm #1 # 15.9 mm #2 # 15.9 mm #3 x2 
R1 402 DD1 3,726 HH1T 2,281 4,272 
R2 33,327 DD2 60,536 HH2T 44,492 92,236 
R3 2,041 DD3 7,666 HH3T 5,540 10,165 

RUN DRY R4 927 DD4 5,139 HH4 4,776 7,227 
(no rain) R5 966 DD5 2,877 HH5 3,020 4,575 

R6 363 DD6 2,074 HH6 1,827 2,843 
R7 350 DD7 518 HH7 1,452 1,547 

38,375 82,536 63,387 122,865 

S1 778 EE1 2,112 111 1,011 2,601 
S2 544 EE2 3,117 112 1,536 3,465 
S3 674 EE3 1,860 113 1,056 2,393 

RUN WET S4 350 EE4 1,244 114 1,691 2,190 
(1" rain) S5 149 EE5 1,270 115 629 1,365 

86 227 EE6 1,283 116 752 1,508 
S7 45 EE7 117 136 160 

2,767 10,945 6,810 13,681 

T1 266 FF1 713 JJ1 512 978 
T2 253 FF2 1,756 JJ2 609 2,009 
T3 220 FF3 635 JJ3 557 855 

RUN Wbl IhR T4 214 FF4 836 JJ4 765 1,050 
(2" rain) T5 123 FF5 745 JJ5 467 868 

T6 194 FF6 454 JJ6 156 648 
T7 Z8 FF7 356 JJ7 84 434 

1,348 5,495 3,149 6,843 

Grand Total: 42,489 98,976 73,347 143,389 
Total WET + WETTER 4,115 16,440 9,960 20,524 

GG 7,744 
(3" rain) GG/12 645 

GG/2 3,872 

Since a third run was conducted for this material, summary data is 2 times the mean 
so that it can be compared directly to the totals for the other materials. 



Appendix B5 Fifteen Point Nine Millimeter Gravel All Intervals. 

15.9 mm Gravel Cover Third Run - Data in milligrams eroded from tray 

Time Run 
# Minutes 15.9 mm #3 
HHOA 2.5 298 
HH1 5.0 1,983 
HH1A 7.5 34,798 
HH2 10.0 9,694 

RUN DRY HH2A 12.5 3,778 
(no rain) HH3 15.0 1,763 

HH4 20.0 4,776 
HH5 25.0 3,020 
HH6 30.0 1,827 
HH7 35.0 1,452 

63,387 

111 5.0 1,011 
112 10.0 1,536 
113 15.0 1,056 

RUN WET 114 20.0 1,691 
(1" rain) 115 25.0 629 

116 30.0 752 
117 35.0 136 

6,810 

JJ1 5.0 512 
JJ2 10.0 609 
JJ3 15.0 557 

RUN WETTER JJ4 20.0 765 
(2" rain) JJ5 25.0 467 

JJ6 30.0 156 
JJ7 35.0 M 

3,149 

Grand Total: 73,347 
Total WET+ Wbl IbR 9,960 



Appendix B6 Nine Point Five Millimeter Gravel Armor on APS. 

9.5 mm Gravel Cover Runs - Data in milligrams eroded from tray 

Run Run 
9.5 mm 9.5 mm 

Sam Die # Cover #1 Sample # Cover #2 total 
01 11,230 XI 285 11,515 
02 7,238 X2 10,582 17,820 
03 2,527 X3 1,912 4,439 

RUN DRY 04 1,121 X4 1,328 2,449 
(no rain) 05 700 X5 1,510 2,210 

06 985 X6 1,309 2,294 
07 1,115 X7 11 1,186 

24,916 16,997 41,913 

PI 279 Y1 570 849 
P2 499 Y2 622 1,121 
P3 194 Y3 207 402 

RUN WET P4 428 Y4 551 978 
(1" rain) P5 447 Y5 285 732 

P6 188 Y6 305 492 
P7 il Y7 104 201 

2,132 2,644 4,776 

Q1 460 Z1 214 674 
Q2 816 Z2 311 1,128 
Q3 667 Z3 156 823 

RUN Wlzi IhR Q4 6 Z4 220 227 
(2" rain) Q5 58 Z5 1,024 1,082 

Q6 181 Z6 78 259 
07 350 Z7 13 363 

2,540 2,015 4,555 

Grand Total: 29,588 21,656 51,244 
Total WET + WETTER 4,672 4,659 9,331 
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