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Abstract:
The objective of this study was to determine whether soil compaction occurred in the upper three
mineral horizons of soils trampled by a track-type tractor and a rubber-tired skidder. Tree felling and
skidding were performed by loggers and closely resembled an actual logging operation. The soils
sampled were formed in: 1) volcanic ash over quartzite till, 2) volcanic ash over quartzite residuum, 3)
mixed volcanic ash and lake sediments over mixed glacial till, lake sediments and alluvium,
4)lacustrine deposits, 5) volcanic ash over calcareous argillite residuum, 6) volcanic ash over limestone
till. The soils were trampled from one to eight times by each machine at both relatively wet and dry soil
moisture conditions.

During the dry treatment, compaction was found only in those soils influenced by glacial till. The track
vehicle increased the surface horizon densities of these soils an average of 25 percent (.20 g/cm^3).
The rubber-tired vehicle caused compaction only in the soil influenced by limestone till where the
surface horizon density increased 23 percent (.15 g/cm^3 ).

During the wet treatment, compaction occurred in all soils. Eight passes by the track vehicle caused
surface horizon densities to increase an average of 33 percent (.25 g/cm^3;. The rubber-tired vehicle
did not cause compaction in the soil formed in lacustrine material, however, it did increase surface
horizon densities of the other soils an average of 24 percent (.17 g/cm^3 ).

The track vehicle was the most severe in terms of compaction. In some instances, it was the only
vehicle which caused compaction, and in those instances where both vehicles caused compaction,
density increases were generally greater under the track vehicle.

Higher soil moisture contents increased the susceptibility of all soils to compaction, but did not
significantly increase the maximum densities obtained in soils which compacted at lower moisture
contents.

When compaction occurred, it was limited to the surface horizon of all soils sampled.

In all cases where compaction was measured after less than eight passes by either piece of equipment,
increasing the number of passes to eight did not cause further increase in soil density. 
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ABSTRACT

The objective of this study was to determine whether soil compac
tion occurred in the upper three mineral horizons of soils trampled by 
a track-type tractor and a rubber-tired skidder. Tree felling and 
skidding were performed by loggers and closely resembled an actual 
logging operation. The soils sampled were formed in: L) volcanic ash
over quartzite, till, 2) volcanic ash over quartzite residuum, 3) mixed 
volcanic ash and lake sediments over mixed glacial till, lake sediments 
and alluvium, 4)lacustrine deposits, 5) volcanic ash over calcareous, 
argillite residuum, 6) volcanic ash over limestone till. The soils 
were trampled from one to eight times by each machine at both rela
tively wet and dry soil moisture conditions.

During the dry treatment, compaction was found only in those 
soils influenced by glacial till. The track vehicle increased the 
surface horizon densities of these soils an average of 25 percent (.20 
g/cm;. The rubber-tired vehicle caused compaction only in the soil 
influenced by limestone till w^ere the surface horizon density 
increased 23 percent (.15 g/cm ).

During the wet treatment, compaction occurred in all soils. i
Eight passes by the track vehicle caused surface horizon densities to_ 
increase an average of 33 percent (.25 g/cm'3) . The rubber-tired 
vehicle did not cause compaction in the soil formed in lacustrine 
material, however, it did increase surface horizon densities of the 
other soils an average of 24 percent (.17 g/cm ).

The track vehicle was the most severe in terms of compaction. In 
some instances, it was the only vehicle which caused compaction, and 
in those instances where both vehicles caused compaction, density 
increases were generally greater under the track vehicle.

Higher soil moisture contents increased the susceptibility of all 
soils to compaction, but did not significantly increase the maximum 
densities obtained in soils which compacted at lower moisture contents.

When compaction occurred, it was limited to the surface horizon 
of all soils sampled.

In all cases where compaction was measured after less than eight 
passes by either piece of equipment, increasing the number of passes 
to eight did not cause further increase in soil density.



INTRODUCTION

Soil compaction is the compression of a soil system resulting 

from surficially applied loads. Kuennen et al. (1979), found that 

soil compaction may occur during timber harvesting operations in 

northwestern Montana. When compaction occurs, it may significantly 

reduce subsequent timber growth and yields (Foil and Ralston, 1967; 

Froehlich, 1976). This study was initiated by the Plant and Soil 

Science Department at Montana State University in cooperation with 

Champion Timberlands to determine the susceptibility of soils in the 

Pleasant Valley management district, located in northwestern Montana, 

to compaction by timber harvesting equipment.

Study Objectives

The objectives of this study.were to:

1) Identify and map the major soil types in the northern portion 

of the Pleasant Valley management district of Champion 

Timberlands based on soil parent material.

2) Measure the bulk density of these soils after they have been 

trampled by a Caterpillar D6D track-type tractor and a 

Caterpillar 518 rubber-tired skidder at relatively wet and 

dry soil moisture conditions.
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General Description of Study Area Parent Materials

There are four dominant rock types in the study area which can be 

divided into two groups based on the presence or absence of calcium 

carbonate. These are calcareous argillite and limestone, and noncal- 

careous argillite and quartzite.

During the most recent (Wisconsin) glacial stage, the Cordilleran 

ice sheet probably covered the entire area reaching elevations ranging 

from 1615 to 2225 m (Johns, 1970). Concurrently, alpine glaciers 

originating on higher peaks travelled down mountain valleys and merged 

with the continental ice sheet. The retreat of the glaciers left the 

mid-elevation positions covered with local glacial till, while the 

lower elevation positions were covered with mixed Cordilleran and 

local glacial till, as well as glacio-fluvial and lacustrine deposits. 

Higher elevation positions were characterized by bare rock surfaces 

with some thin patches of local glacial till and, in some locations, 

undisturbed soil material.

Subsequent to the Wisconsin glacial stage, volcanic ash from at 

least three Cascade Range volcanos blanketed the region. The ash 

thickness is not uniform, but varies depending on such factors as 

elope, aspect and post-depositional erosion (Ottersburg, 1977).

/
/



LITERATURE REVIEW 

General Principles of Compaction

Compaction is the increase in soil.bulk density resulting from 

applied loads or pressure. The compaction process involves an external 

pressure being applied to the soil, a resistance of the soil to the 

stress, and soil compression as the resistance is overcome. Compaction 

occurs when soil particles are rearranged, decreasing the volume of 

soil pores.

Soil is a complex material, and several attempts have been made 

to explain how external stresses act to move soil particles. The 

resistance of a soil to movement of its particles is defined as its 

shear strength and is a function of interparticle friction and cohe

sion. The most commonly used model to explain shear strength is based 

on the Mohr-Coulomb failure criterion. Coulomb first expressed shear

strength (TL) as a function of normal stress and quantified it in the t
following equation:

Tf = C + of tan <#> (I)

where C represents the cohesive forces present, of is a function of 

the applied normal stress, and tan <J> is the coefficient of friction 

with <|> being the angle of friction.

The Mohr-Coulomb model defines soil as a rigid, brittle material 

that will fail suddenly when a critical stress level is reached. This 

model may be applicable to the typically dense soils used by engineers,
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but is inappropriate for compaction of less dense field soils by heavy 

equipment. A more appropriate model would be one in which soil is 

described as a compressive, frictional, work-hardening, and plastic 

material (Reece, 1977). The frictional component means that soil 

strength will increase with greater stresses, work hardening means the 

soil, will become stronger as it compacts.



5
Effects of Soil Moisture on Compaction

Proctor (1933) stated that "the effect of the moisture content of 

a soil upon the density to which it may be compacted is the most 

important principle of soil compaction." The resistance of a soil to 

compaction is a function of the frictional forces at the interparticle 

contact areas, and the cohesive forces that hold soil particles 

together. Soil cohesion is determined by the type of cementing agents 

present and the strength of the interparticle moisture bonds. Of 

these properties, it is the strength of the moisture bonds which is 

most likely to vary within any one soil (Mirreh and Ketcheson, 1972).

Because of their polarity, water molecules attach themselves to 

soil particles and other water molecules by adsorption or hydrogen 

bonding. At low moisture contents, soil water surrounds each particle 

as a thin film. Where soil particles come into contact, the surface 

tension of the joined films produces a capillary force which holds the 

particles together. The total cohesive force produced by the water 

films can be expressed as the sum of the individual forces exerted at 

each point of contact. As water content increases, the thickness of 

the water film around soil particles increases which has the effect of 

lowering the cohesive forces in the soil.
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Towner (1961) showed that soil water suction is quantitatively 

equivalent to an externally applied isotropic pressure in a saturated 

soil. His results showed that soil strength increased with increasing 

water suction.

Williams and Shaykewich (1970) applied this concept to unsatu

rated soils using Terzaghi's principle of effective stress. Effective 

stress {a') is that stress which is transmitted through the soil 

skeleton and is a function of total normal stress (cr) and pore water 

pressure (y). In a saturated soil, this relationship can be expressed 

as follows:

a' = a - v, (2)

When matric potential (Ym) is expressed in units of stress, it is 

equivalent to negative pore water pressure and thus equation 2 can be 

rewritten as

a' = a + I Ym I (3)

In unsaturated soils equation 3 can be written as

o'* = a + x ItymI 1 (4)

where x equals the proportion of the matric potential which contributes 
to effective stress. The value of x for a saturated soil' is: I, and 

decreases with decreasing matric potential.



7
Using the principle of effective stress, the Mohr-Coulomb equa

tion (I) can be rewritten as

T-̂  = C' + [a + % I I ]tan o- (5)

where C' and a' are effective stress parameters of cohesion and angle 

of friction, and [a + x IVm|] is the effective stress normal to the 

plane of failure. Williams and Shaykewich (1970) found shear strength 

to increase exponentially with decreasing matric potential.

Proctor (1933) found that the moisture content of a soil sub

jected to a given compactive event plays a major role in determining 

the density that will be reached. Furthermore, there is a specific 

moisture content at which maximum compaction will occur when soil is 

compacted in a confined system (Fig. I).

Several things should be noted about Proctor curves. Compaction 

decreases on the right or wet side of the optimum moisture content 

because of the inability of the system to expel excess water. The 

pore water pressure in a nearly saturated soil is great enough to 

support the compactive force without further decrease in soil volume.

On the dry side of optimum, the shear strength of the soil is increased%
due to the thinness of the water films. The decrease in compaction 

correlates with the increase in shear strength as soil moisture 

decreases.
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The optimum soil moisture for compaction of a given soil varies 

with different compactive efforts. As the compactive effort increases, 

the optimum moisture content decreases (Proctor 1933).
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Effects of Particle Size Distribution on Soil Compaction

■i
The particle size distribution of a soil system plays a major 

role in determining the ease with which compaction will occur and the 

final density that will be attained. . Most work has been done studying 

the effects of varying proportions of the soil fines (less than 2 mm), 

however some researchers believe that the presence of coarse fragments 

may also strongly influence the compaction process.

Bodman arid Constantin (1965) studied the packing behavior of 

soils where the particle size was homogenous versus soils where parti

cle size was heterogenous. They found that soils of mixed particle 

sizes packed to a more dense arrangement than soils of a uniform 

particle size. This was due to the finer particles falling in the 

pores created between the larger particles. Increasing the percentage 

of fine sand in a silt-clay soil increased the maximum obtainable 

density of the system. The maximum bulk density decreased when the 

amount of sand added was greater than 80 percent because there was an 

insufficient amount of finer particles present to fill the pore spacei
between the sand particles. Adding coarse rather than fine sand 

yielded similar results, but the maximum densities achieved were 

greater (Bodman and Constantin, 1965) .

The coarse sand in the above experiment may simulate the effect 

of coarse fragments on compaction. A soil with a lar^e percentage of 

coarise fragments would compact under the forces of an externally
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applied load, however, the pore space between coarse fragments may be 

so great that compaction of the fine earth fraction may not occur (Li, 

1956).

In some cases, the coarse fragment content may bp such a dominant 

member of the soil skeleton, that a surface load can be dispersed 

almost totally through the coarse fragments with minimal compactive 

force being applied to the fines. Soils high in coarse fragment 

content may be compacted, but the effect on the fine parth fraction 

may not be as great as in soils relatively free of course fragments 

(bowman et al., 1978).

Particle size distribution also affects the optimum moisture 

content for compaction. Finer particles, because of their greater 

surface area per unit mass, require more water to increase the metric 

potential sufficiently for particle rearrangement to pccur than do 

coarser particles (Proctor, 1933). Thus, soils with pore fine parti

cles will have a greater shear strength and resistancp to particle 

rearrangement than a coarse soil when both are at the same moisture 

content.

The importance of soil texture in soil compaction is further 

exemplified by the differing physical properties of clay versus nonclay 

sized particles. Interaction between nonclay particlps occurs mainly 

as friction at interparticle contacts. The number and strength of 

these contacts is determined primarily by the arrangement of the
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particles which is in turn determined by particle size distribution 

and the shape of the particles. Soils with particles of varying sizes 

and shapes produce the most interparticle contacts and thus are the 

most resistant soils to particle movement. The influence of electrical 

forces between larger particles is absent or negligible relative to 

the frictional forces (Harris, 1971).

Clay particles, however, interact through physiqchemical forces 

of attraction and repulsion. Cohesive forces between clay particles 

are affected greatly by soil water content. Increasing water content 

acts to increase the; diffuse double layer surrounding individual clay 

particles which reduces the attractive forces between them. The 

result is relatively easy rearrangement of clay particles into a more 

dense, parallel arrangement when subjected to a compa,ctive force 

(Harris, 1971). Soil texture is therefore one of the principle 

characteristics which defines the magnitude of the cohesive and fric

tional forces in a soil.
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Compactlve Effect of Crawler Tracks and Rubber-Tired Vehicles

.

The distribution of compactive forces within a soil is primarily 

determined by pressure patterns applied to the soil surface (Chancellor, 

1971). The stresses acting on any point (X) below a strip of uniform 

pressure (such as might be exerted by a track or tire) are a function 

of the depth to point (X) and the lateral distance from the center of 

the compactive force (Fig. 2) (Craig, 1974). In figure.2, where q is 

the pressure applied and B is the width of the track or tire, the

vertical stress (az) and the horizontal stress (ax) can be defined as:
follows (Craig, 1974):

az = ^ /ir (a+ sina cos20) (6)

ax = ^ /ir (a- sina cos20) (7)

Solving equation (6) for various points in the soil, £t is possible to 

develop contours of equal vertical stress under an applied load.

These contours are shown in figure 3 for a strip of width B and 

exerting pressure q. The greatest pressure is exerted directly beneath 

the center of the strip.

The average pressure exerted to the ground through a rubber tire 

is generally considered to be the inflation pressure of the tire. 

Chancellor (1971) cites three cases where this may nof be true.

First, the stiff walls of some tires may transmit som§ force directly 

to the ground causing pressures at the edges of the tires to be greater
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ox

Fig. 2. Stresses at point X due to uniform pressure q on a
strip of width B and semi-infinite length (Craig, 1974).
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Fig. 3. Contours of equal vertical stress under a 
uniform pressure q on a strip of width B 
and semi-infinite length (Craig, 1974).
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than the inflation pressure. Secondly, in soft soil, the soil strength 

may not be great enough to compress the tire against the inflation 

pressure resulting in a force being applied that is less than the

inflation pressure. Finally, on tires equipped with lugs, the pressures
.

exerted at the surface of the lugs may be considerably greater than 

the inflation pressure. This is particularly true on firm soils where 

the tire does not sink.

Gill and Reaves (1956), studied soil compaction under two types 

of tires. One was an 11-38 smooth tractor tire through which 72 kPa 

(10.5 psi) was transmitted to the soil. The other was a large, flexi

ble, elliptical-shaped tire which exerted 28 kPa (4.1 psi) to the soil 

surface. Their results showed that compaction under the tractor tire 

was not greater than under the larger tire as would bf expected from 

the pressures exerted. These results illustrate the importance of 

horizontal stress (ox, fig. 2), as well as vertical stress (oz, fig. 2) 

in soil compaction. A tire with a low inflation pressure but large 

width may cause the same amount of compaction as a smaller tire inflated 

to a greater pressure.

Identical tires inflated to varying pressures, however, demon-1
strated that as inflation pressure decreased, so did the vertical 

pressure applied to the soil (McLeod, et al. 1966).

The ground pressure exerted by crawler tractors is commonly 

calculated by dividing the weight of the machine and the load it
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supports by the area of the tracks that are in contact with the soil. 

This calculation is based on the assumption that the weight of the 

tractor is evenly distributed throughout the tracks, pn assumption 

that is often erroneous. Reed (1959) showed that the ground pressures 

exerted under a track follow an irregular pattern reaching a peak 

value slightly to the rear of center. The pressure reached at this 

point can be as much as two to three times as great as the value 

calculated above. Smith (1979, personal communication) estimates that 

when tractors are pulling large turns of logs, the full weight of the 

machine and one-fourth of the weight of the logs, may be supported 

solely by the rear third of the tracks.

The horizontal and vertical stress patterns exerted through the 

soil by crawler tractors are the same as those produced by tires

(Craig, 1974; Chancellor, 1971). Reaves and Cooper (1960) studied the:
stress distribution under a 13-38 tractor tire inflated to H O  kPa (16 

psi) and a D-2 caterpillar tractor with a track width of 30.5 cm and 

an average ground pressure of approximately 55 kPa (8 psi) [estimation 

based on caterpillar specifications (Caterpillar, 1978)]. Their 

results showed that for any position in the soil, stresses under the 

tire were almost twice as great as under the track. Maximum stresses 

occurred for both vehicles at the 7.5 cm depth directly beneath the

v
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center line of the track or tire. At this location, the stress under 

the track was 85 kPa (12.3 psi) compared to 175 kPa (25.4 psi) under 

the tire.

Froehlich (1978) compiled the data of several researchers who 

have shown that soil density increases with repeated passes by heavy 

equipment (Table I). This relationship is most pronounced in the soil 

surface and will continue until some maximum density level is reached 

(Chancellor, 1971). The magnitude of the density change tends to drop 

off with more passes due to the increase in soil strength associated 

with greater soil density (Mirreh and Ketcheson, 1972).

Two final considerations of equipment impact are loading speed 

and vibration. Sohne (195.3) showed that slower moving equipment 

applies pressure for a longer period of time and increases soil density 

more than the same pressure applied for a shorter period. Rubber- 

tired vehicles are generally faster than crawler tractors. Caterpillar 

shows the top speed for their 518 rubber-tired skidder to be 26 km/h 

(Caterpillar, 1976) as compared to 11 km/h for a D6D crawler tractor 

(Caterpillar, 1978). It is difficult to assess the effect of vibration 

by heavy equipment on soil compaction. Engineers have designed vibra

ting rollers which compact soil to the same density as considerably 

heavier rollers which do not vibrate. However, the vibrations produced 

by crawler tractors and rubber tired vehicles are not the same intensity



Table I. Summary of some previous compaction studies (Froehlich, 1978)

Equip- Initial Impact Sample
Source ment Soil density Final density depth

(g/cm3) (g/cm3) (cm)

Steinbrenner HD-20 silty I 3 6 passes 7.6
(1955) crawler clay

loam .91 .91 1.04 1.18

Light Mod. Heavy
Froehlich Small clay

(1976) crawler loam 1.04 1.17 1.21 1.26 15.2
Mace Rubber-

(1971) tire sandy .79 .91 1.18 5.1
skidder sandy 1.28 1.40 1.40 5.1-10.2
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as those produced by compaction rollers (Chancellor, 1971) . Vibration 

is shown to have its most significant effect on soils with very low 

clay content which possess little or no cohesive properties (Craig, 

1974; Lee, 1974; Chancellor, 1971).
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Soil Compaction by Logging Equipment 

Rubber Tired Vehicles

Rubber-tired skidders generally cause more soil pompaction than 

do track-type vehicles due to the greater ground pressures exerted by 

the tires (Lull, 1959).

Weaver and Jamison (1951) studied soil compaction under rubber 

tires as it relates to soil moisture and the number of passes in a 

sandy loam and a clay soil. Both soils were treated with 10 passes of 

the equipment and results showed that most compaction occurred during 

the first few passes. Compaction increased with increasing moisture 

content with the optimum moisture content for compaction being greater 

in the clay soil (approximately 26%) than in the sandy soil (approxi

mately 12%). The sandy loam compacted to a greater density (1.83
3 3g/cm; than did the clay (1.45 g/cm ).

Mace (1970) measured soil compaction in a sandy soil under full

tree and tree length skidding. He sampled the upper 15 cm of the soil

and found that compaction occurred under the skidder tires equally in

both systems. The soil densities increased about 9 percent from 
31.40 to 1.53 g/cm . Mace did not measure a larger increase in areas

of skid trails that were more heavily travelled than others.

Dickerson (1976) measured surface compaction under rubber-tired

skidders in soils ranging in texture from a loamy sand to a silty clay
3loam. Bulk density increased an average of 20 percent to 1.55 g/cm .
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Bulk density was negatively correlated with percentages of silt 

(r = -0.61) and clay (r = -0.42) and positively correlated with the 

percentage of sand (r = 0.61).

The depth of compaction under rubber.tirps increases with increas

ing moisture content until the soil becomes saturated to the point 

that pore pressure inhibits further increases in density (Parker and 

Jenny, 1945; Jamison et al., 1950).

Track Vehicles.

Steinbrenner and Gessel (1955) found that tractor skidding on

silty clay, silty clay loam, and clay loam soils increased the bulk

density of the surface 7.5 cm approximately 20%. The initial bulk
3densities of these soils ranged from 0.67 to 1.17 g/cm with the

3compacted densities ranging from 0.76 to 1.39 g/cm . In another 

study, Steinbrenner (1955) showed that tractor compaction was influenced 

greatly by soil moisture. One pass on a wet soil was equivalent to 

four passes on a dry soil.

Recently, a new low ground-pressure track vehicle has been designed 

by the FMC Corporation which causes less soil compaction than either 

rubber-tired skidders or traditional crawler tractors. Froehlich 

(1978) measured compaction under the FMC machine in three soils in 

western Oregon. His results showed that during the first 20 trips, .

soil density increased primarily between the depths of 5 to 10 cm with
■

a majority of the increase occurring in the first foup trips.
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A synopsis of the relative impact of the three machines discusgeql 

is given by Damon, R. W. (1977. Reply to: 2430 Commercial Timber 

Sales. USDA Forest Service. R-l).

.1) Compaction by a single pass of each machine is mpst severe under 

a rubber-tired sbidder with the FCM being slightly less than a 

crawler tractor of similar size.

2) After repated passes, all machines will cause some soil compaction 

with the rubber-tired skidder reaching a given amount of compaction 

after the fewest number of passes andNthe FMC after the most 

passes.

Duration

The duration of soil compaction in forested areas is largely 

unknown, but indications are that it lasts many years. In coarse- 

textured soils of Oregon, compaction may persist up to 40 years (Chan

cellor, 1971). Lull (1959) reports that significant improvement of 

soil physical properties in the Pacific Northwest may require 20 to 25 

years.

In Minnesota, Thorud and Frissel (1969) found that the surface
37.5 cm of compacted soil decreased in density from 1.45 to 1.24 g/cm 

in 4 1/2 years. Based on this progress, they predicted it would 

return to its predisturbed condition (1.16 g/cm ) after 6 years. Also 

in Minnesota, Mace (1971) showed significant recovery after I year in
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soils compacted by rubber-tired skidders. These changes in density 

were attributed primarily to the effect of freezing and thawing of the 

soil over winter.

The slower rate of recovery in the northwest may be the result of 

the few and relatively unintensive freeze-thaw cycles which occur 

there because of the heavy amounts of snow and mild winter temperatures 

(bowman et al., 1978). Kuennen et al., (1979) found that soil compac

tion was present in northern Idaho and western Montana 25 years after 

timber harvesting operations had occurred.

I
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The Effect of Soil Compaction on Plant Growth

Soil compaction decreases soil volume with a majority of this 

decrease occurring in large, noncapillary pores (Lull^ 1959; Stein- 

brenner and Gessel, 1955; Warkantin, 1971). This change in pore size 

and shape greatly affects some soil properties that influence plant 

growth.

Soil Water

Compaction affects the amount of water that can be stored in the 

soil. The reduction in total porosity reduces the amount of water 

that can be held in the soil at saturation. At higher levels of soil 

water tension, however, compaction has a varying impact on water 

content. The force with which water is held in a pore i& inversely 

proportional to the radius of the pore. Thus compressjing larger pores 

into smaller pores increases the amount of water that can be held in 

the soil at high tension (Warkantin, 1971).

Hill and Sumner (1967), measured water content as a function of 

bulk density and soil, water tension in different textured soils. They 

found that large pores predominate in sands and thus compaction will 

have its greatest effect in the low tension range. Clayey soils, 

however, have primarily small pores and compaction will most greatly 

affect moisture content at high tensions. In both soils, increasing 

bulk density caused an increase in soil water content at tensions 

between 0.1 and 15 bars.
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Water movement in the soil is also affected by pore size. Water 

is held more tightly in smaller pores with consequent slower hydraulic 

conductivity. The decrease in pore size associated with compaction 

slows water movement through the soil if other forces acting on soil 

water remain constant.

Soil Air

Air movement in soils occurs through air-filled pores. Compaction 

can block passageways between pores causing decreased interaction 

between the atmosphere and the soil (Grabel, 1971). Grabel and Seimer 

(1968) reported that when the air porosity was reduced below some 

critical value, the soil oxygen content dropped sharply. They found 

that compaction has little effect on soil air composition until this 

critical value is reached. This value increases as the amount of 

biological activity in the soil increases.

Soil Strength

A third soil property which greatly affects plant growth is soil 

strength. The ease with which plant roots penetrate the soil is 

affected by the strength of the soil or its ability to resist particle 

movement (Barley, 1963; Barley et al.1965; Taylor, 1971). Compaction 

increases soil strength and thus may restrict the growth of the plant

roots.
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Compaction Effects on Tree Growth

Numerous studies have shown that compaction caused by timber 

harvesting operations may result in significant reductions in timber 

yield,

Froehlich (1976) measured the growth of ponderosa pine (Finns 

ponderosa Laws.) in a sandy loam soil 17 years after logging, He 

found that height and volume growth were slowest in those areas compan

ted to the greatest densities. Trees in areas which were undisturbed
3 ' 3(bulk density = 0,84 g/cm ) had an average volume of 0.0289 in and

3averaged 5,61 m tall. Areas compacted to 0.94 g/cm had corresponding
"k

measurements of 0,0212 m and 5,15 m. Trees growing on sites Tidiich
I 3 3had been compacted to 1.24 g/cm had average volumes of 0.0091 m and

average heights of 3.99 m.
Z

Youngberg (1959) measured 2-0 Douglas fir (Pseudotsuga menziesii 

(Mirb.) Franco) seedling survival and growth in a clay soil, He 

examined seedlings in areas of varying degrees of disturbance 2 years

after planting. The average bulk density of the undisturbed area was
' 3  30.93 g/cm as compared to 1.03 g/cm on the outer edges of the skid

3trails (berms) and 1.65 g/cm in the skid roads. He reported that 

seedling survival was satisfactory in all locations, but that height 

growth was significantly reduced in the disturbed areas. The average 

height of the trees after 2 years were 17.3, 13.6, and 10.0 cm for the 

undisturbed areas, berms and skid roads, respectively.
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Froehlich (1976) studied height growth and mortality of tubeling 

Douglas fir seedlings for 5 years on a clay loam and sandy loam soil.

He planted the seedlings in skid trails which had been passed over by 

a crawler tractor 0, I, 3; 6, or 10 times. In the clay loam, compac

tion increased with increasing passes up to six passes and never 

exceeded a depth of 22.9 cm. The initial bulk density of the soil was 

0.92 g/cm but increased to 1.01 g/cm under the 6 and 10 pass trails. 

Froehlich found that after 5 years there was no significant difference 

in seedling survival between treatments. Height growth was not signif

icantly different between the 0, I and 3 pass trails but was 8.5 and 

13.9 percent less in the 6 and 10 pass trails. In the sandy loam, 10 

passes increased the bulk density from 0.87 g/cm to 0.99 g/cm and 

again densities did not increase below 22;9 cm. The results for this 

soil were similar to those found in the clay loam with significant 

reductions in growth (11 and 21%) occurring only in the 6 and 10 pass 

trails with no significant differences in seedlings survival reported.

Foil and Rolston (1967) studied germination and growth of loblolly 

pine seedlings in soil cores which they artificially compacted to 

densities representative of those that would occur during logging 

operations. Their results showed that compaction had little effect on 

seedling germination, however, seedling survival dropped off in heavily
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compacted soils because of the inability of the root to penetrate the 

soil. They reported that root length and root weight decreased with 

increasing soil density.

Hatchell et al., (1970) measured the effects of logging on estab

lishment and early growth of loblolly pine (Pinus taeda L.). They 

divided the harvested unit into three areas of disturbance: undis

turbed , secondary skid trails and primary skid trails. The bulk
3densities in these areas were 0.75, 0.92, and 1.08 g/cm ,. respectively. 

The site was regenerated via natural seed fall, and stocking rates 

were reported to be greatest on the secondary skid trails followed by 

the undisturbed areas and then the primary skid trails. They concluded 

that the higher number of seedlings in the secondary skid trails were 

the result of increased exposure of mineral soil. Height growth after 

three growing seasons, however, was significantly less on all skid 

trails than in the undisturbed areas. Seedling height averaged 13.2 cm 

in the undisturbed areas, 11.7 cm in the secondary skid trails, and 

7.1 cm in the primary skid trails.

Froehlich (1976) examined his own data, as well as that gathered 

by other researchers, and concluded that there is a definite decrease 

in seedling growth associated with increases in soil density. This 

relationship is illustrated in Figure 4.
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Fig. 4. Relationship between soil density increases and seedling height 
growth (Froehlich, 1976).



MATERIALS AND METHODS

Study Area and Site Selection

The study area is located approximately 40 km southwest of 

Kalispeil, Montana in that portion of Champion Timberland1s Pleasant 

Valley management district which is north of Montana Highway 2 (Fig. 

5). The area is roughly contained in T27 and 2SN, R25, 26 and 27W, 

MPM.

Site selection was based on the assumption that soils formed in 

similar parent materials would react similarly to compactive forces. 

There were six major parent materials in the study area.

1) Volcanic ash over quartzite till (AQT)

2) Volcanic ash over quartzite residuum (AQR)

3) Mixed volcanic ash and lake sediments over mixed glacial 

till, lake sediments and alluvium (MIX)

4) Lacustrine deposits (LAC)

5) Volcanic ash over calcareous argillite residuum (AAR)

6) Volcanic ash over limestone till (ALT)

One study plot of uniform aspect and slope was located in an 

undisturbed area on each parent material. Because of the irregular 

topography of the region, plot shape was not identical across all 

sites, although each study plot was roughly .47 ha in area. The loca

tion of the study plots is shown in Figure 6.
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Experimental Methods

Experimental treatments were performed twice at each site when the 

soils were at relatively dry and wet moisture conditions. The dry 

treatments were performed from June 26 to July 5, 1979 and the wet 

treatments were performed from May 13 to May 15, 1980.

Treatments consisted of clearcutting that portion of the study 

plot to be sampled and skidding logs over predesignated skid trails.

Two types of skidding equipment were used in this study, a Caterpillar 

D6D track-type tractor and a Caterpillar 518 rubber-tired skidder. 

Specifications for these two machines are listed in Table 2.

During the dry treatment, skid trails of one, two, four and eight 

passes were designated for each machine. During the wet treatment, 

one- and eight-pass skid trails were utilized. In site ALT (volcanic 

ash over limestone till), however, there was not enough room for the 

two-pass trails during the dry treatment. Also, in site ALT, after the 

wet treatment was performed, but before sampling was completed, the 

track-vehicle, eight-pass trail was used by equipment from an adjacent 

timber harvesting operation. The vehicle which skidded logs on this 

trail was the same as that used during the treatments (A D6D track-type 

tractor), and it is estimated that an additional 20 to 25 passes were 

made. This trail is subsequently referred to as the maximum treatment

trail.
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Table 2. Specifications for the D6D tractor and the 518 Rubber-tired

skidder.

Specification D6D Tractor 518 Skidder

Vehicle wt (kg) 17,250* 9,080*

Track area in contact with 
the ground (cm ) 21,570§

Tire size 23.1x26*
• ' I 'Ground pressure [psi 

(kPa)] 11.35 (78)

Tire inflation
pressure [psi (kPa)] —™ 22 (152)*

Engine size (liter) 10.5§ 7.0 V

^Ground pressure was calculated by dividing the vehicle weight by the 
track area in contact with the ground.

^ (Smith, Clyde. 1979. Personal communication).

^Caterpillar (1978).

^Caterpillar (1976).
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The skid trails were approximately 4.9 m wide and 30.5 m long with 

a 5.5 m buffer strip between them.

Before any trees were cut, two control areas for sampling of 

undisturbed soil were marked for each treatment at each site. General

ly, the control areas consisted of a strip outside the cutting unit and 

a buffer strip between the skid trails. No tree felling or equipment 

trafficking took place in the control areas. The plot layouts for each 

site are illustrated in Figures 7 through 12.

A backhoe was used to dig two soil pits in each skid trail and 

each control strip to facilitate the collection of soils data. Unless 

bedrock was reached at a shallower depth, soil pits were from 1.2 to 

1.5 m deep.

Bulk density measurements were taken from the three uppermost

mineral horizons of each site, except in site AQR (volcanic ash over

quartzite residuum), where only the one mineral horizon was consistently

present. The saran-coated clod method, modelled after Brasher et al.,

(1966) was used to determine soil bulk densities. Soil clods were

taken from the center of the horizon being sampled. In skid trails

clods were taken directly beneath where the track or tire had run over

the soil surface. Depending on the cohesivness of the soil, clods
3ranged in size, from .75 to 250 cm . Each clod was coated twice with a 

lg:4g, saran:acetone solution. Volume determinations were made using 

Archimede's principle after which the clods were oven dried and then
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sieved. Bulk density values were based on the fine-earth (less than 

2 mm) soil fraction. Coarse fragments were assumed to have a density 

of 2.65 g/cm^.

Because all clods were not completely sealed by the saran solution 

they were suspended in water for 5 minutes prior to volume determina

tions. This served to reduce the influx of water into the leaky clods 

during the volume measurements.

Thirty-five clods formed in ash horizons and thirty-five clods 

formed in non-ash horizons were weighed before and after being coated 

with two layers of the saran solution. Based on these data, equations 

were developed to calculate the weight of the saran added to each ped 

based on its volume. The equations are as follows: 

clods formed in ash horizons

SW = -2.59 + 2.42 (Antilogy (V)) (8)

clods formed in non-ash horizons

SW = -.95 + .93 (Antilogy (V)) (9)
■ 3where SW equals saran weight (g) and V equals pied volume (cm ).

These same 70 peds were seived, and through visual observation it 

was found that approximately 50 percent of the saran passed through the 

sieve, and 50 percent of the saran remained with the coarse fragments.

During the dry treatment sampling, whenever possible, two clods 

were taken from each horizon in each soil pit. During the wet
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treatment sampling, an attempt was made to extract at least three clods 

from each horizon.

Soil moisture samples were taken at the same time the dry and wet 

treatments were performed. They were taken in all four control pits 

from those horizons in which bulk density measurements were made. Each 

sample weighed roughly 200 g, and moisture content was calculated based 

on the oven-dry weight of the fine-earth fraction.

One representative control pit soil profile was described at each 

site. Several morphological features were described in the field 

including color, structure, consistence, roots, pores, rock fragments 

and effervescence in 10 percent HCl (Soil Survey Staff, 1975). Soil 

reaction was determined in the field using an Oregon State University 

pH test kit. Bulk samples were taken for further analysis in the lab. 

Soil texture was determined for all horizons using the hydrometer 

method of particle size analysis (Day, 1976). Proctor tests were 

performed on material from those horizons in which bulk density was 

measured. A 2.5 kg rammer was dropped 304.8 mm on soil that passed the 

number 5 (1.905 cm) sieve (ASTM, 1979). Soils were classified using 

Soil Taxonomy (Soil Survey Staff, 1975).

Parent Material Map

The locations of the six major parent materials in the study area 

were mapped using 1:64,000 black and white, stereographic, aerial
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photographs and a geology map of the area (Johns, 1970). These data 

were transferred to USGS topographic maps.

Statistics
3Bulk density data from peds less than 6 cm were not used in the 

analyses.

Bulk density values were compared using a nested design analysis 

of variance (ANOV) . The Biomedical Computer Program--P2V: analysis of 

variance and covariance including repeated measures, was used to process 

the data (Jennrich and Sampson, 1979).

In cases where the ANOV p value was less than or.equal to .05 (95 

percent confidence level) a least significant difference (LSD) value 

was calculated.

In those cases when two bulk density means were compared, an 

independent student t-test was used (Snedecor and Cochran, 1979).

A flow chart for the statistical analyses is presented in Appendix

IV.



RESULTS

Site Characteristics

The classifications for the soil profiles described at each site 

are illustrated in Table 3. The profile descriptions are presented in 

Appendix I. Tables 4 through 9 illustrate some of the properties of 

the horizons sampled at each of the six sites, including parent material, 

horizon designation, horizon boundary, particle size analysis, texture, 

coarse fragment content and bulk density. Lithologic discontinuities 

resulting from surficial deposits of volcanic ash are present in all 

sites except LAC. The textures of all horizons sampled, regardless of 

parent material, were silt loam.

Sites AQT and ALT (Tables 4 and 9) represent soils formed in 

volcanic ash over quartzite till and volcanic ash over limestone till, 

respectively. The contrast between the ash and till horizons is 

exemplified by the fact that the densities of those horizons formed in 

the till are approximately 100 percent greater than those formed in the 

ash. Both sites show fairly high amounts of coarse fragments in the 

ash horizons indicating some mixing of the ash and till materials.

Site AQR (Table 5) consists primarily of volcanic ash over quartzite 

bedrock. There is little evidence in this site of horizons formed 

through in-place weathering of the quartzite. Patches of glacial till 

scattered throughout this area suggest that during glaciation, ice
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Table 3. Parent materials and soil classifications for each site.

Site Parent material Soil classification

AQT Volcanic ash over 
quartzite till

Andie Dystric Eutrochreptszmedial 
skeletal, mixed, frigid.

AQR Volcanic ash over quartzite 
residuum.

Entic Eutrandeptszmedial, mixed, 
frigid.

MIX Mixed volcanic ash and lake 
sediments over mixed 
glacial till, lake sedi
ments and alluvium.

Dystric Eutrochreptsz loamy- 
skeletal mixed, frigid.

LAC Lacustrine deposits. Typic Eutroboralfszcoarse-loamy, 
mixed, frigid.

AAR Volcanic ash over 
argillite residuum.

Entic Eutrandeptszmedial- 
skeletal, mixed, frigid.

ALT Volcanic ash over limestone 
till.

Typic Eutroboralfszmedial- 
skeletal, mixed, frigid.



Table 4. Parent material, horizon designations, horizon boundaries, textures, coarse
fragment contents, and bulk densities of horizons sampled in site AQT.

PM
Horizon
Sampled Boundary^ Sand^ Silt^ Clay^ Texture^ Gravel^ Cobble1- Stone^ Total^

(cm) — — % by wt — — — - % by wt

Volcanic Ash A2 0-25 36 55 9 sil 51 25 0 76
over IIA2 25-48 37 57 6 sil 40 22 5 67

Quartzite Till. IIA+B 48-80 36 58 6 sil 38 21 5 64

*BULK DENSITY

Horizon Mean S.D. n 90% Confidence Interval

(g/cm3) ■ *

A2 .76 .13 35 .80- .71
IIA2 1.48 .17 20 1.56-1.39
IIA+B 1.59 .14 17 1.66-1.51

4*Based on one profile description. 
^Average of two mechanical analyses. 
*Based on control pit data.



Table 5.. Parent material, horizon designations, horizon boundaries, textures, coarse
fragment contents, and bulk density at dry and wet treatment of horizon
sampled in site AQR.

PM
Horizon
Sampled Boundary^ Sand^ Silt^ Clay^ ±  4.Texture' Gravel Cobble^ Stone^ Total^

(cm) ----% by w t ---- - % by w t -----------

Volcanic Ash 
over

Quartzite
Bedrock

A2 0-38 15 69 16 sil 9 3 3 15

Horizon Mean

BULK DENSITY* 

S.D. n 90% Confidence Interval
(g/cm3)

A2 (dry) .76 .09 12 .80-.72
A2 (wet) .54 .08 14 .58-.49

4* ■Based on one profile description.
fAverage of two mechanical analyses. *
Based on control pit data.



Table 6. Parent material, horizon designations, horizon boundaries, textures, coarse
fragment contents, and bulk densities of horizons sampled in site MIX.

Horizon 
PM Sampled fBoundary Sand* Silt* * Clay* Texture* tGravel Cobble+ tStone tTotal

(cm) — % by wt ——— • % by wt — — ™ ------

Mixed Volcanic
Ash and Lake A21 0-22 26 62 12 s 11 21 3 2 26
Sediments over
Mixed Glacial A22 22-36 32 61 7 sil 38 3 2 33
Till, Lake
Sediments, and IIA2 36-54 39 55 6 sil 37 5 5 47
Alluvium

BULK DENSITY*

Horizon Mean S.D. n 90% Confidence Interval

A21

(g/cm3)

1.06 .12 14 1.13-1.00
A22 1.34 .21 18 1.44-1.23
IIA2 1.44 .18 19 1.53-1.35

^Average of two mechanical analyses.
*Based on control pit data;,

'Based on one profile description.



Table 7. Parent material, horizon designations, horizon boundaries, textures, coarse
fragment contents, and bulk densities of horizons sampled in site IAC.

Horizon 
' PM Sampled Boundary + + + Sand Silt Clay tTexture f 4"Gravel Cobble t +Stone Total

Lake Sediment*, A21

(cm) 

0- 13

---- % by wt ———

24 65 11 sil 5 I I 7
A22 13-22 22 67 11 sil 4 I I 6
A23 22-47 22 70 8 sil 7 I I 9

BULK DENSITY*

Horizon Mean S.D. n 90% Confidence Interval
(g/cm3)

A21 1.22 .19 19 1.31-1.13
A22 1.39 .11 19 1.44-1.34
A23 1.64 .16 20 1.72-1.57

Based on one profile description.
f Average of two mechanical analyses.
*Based on control pit data.



Table 8. Parent material, horizon designations, horizon boundaries, textures, coarse
fragment contents, and bulk densities of horizons sampled in site AAR.

PM '
Horizon
Sampled 1*Boundary Sand^ Siltt Clayt Texture^ Gravel^ Cobble"!" Stone 1" Total +

Volcanic Ash A21

(cm) 

0- 18 32

% by wt 

59 9 sil 55

—  % by wt -----

15 3 73
over

Residual A22 18-54 36 56 8 sil 55. 15 3 73
Calcareous
Argillite IIA2 54-78 36 57 7 sil 45 20 20 85

ftBULK DENSITY

Horizon Mean S.D. n 90% Confidence Interval
(g/cm3)

A21 (wet) .58 .06 . 14 .61-.55
(dry) .78 .17 5 .86-.70

A22 .72 .16 20 .83-.61
IlAZ 1.09 .16 16 1.18-1.01

4* .Based on one profile description.
$'Average of two mechanical analyses.
Based on control pit data.



Table 9. Parent material, horizon designations, horizon boundaries, textures, coarse
fragment contents, and bulk densities of horizons sampled in site ALT.

PM
Horizon
Sampled Boundary Sand Silt Clay . Texture Gravel Cobble Stone Total

(cm) —--- % by wt —-- - % by wt

Volcanic Ash A21 0-19 24 69 7 sil 15 10 3 28
over IIA21 19-39 23 69 8 sil 50 10 5 65

Limestone IIA22 39-54 23 69 8 sil ■ 50 15 10 75
Till

BULK DENSITY*

Horizon Mean S.D. n 90% Confidence Interval

A2

(g/cm3)

.66 .06 14 .70- .63
IIA21 1.45 .12 12 1.53-1.37
IIA22 1.42 . .07 11 1.47-1.37

Based on one profile description. 
Average of two mechanical analyses. 
Based on control pit data.
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moved over this site. The ice action may have stripped away any 

existing soil leaving a rock surface that currently is covered only by 

the volcanic ash.

The soils of site MIX (Table 6) were formed in mixed ash and lake 

sediments over a mixture of glacial till, lake sediments and alluvium. 

The mixture of ash.and non-ash material in the ̂ surface of this site 

has given rise to a higher surface density than is found in other 

sites with a lithologic discontinuity.

Site LAC (Table 7) is comprised of soils formed in lake sediments, 

and is the most dense soil throughout its profile.

Site AAR (Table 8) has volcanic ash overlying calcareous argillite 

There are a large number of angular coarse fragments in all horizons 

suggesting considerable fracturing and mixing of the argillite. The 

low density of the IIA2 horizon indicates that this horizon is probably 

influenced by volcanic ash.

The two sites in which the soils are developing in ash over 

residual material (sites AQR and AAR) are unique in that the surface 

ash horizons decreased in density when sampled during the wet treat

ments. This is most likely due to swelling of the soil with increased 

soil moisture.

Generally, the bulk densities of these soils reflect the parent 

materials in which they were formed. The lowest bulk densities are 

in those horizons most dominated by volcanic ash [site AQT-A2
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(.76 g/cnf*); site AQR-A2 (.54-.76 g/cm^); site AAR-A21 and A22 (.58-.7S 
3 3g/cm ); site ALT-A2 (.66 g/cm )]. The IIA2 horizons formed in glacial

till have bulk densities ranging from 1.42 to 1.48 g/cm . As mentioned,

the IIA2 horizon of site AAR had a relatively low bulk density (1.09

g/cm ) which is probably due to the influence of volcanic ash. The
3surface horizon of site MIX had a density of 1.06 g/cm which is greater

than the purer ash densities, but less than that in the surface of the
3lake sediments (1.22 g/cm ). The subsurface horizons in site LAC

3increased in density with depth going from 1.39 g/cm in the A22 to
31.64 g/cm in the A23 horizon.

Dry Treatment Results

The soil moisture contents of each site during the dry treatments 

are presented in Table 10. Sites AQT, MIX and LAC had nearly identical 

moisture contents of 10 to 15 percent throughout their profiles. The 

A2 horizon in site AQR had the highest moisture content at 35 percent. 

The ash influenced horizons in sites AAR and ALT had relatively high 

moisture contents ranging from 27 to 28 percent, while the II horizons 

in these sites had lower moisture contents ranging from 17 to 19 

percent.

An analysis of variance (ANOV) comparing treatment densities on an 

individual site basis proved inconclusive primarily because of the 

small sample size for each treatment. The low clay content and high 

coarse fragment content in most of the soils sampled made it difficult
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Table 10. Soil moisture content of all horizons at time of dry and 
wet treatments.

Site Hor. Dry Treatment Wet Treatment
-% HgO by wt- -% HgO by wt-

A2 13 57
AQT IIA2 11 23

IIA+B 14 25

AQR A2 35 69

A21 15 34
MIX . A22 13 35

IIA2 11 24

A21 14 35
LAG A22 12 27.

A23 10 19

A21 28 59
AAR A22 27 61

IIA2 19 60

A2 27 50
ALT IIA21 17 26

IIA22 17 25
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to extract large numbers of Intact peds. Using an ANOV to analyze 

similar treatments simultaneously across all sites while grouping on 

site and treatment, however, enabled the author to obtain some conclu

sive results. An LSD value (p = „05 level) was calculated to compare 

treatment densities. .

Surface horizon— track vehicle

The results for the impact of the track vehicle on surface horizon 

densities of all sites (Table 11) show that there are statistically 

significant density differences (at the P = .05 level) between some 

skid trails.

In site AQT, the one-pass trail was less dense (.54 g/cnf*) than
3the control density (.76 g/cm ) and the four- and eight-pass trails

3had a higher density than the control (.96 and .95 g/cm ). The four- 

and eight-pass trail densities, however, were not significantly differ

ent from each other. No treatment densities were different from the 

control in site AQR.. In site MIX, the four-pass trail had a higher 

surface density (1.36 g/cm ) than the.control density (1.06 g/cm ) 

while no significant changes were measured in any other trails. There 

were no density differences measured in any skid trails in site LAC.

In site AAR, the only difference was that the four-pass trail was less 

dense (.63 g/cm ) than the control (.78 g/cm ). For site ALT, densi-
n

ties of .86 and .84 g/cm in the four- and eight-pass trails were 

higher than the control density of .66 g/cm . The densities in the
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Table 11. Dry treatment means (x), standard deviations (s) and sample
sizes (n) of surface horizon bulk densities (g/cin ) in the
control and track-vehicle skid trails of all sites, with
the ANOV p value and the LSD value for these data.

Site/Hor.
Number of Passes

0 I 2 4 8

AQT/A2 X .76 a* .54 b .80 a .96 c .95 c
S .13 .13 .08 .29 .15
n 35 8 4 6 8

AQR/A2 X .76 a .87 ab .68 a .70 a .85 ab
S .09 .21 .04 .06 .09
n 12 4 6 5 5

MIX/A21 X 1.06 a 1.05 a 1.11 a 1.36 b 1.19 a
S .12 .27 .03 .14 .13
n 14 4 3 4 4

LAC/A21 X 1.22 ab 1.14 ab 1.08 a 1.09 a 1.28 b
S .19 .12 .23 .10 .06
n 19 11 4 3 4

AAR/A21 X .78 a .73 a .76 a .63 b .86 a
S .17 .05 .02 .30 .07
n 5 2 3 3 5

ALT/A2 x .66 a .65a .86 b .84 b
s .06 .02 .18 .17
n 14 4 4 .4

ANOV P value: .00 LSD: .146

Means in the same site followed by the same letter are 
not significantly different at the 5% level.



four- and eight- pass trails in this site were not significantly 

different from each other.

Surface horizon— rubber-tired vehicle

The results of the analysis comparing surface horizon densities in 

skid trails trampled by the rubber-tired vehicle (Table 12) show that 

there were no significant changes in density due to treatment.

Second horizon— track vehicle

Table 13 illustrates densities measured in the second horizon in 

skid trails used by the track vehicle. The ANOV of these data indicate
Othat densities of the two- and four-pass trails in site AQT (1.17 g/cm 

3and 1.28 g/cm ) were less than the control density for this site
o 3(1.48 cm ). Also, the 1.15 g/cm density in the eight-pass trail of

3site AAR was higher than the undisturbed (.72 g/cm ) density. In this 

case the treated value is based on the measurement of a single ped. 

Second horizon— rubber-tired vehicle

The results of density measurements in the second horizon of skid 

trails treated with the rubber-tired skidder are presented in Table 14. 

The ANOV of these data show no significant density changes due to
v

treatment.

59
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Table 12. Dry treatment means (x), standard deviations (s) and sample 

. sizes (n) of surface horizon bulk densities (g/cni ) in the
control 
with the

and rubber-tired 
ANOV p value foi

vehicle skid 
r these data.

trails of all sites.

Number of Passes
Site/Hor. 0 I 2 4 8

AQT/A2 x . .76 .85 .78 .79 .68
s . .13 .12 .12 .07 .13
n 35 6 8. 5 5

AQR/A2 X .76 . .76 .59 .70 .73
S .09 .10 .07 .13 .05
n 12 6 5 6 5

MIX/A21 X 1.06 1.03 1.08 .93 1.16
S .12 .15 .12 .11 0
n 14 4 3 2 I

LAC/A21 X 1.22 1.08 1.04 1.23 1.11
S .19 .09 .01 .13 .07
n 19 4 2 4 2

AAR/A21 X .78 .61 .72 .76 .73
S .17 .08 .13 .07 .03
n 10 2 4 4 2

ALT/A2 X .66 .71 .85 .78
S .06 .10 .08 .16
n 14 4 2 3

ANOV P value: .62
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Table 13. Dry treatment means (x), standard deviations (s) and sample
sizes (n) of second depth horizon bulk densities (g/cm3) in
the control and track-vehicle skid trails of all sites,
with the ANOV p value and the LSD value for these data.

Site/Hor.
Number of Passes

0 I 2 4 8
AQT/IIA2 X 1.48 a 1.50 a 1.17 b 1.28 be 1.42 ac

S . .17 .13 .20 .20 .06
n 20 5 7 6 5

MIX/A22 X 1.34 ab 1.24 a 1.19 a 1.36 ab 1.44 b
S .21 .20 .15 .15 .09
n 18 7 4 4 ' 5

LAC/A22 X 1.39 a 1.38 a 1.38 a 1.27 a 1.44 a
S .11 .11 .11 .02 .15
n 19 4 4 4 4

AAR/A22 X .72 a .73 a .79 a 1.15 b
S .16 .15 0 0
n 20 2 I I

ALT/IIA21 X
S

1.45 a 
.12

1.46 a 
.12

1.48 a 
.08

1.49 a 
.11

n 12 2 3 3

ANOV P value: ;00 LSD: .176

Means in the same site followed by the same letter are 
hot significantly different at the 5% level.
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x

Table 14. Dry treatment means (x), standard deviations (s) and sample 
sizes (n) of second depth horizon bulk densities (g/cin ) in 
the control and rubber-tired vehicle skid trails of all 
sites, with the ANOV p value for these data.

Site/Hor.
Number of Passes

0 I 2 4 8

AQT/IIA2 X 1.48 1.47 1.50 . 1.34 1.34
S .17 .23 .16 .26 .23
n 20 6 4 3 2

MIX/A22 X 1.34 1.16 1.18 1.08 1.22
S .21 .10 .10 .13 .08 ,
n . 18 4 5 4 3

LAC/A22 X 1.39 1.37 1.29 1.29 1.29
S .11 .04 .09 .29 .07

I
I

n 19 4 4 4 4

AAR/A22 X .72 .82 .74 .77 .67
S .16 .03 .02 .15 0
n 20 2 2 4 I

ALT/IIA21 X 1.45 1.39 1.39 1.56
S .12 0 0 .19
n 12 2 I 4

ANOV P value: .10
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Third horizon— both vehicles

No significant treatment effects were measured in the third 

horizon when trampled by either the track (Table 15) dr rubber-tired 

vehicle (Table 16).

Results by individual sites

The above data are redisplayed completely for each site in tables 

17 through 22. In the A2 (surface) horizon of site AQT (Table 17), 

density increases were found only in the four-and eight-pass track 

trails. No density differences were measured in the A2 horizons of 

skid trails used by the rubber-tired skidder. No increases in density 

were found in any subsurface horizons under either piece of equipment, 

however the two- and four-pass track trails were less dense than the 

control.

In site AQR (Table 18) neither machine caused any significant 

changes in soil density.

The combined results for site MIX (Table 19) show that the only 

significant density change was an increase in the A21 horizon of the 

track, four-pass trail. Although the A21 horizon of the eight-pass
3track trail had a higher density than the control (1.19 vs 1.06 g/cm ) 

the difference was not greater than the least significant difference 

value. No significant changes in density were measured below the 

surface horizon in any skid trails.
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Table 15. Dry treatment means (x), standard deviations (s) and sample

sizes (n) of third depth horizon bulk densities (g/cm3) in
the control and track-vehicle skid trails of all sites,
with the ANOV p value for these data.

Site/Hor.
Number of Passes

0 I 2 4 8

AQT/IIA+B X 1.59 1.56 1.58 1.45 1.49
S .14 .08 .05 .08 .17
h 17 6 3 3 3

MIX/IIA2 X 1.44 1.66 1.60 1.47 1.40
s .18 . .11 .09 .26 .27
n 19 5 3 4 3

LAC/A23 X 1.64 1.69 1.59 1.67 1.74
S .16 .09 .26 .02 .05
n 20 4 3 4 4

AAR/IIA2 X 1.09 .65 1.29 1.32 1.46
s .16 .13 .08 .12 .03
n 16 2 4 4 3

ALT/IIA22 X 1.42 . 1.58 1.55 1.60
s .07 .09 .11 .04
n 11 4 3 4

ANOV P value: .10
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Table 16. Dry treatment means (x), standard deviations (s) and sample
sizes (n) of third depth horizon bulk densities (g/cm3) in
the control and rubber-tired vehicle skid trails of all
sites, with the ANOV p value for these data.

Site/Hor.
Number of Passes

0 I 2 4 8

AQT/IIA+B X 1.59 1.53 1.59 1.53 1.43
s .14 .09 .03 .19 , .11
n 17 3 4 3 i5 '

MIX/IIA2 X 1.44 1.53 1.43 1.48 1.53
s .18 0 .07 .07 .06
n 19 I 4 5 5

LAC/A23 X 1.64 1.67 1.46 1.69 1.59
S .16 .05 .07 .10 .11
n 20 4 4 4 3

AAR/IIA2 X 1.09 1.41 1.23
S .16 0 .11
n 16 I 2

ALT/IIA22 X 1.42 1.50 1.28
S .07 .12 .15
n 11 3 2

ANOV P value: .31
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No significant differences in density were found in site LAC 

(Table 20).

In the site AAR (Table 21) the density of the A21 horizon in the 

four-pass track trail was less than the control density. No other 

treatment densities in the A21 horizon were different from the control 

densities. In the A22 horizon an increase in density was measured in 

the eight-pass track trail. The density values measured in the IIA2 

horizon were not significantly different as determined by the analysis 

of variance.

In site ALT (Table 22) the only significant changes in density 

were increases in the A2 horizons of the four- and eight-pass track 

trails.

Effect of equipment and number of passes

The above data were regrouped and reanalyzed in an attempt to 

more precisely define the roles of equipment and number of passes on 

soil compaction. Assuming that an increase in bulk density is indica

tive of compaction, the above data show no signs of compaction after 

one or two passes by either machine. Based on this evidence, surface 

horizon densities in the zero-, one- and two-pass skid trails of each 

machine were compared. The results of this analysis for the track 

vehicle (Table .23) illustrate the only differences to be in the one- 

pass trail of site AQT where the density was less than the control 

(.54 vs .76 g/cm ), the one-pass trail in site AQR which had a higher



Table 17 . Means (x), standard deviations (s) and sample sizes (n) for all horizon
bulk densities (g/cm ), in the track and rubber-tired vehicle skid trails
for both the dry and the wet treatments in site AQT.

Control _____________________________ Dry treatment_______________________________  _______Wnt treatment
_________________________________ Number of pn— en_______________ _
I____  2 4 8 4 4 8+ I ____ 8

Horison Track HT Track M Track RT Track RT Track RT Track RT Track RT

X .76 .54* .85 .80 .78 .96* .79 .95* .68 .95* .73 .76 .73 1.12* .90*

A2 8 .13 .13 .12 .08 .12 .29 .07 .15 .13 .21 .11 .04 .07 .25 .08

n 35 8 6 4 8 6 5 8 5 12 10 4 8 8 a

X 1.48 1.50 1.47 1.17* 1.50 1.28* 1.34 1.42 1.34 1.17 1.43 1.39 1.35

IIA2 e .17 .13 .23 .20 .16 .20 .26 .06 .23 .09 .06 .03 .15

n 20 5 6 7 4 6 3 5 2 3 4 4 3

X 1.59 1.56 1.53 1.58 1.59 1.45 1.53 1.49 1.43 1.60 1.40

IIA+B 8 .14 .08 .09 .05 .03 .08 .19 .17 .11 .02 .03

n 17 6 3 3 4 3 3 3 5 4 4

S ig n if ic a n t ly  d i f f e r e n t  from c o n tro l d e n s ity .

* Data from fo u r  and e ig h t  pass t r a i l s  combined and considered  s  s in g le  tre a tm e n t.



Table 18. Means (x), standard deviations (s) and sample sizes (n) for all horizon
bulk densities (g/cm ), in the track and rubber-tired vehicle skid trails
for both the dry and the wet treatments in site AQR.

Horizon

Control Dry treatment Wet treatment
Humber of passes

I 2 4 8 4 4 St I 8
T r M k BT Track RT Track BT Track RT Track BT Track BT Track RT

- Dr, .76 .87 .76 .68 .59 .70 .70 .85 .73 .78 .72
X

Wet .54 .72* .64 .73* .70*

Dry .09 .21 .10 .04 .07 .06 .13 .09 .05 .11 .10

Wet .08 .09 .11 .17 .06

Dry 12 4 6 6 5 S 6 5 5 10 11
n

Wet 14 8 8 7 8

S ig n i f ic a n t ly  d i f f e r e n t  from th e  c o n tro l d e n s ity .

*Data from fo u r and e ig h t  pass t r a i l s  combined and considered  a s in g le  tre a tm e n t.

O n00



Table 19. Means (x), standard deviations (s) and sample sizes (n) for all horizon
bulk densities (g/cm ), in the track and rubber-tired vehicle skid trails
for both the dry and the wet treatments in site MIX.

Control _____________________________ Dry treatment___________________ ;___________  _______Wnt trmntment
_______________________________________ Number of panoen___________________________________________

I_____ 2 4 8 4 4 St I _____8
Horizon Track *T Track RT Track RT Track rr Track RT Track RT Track rr

; 1.06 1.05 1.03 i.ii 1.08 1.36* .93 1.19 1.16 1.28* 1.07 1.25* 1.32* 1.24* 1.30'

A21 » .12 .27 .15 .03 .12 .14 .11 .13 0 .15 .16 .09 .06 .13 .09

n 14 4 * 3 3 4 2 4 I 8 3 7 6 6 6

X 1.34 1.24 1.16 1.19 1.18 1.36 1.08 1.44 1.22 1.38 1.26 1.49 1.43

A22 • .21 .20 .10 .15 .10 .15 .13 .09 .08 .20 .10 .06 .17

n 18 7 * 4 S 4 4 5 3 6 6 t 6

X 1.44 1.66 1.53 1.60 1.43 1.47 1.48 1.40 1.53 1.58 1.02 1.52 1.43

1142 ■ .18 all 0 .09 .07 .26 .07 .27 .06 .04 .05 .04 .19

n 19 5 I 3 4 4 5 3 S 6 3 6 6

S ig n i f ic a n t ly  d i f f e r e n t  from c o n tro l d e n s ity .

* Omta from fo u r  and e ig h t  pass t r a i l s  combined and consid ered  a s in g le  trea tm en t.



Table 20. Means (x), standard deviations (s) and sample sizes (n) for all horizon
bulk densities (g/cm ), in the track and rubber-tired vehicle skid trails
for both the dry and the wet treatments in site LAC.

Horizon

Control Dry treatment Wet treatment
Number of passes

i 2 4 8 4 4 8 + I 8
Track RT Track RT Track RT Track RT Track RT Track RT Track RT

X 1.22 1.1* 1.08 1.08 1.0* 1.09 1.23 1.28 1.11 1.18 1.19 1.19 1.20 1.47* 1.21

A21 a .19 .12 .09 .23 .01 .10 .13 .06 .07 .11 .12 .06 .12 .05 .08

n 19 * 4 4 2 3 4 4 2 7 6 6 6 6 6

X 1.39 1.38 1.37 1.38 1.29 1.27 1.29 1.4* 1.29 1.35 1.41 1.59 1.46

A22 S .11 .11 .0* .11 .09 .02 .29 .15 .07 .08 .13 .04 .07

n 19 * 4 4 4 4 4 4 4 6 6 6 6

X 1.6* 1.69 1.67 1.59 1.46 1.67 1.69 1.74 1.59 1.68 1.66 1.54 1.58

A23 S .16 .09 .05 .26 .07 .02 .10 .05 .11 .10 .14 .10 .15

n 20 4 4 3 4 4 4 4 3 6 6 6 6

S ig n if ic a n t ly  d i f f e r e n t  from c o n tro l d e n s ity .

* D eta  from fo u r and e ig h t  pass t r a i l s  combined and considered  a s in g le  tre a tm e n t.



Table 21. Means (x), standard deviations (s) and sample sizes (n) for all horizon
bulk densities (g/cm ), in the track and rubber-tired vehicle skid trails
for both the dry and the wet treatments in site AAR.

Control Dry treatment Vet treatment
Number of passes

I 2 4 8 4 6 8 + i 8
Horizon Track RT Track RT Track RT Track RT Track RT Track RT Track RT

Dry .78 .73 .61 .76 .72 .63* .76 .86 .73 .77 .75
X

Vet .$8 .60 .66 .86* .71*

Dry .17 .05 .08 .02 .13 .3 .07 .07 .03 .21 .05
S

Vet .06 .03 .07 .09 .07

Dry 5 2 2 3 4 3 4 5 2 8 6
n

Vet I* 6 8 7 8

X .72 .73 .82 .74 .79 .77 1.15* .67 .86 .60 .77 .73

A22 8 .16 .15 .03 .02 0 .15 0 0 .29 .08 .15 .07

n 20 2 2 2 I 4 I I 6 8 8 8

X 1.09 .65 1.41 1.29 1.32 1.46 1.23 .97 .94 1.06 1.13

I1A2 • .16 .13 .08 .12 .03 .11 .13 .35 .16 .09

n 16 2 I * 4 3 2 6 7 6 4

Significantly different from the control density.

^Data from four and eight pass trails combined and considered a single treatment.



Table 22. Means (x), standard deviations (s) and sample sizes (n) for all horizon
bulk densities (g/cm ), in the track and rubber-tired vehicle skid trails
for both the dry and the wet treatments in site ALT.

Horizon

Control Dry I Wet SI
Hvmbe r of passes

i 4 8 4 4 at i Max. 8
Track HT Track RT Track RT Track RT Track RT Track RT

* * * * * *
X .66 .65 .71 .86 .85 .84 .78 .85 .81 .70 .71 1.16 .84

k 2 8 .06 .02 .10 .18 .08 .17 .16 .16 .13 .04 .06 .18 .03

n I* 4 4 4 2 4 3 8 5 6 6 3 6

X I.*5 1.46 1.39 1.48 1.39 1.49 1.56 1.48 1.52 1.35 1.45

11X2 8 .12 .12 0 .08 0 .11 .19 .12 .14 .12 .09

n 12 2 2 3 I 3 4 6 6 3 6

X 1.42 1.58 1.50 1.55 1.60 1.28 1.42 1.44 1.44 1.28

I1A22 S .07 .09 .12 . .11 .04 .15 .07 .04 .06 .07

n 11 4 3 3 4 2 6 6 3 6

S ig n i f i c a n t ly  d i f f e r e n t  from c o n tro l  d e n s i ty .

* D a ta  from fo u r  and e ig h t  p ass  t r a i l s  combined and c o n s id e red  a  s in g le  tre a tm e n t.
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Table 23. Dry treatment means of the surface horizon bulk densities 

(g/cm ) of the control area and the track-vehicle one- and
two- pass skid 
and LSD value

trails for all 
for these data.

sites, with the ANOV p value

Number of passes

Site/Hor. 0 I 2

AQT/A2. X A.76 a .54 b .80 a

AQR/A2 X .76 a .87 b .68 a

MIX/A21 X 1.06 a 1.05 a 1.11 a

LAC/A21 X 1.22 a 1.14 ab , 1.08 b

AAR/A21 X .78 a .73 a .76 a

ALT/A2 X .66 a .65 a

ANOV P value: .05 LSD: .101
&Means in the same site followed by the same letter are not 
significantly different at the 5% level.
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Table 24. Dry treatment means of the surface horizon bulk densities 
(g/cm ) of the control area and rubber-tired skidder one-
and two-pass skid trails for 
value for these data.

all sites, with the ANOV p

Number of passes

Site/Hor. 0 I 2

AQT/A2 .76 .85 .78

AQR/A2 .76 .76 .59

MIX/A21 1,06 1.03 1.08

LAC/A21 1.22 1.07 1.04

AAR/A21 .78 .61 .72

ALT/A2 .66 .71

ANOV p value: .28



75
3 ■density than the control (.87 vs .76 g/cm ) and in the two-pass trail

Oin site LAC which was less dense than the control (1.08 vs 1.22 g/cm ).

Analysis of the zero-, one- and two-pass trails used by the 

rubber-tired skidder (Table 24) indicate no changes in density were 

measured after one or two passes.

The surface horizon densities of the four- and eight-pass skid 

trails of each machine were compared. The results (Table 25) show 

that there were no significant differences in soil density after four 

and eight passes by either machine.

With analyses indicating no consistent evidence of compaction 

after one or two passes, and no differences between four and eight 

passes, the surface horizon densities of the zero-, one- and two-pass 

trails were grouped together and compared with the combined surface 

densities of the four- and eight-pass trails. Table 26 illustrates 

that when trampled by the track vehicle, densities increased in the
3four-eight-pass trails in sites AQT (.72 to .95 g/cm ), site MIX (1.07 

to 1.28 g/cnf*) and site ALT (.66 to .85 g/cm^). There were no signifi

cant differences between zero-one-two and four-eight pass trails in 

the other sites.

The results for the surface horizon densities in the zero-one-two 

pass trails versus the four-eight pass trails used by the rubber-tired
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Table 25. Dry treatment means of the.surface horizon bulk densities 
(g/cm ) of the four-pass trails versus the surface 
horizon bulk densities of the eight-pass trails, with the 
ANOV p value for these data.

Site/Hor.

Track vehicle Rubber-tired vehicle

Number of passes

4 8 4 8

AQT/A2 .96 .95 .79 .68

AQR/A2 *70 .85 .70 .73

MIX/A21 1.36 1.19 .93 1.16

LAC/A21 1.09 1.28 1.23 1.11

AAR/A21 .63 .86 .76 .73

ALT/A2 .86 .84 .85 .78

ANOV p valud: .65
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Table 26. Dry treatment means (x), standard deviations (s) and 

sizes (n) of the surface horizon bulk densities (g/cm 
the combined track vehicle control, one- and two-pass trails 
versus the combined track vehicle four- and eight-pass 
trails, with the ANOV p value and the LSD value for these 
data.

gampIe

Site/Hor.
Number 

0, I. 2
of passes 

4, 8

AQT/A2 X .95 b
S .15 .21
n 47 14

AQR/A2 X .76 a .78 a
S .12 .11
n 22 10 I

MIX/A21 X 1.07 a
I

1.28 b I
S .14 .15 I
n 21 8 I

LAC/A21 X 1.18 a
.

1.18 a I
S .19 ■ .11 I
n 27 7 I  ,

AAR/A21 X .77 a
I

.77 a
S .14 .21 I
n 10 8

ALT/A2 . x .66 a .85 b
S .05 .16
n . 18 8

ANOV p value: .00 LSD: .056
/

Means in the same site followed by the same letter are not 
significantly different at the 5% level.
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Table 27. Dry treatment means (x), standard deviations (s) and sample 
sizes (n) of the surface horizon bulk densities (g/cni ) of
the combined rubber-tired vehicle control, one- and two-pass 
trails versus the combined rubber-tired vehicle four- and 
eight-pass trails, with the ANOV p value for these data.

Number of passes
Site/Hor. CMi—lO 4> 00

AQT/A2 X .77 .73
S .13 .11
n 49 10

AQR/A2 X .72 . .72
S .11 .10
n 23 11

MIX/A21 X 1.06 .107
s .13 .16
n 21 3

.LAC/A21 X 1.-18 1.19
s .18 .12
n 25 6

AAR/A21 X •75 .75
S .16 .05
n 11 6

ALT/A2 X .67 .81
S .07 .13
n 18 5

ANOV p value: .87
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Table 28. Dry treatment means (x), standard deviations (s) and sample 

sizes (n) of the second depth horizon bulk densities (g/cm3)
of the combined track vehicle control, one- and two-pass 
trails versus the combined track vehicle four-and eight- 
pass trails, with the ANOV p value for these data.

Number of passes
Site/Hor. 0. I. 2 4. 8
AQT/IIA2 x 1.41 1.34

s - .21 .16
n 32 11

MIX/A22 X 1.29 1.40
S .20 .12
n 29 9

LAC/A22 X 1.39 1.35
S .10 .13
n 27 8

AAR/A22 X .75 .97
S .15 .25

.
h 22 2

ALT/IIA21 X 1.45 1.49
S .12 .08

. -
n 14 6

ANOV p value: .56
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skidder (Table 27) show that there were no significant changes in

- , >

density under the different treatments. There was, however, a sizable

increase in density in site ALT from .67 to .81 g/cm .

Averaging the one-and two-pass trail densities with the control

densities (Table 23 and 24) never produced a new density value that was 
3more than .04 g/cm different from the original control density.

Because the track vehicle appears to have caused significant

compaction in the surface horizons of sites AQT, MIX and ALT, the

density measurements in the second horizons of the zero-one-two pass

trails were combined and compared with the second horizon densities in

the four-eight pass trails. The results (Table 28) shows no significant

increases in density between the two groups in any site although an
3increase from 1.29 to 1.40 g/cm was observed in site"MIX and an 

increase from .75 to .97 g/cnf* was observed in site AAR.

To evaluate the effect of equipment type on soil compaction, the 

surface densities of the two four-pass trails and the surface densities 

of the two eight-pass trails were compared. The results (Table 29) 

show that after four passes, higher densities were found under the 

track vehicle in sites AQT (.96 vs .79 g/cm"*) and MIX (1.36 vs .93
Og/cm ). The track eight-pass trails had higher densities than the 

rubber-tired eight-pass trails in site AQT (.95 vs .68 g/cm ) and site 

LAC (1.28 vs 1.11 g/cm^). Two things should be noted. First, there
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Table 29. Dry treatment means of the surface horizon densities
(g/cni ) of the track vehicle four- and eight-pass trails 
versus the rubber-tired vehicle four- and eight-pass 
trails, with the ANOV p value and the LSD value for these 
data.

Four passes Eight passes

Site/Hor. Track RT Track RT

AQT/A2 .96 a* .79 b .95 a .68 b

AQR/A2 .70 a .70 a .85 a .73 a

MIX/A21 1.36 a .93 b 1.19 a 1.16 a

LAG/A21 1.09 a 1.23 a 1.28 a 1.11 b

AAR/A21 .63 a .76 a .86 a .73 a

ALT/A2 .86 a .85 a .84 a , .78 a

ANOV p value: .00 LSD: .143
AMeans in the same site, subjected to the same number of passes, with
the same letter following them are not significantly different at 
the 5% level.



has been no evidence that either piece of equipment caused compaction 

in site LAC, which makes it difficult to attribute the results from 

this site to equipment impact. Secondly, there is no significant 

difference between equipment type on soil density in site ALT after 

either four or eight passes, suggesting that the rubber-tired skidder 

may have caused some compaction in this site.

Summary of Dry Treatment Results

1) Significant increases in surface density occurred in sites AQT,

MIX and ALT.

2) The track-type vehicle caused compaction after four passes in 

these sites.

3) Eight passes by the track-type vehicle did not further increase 

soil density.

4) The rubber-tired skidder may have caused compaction in site ALT 

after four passes.

5) When compaction occurred, it was apparently limited to the surface 

horizon.

6) The magnitude of compaction in sites AQT, MIX and ALT is summarized

in Table 30.



Table 30. Absolute and percent increases of surface horizon densities in sites 
AQT, MIX and ALT after the dry treatment.

Track-type vehicle_____  Rubber-tired skidder

Site/Hor.

Control

density

Compacted

density

Absolute

change

Percent

change

Compacted

density

Absolute

change

Percent

change

AQT/A2 .76

- (g/cm3) - 

.95 .19 25

--- (g/cm3)
_

MIX/A21 1.06 1.28 .22 21 — — ■ —

ALT/A2 .66 .85 .19 29 .81 .15 23

Compacted density was calculated by averaging the four- and eight-pass 
trail densities.

cous
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Wet Treatment Results

Table 10 Illustrates the moisture contents at which the wet 

treatments were performed. During the wet treatments, the predomi

nantly ash horizons (surfaces of sites AQT, AQR, AAR, and ALT) had at 

least 50 percent moisture by weight. The surface horizons of sites 

MIX and LAC had lower moisture contents ranging from 34 to 35 percent. 

Those horizons formed in. glacial till (II horizons in sites AQT, MIX 

and ALT) had fairly uniform moisture contents across all sites ranging 

from 23 to 26 percent. The IIA2 in site AAR had a high moisture 

content of 60 percent, again suggesting the influence of volcanic ash. 

The subsurface moisture content in site LAC decreased with depth from 

27 percent in the A22 horizon to 19 percent in the A23 horizon. As 

with the dry treatment data, these data were grouped by treatment and 

horizon position for analysis. Thei maximum treatment track trail in 

site ALT was grouped with the track eight-pass trails.

Surface horizon— track vehicle

The results for the surface horizons of the track-trampled skid 

trails (Table 31) show significant increases in density in all sites.

In sites AQR and MIX, an increase in density was produced after one 

pass (.54 to .72 g/cm^ in site AQR; 1.06 to 1.25 g/cm^ in site MIX), 

with eight passes causing no further increase. In sites AQT, LAC and

AAR, eight passes were required before compaction occurred, increasing
3 3the density from .76 to 1.12 g/cm in site AQT, from 1.22 to 1.47 g/cm
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Table 31. Wet treatment means (x), standard deviations (s) and sample 
sizes (n) of surface horizon bulk densities (g/cin ) in the
control and 
ANOV p value

track-vehicle skid 
and the LSD value

trails of all sites, 
for these data.

with the

Number of passes
Site/Hor. 0 I 8

AQT/A2 X .76 a* .76 a 1.12 b
S . .13 .04 .25
n 35 4 8

AQR/A2 X .54 a .72 b .73 b
S .08 .09 .17
n 14 8 7

(

MIX/A21 X 1.06 a 1.25 b 1.24 b
S .12 .09 .13
n , 14 7 6

LAC/A21 X 1.22 a „1.19 a 1.47 b
S .19 .06 . .05
n 19 6 6

AAR/A21 X .58 a .60 a .86 b
S .06 .03 .09
n 14 6 7

ALT/A2 X .66 a .70 a 1.16%
S .06 .04 .18
n 14 6 3

ANOV p value: .00 LSD: .126

^Maximum treatment trail in site ALT.

Means in the same site followed by the same letter are not 
significantly different at the 5% level.
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in site LAC and from .58 to .86 g/cm in site AAR. No density changes

occurred after one pass in site ALT, but the maximum treatment increased
3the surface density from .66 to 1.16 g/cm .

Surface horizon— rubber-tired vehicle

The density values for the surface horizons of skid trails used

by the rubber-tired skidder are presented in Table 32. The ANOV

revealed that with the exception of site LAC, significant compaction

occurred in all sites. In site MIX, maximum compaction occurred after
3one pass, increasing the density from 1.06 to 1.32 g/cm . No further

increase was measured after eight passes. In the other sites that

were compacted, eight passes were required before density differences

appeared. Site AQT increased from .76 to .90 g/cm"*; site AQR increased

from .54 to .70 g/cm?; site AAR increased from .58 to .71 g/cm"* and
3site ALT increased from .66 to .84 g/cm .

The one-pass trail densities in sites AQR and AAR were between 

the zero- and eight-pass densities and not significantly different 

from either. This suggests that there may be some compaction after 

one pass on these, sites.

Second and third horizons— both vehicles

The results of the analyses for the second and third horizons are 

presented in Tables 33 through 36. The ANOV indicated that neither 

piece of equipment had any effect in either of these horizons.
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Table 32. Wet treatment means (x), standard deviations (s) and sample
sizes (n) of surface horizon bulk densities (g/cin ) in the
control and rubber-tired vehicle skid trails of all sites,
with the ANOV p value and the LSD value for these data.

Number of passes
Site/Hor. 0 I 8

AQT/A2 X .76 a* .73 a ■ .90 b
S .13 .07 .08
n 35 8 8

AQR/A2 X .54 a .64 ab .70 b
S .08 .11 .06
n 14 8 8

MIX/A21 X 1.06 a 1.32 b 1.30 b
S .12 .06 .09
n 14 6 6

LAC/A21 X 1.22 a 1.20 a 1.21 a
S .19 .12 .08
n 19 6 6

AAR/A21 X .58 a .66 ab .71 b
S .06 - .07 .07
n 14 8 8

ALT/A2 X .66 a .71 a .84 b
S .06 .06 .03
n 14 6 . 6

ANOV p value: .00 LSD: .107
*Means in the same site followed by the same letter are not
significantly different at the 5% level.

I
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Table 33. Wet treatment means (x), standard deviations (s) and sample 
sizes (n) of second depth horizon bulk densities (g/cm ) 
in the control and track vehicle skid trails of all sites, 
with the ANOV p value for these data.

Number of passes
Site/Hor. 0 I 8

AQT/IIA2 X 1.48 1.17 1.39
S .17 .09 .03
n 20 3 4

MIX/A22 X I* 34 1.38 1.49
S .21 .20 .06
n 18 6 6

LAC/A22 X 1.39 1.35 1.59
s .11 .08 .04
n 19. 6 6

i

AAR/A22 X .72 .86 .77
S .16 .29 .15
n 20 6 8

ALT/1IA21 X 1.45 1.48 1.35T
S .12 .12 .12
n 12 6 3

ANOV p value: .27
fMaximum treatment in site ALT.
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Table 34. Wet treatment means (x), standard deviations (s) and sample

sizes (n) of second depth horizon bulk densities (g/cin )
in the control and rubber-tired vehicle skid trails of all
sites, with the ANOV p value for these data.

Site/Hor.
Number of passes

0 I 8

AQT/IIA2 X 1.48 1.43 1.35
S .17 .06 .15
n 20 4 3

MIX/A22 X 1.34 1.26 1.43
S .21 .10 .17
n 18. 6 6

LAC/A22 X 1.39 1.41 1.46
S .11 .13 .07
n 19 6 6

AAR/A22 X .72 .60 .73
S - .16 .08 .07
n 20 8 8

ALT/IIA21 X 1.45 1.52 1.45
S .12 .14 .09
n 12 6 6

ANOV p value: .43
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Table 35. Wet treatment means (x), standard deviations (s) and sample

sizes (n) of third depth horizon bulk densities (g/cm3)
in the control and track-vehicle skid trails of all trails
of all sites, with the MO V  p value for these data.

Site/Hor.
Number of passes

0 I 8

AQT/IIA+B X 1.59 1.60
S .14 .02
n 17 4

MIX/IIA2 X . 1.44 1.58 1.52
S .18 .04 .04
n 19 6 6

LAC/A23 X 1.64 1.68 . 1.54 .
S .16 .10 .10
n 20 6 6

AAR/IIA2 X 1.09 .97 1.06
S .16 .13 .16

. n 16 6 6

ALT/I1A22 X 1.42 1.42 . 1.44+
S .07 .07 .06
n 11 . 6 3

M O V  p value: .37
■ -

*f*Maximum treatment trail in site ALT.
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Table 36. Wet treatment means (x), standard deviations (s) and sample
sizes (n) of third depth horizon bulk densities (g/cm3)
in the control and rubber-tired vehicle skid trails of all
sites, with the ANOV p value for these data.

Site/Hor.
Number of passes

0 I 8

AQT/IIA+B X 1.59 1.60
S .14 .02
n . 17 4

MIX/IIA2 ' X 1.44 1.02 1.43
S .18 .05 .19
n 19 3 6

LAC/A23 X 1.64 1.66 1.58
S .16 .14 .15
n 20 6 6

AAR/IIA2 X 1.09 .94 1.13
S .16 .35 .09
n 16 7 4

ALT/IIA22 X 1.42 1.44 1.28
S .07 .04 ,07
n 11 6 6

ANOV p value: .10



Wet treatment results by individual sites

All wet treatment, data for each site are presented in Tables 17 

through 22. In site AQT (Table 17) compaction occurred after eight
1 I

passes by both pieces of equipment. In site AQR (Table 18) only one 

pass was required by the track vehicle to initiate compaction, while 

density increases were not measured until after eight passes of the 

rubber-tired vehicle. At site MIX (Table 19) one pass by each machine 

was sufficient to cause compaction, with eight passes having no further 

effect on soil density. In site LAC (Table 20) only eight passes by 

the track-type vehicle caused an increase in soil density. In site 

AAR (Table 21) significant compaction occurred after eight passes by 

both machines. Eight passes of the rubber-tired skidder caused compac

tion in site ALT (Table 22) as did the maximum treatment by the track 

vehicle.

Effects of one versus eight passes

The wet data were regrouped to compare the effects of one versus 

eight passes on surface horizon densities. The results (Table 37) 

show that on some sites there was a significant difference between the 

number of passes and soil density. These data support the data pre

sented in Tables 32 and 33; i.e., when compaction was achieved after 

one pass, there was no further increase after eight passes, but if

92
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Table 37. Wet treatment means of the surface horizon bulk densities 
(g/cmJ) of the one-pass skid trails versus the surface 
horizon bulk densities of the eight-pass skid trails 
(maximum treatment in site ALT), with the ANOV p value and 
the LSD value for these data.

Site/Hor.

Track vehicle Rubber--tired vehicle

Number of passes

I 8 I 8

AQT/A2 .76 a* 1.12 b .73 a .90 b

AQR/A2 .72 a .73 a .64 a .70 b

MIX/A21 1.25 a 1.24 a . 1.32 a 1.30 a

LAC/A21 . 1.19 a 1.47 b 1.20 a 1.21 a

AAR/A21 .60 a .86 b .66 a .71 b

ALT/A2 .70 a +1.16 b .71 a .84 b

ANOV p value: Passes = .00 LSD: .045
* ■
Maximum treatment' trail in site ALT.
&
Means In the same site under the same equipment type followed by the 
same letter are not significantly different at the 5% level. . i



compaction did not occur after one pass, it was present after eight 

passes. The one exception is site LAC where no increases in density

were measured under the rubber-tired skidder.
: .

Effects of track versus rubber-tired vehicle

The results of the equipment comparison during the wet treatment

are presented in Table 38. The analysis indicated that there was no

significant difference between equipment type after one pass. Eight

passes by the track vehicle did produce significantly higher densities

than eight passes by the-rubber-tired skidder in sites AQT (1.12 vs

.90 g/cin^),lLAC (1.47 vs 1.21 g/cnf*) and AAR (.86 vs .71 g/cm^).

Also, the maximum track treatment in site ALT created a higher density
3than eight passes with the rubber-tired vehicle (1.16 vs .84 g/cm ).

'
Summary of Wet Treatment Results

1) Significant compaction occurred in the surface horizons of all 

sites under both pieces of equipment, except site LAC which 

showed no increase in density under the rubber-tired skidder.

2) Significant increases in density were apparently limited to the 

surface horizons of all sites.

3) Track vehicle

a) In sites AQT, LAC, AAR and ALT density increases were only 

observed in the eight-pass or maximum treatment (site ALT) 

skid trails.

94
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b) In sites AQR and MIX, one pass caused compaction and eight 

passes did not cause further increases in density.

4) Rubber-tired skidder '
a) In sites AQT, AQR, AAR and ALT density increases were only 

found in the eight-pass skid trails.

b) In site MIX compaction occurred after one pass and eight 

passes did not further increase soil density.

c) In site LAC no density increases were found.

5) The track Vehicle created higher densities in sites AQT, LAG and 

AAR.

6) The maximum treatment track trail in site ALT had a higher density 

than the rubber-tired eight pass trail.

7) The magnitude of compaction in the surface horizon of all sites 

is shown in Table 39.
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Table 38. Wet treatment means of the surface horizon bulk densities

(g/cm ) of the track vehicle one- and eight-pass skid trails 
(maximum treatment in site ALT) versus the rubber-tired 
vehicle oner and eight-pass skid trails, with the ANOV p 
value and the LSD value for these data.

One pass Eight passes

Site/Hor. .Track RT- Track RT

AQT/A2 *.76 a .73 a 1.12 a .90 b

AQR/A2 .72 a .64 a .73 a .70 a

MIX/A21 1.25 a 1.32 a 1.24 a 1.30 a

LAC/A21 1.19 a 1.20 a 1.47 a 1.21 b

AAR/A21 .60 a .66 a .86 a .71 b

ALT/A2 .70 a .71 a t1.16 a . . 84 b

ANOV p value: Equipment p = .00 LSD: .091
+Maximum treatment trail in site ALT.

Means in the same site subjected to the same number of passes 
followed by the same letter are not significantly different at the 
5% level.



Table 39. Absolute and percent increases of surface horizon densities 
in all sites after the wet treatment.

Track-type vehicle Rubber-■tired skidder

Site/Hor
Control
density

ftCompacted
density

Absolute
change

Percent
change

ftCompacted
density

Absolute
change

Percent
change

AQT A2 .76

-(g/cm3) ---

1.12 .36 47

-----g/cm3)

.90 .14 18
AQR A2 .54 .73 .19 35 .70 .16 30
MIX A21 1.06 1.24 .18 17 1.31 ' .25 24
LAC A21 1.22 1.47 .25 . 20 — — — —
AAR A21 .58 .86 .28 48 .71 .13 22
ALT A2 .66 1.16+ .50 76 .84 .18 27

In sites where one and eight passes caused significant compaction, the 
compacted density was calculated by averaging the one and eight pass trail 
densities.

+ Maximum treatment trail in site ALT.
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Wet Versus Dry Treatments

All of the density data for the wet and the dry treatments for 

each site are presented in Tables 17-22.

Sites AQT, MIX and ALT were the only sites in which significant 

compaction occurred during the dry treatment. A t-test was used to 

compare the compacted values in these sites with the maximum density 

values reached during the wet treatment in skid trails used by the 

track vehicle. In sites AQT and MIX, the analyses indicated that 

there were no significant differences between the maximum densities 

reached during the wet versus dry treatment. In site ALT, the wet, 

track, maximum treatment trail had a significantly higher density than 

the dry, track, eight-pass trail at the p = .05 level.

In site MIX, the track vehicle caused compaction after one pass 

during the wet treatment, whereas, four passes were required during 

the dry treatment.

In site LAC, compaction only occurred during the wet treatment, 

and that was after eight passes by the track machine.

In all sites except site LAC compaction occurred under the rubber- 

tired skidder during the wet treatment, while this vehicle never 

caused significant increases in density during the dry treatment, with the 

possible exception of site ALT.

Under neither water regime did density increases seem to extend 

into subsurface horizons.

I
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In sites AQR and AAR, significant increases in density were only 

observed after the wet treatment. The compacted densities, however, 

were not significantly different from the dry control densities.

Proctor Tests Results -

The .results of the Proctor tests are presented in Table'40 and 

are expressed in terms of optimum moisture content and maximum density 

for the whole soil used in the test. The optimum moisture contents 

and maximum bulk densities are also expressed in terms of the fine 

earth fraction. The individual Proctor curves are illustrated in 

Appendix II.

The Proctor test data indicate that the purer ash horizons required 

the most water for maximum compaction (31 to 35 percent) and compact 

to the lowest densities (1.20 to 1.53 g/cm ).

Horizons formed in II material require the least amount of water 

(11 to 18 percent) and compact to the highest densities (1.75 to 2.04 

g/cm ). The IIA2 horizon in site AAR is included in this category 

because it contains properties which differ from the ash.

The A21 and A22 horizons of sites MIX and LAG were intermediate 

both in terms of optimum moisture content (16 to 22 percent) and 

maximum obtainable density (1.55 to 1.73 g/cm ). The A23 horizon in 

site LAC acted much like the II horizons reaching a maximum density of
O1.87 g/cm at a moisture content of 12 percent.
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Table 40. Proctor test data for all sites including optimum moisture 

content, maximum bulk density, coarse fragment content of 
test sample, and optimum moisture content and ma-gIminn bulk 
density corrected for coarse fragments.

Whole Soil__  Fine Earth Fraction
Opt. HgO Max. B.D. CF Opt. HgO Max. B.D.

Site Horizon % by wt 3%/cm % by wt % by wt %/cm^
A2 28 1.36 10 31 1.29

AQT IIA2 8 2.18 30 11 2.04
IIA+B 8 2.00 25 11 1.87

AQR A2 34 1.31 4 35 1.29

A21 19 1.59 8 21 1.54
MIX A22 14 1.82 11 16 1.73

IIA2 9 2.08 18 11 1.98

A21 20 . 1.61 4 22 1.59
LAC A22 19 1.60 2 20 1.58

A23 11 . 1.92 5 12 1.87

A21 21 1.78 33 31 1.53
AAR A22 26 1.69 40 . 31 1.35

IIA2 12 2.02 26 16 1.84

A2 30 : 1.32 15 35 1.20
ALT IIA21 14 1.90 21 18 1.75

IIA22 13 1.93 14 15 1.83
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DISCUSSION 

Equipment Impact

The results indicate that the track vehicle caused a greater 

amount of compaction than did the rubber-tired vehicle. This generally 

disagrees with the literature which concludes that while both types of 

vehicles apply similar pressure patterns to the soil, rubber-tired 

vehicles exert a greater ground pressure (Reaves and Cooper, 1960;

Lull, 1959).

Reed (1959) and Smith (1979, personal communication), however, 

observe that during skidding operations, the weight of a track vehicle 

is not always distributed evenly over all of the track area, and at 

times the area of support may be limited to the rear one-half or one- 

third of the tracks. This would increase the ground pressure exerted 

under the DbD tractor used in this study from 11.35 psi (78 kPa) to 

36.74 psi (k54 KPa) which is greater than the 22 psi (152 kPa) infla

tion pressure of the tires used on the 518 skidder. The track vehicle 

travels slower than the rubber-tired vehicle, thus applying cbmpactive 

forces for a longer duration which could also increase compaction 

(Sohne, 1953). Finally, the larger, more powerful engine of the track 

vehicle may transmit more vibration to the soil which may have a 

compactive effect on these soils which contain small amounts of cohe

sive clay.

)
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Moisture Content

Effects on susceptibility to compaction

The results obtained indicate that increasing soil moisture 

content increased the susceptibility of the soils to compaction. This 

concept is widely supported in the literature (Williams and Shaykewich, 

1970; Proctor, 1933; Weaver and Jamison, 1951; Steinbrenner and Gessel, 

1955).

During the dry treatments, there was no evidence that the rubber- 

tired skidder was able to overcome the shear strengths of the surface 

horizons in sites AQT and MIX (Tables 17 and 19). During the wet 

treatment, however, the rubber-tired vehicle caused significant compac

tion in both of these sites. Similarly, neither machine caused signif

icant compaction in site LAC (Table 20) during the dry treatment while 

the track vehicle did cause compaction on this site during the wet 

treatment.

In sites AQR and AAR (Tables 18 and 21) increasing soil moisture 

appears to cause swelling in the surface horizons. With this swelling 

and decrease in density, there may be an associated decrease in the 

shear strength of the soil and a greater susceptibility to compaction 

(Mirreh and Ketcheson, 1972) .

Effects on magnitude of compaction

In sites AQT and MIX (Tables 17 and 19) where compaction occurred 

under similar treatments during both the wet and the dry moisture
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conditions, it is possible to compare the effects of moisture content 

on the densities obtained. A t-test comparing the wet, track, eight- 

pass trail surface densities with the dry, track, four-eight-pass 

trail surface densities showed no significant differences between 

densities obtained under the two moisture regimes.

In site ALT (Table 22), the maximum treatment by the track vehicle 

during the wet treatment compacted the soil to a higher density than 

four and eight passes by the track vehicle during the dry treatment.

It is impossible to determine if this result is a function of the 

increased moisture content or the result of the increased number of 

passes experienced by the wet treatment trail. In this same site, the 

density obtained in the surface horizon of the wet, rubber-tire, 

eight-pass trail was not significantly different from that in the dry, 

rubber-tire, four-eight-pass trails.

In sites AQR and AAR (Tables 18 and 21), t-tests revealed that
.1 '

the maximum densities produced during the wet treatments were not 

significantly different from the dry control densities.

In the soils studied, it appears that when sufficient soil mois

ture is present for compaction to occur, increasing the soil moisture 

content will not result in further compaction.
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Effect of,Repeated Passes

The results indicate that the number of passes affects, soil 

compaction. During the dry treatments in sites AQT, MIX and ALT 

(Tables 19 and 22), compaction did not occur after one or two 

passes by the track vehicle, while it did occur after four passes. It 

is difficult to comprehend a situation in which a soil can support a 

vehicle for two passes, but is unable to support the same vehicle for 

four passes. Most studies indicate that when compaction occurs, there 

is a tendency for a majority of the compaction to result from the 

initial passes with density increases tapering off with subsequent 

passes (Weaver and Jamison, 1951; Mirreh and Ketcheson, 1972).

Because no density increases were measured after the first two 

passes, but they were measured after four passes, it seems probable 

that the first two passes acted in some way as to make the soil more 

susceptable to compaction by later passes. There are two agents which 

may buffer the mineral soil from the compactive effects of the machinery 

and could be altered by the initial equipment passes. First, in most 

logging operations slash is present on the soil surface which may 

partially or totally support the vehicles. Secondly, the organic duff 

or litter layer may absorb or lessen compactive forces before they 

reach the mineral soil.

During the actual treatments, operators were instructed to avoid 

purposely moving slash or stumps with their equipment. As k result,
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the dragging action of the logs being skidded was the only means of 

slash and duff removal. Field observations indicated that surficial 

organic residue was present in the greatest amounts in the one-artd 

two-pass skid trails.

During the wet treatment, compaction occured after one pass by 

both machines in sites AQR and MIX (Table 18 and 19). Field observa

tions indicated that there was less slash present on these sites than 

was present on other sites. This, coupled with decreases in soil 

strength due to increases in soil moisture, most likely explains 

why one pass during the wet treatment caused compaction on these 

sites.

When compaction occurred during either the wet or the dry treat

ment after less than eight passes (four passes by the track vehicle in 

sites AQT, MIX and ALT; one pass by both vehicles in sites AQR and 

MIX), increasing the number of passes up to eight did not signifi

cantly increase the amount of compaction that occurred. This agrees 

with the hypothesis that once compaction is initiated, a majority of 

the density increase will occur after the first few passes with later 

passes, having a lesser impact .

In site ALT (Table 22), the wet, maximum treatment track trail 

had a higher surface density than did the dry track four- and eight- 

pass trails. Again, these results are probably the result of the 

extreme treatment and the higher moisture conditions.
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Depth of Compaction

The results suggest that compaction never occured deeper than the 

surface horizon in any site. It is difficult to determine if these 

results reflect a decrease in compactive force with depth (Craig,

1974) or increased soil strength in subsurface horizons. In most 

sites, there is a general tendency for soil density to increase with 

depth which could imply an increase in soil strength (Mirreh and 

Ketcheson, 1972).

In sites MIX, LAC and AAR, the two upper horizons are formed in 

the same parent material and the differences between their densities 

is less than is found in the other sites. In site AAR (Table 21), 

density values higher than the control density were measured in the 

A22 horizons of the.dry track eight-pass trail and in the wet, track, 

one-pass trail. It is difficult to conclude that these measurements 

indicate compaction of the A22 horizon. The dry eight-pass density, is 

based on the measurement of only one ped, and the wet one-pass trail 

showed no compaction in the A21 (surface) horizon. Also, there were 

no increases in A22 horizon densities in the wet, eight-pass trails of 

either machine where surface compaction was most pronounced.

Iti site MIX (Table 19), there is evidence of possible compaction 

of the A22 horizon in the dry, track, eight-pass trail and in the wet, 

eight-pass trails of both machines. Although a t-test comparing the 

A22 horizon means in these skid trails with the control A22 mean
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showed no significant differences, it seems logical that if compaction 

were to occur in the A22 horizon* it would most likely occur in these 

locations which were subjected to the heaviest treatments. Increased 

sample size might reveal compaction in the A22 horizon of site MIX.

In site LAC (Table 20), there is evidence of compaction in the 

A22 horizon of. the wet, track, eight-pass trail. Again, this appears 

to be the most logical place to find subsurface compaction since 

surface compaction occurred only in this skid trail. A t-test did 

show the density increase to be significant at the one percent level.

Averaging the sample depths of the A22 horizons (Appendix III) in 

these three sites (AAR, MIX and LAC) shows that the A22 horizon was 

sampled at the shallowest depth in site IAC (23 cm) while sites MIX 

and AAR were sampled at roughly the same depth (29 and 30 cm, respec

tively) . Ranking the surface horizon densities of those skid trails

which showed density increases in the A22 horizons, shows that site
3LAC had the highest surface horizon density (1.47 g/cm ) followed by 

site MIX (1.19 to 1.30 g/cra^) with site AAR having the least dense 

surface horizons (.60 to .86 g/cm ). This suggests that the compactive 

forces produced by these vehicles does decrease with depth and is 

transmitted more strongly through denser material.

In sites ALT and AQT, the second horizons are formed in glacial 

till and are much more dense than the second horizons of sites MIX,
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LAC and AAR. There is no evidence of density increases in the second 

horizons of these two sites, including the wet, track, maximum- 

treatment trial of site ALT.

Proctor Test Data
The Proctor test is used by engineers to determine the optimum 

moisture content of a soil for compaction. It also predicts the soil 

density obtained through the use of equipment specifically designed to 

compact soil. Some researchers have found this test useful in ranking 

the susceptibility of contrasting soils to compaction (Howard et al., 

1979). The soils tested in this study were, quite similar in terms of 

texture, but varied in the amount of coarse fragments and the parent 

materials in which they were formed.

It is difficult to correlate Proctor test, results with the compac- 

tibility of field soils by logging equipment for several reasons.

First, the forces to which the soil is subjected during a Proctor test 

are greater than those produced by logging equipment. Secondly, 

during a Proctor test, the soil sample is placed in a confined system. 

Finally, before a soil is tested, it undergoes much manipulation; it 

is dried and ground (destroying all structure), and it is sieved to 

remove all coarse fragments greater than 1.905 cm. Consequently, the 

timber harvester is presented with results from a soil that is differ

ent from the one he is working on.

r
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Proctor (1933) found that the optimum moisture content for 

compaction of a given soil is not constant, but decreases as the 

compactive force increases. Since an !denticle test was performed on 

all samples, the results may be valuable in ranking the soils in terms 

of the moisture contents required for maximum compaction. The actual 

values, however, probably underestimate the optimum moisture content 

required for compaction by the equipment used.

In all of the samples, the densities obtained increased with 

increasing moisture content to some point and then declined as more 

water was added. Because the tests were performed in a confined 

system, the pore pressure of trapped water began to offset and negate 

the effects of increased lubrication. If a Proctor-like test was 

performed in the field, which is not a confined system, the pore water 

pressure may not build up as rapidly as in an actual Proctor test 

because of the ability of soil water to move away from the test area. 

The resulting curve may then resemble more of a plateau-shape than a 

bell-shape, meaning that soils in the field may be able to take more 

water on the wet side of optimum before density decreases occur.

Comparing the moisture contents at the time of the dry treatments 

with the optimum moisture contents as defined by the Proctor tests 

(Tables 10 and 40), shows that the moisture contents of the.surface 

horizons in sites AQT, MIX, LAC and ALT were below optimum. Even
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allowing for an underestimation by the Proctor tests, the moisture 

contents in the surface horizons of sites AAR and AQR were much closer 

to optimum.

Similar comparison of the wet treatment moisture data with the 

Proctor results shows that all of the surface horizon moisture contents 

were on the wet side of optimum during the wet treatments. Whether 

any of these are on the descending side of the theoretical plateau- 

shaped curve is unknown.

, The density data of the Proctor test do not correlate well with 

the experimental density data. The surface horizons of sites AQR and 

AAR compacted to densities equal to or greater than the other ash- 

influenced horizons during the Proctor test. The field results show 

that these horizons did not compact to densities as great as the other 

ash influenced horizons. Judging from these results, it would be 

difficult to rank the compactibility of these soils during logging 

operations based on the Proctor data. . .

Management Implications 

Susceptibility of soils to compaction

From the results and discussion thus far presented, two factors 

were used to rank the compaction susceptibility of the soils sampled. 

First, all soils appeared stronger during the dry treatment and 

secondly, the track vehicle seemed to have applied a greater
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compactlve force than did the rubber-tired, vehicle. From these, the 

author established three susceptibility classes (Table 41).



Table 41. Criterion for ranking susceptibility of soils to compaction. 

Class Susceptibility____________ _______________ Criterion __________

I High Soils that compacted during both the 
dry and wet treatments.

2 . Moderate Soils that compacted under the rubber- 
tired vehicle during the wet treatment.

3 Low Soils that only compacted during the 
wet treatment under the track vehicle.

112
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Soils with high susceptibility (Class I)

Soils in this class are those which were found in sites AQT, MIX 

and ALT. In all of these sites, soils compacted after four passes by 

the track vehicle during the dry treatment. In sites AQT and ALT, 

neither piece of equipment caused compaction after one pass during the 

wet treatment, while both pieces of equipment caused compaction after, 

one pass during the wet treatment in site MIX. Although slash amounts 

were not quantified, there appeared to be less slash present in site 

MIX which may explain why one pass had an effect on this site and not 

the others.

In site MIX, the two upper horizons were formed in the same 

parent material. There is some evidence, although not statistically 

significant, of compaction in the second horizon of this site.

In sites AQT and ALT, the second horizons were formed in glacial 

till and there is no evidence of compaction in the second horizon of 

these sites.

The high susceptibility of these soils may be related to the 

pureness of their ash-influenced surface horizons. Tree throw mounds 

were found throughout the study area indicating mixing of surface and 

subsurface horizons. All three of the highly susceptible soils were 

underlain by glacial till which contains a high concentration of
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rock-derived fines. Mixing these glacial till fines with ash fines may 

have altered the physical properties of these soils in some way as to 

reduce their shear strength.

Soils with moderate susceptibility (Class 2)

Soils in this class were found in sites AQR and AAR. In both of 

these sites, compaction occurred under both machines only during the 

wet treatment.

As in the highly susceptible soils, there was evidence of horizon 

mixing in these sites in the form of tree throw mounds. Where they 

existed, however, the subsurface horizons in the moderately susceptible 

sites were thinner than those found in the highly susceptible sites and 

were composed largely of coarse fragments. Mixing these horizons with 

the ash may not introduce as many -rock-derived fines into the ash 

resulting in less contamination of the ash.

The surface horizons of these soils were unique in that they were 

the only horizons sampled which demonstrated a capacity for shrink- 

swell again suggesting that they were in some way different from the 

other ash-influenced horizons. The compacted densities obtained during 

the wet treatments were not significantly different from the dry control 

densities. However, particle rearrangement definitely occurred during 

the wet treatment.
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Soils with low susceptibility (Class 3)

Site LAG is the only site included in this class. Compaction only 

occurred after eight passes by the track vehicle during the wet treat

ment. The resistance of this soil to compaction is most likely the 

result of its naturally high density.

When conditions are present which cause compaction in this site, 

it appears that compaction may continue through the surface horizon 

into subsurface horizons.

Parent material map

Figure 13 represents part of a map showing the location of soils 

developed in materials similar to those studied. The six mapping units 

correspond to each of the study sites. The mapping units are defined 

in table 42.
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Fig. 13. Parent material map.
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Table 42. Legend for mapping units.

Mapping Representative Susceptibility
Unit_______ site____________ class

. I AQT I

2 ALT I

3 AQR 2

4 AAR 2

5 LAC 3

6 MIX I

General Description & Location

Ash over non calcareous till. 
Located in mid elevation 
positions in the eastern 2/3 
of the study area.

Ash over calcareous till. 
Located in mid elevation 
positions in the SW 1/4 of 
the study area.

Ash over honcalcareous resid
ual bedrock. Located in 
higher elevations of the 
eastern 2/3 of the study area. 
Generally upslope from Unit I.

Ash over residual calcareous 
bedrock. Locathd in higher 
elevations in the SW 1/4 of 
the study area. Generally 
upslope from Unit 2.

Lacustrine deposits. Located 
in lower elevation positions 
in flat bottoms of major 
valleys.

Mixed ash and lacustrine 
material over mixed till, 
alluvium and lacustrine 
material. Located in lower 
elevation positions generally 
around the periphery of Unit 
5.
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Reducing compaction hazard

It is important- to note that none of the soils studied were immune 

to compaction. There are several ways the compaction hazard can be 

reduced, and they apply equally to all mapping units:

1) Soil moisture content:

The compaction susceptibility of all soils decreases with 

decreasing moisture content. The compaction hazard can be 

reduced by avoiding equipment operation on wet soils. This 

can be accomplished by delaying operation on wetter sites 

until late summer, giving them time to dry out, and concen

trating early summer logging on steeper, south-facing slopes 

which tend to dry out faster.

2) Soil surface conditions:

There is evidence that slash and other organic debris on the 

soil surface may lessen the compactive effect of skidding 

equipment. Minimal amounts of blade work to clear out stumps . 

and slash may significantly reduce the compaction hazard in 

sdme areas, particularly secondary and tertiary skid trails.

3) Repeated passes:

In some areas, compaction was not measured after one or two 

passes by either machine where it was measured after four or 

eight passes. This seemed particularly true in areas of heavy
.

slash accumulation. In cases where the operator is able to
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"cat walk" his machine over slash, it may prove benefic}.^ £o 

utilize.many one- and two-pass skid trails, lessening the area - 

that is covered by skid trails used four or more times. In 

other areas where there is not a continual cover of slash, 

logging, designs which reduce total skid trail area may prove 
the most beneficial;

Equipment:

There is strong evidence that the DB track vehicle caused more 

compaction than the 518 rubber-tired skidder. It appears that 

limiting track type vehicles as much as possible to primary 

skid trails and using rubber-tired skidders on secondary skid 

trails may significantly reduce soil compaction.



CONCLUSION

The soil densities of six soils in the Pleasant Valley management 

district of Champion Timberlands were measured after they were trampled 

by a track-type tractor and a rubber-tired Skidderi Trampling opera

tions were performed when the soils were at relatively wet and dry 

moisture conditions.

Significant compaction was found in each of the soils, and it 

appeared to be limited to the surface mineral horizon. Equipment type, 

soil moisture content, number of trafficking events and soil type all 

influenced whether or not compaction occurred, and the magnitude of the 

density increase when it did.

The track vehicle caused the most severe compaction. On some 

soils, it was the only machine to cause compaction^ and on soils where 

both machines compacted the soil, the density increase was generally 

greater under the track-vehicle.

The compaction susceptibility of all soils increased with 

increasing moisture content. Soils which compacted during the dry 

treatment, however, did not compact to significantly higher densities 

during the wet treatment.

Generally, if compaction occurred after less than eight passes by 

either machine, increasing the number of passes to eight did not further
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increase soil density. Soils overlain by larger amounts of organic 

material (slash and duff) required two or three passes before compac

tion was initiated.

The surface horizons of soils underlain by glacial till (sites

AQT, MIX and ALT) were the most susceptible to compaction. The density

increases in these horizons ranged from 21 to 29 percent during the dry
3treatment (.15 to .19 g/cm ), and from 17 to 47 percent during the wet
3treatment (.14 to .36 g/cm ).

The surface horizons of soils underlain by primarily residual 

material (sites AQR and AAR) compacted only during the wet treatment, 

with density increases ranging from 22 to 48 percent (.13 to .28 

g/cm3).

The lacustrine material soil (site LAC) was least susceptible to 

compaction. It compacted only after eight passes by the track vehicle 

during the wet treatment with a density increase of 20 percent (.25 

g/cm3).

The Proctor test results did not correlate well with the field 

results and were of little value in predicting the compaction suscepti

bility of the soils studied.
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APPENDIX I
SOIL PROFILE DESCRIPTIONS

Site: AQT
Classification: Andie Dygtric Eutrochrepts, medial-skeletal, mixed,

frigid
Location: SW%, NE%, Sec 25, T27N, R26W, MPM
Physiographic position: Mid slope, 1298 m elevation
Topography: Northeast-facing 15 percent slope
Habitat type: Abgr/libo-xete
Parent material: Volcanic ash over quartzite till

Colors are for dry soil unless otherwise indicated.

01 6-0 cm. Partially decomposed coniferous forest litter.

0-5 cm. Very pale brown (10YR7/4) silt loam, light yellowish 
brown (10YR6/4) moist; moderate fine to medium subangular 
blocky structure; very friable (moist), nonsticky and non
plastic (wet); many fine roots, common medium roots and few 
coarse roots; many fine and common medium continuous tubular 
pores; 25 percent gravel and 5 percent cobbles by volume; 
mildly alkaline (7.6); abrupt smooth boundary0 .

5-15 cm. Very pale brown (10YR7/4) silt loam, dark yellowish 
brown (10YR4/4) moist; moderate fine to medium subangular 
blocky structure; very friable (moist), nonsticky and non
plastic (wet); common fine roots, common medium roots and few 
coarse roots; common _fin6 and common medium continuous tubular 
pores; 25 percent gravel and 5. percent cobbles by volume; 
mildly alkaline (7.6); abrupt smooth boundary.

A23 15-25 cm. Light gray (10YR7/2) silt loam; brown (10YR5/5)
moist; moderate fine to medium subangular blocky structure; 
very friable (moist), nonsticky and nonplastic (wet); common 
fine, few medium and few coarse roots; common fine and few 
medium continuous tubular pores; 35 percent gravel and 15 per
cent cobbles by volume; mildly alkaline (7.5); clear smooth 
boundary.

IIA2 25-48 cm. White (10YR8/2) silt loam, very pale brown (10YR7/3) 
moist; moderate medium subangular blocky structure; very 
friable (moist), nonsticky and nonplastic (wet); few fine and 
few medium roots; few fine and few medium continuous tubular 
pores; 35 percent gravel and 15 percent cobbles by volume; 
mildly alkaline (7.7); clear smooth boundary.

A21

A22



124
IIA+B 48-80 cm. White (10YR8/2) silt loam, very pale brown (10YR7/4) 

moist; moderate medium subangular blocky structure;- very 
friable (moist), nonsticky and nonplastic (wet); few fine and 
few medium roots; few fine continuous tubular pores; 35 per
cent gravel and 15 percent cobbles by volume; mildly alkaline 
(7.7); clear smooth boundary.

IIB2 80-92 cm. Very pale brown (10YR8/3) silt loam, yellowish brown 
(10YR5/4) moist; strong medium blocky structure; friable 
(moist), nonsticky and nonplastic (wet); few fine roots; few 
fine continuous tubular pores; 35 percent gravel, 15 percent 
cobbles and 5 percent stones by volume; mildly alkaline (7.6); 
clear smooth boundary.

IIC 92-121+ cm. White (10YR8/2) silt loam, light yellowish brown 
(10YR6/4) moist; strong medium blocky structure; very friable 
(moist), nonsticky and nonplastic (wet); few discontinuous 
irregular pores; 35 percent gravel, 15 percent cobbles and 5 
percent stones by volume; mildly alkaline (7.6); boundary not 
reached.
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Site: AQR
Classification: Entic Eutrandepts, medial, mixed, frigid
Location: NW%, NWk, Sec 25, T27N, R26W, MPM
Physiographic position: Upper slope, 1350 m elevation
Topography: South-facing 5 percent slope
Habitat type: Abgr/xete
Parent material: Volcanic ash over quartzite residuum

Colors are for dry soil unless otherwise indicated.

0,1 5-0 cm. Partially decomposed coniferous forest litter.

A21 0-4 cm. Brown (10YR5/3) silt loam, dark yellowish brown
(10YR4/4) moist; moderate fine to medium subangular blocky 
structure; very friable (moist), nonstick/ and nonplastic 
(wet); many fine roots, common medium roots and few coarse 
roots; many fine and common medium continuous tubular pores;
3 percent gravel by volume; mildly alkaline (7.5); abrupt 
smooth boundary.

A22 4-38 cm. Light yellowish brown (10YR6/4) silt loam, yellowish
brown (10R5/4) moist; moderate medium subangular blocky struc
ture; very friable (moist), nonsticky and nonplastic (wet); 
many fine roots, few medium roots and few coarse roots; many 
fine and common medium continuous tubular pores; 5 percent 
gravel and 3 percent cobbles by volume; mildly alkaline (7.4) ; 
abrupt irregular boundary.

R 38+ cm. Quartzite bedrock.



126
Site: MIX
Classification: Dystric Eutrochrepts, loamy-skeletal, mixed, frigid
Location: SVlh, SVIh, Sec 3, T28N, R26W, MPM.
Physiographic position: Lower slope, 1112 m elevation
Topography: Northeast-facing 8 percent slope
Habitat type: Psme/libo-caru
Parent material: Mixed volcanic ash and lake, sediments over mixed

glacial till, lake sediments and alluvium over 
quartzite residuum

Colors are for dry soil unless otherwise indicated.

Ol 4-0 cm. Partially decomposed, coniferous forest litter.

A21 0-22 cm. . Pale brown (10YR6/3) silt loam, dark yellowish brown
(10YR4/6) moist; moderate medium subangular blocky structure; 
very friable (moist) , nonsticky and nonplastic (wet); many 
fine roots, common medium roots and few coarse roots; many 
fine, and common medium continuous tubular pores; 10 percent 
gravel and 3 percent cobbles by volume; neutral (7.2); clear 
smooth boundary.

A22 22-36 cm. Light yellowish brown (10YR6/4) silt loam, dark
brown (7.5YR4/4) moist; strong moderate blocky structure; 
friable (moist), nonsticky and nonplastic (wet); many fine 
roots, few medium roots and few coarse roots; common fine 
and common medium continuous tubular pores; 10 percent gravel 
and 3 percent cobbles by volume; neutral (7.2); clear smooth 
boundary.

IIA2 36-54 cm. Light gray (10YR7/2) silt loam, yellowish brown 
(10YR5/4), moist; strong moderate blocky structure; friable 
(moist), nonsticky and nonplastic (wet); few fine roots and 
few medium roots; few fine continuous tubular pores; 35 per
cent gravel, 5 percent cobbles and 5 percent stones by volume; 
neutral (6.6); gradual smooth boundary.

IICl 54-75 cm. White (10YR8/2) silt loam, brown (10YR5/3) moist;
moderate medium subangular blocky structure; friable (moist), 
nonsticky and nonplastic (wet); few fine roots; few fine con
tinuous tubular pores; 40 percent gravel, 5 percent cobbles 
and 5 percent stopes by volume; slightly acidic (6.3); clear 
smooth boundary.
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IIIA2

IIIB2t

IIIC

75-112 cm. Pale yellow (2.5Y8/3) silt loam, light yellowish 
brown (2.5Y6/4) moist; strong medium to coarse blocky struc
ture; friable (moist), nonsticky and nonpleastic (wet); few 
fine roots; 20 percent gravel by volume; slightly acidic (6.3); 
abrupt smooth boundary.

112-141 cm. Light yellowish brown (2.5Y6/4) silt loam, dark 
yellowish brown (10YR4/6) moist; strong coarse blocky struc
ture; firm (moist), slightly sticky and slightly plastic (wet); 
few moderately thick clay skins on ped faces; 25 percent gravel 
by volume; slightly acidic (6.4); gradual smooth boundary.

141-175+ cm. Pale yellow (2.5Y7/4) silt loam, olive brown 
(2.5Y4/4) moist; massive structure; 25 percent gravel by 
volume; slightly alkaline (7.5) ; boundary not reached.
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Site: LAC
Classification: Typic Eutroboralfs» coarse-loamy» mixed, frigid
Location: SW%, NE^s Sec 3 S T28N, R26W, MPM
Physiographic position: Valley bottom, 1051 m elevation
Topography:. Level
Habitat type: Psme/libo-caru
Parent material: Lacustrine deposits

Colors are for dry soil unless otherwise indicated.

01 6-0 cm. Partially decomposed coniferous forest litter.

A21 0-13 cm. Pale brown (10YR6/3) silt loam, dark yellowish brown
(10YR4/4) moist; strong medium to coarse blocky structure; 
friable (moist), nonsticky and nonplastic (wet); few fine 
roots, few medium roots and few coarse roots; common fine and 
few medium continuous tubular pores; 2 percent gravel by 
volume; neutral (7.0); clear smooth boundary.

A22 13-22 cm. Very pale brown (10YR7/3) silt loam, light yellowish
brown (10YR6/4) moist; strong medium to coarse blocky struc
ture; friable (moist), nonsticky and nonplastic (wet); few 
fine roots and few medium roots; few fine continuous tubular 
pores; 2 percent gravel by volume; neutral (7.0); clear smooth 
boundary.

A23 22-47 cm. White (10YR8/2) silt loam, light brownish gray
(10YR6/2) moist; strong medium to coarse blocky structure; 
friable (moist), slightly sticky and nonplastic (wet); 
few fine roots; few fine continuous tubular pores; few 
moderately thick clay films on ped faces; 5 percent gravel by 
volume; neutral (7.2); abrupt wavy, boundary.

B21t 47-71 cm. Very pale brown (10YR7/4) silt loam, light yellowish 
brown (10YR6/4) moist; strong coarse blocky structure; firm 
(moist), slightly sticky and slightly plastic (wdt); few fine 
discontinuous irregular pores; many thick clay films on ped 
faces; 10 percent gravel and 5 percent cobbles by volume; 
mildly alkaline (7.8); clear smooth boundary.

B22t 71-105+ cm. White (10YR8/2) silt loam, pale yellow (2.5Y7/3) 
moist; strong medium to coarse blocky structure; friable 
(moist), slightly sticky and slightly plastic (wet); few 
fine discontinuous irregular pores;; many thick clay films on 
ped faces; 10 percent gravel and 5 percent cobbles by volume; 
mildly alkaline (7.7); boundary not reached.
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. Site: AAR
Classification: Entic Eutrandepts, medial-skeletal, mixed, frigid
Location: SWk, NEk, Sec 15, T27N, R27W, MPM
Physiographic position: Upper slope, 1712 m elevation
Topography: Southwest-facing 25 percent slope
Habitat type: Psme/vagl-xete
Parent material: Volcanic ash over calcareous argillite residuum

Colors are for dry soil unless otherwise indicated.

01 5-0 cm. Partially decomposed coniferous forest litter.
,

A21 0-18 cm. Brown (10YR5/3) silt loam, dark yellowish brown
(10YR4/4) moist; moderate fine to medium subangular blocky 
structure; very friable (moist), nonsticky and honplastic 
(wet); common fine roots, few medium roots and few coarse 
roots; common fine and few medium continuous tubular pores;
35 percent gravel and 5 percent cobbles by volume; mildly 
alkaline (7.6); clear wavy boundary.

A22 18-54 cm. Very pale brown (10YR7/4) silt loam, yellowish
brown (10YR7/6) moist; moderate fine to medium subangular 
blocky structure; very friable (moist), nonsticky and non
plastic (wet); common fine roots, few medium roots and few 
coarse roots; common fine and few medium continuous tubular 
pores; 35 percent gravel and 5 percent cobbles by volume; 
mildly alkaline (7.6); clear wavy boundary.

IIA2 54-7.8 cm. Very pale brown (10YR7/3) silt loam, very pale 
brown (10YR7/4) moist; moderate medium subangular blocky 
structure; very friable (moist), nonsticky and nonplastic 
(wet); few fine roots.and few medium roots; common fine and 
common medium continuous irregular pores; 45 percent gravel,
20 percent cobbles and 10 percent stones by volume; mildly 
alkaline (7.4); clear smooth boundary.

IIC 78-92 cm. Very pale brown (10YR7/3) silt loam., brownish
. yellow (10YR6/6) moist; moderate medium subangular blocky

structure; very friable (moist) , nonsticky and nonplastic 
(wet); few fine roots; common fine and common medium contin
uous irregular pores; 40 percent gravel, 25 percent cobbles 

. and 10 percent stones by volume; mildly alkaline (7.5); abrupt 
irregular boundary.

R 92+ cm. Fractured calcareous argillite bedrock; fresh frac
tures are slightly effervescent in dilute HCl.



130
Site: ALT
Classification: Typic Eutroboralfs, medial-skeletal8 mixed, frigid
Location: NW^, NEks Sec 21, T27N, R27W, MPM
Physiographic position: Mid slope, 1341 m elevation
Topography: Northeast-facing 22 percent slope
Habitat type: Abla/Iibo-Iibo
Parent material: Volcanic ash over limestone till

Colors are for dry soil unless otherwise indicated.

Ol 4-0 cm. Partially decomposed coniferous forest litter.

A2 0-19 cm. Very pale brown (10YR7/3) silt loam, yellowish brown
(10YR7/6) moist; moderate medium to coarse subangular blocky 
structure; very friable (moist) , nonsticky and nonplastic (wet); 
common fine roots, few medium roots and few coarse roots; 
common fine and few medium continuous tubular pores; 40 per
cent gravel and 5 percent cobbles by volume; mildly alkaline 
(7.5); clear smooth boundary.

IIA21 19-39 cm. Light gray (10YR7/2) silt loam, light yellowish
brown (10YR6/4) moist; strong medium blocky structure; friable 
(moist), nonsticky and nonplastic (wet); common fine roots, 
few medium roots and few coarse roots; common fine and few 
medium continuous tubular pores, common medium continuous 
irregular pores; 50 percent graveli 10 percent cobbles and 5 
percent stones by volume; mildly alkaline (7.4); clear wavy 
boundary.

IIA22 39-54 cm. Light gray (10YR7/2) silt loam, light olive brown 
(2.5Y5/4) moist; strong medium blocky structure; friable 
(moist), nonsticky and nonplastic (wet); few fine roots and 
few medium roots; common fine continuous tubular pores and 
common medium continuous irregular pores; 50 percent gravel,
10 percent cobbles and 5 percent stones by volume; mildly 
alkaline (7.5); clear smooth boundary.

IIA+B 54-85 cm. Mixed white (10YR8/2) and light gray (10YR7/2) 
silt loam, mixed light yellowish brown (2.5Y6/4) and olive 
brown (2.5Y4/4) moist; strong medium blocky structure; friable 
(moist), sticky and slightly plastic (wet); few fine roots; 
common.fine continuous tubular pores and common medium con
tinuous irregular pores; common moderately thick clay films on 
ped faces;.50 percent gravel, 20 percent cobbles and 5 percent 
stones by volume; mildly alkaline (7.5); clear smooth boundary.
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IIB2t 85-130 cm. Pale yellow (2.5Y7/3) silt loam, olive brown 

(2.5Y4/4) moist; strong medium to coarse blocky structure; 
friable (moist), sticky and slightly plastic (wet); few fine 
roots; common fine continuous irregular pores and common 
medium continuous irregular pores; many moderately thick clay 
films on ped faces; 50 percent gravel, 20 percent cobbles and 
5 percent stones by volume; mildly alkaline (7.5); clear smooth 
boundary.

IIC 130-145+ cm. White (2.5Y8/2) silt loam, olive brown (2.5Y4/6)
moist; moderate medium subangular blocky structure; friable 
(moist), nonsticky and nonplastic (wet); common fine and 
common medium continuous irregular pores; 50 percent gravel,
20 percent cobbles and 5 percent stones by volume; moderately 
alkaline (8.1); strongly effervescent in dilute HCI; boundary 
not reached.



APPENDIX II
PROCTOR CURVES

Proctor tests were performed on samples from those horizons in 

which bulk density measurements were made. Two samples of each horizon 

were taken from separate locations in each site. A hand drawn Proctor 

durve showing all data points was produced for each sample.
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a p p e n d i x III

CONTROL DATA

CONTROL DATA

INDIVIDUAL SOIL CLOD DATA

SHE AQT

-  A2 HORIZON

DEPTH (CM) CLOD VOL. (CM3j) BULK DENSITY
13 82.30 .7613 111.50 .7813 99.90 .7213 76.00 .6313 71.10 .7713 43.00 .6714 45.70 .7314 48.20 .6714 35.10 .6114 41.40 .8314 31.00 .71
23 101.90 .6623 112.50 .96
23 116.20 .9423 40.60 .67
23 50.80 .81
11 24.10 .58
11 48.80 .5911 20.90 .73
10 60.10 .64
13 7.80 1.0610 151.90 .7013 9.84 .9910 120.90 .63
10 120.20 .62
10 37.90 .64
11 117.50 .76
12 76.30 .8912 12.30 1.00
9 22.90 .8310 34.18 .79
10 25.50 .68
11 167.60 .82
10 55.60 .76
10 36.40 .83

IIA2 HORIZON

35
35
35
35
35 
37 
37 
37 
37
37 
39 
39
36 
36 
34
38 
33 
38

62.7 1.57
42.50 1.57
35.50 1.53
44.60 1.45
13.50 1.49
32.00 1.54
26.40 1.48
25.50 1.46
21.70 1.65
18.80 1.62
10.00 1.58
10.10 1.51
31.10 1.50
51.40 1.31
102.80 1.53
12.10 1.4i
99.90 .99
7.30 1.74
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COffTKOL DATA —  I1A2 HORIZON (cont.)

CLOD DEPTH (CM) CLOD VOL. (CM3) 8UU DENSITY (C/CM3)

34 209.20 1.09
30 7.30 1.50

CONTROL DATA —  II A4B HORIZON

66 40.70 1.55
66 56.70 1.66
66 48.60 1.66
66 66.50 1.67
66 27.20 1.69
77 30.10 1.71
77 29.70 1.52
77 28.80 1.68
77 17.80 1.42
77 18.10 1.74
63 19.90 1.39
62 7.60 1.69
65 17.60 1.17
64 15.10 1.61
64 23.20 1.60
67 17.60 1.62
67 11.60 1.60

DRY TREATMENT DATA —  A2 HORIZON

TREATMENT CLOD DEPTH (CM) CLOD VOL. (CM3) BUU DENSITY (C/CM3)

Track I pan LO 24.60 .36
10 82.40 .62
10 117.60 .54
LO 22.80 .56
12 69.10 .64
10 8.90 .47
12 126.00 .76
10 25.80 .40

Tire I pass LI 14.90 1.03
10 97.10 .88
14 115.50 .83
11 10.40 .89
11 18.10 .67

Track 2 pass 13 13.80 .81
10 54.90 .85
11 113.90 .69
13 22.10 .»6

Tire 2 pass 6 15.30 .70
15 73.20 .59
15 105.40 .74
6 7.20 .94
11 45.20 .80
12 9.60 .93
12 12.50 .86
7 47.80 .68

Trsck 4 pass 7 11.50 .67
7 11.20 .74
a 34.50 .94
8 36.40 .75
10 29.00 I.:*
10 38.70 __________ L25________________
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DRY TREATMENT DATA —  A2 HORIZON

TREATMENT CLOD DEPTH (CM) CLOD VOL. (CM3) BULK DENSITY (C/CM3)

T ire 4 pees 12 85.30 .76
Il 7.60 .84
12 82.30 .68
11 7.70 .84
11 7.90 .81

Track 8 pass 12 16.10 .86
10 30.90 .72
12 19.90 1.10
10 124.70 1.03
10 27.10 .74
10 123.50 1.01
8 8.10 1.06
8 14.40 1.06

Tire 8 pass 12 34.10 .84
16 9.20 .55
16 14.90 .66
13 32.70 .80
10 13.90 .56

DRY TRhATMENT DATA —  II A2 HORIZON

Track I pass 32 7.10 1.39
32 6.70 1.38
31 37.50 1.62
30 53.90 I 44
30 42.10 1.65

Tire I pass 29 35.10 1.66
33 258.50 1.55
29 15.40 1.01
39 221.20 1.61
32 6.40 1.46
32 7.90 1.51

Track 2 paaa 36 19.90 1.18
39 12.10 .82
36 20.40 1.23
36 102.80 1.23
39 9.50 1.48
30 60.60 1.12
39 8.60 1.11

Tire 2 pare 28 19.11/ 1.57
28 13.90 1.56
39 89.50 1.60
30 23.30 1.25

Track 4 pass 27 16.20 1.12
30 128.50 1.47
27 6.50 1.36
25 43.30 1.08
25 50.50 1.11
30 97.30 1.52

Tire 4 pass 41 87.80 1.60
30 114.50 1.33
35 7.50 1.09
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DRY TREATMENT DATA —  Il A2 HORIZON (cont.)

TREATMENT CLOD DEPTH (CM) CLOD VOL. (CM3) BULK DENSITY (C/CM3)

Track 8 pan* 32 97.70 1.49
32 153.60 1.47
23 11.80 1.36
28 111.40 1.36
28 25.50 1.40

Tire 8 paee 37 78.70 1.18
38 12.00 1.50

DRY TREATMENT DATA —  II AlB HORIZON

Track I pass 46 36.20 1.51
46 6.60 1.60
40 124.50 1.47
40 28.60 1.55
55 6.60 1.69
46 16.76 1.55

Tire I pee* 55 15.80 1.54
55 10.40 1.61

6.01 1.43

Treck 2 pea* 48 8.04 1.59
48 17.60 1.63
48 6.05 1.53

Tire 2 paee 48 88.20 1.63
52 19.97 1.59
52 25.36 1.58
48 9.80 1.56

Track 4 paee 54 8.90 1.54
54 8.20 1.43
57 10.00 1.38

Tire 4 paee 55 6.80 1.65
51 6.14 1.31

Track 8 paee 54 14.80 1.42
54 50.30 1.37
60 11.30 1.68

Tire 8 paee 41 105.20 1.25
50 9.30 1.53
50 13.60 1.42
55 7.50 1.48
55 8.30 1.47

WET TREATMENT DATA —  A2 HORIZON

Track I paee 19 89.10 .76
19 87.50 .75
18 87.80 .81
18 54.60 .72

Tire I pace 14 111.80 .62
14 61.20 .70
14 78.30 .63
14 58.50 .78
23 31.90 .79
23 71.30 .77
23 76.50 .78
23 39.00 .77

Tire I pee*
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WET TREATMENT DATA — ■A2 HORIZON (cant .)

TREATMENT CLOD DETH (CM) CLOD VOL (CM3) BULK DENSITY (C/CM3)

Track 8 pass 11 80.20 1.10
11 82.40 1.03
18 52.70 1.11
18 73.90 .70
18 29.80 1.34
11 68.50 1.37
11 93.20 .90
18 92.10 1.43

Tire 8 pens 15 36.40 1.04
15 35.40 .94
15 33.90 .89
15 55.80 .97
24 60.30 .85
24 35.00 .83
24 31.60 .83
24 20.60 .84

WET TREATMENT DATA — Il A2 HORIZON

Track I pea* 39 25.70 1.24
39 36.90 1.20
35 31.40 1.06

T ire I pass 35 31.20 1.40
35 29.30 1.39
35 39.50 1.52
35 17.50 1.41

T rack 8 paaa 11 78.50 1.34
11 30.90 1.41
19 114.90 1.40
19 44.80 1.41

Tire 8 paaa 15 43.90 1.18
15 14.40 1.43
24 44.00 1.44

WT TREATMENT DATA — II A4B HORIZON

Tire I paaa 49 45.40 1.62
49 68.20 1.61
49 49.60 1.60
49 51.50 1.58

Track 8 paaa 55 81.20 1.37
55 56.80 1.44
55 42.10 1.38
55 59.10 1.42
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SITK AQR

ORY CONTROL DATA —  A2 HORIZON

CLOD DEPTH (CM) CLOD VOL (CM3) BULK DENSITY (C/CM3)

10 37.10 .61
10 42.90 .81
10 46.40 .65
11 69.00 .81
11 38.10 .68
11 35.70 .71
16 22.90 .89
16 39.60 .87
16 45.60 .87
17 19./0 .75
17 50.90 .70
17 40.40 .72

WET CONTROL DATA ~  A2 HORIZON

IS 52.90 .55
15 58. 10 .30
15 69.10 .54
15 83 40 .51
19 86 60 .56
19 91.10 .52
19 77.90 .55
16 110.90 .51
16 62.20 .51
16 54.90 .54
17 76.80 .61
17 65.20 .66
17 59.80 .63
17 95.50 .52

DRY TREATMENT DATA —  A2 HORIZON

TREATMENT CLOD DEPTH (CM) CLOD VOL (CM3) BULK DENSITY (C/CM3)

Track I paae 10 13.80 1.14
10 13.90 .91
14 18.40 .63
14 50.60 .79

Tire I pass 11 26.20 .86
11 26.30 .82
11 48.70 .84
14 43.70 .72
14 57.50 .71
14 69 40 .59

Track 2 pass 14 67.50 .67
14 25.20 .62
14 29.10 .67
7 60.20 .69
7 35.90 .74
7 25.20 .68

Tire 2 pass 11 37.20 .62
a 24.60 .68
9 17.70 .61
9 56.60 .49
9 40.60 .">4

Tire 2 pees
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DRY TREATMENT DATA —  A2 HORIZON (Cont.)

TREATMENT CLOD DEPTH (CM) CLOD VOL (CM3) BULK DENSITY (C/CM3)

Track 4 pan 9 25.80 .64
9 17.60 .71
9 13.40 .76
6 7.10 .76
6 22.80 ,64

Tire 4 pasa 11 38.30 .75
11 58.60 .88
11 46.50 .81
7 16.70 .63
7 22.60 .54
7 52.60 .61

Track 8 paaa 3 30.80 .97
3 20.10 .88
6 29.6Q .83
6 53.00 .81
6 54.80 .72

Tire 8 paaa 14 24.70 .81
14 22.10 .74
14 32.90 .73
10 23.50 .69
10 49.80 .68

WET TREATMENT DATA —  A2 HORIZON

Track I paaa IS 35.50 .65
18 70.60 .63
18 63.70 .67
18 35.10 .62
18 29.70 .83
16 47.30 .69
16 44.70 .83
16 76.00 .80

Tire I paaa 16 44.40 .56
16 39.60 .49
16 88.50 .59
16 89.00 .52
17 75.70 .67
17 27.30 .71
17 30.70 .79
17 49.90 .77

Track 8 paaa 17 31.40 .71
17 28.50 .63
17 34.80 .59
17 46.00 .64
17 54.80 .70
17 24.3 I .75
17 28.S'> 1.10

Tire 8 paaa 18 104.00 .78
18 72.10 .71
18 57.50 .70
18 61.90 .63
13 97.20 .72
13 63.30 .61
13 61.30 .73
P 97.90 .75
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SITE MIX

CONTROL DATA —  All HORIZON

CLOD DEPTH (CM) CLOD VOL (CM3) BULK DENSITY (G/CM3)

12 55.40 1.09
12 46.00 1.19
12 62.50 1.29
14 48.06 .90
14 40.56 .91
14 52.25 .91
15 44.60 1.15
15 49.13 1.20
15 65.98 1.12
13 62.77 1.09
13 29.12 .99
13 30.98 1.04
12 23.10 1.01
12 15.90 1.01

CONTROL DATA —  A22 HORIZON

27 70.70 1.56
27 49.40 1.34
27 50.24 1.52
33 67.16 1.48
33 66.48 1.48
33 69.66 1.53
37 35.51 1.47
37 49.52 1.45
37 64.80 1.55
32 42.50 .88
32 48.00 1.03
32 48.50 1.01
24 15.70 1.15
24 14.50 1.13
22 24.30 1.37
22 15.40 1.38
23 17.90 1.38
23 14.90 1.37

CONTROL DATA — II A2 HORIZON

52 55.67 1.44
52 57.60 1.47
52 55.50 1.52
59 61.10 1.60
59 48.40 1.46
59 73.70 1.51
55 72.80 1.51
55 82.50 1.44
55 59.30 1.54
63 35.40 1.13
63 45.30 1.31
63 33.50 1.01
50 14.30 1.52
50 14.30 1.52
50 10.80 1.50
40 35.60 1.59
40 JV.WI I.Ul
40 9.20 I. ID
40 18.70 1.47
40 10.50 1.64
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DRY TREATMENT DATA - A21 HORIZON̂
TREATMENT CLOD DEPTH (CM) CLOD VOL (CM3) BULK DENSITY (C/CM3)

Track I pass 6 11.80 .65
6 6.70 1.13

lo 21.20 1.24
10 13.10 1.16

Tire I pass 9 32.40 1.03
9 45.10 .83
5 9.20 1.08
5 6.80 1.18

Track 2 pass 7 13.90 1.08
,12 11.80 1.10
12 8.10 1.14

Tire 2 pass 6 . 45.00 .89
6 6(6) 1.24
4 7.10 1.12

Track 4 pass 8 ' 6.7) 1.51
8 15.4 i 1.44
6 20.6» 1.25
6 9.60 1.24

Tire 4 pass . 7 18.9» 1.01
7 11.2» .85

Track 8 pass 11 16.4 1 1.28
11 9.4» 1.22

* 8 • 6,6» 1.27
8 15.40 1.00 ■

Tire 8 pass 15 6.51 ' ' 1.16

DRY TREATMENT DATA — A22 HORIZON

Track I pass Zl 12.71 1.10
21 30.31 .91
19 9.71 1.27 '
27 13.21 1.48
19 20.71 1.34 .
27 35.21 1.14
27 17.41 1.'43

T ire ,1 paeti 25 12.11 1.09
25 20.41.' 1.08
17 14.91 1.19
17 8.60 1.29

Track 2 pass 21 19.00 .99
21 12.90 1.18
24 23.20 1.27
24 9.60 1.32

Tire 2 pass 13 15.80 1.16
13 13.20 1.10
24 ' 6.90 . 1.34
24 14.80 1.11
24 18.50 1.21
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DKV TREATMENT DATA —  A22 HORIZON (Gout.)

TREATMENT CLOD DEPTH (CM) CLOD VOL.(CM3) . BULK DENSITY (C/CM3)■

Track A pass 22 12.9( 1.50
22 20.7IJ 1.47 
22 27.80 1.22 
22_____________  18.70_______________ 1.25

Tire 4 pass 17 46.5< .97
17 7.70 .98
15 17.00 1.13
15 14.90 1.23

Track 8 pass 27 14.70 1.33
27 20.00 1.45
27 13.20 1.44
27 13.00 1.40
42 10.90 1.57

Tire 8 pass 21 30.60 1.16
21 15.50 1.31
15 8.20 1.20

DRV TREATMENT DATA —  II AZ HORIZON

Track I pass 40 20.90 1.80
40 17.30 1.75
40 19.70 1.56
40 13.50 1.59
40 12.50 1.58

Tire I pass 40 24.90 1.53

Track 2 pass ' 40 , 20.80 1.50
40 ■ 15.20 1.66
40 18.00 1.64

Tire 2 pass 40 20.80 1.50
40 11.70 . 1.33
40 ■ 25.90 1.45
40 ■ ' 11.90 1.42

Track 4 pass 40 15.00 1.11
40 12.10 1.72
50 22.40 1.51
50 19.60 1.55

Tire 4 pas I 40 37.40 ■ 1.47
40 . 6.10 1.50
40 8.60 1.44
40 19.30 . 1.41

■ 40 6.00 1.59

Track 8 pass 40 11.80 1.52
40 16.40 1.09
42 18.20 1.59

Tire 8 pass 40 8.90 1.62
40 20.50 1.57
40 31.80 1.53
40 ■ 54.40 1.49 ■
40 31.20 1.46
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W W  TREATMENT DATA —  A21 HORIZON

TREATMENT CLOD DEPTH (CM) CLOD VOL (CM3) BULK DENSITY fc/CM3)

Track I pass .10 62.70 ■ • 1.14
10 68.40 1.22
10 58.20 1.15
10 29.60 1.29
10 94.90 . 1.40
10 ■ 52.80 1.28
10 59.00 1.30

Tire I pass 8 68.60 1.31
8 113,80 1.29
8 76.80 1.25
13 74.70 1.36
13 68.10 1.42
13 76.80 1.28

Track 8 pass 6 67.90 1.35
. 6 87.30 I..32

6 91.80 ■ 1.03
12 58.80 1.37
12 53.80 1.19
12 48.30 1.19

T ire 8 pass 10 40.20 1.30
10 37.70 1.48
10 69.60 1.30
11 35.80 1.22
11 33.70 1.25
11 47.90 1.27

WET TREATMENT DATA -- A22 HORIZON

Track I pass 25 63.80 . 1.13
25 41.10 1.24
25 69.30 1.24
32 77.10 1.60
32 92.80 . 1.57
32 105.60 1.47

T ire I pass 32 83.90 1.31
32 70.80 1.27
32 107.00 1.30
32 81.60 1.29
32 63.90 1.05
32 71.20 1.32

Track 8 pass 17 ' 41.70 1.45
17 ' 65.10 1.44
17 53.40 1.45
26 74.60 . 1.55
26 39.00 1.57
26 54.70 1.46

Tire 8 pass 25 32.50 1.56
25 66.70 1.61
25 57.60 1.56
30 44.90 1.29
30 46.70 1.23
30 32.70 1.31
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WET TREATMENT DATA —  IIA2 HORIZON

treatment CLOD DEPTH (CM) ' CLOD VOL (CM3) BULK DENSITY (c/CM3)

Track I pass 59 66.60 1.56
59 107.60 1.65
59 73.80 1.60
<.3 88.70 1.59
63 98.80 1.57 .
63 ’109.30 1.56

Tire I pass IO 103.50 1.06
(0 86.00 1.05
60 93.20 .96

Track 8 pass 65 65.70 1.50
65 50.20 1.51
65 93.70 1.67
''O 60.70 1.56
50 66.50 1.57
50 38.90 1.69

Tire 8 pass 57 38.20 ' 1.68
' '-7 38.60 1.60
57 65.70 1.55
60 36.60 1.38
60 66.70 1.50
60 51.20 1.08
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S t T E LAC

CONTROL DATA —  A21 HORIZON
CLOD DEPTH (CM) CLOD VOL (CM3) BULK DENSITY (G/CM3)

7 49.60 ' 1.287 43.10 1.417 40,40 1.2810 62.90 1.36'r IO 71.90 1.4410 53.90 1.498 53.10 1.068 39.10 1.028 56.60 1.1110 38.50 1.1310 44.90 1.1010 82.50 1.185 15.10 1.415 7.40 1.566 24,50 1.195 9.20 1.09
5 19.30 1.205 17.30 .905 37.90 ,92

CONTROL DATA —  A22 HORIZO I
19 .26.90 1.3219 53.70 1.3819 40.90 1.36
25 ' 34.90 1.4825 . ' 43.50 1.3925 30.50 1.5722 31.50 1.3222 . 31.40 1.2022 45.60 1.4923. 40.50 1.4023 35.30 1.3623 54.20 1.2323 37.10 1.5618 17.90 1.42

. 23 13.70 1.54
16 22,50 1.44,

. 18 26.70 1.41
19 16.10 1.22
19 20.40 1.26

CONTROL DATA —  A23 HORIZON
36 49.20 1.8536 54,30 ■ 1.45
36 36.00 1.72
47 75.20 1.7647 78.70 1.64
47 65.60 1.6937 36.70 1.48 '
37 30,90 1.69
37 37.60 1.52
46 45.60 1.52
46 32.30 1.41
46 47.60 1,54
40 ■ 7.60 1.82
4o 10.90 1.61
40 8.60 1.71 .
43 8,70 1.90' 37 . 7.50 ' 1.4137 15.20 1.7537 17,70 1.64
43 14,10 1.48.......



DRY TREATMENT DATA —  A21 HORIZON -
TREATMENT CLOD DEPTH (CM) CLOD VOL (CM3) BULK DENSITY (G/CM3)

Track I pans 5 6.50 1.31
5 11.90 1.15
5 6.80 1.07
5 10.90 1.03

Tire I paes 5 15.90 .97
5 17.50 1.03
8 16.90 1.18
8 17.10 1.12

Track 2 pass 7 - 11.50 1.31
7 27.20 1.22
6 24.40 .87
6 32.60 .87

Tire 2 pans 5 22.50 1.03
5 13.50 1.05

Track 4 pass 8 26.80 1.11
8 16.90 1.17
7 17.10 .98

Tire 4 pass 5 10.80 1.09
5 31.20 1.25
8 23.20 1.39
8 7.20 1.19

Track 8 pass 6 6.90 1.33
6 12.60 1.27 1
6 .. 22.80 1.21
6 17.30 1.19

Tire 8 pass 5 24.40 1.16
5 9.90 1.06

DRY TREATMENT DATA —  A22 HORIZON

Track I pass 17 18.70 1.42
17. 31.80 1.45
16 12.50 ■ 1.22
16 9.90 1.42

Tire I pass 18 17.20 U38
. 18 12.40 1.38

21 10.50 1.40 .
21 7.70 1.31

Track 2 pass 21 28.80 ■ 1.45
21 15.10 1.48
22 17.20 1.24
22 27.40 1.35

Tire 2 pass 16 19.30 1.41
16 12.80 . 1.24
16 22.40 1.22
16 25.90 1.29

Track 4 pass 20 19.40 1.28 .
20 10.50 1.25
,22 24.70 1.28
22 22.20 1.26
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DHY THKATMENT DATA —  A22 HORIZON (Gout.)

TREATMENT CLOD DEPTH (CM) CLOD VOL (CM3) BULK DENSITY (c/CM3)
Tire 4 pass 17 13.00 1.27.

17 11.00 1.50
21 23.80 1.50
21 8.90 .88

Track 8 pass 18 11.40 1.57
18 17.00 1.56
24 25.50 1.27
24 17.20 1.35

Tire 8 pass 18 18.40 1.37
18 11.90 1.32
17 28.40 1.23
17 10.40 1.23

DRY TREATMENT DATA- — A23 HORIZON

Track I pass Al 8.') 1.71
41 28. VO 1.81
39 14.50 1.63
39 11.30 1.61

Tire I pass 43 22.80 1.64
43 11.00 1.66
36 8.00 1.63
34 8.40 1.74

Track 2 pass 40 16.80 1.80
40 10.30 1.67
40 12.00 1.30

Tire 2 pass 39 12.40 1.42
39 16.40 1.47
45 ' 22.90 1.54
45 18.30 1.42

Track 4 pass 41 11.40 1.69 . "I
41 12.10 1.69
44 13.80 1.66
. 44 . 17.50 1.64

Tire 4 pass 40 8.4 I 1.78
40 7.3) 1.76
42 14.00 1.57
42 1 32.90 1.66

Track 8 pass 46 6.10 1.81
46 21.20 1.74
31 26.90 1.71
31 9.80 1.69

T ire 8 pass 40 21.70 1.56
40 19.1.0 1.50
40 . 17.10 1.71

WET TREATMENT DATA —  A21 HORIZON

Track I pass 13 32.30 1.17
n 38.70 1.70
11 43.7 ' 1.09
5 4 7.31) .1.73
5 38.70 1.25
5 29.00 .1.21
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WET TREATMENT DATA —  A21 HORIZON

TREATMENT CLOD DEPTH (CM) CLOD VOL.(CM3): ..BULK DENSITY (C/CH3)

Tire I pass 8 . 36.40 1.26
8 40.90 1.31 .
8 37.00 1.35
6 60.20 1.09
6 58.70 1.09 ‘
6 56.40 1.09

Track 8 pass 7 63.30 1.42
7 46.50 1.48
7 47.20 1.41
9 37.60 1.53
9 62.00 1.47.
9 31.60 1.49

Tire 8 pass 11 24.(0 1.20
Il 37.90 , 1.20
11 39.00 1.28 ,
8 36.70 1.30
8 37.00 1.06
8 49.80 1.19

WET TREATMENT DATA — A22 HORIZON

Track I pass 32' . 32.40 1.35
32 39.90 1.44
32 39. HO 1.39 .
12 24.90 1.37
12 39.70 1.19
12 36.30 1.34 .

Tire I pass 13 38.20 ' 1.56 .
15 32.50 1.51
15 23.40 1.49
17 73.80 1.30
17 44.10 . 1.26
17 38.30 1.32

Track 8 iass. 17 52.10 1.57 .
17 47.80 . 1.59. .
17 39.20 1.61 '
19 77.20 .. 1.62 .
19 33.70 ' 1.52 .
19 31.10 1.64

Tire 8 pass 27 24.60 1.43 .
27 26.80 1.44
27 33.40 1.56
25 33.9.0 1.50
25 35.90 1.49
25 31.50 1.36

WET TREATMENT DATA — A23 HORIZON

Track I pass 49 37.00 1.58.
49 29.10 i.;')
49 33.20 1.5i.
28 . 41.40 1.71.
28 23.30 !•6*>
28 33.80 1.7'.
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WET TREATMENT DATA —  A23 HORIZON (Cont.)

TREATMENT CLOD DEPTH (CM) CLOD VOL (CM3) BULK DENSITY (c/cH3)

Tire I pass 26
26
26
22
22
22

34.70
40.00
29.50
50.90 
54.30
45.90

1.81 
1.76 

, 1.77 
1.49 
1.56 
1.55

Ttack 8 poofl 27 35.80 1.48
27 51.20 1.68
27 45.30 1.56
40 34.40 1.50
40 35.20 1.62
40 45.20 1.40

Tite 8 paad 50 34.80 1.29
50 33.70 1.61
50 28.40 1.72
45 38.40 1.61
45. 61.40 1.67
45 49.90 1.63
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SITE AAB

DRY CONTROL DATA —  AZl HORIZON

CLOD DKVTH (CM) CIXTD VOL (CM3) BULK DENSITY (Ci/qĤ T

. 5' 12.80 .95
19 ZO.ZO 1.00
6 . 18.70 .58
8 8.90 .73
13 AS. 80 .66

HET CONTROL DfflA —  AZl HORIZON

16 23.20 .58
16 25.90 .55
16 32.60 .56
16 22.80 .68

' . 1 5 . 33.20 .69
22.60 .62

13 36.60 .62
8 50.70 .SB
8 AS. OO .67
8 Al .20 .36
11 20.20 .37
11 27.00 1 .60
11 86.10 .62
11 . 38.80 .60

CONTROL DATA r- AZZ HORIZON

38 66.50 1.00 .
38 39.10 .82
38 21.10 1.05
6Z 63.90 .85
42 56.90 .81
AZ 50.80 .83
38 65.60 .78
ZZ . 76.50 .62
22 70.00 .60
ZZ 56.90 .63
AS 69.10 .66
AS 28.60 .60
AS 76.20 .67
AS 68.80 .67
AS 18.10 .62

. 21 25.50 .60
57 20.60 1.08
Z3 13.90 .89
.30 8.60 .67
30 29.00 .61

CONTROL DATA —  IIAZ HORIZON

83 26.50 1.22
83 12.60 1.26
83 38.60 1.13
83 82.20 .89
65 19.50 .81
65 115.80 .97
65 23.60 .90
65 68.00 •92
65 . 66.50 .96
65 37.60 1.08
50 13.30 1.12
50 .39,80 1.23
36 10.90 1.20
36 11.70 1.33
67 12.50 1.16
67 8.60 1.13
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DRY TREATMENT DATA —  AZI HORIZON

TREATMENT CLOD DEPTH (CM) CLOD VOL (CM3) BULK DENSITY (G/CM3)

Track I paea 8 37.90 .69
8 7.90 .76

T ire I pass 11 10.30 .67
10 28.10 .55

Track 2 paoa 20 31.00 .77
20 10.HO .77
20 11.10 .74

Tire 2 pass 11 8.50 .83
11 10.50 ■ .78
10 17.50 .53
10 22.20 .75

Track 4 paaa 23 25.70 .78
23 7.90 .82
5 15.50 .28

Tire 4 peso 16 10.30 .85
16 17.60 .77
11 14.40 .73
11 9.40 .70

Track 8 paaa 13 8.90 .94
13 11.50 .85
20 7.40 .82
20 8.90 ’ .77
20 6.40 .93

Tire 8 paaa 21 15.90 .75
21 11.00 .71

DRY TREATMENT DATA — A22 HORIZON

Track I paaa 22 36.40 .62
22 15.60 .83

Tire I paaa 28 14.10 .8(1
28 9.70 .84

Tire !' paaa 31 ' 14.80 .73
23 29.00 .75

Track 4 paaa 28 . 11.30 .79 '

Tire 'I paaa 37 18.30 .72
37 17.90 .98
42 80.40 .63
42 10.80 .74

Track 8 paaa 35 9.40 1.15

Tire << paaa 55 21.80 .67

DRY TREATMENT DATA — II A2 HORIZON

Track I paaa 43 15.70 .74
43 14.80 .56
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DRY TREATMENT DATA —  IJftX HORIZON (Cont.)

TREATMENT CLOD DEPTH (CM) CLOD VOL (CM3) BULK DENSITY (g AM3)

Tire I page 39 13.30 1.41

Track 2 pa;; . 54 9.20 1.29
54 9.90 1.40
63 36.30 1.23
63 26.50 1.22

Track 4 pass 63 13.50 1.18
63 9.40 1.28
60 10.70 1.45
60. 10.70 1.36

Track 8 paas 85 6.30 1.47
85 16.10 1.48
85 14.60 1.43

Tire 8 pass 90 27.00 1.30
90 30.80 1.15

NET TREATMENT DATA —  AZl HORIZON

Track I pass 2 84.60 .56
2 30.90 .61
2 54.60 . .63
10 35.70 .61
10 64.70 .62
10 32.10 .59

Tire I pose 11 101.30 .62
11 100.40 .68
11 39.80 .52
11 34.30 .69
12 69.10 .61
12 33.20 .69
12 52.10 .73
12 61.80 .74

Track 8 pass 8 23.50 .74
8 23.60 .85
8 50.90 .76
8 12.90 .81
5 116.10 .98

• 5 64.40 .95
5 35.60 .91

Tire ,8 pass 16 56.10 .73
16 56.10 .85
16 66.10 .61
16 27. TO .73
12 30.10 .70
12 45.50 .70
12 36.50 .64
12 20.00 ' .69

WET TREATMENT DATA —  A22 H IRIZON ■

Track I paea 21 48.10 .65
2t 44.60 1.21
21 46.80 .80 '
28 47.90 .66
28 26.70 1.23
28 81.50 - .:3
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WET TREATMENT DATA — • A22 HORIZON (cone.)

TREATMENT CLOD DEPTH (CM) CLOD VOL (CM3) BULK DENSITY (C/CM3)

Tire I pass 35 62.80 .56
35 87.2) .63
35 122.4 I »66
35 61.9 I .48
28 57.7) .63
28 74.10 .54
28 33.90 .57
28 37.10 .72

Track 8 pass 15 70.3 I .62
15 35.9 I .71
15 42.00 .51
15 33.50 .71
20 76..10 .86
20 88..'.0 .93
20 49.10 .88
20 63.40 .92

Tire 8 pass 33 68.80 .64
33 76.40 .62
33 19.50 .80
33 37.70 .74
30 26.80 .81
30 22.20 .80
30 41.40 .74
30 56.00 .69

WET TREATMENT DATA — IIA2 HORIZON

Track I pass 42 40.70 ’ .96
42 60.90 .82
42 24.30 .89
68 29.10 1.06
68 35.00 .90
68 17.30 1.17

Tire I pass 48 . 47.20 .48
48 47.20 .62
48 52.40 .60
58 38.90 1.25
58 19.70 1.23
58 78.10 1.24
58 28.50 1.17

Track 8 pass 50 49.10 1.09
50 51.10 1.22
5Q 44.50 .89
50 43.60 1.17
50 15.10 1.14
50 16.80 .84

Tire 8 pass 65 13.00 1.13
65 14.30 1.21
65 19.90 1.18
65 20.20 1.01
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SITE ALT

CONTROL DATA —  A2 HORIZON

CLOD DEPTH (CM) CLOD VOL (CM3) ■ BULK DENSITY (G/CM3)

14 70.40 .65
14 43.10 .66
14 63.40 .66
9 60.40 .62
9 46.70 .65
9 83.10 .68
14 17.70 .67
14 9.40 .69
10 11.70 .57
10 19.20 .71
13 10.20 .64
13 10.70 .79
6 23.60 .56
6 29.10 .73

CONTROL DATA —  IIA21 HORIZON

31 49.80 1.25
31 ■ 58.60 1.45
31 34.40 1.42
35 25.80 1.60
35 38.70 1.28
35, 28.00 1.59
37 16.90 1.47
37 34.00 1.33
30 6.60 1.61
30 6.40 1.53
15 16.10 1.46
15 8.00 1.38

CONTROL DATA —  IIA22 HORIZON

45 66.90 1.50
45 70.30 1.30
45 53.80 1.45
58 102.10 1.48
58 37.20 1.34
58 91.70 1.44
51 20.80 1.48
51 20.20 1.50
46 20.30 1.35
25 19.60 1.38
25 28.30 1.39

DRY TREATMENT DATA —  A2 HORIZON

TREATMENT CLOD DEPTH (CM) CLOD VOL (CM3) BULK DENSITY (G/CM3)

Track I pass 10 13.80 .67
10 23.90 .62
10 14.80 .66
10 19.70 .64

Tire I pass 13 14.90 .58
13 42.60 .69
10 ■ 13.60 .81
10 29.60 .77

10 9.00 .92
10 16.40 I 06
12 14.80 .79
12 23.80 .65

Track 4 pass
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DRY TREATMENT DATA —  AV HORIZON (Cont.)

TREATMENT CLOD DEPTH (CM) CLOD VOL (CM3) BULK DENSITY (C/CM3)

Tire A peso 17 29.20 •91
17 35.90 .79

Track 8 paae 8 24.05 .91
8 22.90 1.04
12 11.50 . .76
12 30.70 .65

Tire ti pass 8 11.50 .92
8 30.90 .82
5 25.60 .61

DRY TREATMENT DATA — IIA21 HORIZON

Track I pass 27 13.20 1.54
24 18.10 1.37

Tire I pass 33 12.40 1.39
33 36.10 1.39

Track A pass 25 12.90 1.50
25 18.40 1.40
31 9.10 1.55

Tire A pass 42 26.80 1.39

Track 8 pass 23 17.90 1.36
23 9.10 1.56
30 7.70 1.54

Tire 8 pass 24 11.00 1.37
24 7.40 1.'83 ■
14 12.10 1.53
14 20.30 1.51

DRY TREATMENT DATA -- 1IA22 HORIZON

Track I pass 41 13. Hi 1.50
41 15.40 1.50
37 9.10 1.58
37 6.00 1.69

Tire I pass 51 10.01 1.44
51 9.90 1.42
37 7.10 1.63

Track A pass 40 20.80 1.52
40 9.60 1.46
47 • 16.30 1.67

Track 8 pass 36 23.20 1.58
36 35.40 1.63
60 28.80 1.56
42 7.90 1.64

Tire ti pass 20 20.90 1.38
20 . 9.30 1.17
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WET TREATMENT DATA —  A2 HORIZON

TREATMENT CLOD DEPTH (CM) CLOD VOL (CM3) BULK DENSITY (G/CM3)

Track I pass 12 56.60 ■ .68
12 52.10 .75
12 27.00 .64
13 32.30 .74
13 76.30 .71
13 51.60 .68

Tire I pees 10 76.80 .76
10 73.30 .78
10 36.80 .74
11 51.10 .66
11 43.40 .64
11 51.00 .66

Track max. pass 13 30.4 1.36
13 36.8' 1.12
13 60.5u 1.01

Tire 8 pass 10 40.6u .80
10 55.7 I .84
10 35.11 .89
9 43.5') .84
9 37.90 .83
9 25.30 .82

WET TREATMENT DATA — IIA21 HORIZON

Track I pass 33 17.4o 1.32
33 20.11 1.46
33 44.8) 1.37
33 46.9) 1.54
33 34.3) 1.64
33 41.10 1.57

Tire I pass 36 26.20 1.40
36 38.60 1.57
36 64.90 1.52
34 32.90 1.70
34 35.20 1.61
34 52.70 1.33

Track max. pass 29 35.70 1.44
29 56.90 1.40
29 39.90 ■ 1.22

Tire 8 pass 30 65.70 1.56
30 45.30 1.46
30 46.10 1.54
26 68.60 1.41
26 60.60 1.44
26 62.80 1.30

WET TREATMENT DATA — IIA22 HORIZON

Track I pass 46 69.40 1.41
48 87.20 1.39
48 65.80 1.36
49 41.00 1.47
49 46.50 1.40
49 37.90 1.54
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WET TREATMENT DATA —  I1A22 HORIZON

TREATMENT ' CLOD DEPTH (CM) CLOD VOL (CM3) BULK DENSITY (C/CM3)

Tire I pass 51 49.90 1.40
51 24.50 1.39
51 83.30 1.45
51 29.40 1.47
51 29.20 1.50
51 37.00 1.43

Traik max. pass ?9 50.60 1.38
. 49 20.70 ' 1.48

49 37.00 1.47

Tirv 8 pass 45 77.50 1.35
45 78.20 1.33
45 91.70 1.29
48 29.50 1.34
48 61.60 1.25
48 49.20 1.17



APPENDIX IV
FLOW CHART FOR STATISTICAL ANALYSIS

Bulk demeity data stored 
In eonputer file.I
Dete frobi clods less than 
6 cm3 discarded.

i
Control data froe wet and 
dry treatments compared 
using an Independent 
student t-teetT

>
Simple data description 
of control data. 
mean,S.D.,90X confidence 
Interval

Met treatment analyses

W
Analysis of variance and covariance 
(ANOV) for each horlson position- 
equipment type combination, 
grouped by:
site and number of passes*

ANOV for I vs 8 passes for each 
equipment type (surface horlson 
only).
grouped by: w 
site and number of passes

xp
ANOV for track vehicle I pass vs 
rubber-tired vehicle I pass, and 
track vehicle 8 pass vs rubber- 
tired vehicle 8 pass (surface 
horlson only), 
grouped by:
site and equipment type*

Dry treatment analyses

I
Analysis of variance and covariance 
(ANOV) for each horlson position- 
equipment type combination, 
grouped by:
site end number of passes*

I
ANOV for O vs I vs 2 passes for 
each equipment type (surface 
horizon only), 
grouped by: w
site and number of passesI
ANOV for 4 vs 8 passes for each 
equtpewnt type (surface horlson 
only).
grouped by: w
site and number of passes

V
AKOV for 0,1 and 2 passes vs 
4 and 8 passes for each 
equipment type (surface horizon 
only).
grouped by: #
site and number of passes4
AMOV for 0,1 and 2 passes vs 
4 and 8 passes (second horlson 
of track vehicle skid trails), 
grouped by:
site and number of passes*

i
ANOV for track vehicle 4 and 8 
passes vs rubber-tired vehicle 
4 and 8 passes (surface horlson 
only), 
grouped by:
site and equipment type

Met treatment compacted 
densities were compared 
with dry treatment compacted 
densities using an 
lndependsnt student t teat*.

*maln effects, significance determined at the p-.05 level, 

^significance determined at the p-.05 level.
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