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ABSTRACT

EFFECTS OF COMPRESSION OF SOME SUBTROPICAL SOILS

ON THE SOIL PROPERTIES AND UPON ROOT DEVELOPMENT

Representative soils of four Great Soil Groups from Hawaii were

compressed artificially to develop a study on the effects of compaction...

in subtropical soils. Although this study was primarily concerned

with t.he Low Humic Latusols which are of great importance agricul-

tllrally in Hawaii, representatives of the Hydrol Humic Latosol, Gray

Hydromorphic Clay and Alluvial Soils were also included. The dom-"

inant criterion inve stigated was the effect of increasing soil bulk

density on sugarcane roots. A method was devised to produce the

conditions under which roots could be grown in soils which were

compressed to various bulk densities. The relationship of the effects

of variations in bulk density and aeration porosity on root morphology

and proliferation was examined and is discussed.

With increasing soil bulk density, roots of sugarcane develop quite

normally until a density is reached at which proliferation is reduced

and then'roots and rootlets gradually become more distorted. Roots

are incapable of penetrating a soil compre s sed above a critical bulk

density. Seven stages of degradation to root proliferation and de-

velopment are described for this continuous trend between these ex-

t reme s. Each of the se stages has been correlated with bulk density

. and aeration porosity values for each soil studied. Even though the

particle density values. determined by standa.rd means, for soil
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material are similar (l. 86 to 2..87 gm/cc), a Grey Hydromorphic Clay

allowed cane roots to enter soil at 1. 89 gm/cc while a Hydrol Humic

Latosol did not allow roots to enter soil compress'ed to 0.96 gm/cc.

Bulk density, ~~, plays an even less significant role when vari

ations in particle density are considered: a soil horizon of a Humic

Ferruginous Latos<;>l with a particle density of 4. 01 gm/cc allowed

good root distribution and proliferation at bulk densities as high as

L. 71 gm/cc. Despite this great variation in the soil bulk density

associated with a particular stage of degradation to root proliferation

and development for widely different soils, when one part~cular hor

izon of a particular soil series is compared, the sev~n stages of

degradation described occur at remarkably similar bulk densities.

Aeration porosity values correlate much more closely with each

of the seven stages of root degradation than do bulk density values.

However, variations in ~eration porosity are quite wide for a parti

cular soil material which has been compressed at different moisture

contents. Some preliminary investigations, not developed further in

this study, indicate that there is a still closer correlation of each

stage of root degradation with air permeability.

Detailed investigations of other factors establish the actual weight

and volume of roots within representative soils which had been com

pressed to various bulk densities. Distortion to the cells of roots

was not established, but morphological distortions are related to in-

creases in soil bulk denRity. Rates of root elongation decrease with

increasing soil bulk density. Despite reduced proliferation and



di stortions, radio rubidium investigations indicate that roots may

function when they are able to penetrate compressed soil. '

A'system for estimating root development in an unknown soil is

pr9:posed from particle density and moisture retention character

istics.

3



EFFECTS OF COMPRESSION OF SOME SUBTROPICAL SOILS

ON THE SOIL PROPERTIES AND UPON ROOT DEVELOPMENT

ALBERT CHARLES TROUSE, JR.

INTRODUCTION

1. GENERAL

With the increase of mechanized operations in agricultural en

deavors there has been an ass'ociated increase in interest in physical

aspects of soils. In Haw,!-ii, farming of many thousands of agricul

tural acres has shifted recently from hand operations to highly

mechanized cultural systems. Many of the mechanized operations

are practiced on a year-round basis: the shortage of suitable land,

the value of the land, and the labor situation i.nduce the operators to

exploit the year-round mild climate. However, agricultural mech

anization in Hawaii has introduced several new problems and em

phasized several older ones. One of the newer problems now

receiving much attention is the increased destruction of the physical

condition of the soil. Often the designs of new implements were not

in accord with the maintenance of good soil tilth, and frequently the

act ual sy stem of operations abets the destruction of the soil struc

ture. :The need to know the conditions under which'the soil could

adequately withstand the forces of the new implements has become

more acute: the need to know how to reduce damaging 'forces, or to

eliminate them, requires attention while the principles involved in

the det rim ental effects to the physical condition of the soil and the

subsequent effects on the agricultural crop need to be establi shed.
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Much information has been published on soil compaction, _using

soils of the temperate climatic belts of the world (6, 8, 18, 31, . 35).

Although many details of the complicated mechanism causing detri

ment to agricultural soils and how this detriment directly affects the

crop are known, much is still to be determined. Much less is known

of compaction of subtropical soils upon which much less research has

b€'en done. Soil compaction has been defined as "the increase of the

soil bulk density by reduction of pore space. " (5) Although this

definition is widely accepted, i.t more precisely defines comp'ressed

soil: soil compaction is commonly thought of as that phase of soil

comp~ession in which detrimental results can be expected. The

complete acceptance of this definition of soil compaction would infer

that firming of soils, for better contact with seeds and roots during

the planting and transplanting operations, is a detrimental opera

tion although most agriculturists often accept firming as a beneficial,

'if not a required, operation.

To be compressed, a soil must be strained when a force is applied

to it. Whether a soil will rebound completely to it s former status or

will remain compressed after removal of the force depends on

whether or not soil particles have been forced into a tighter arrange

ment that fills former voids. Reduction in volume or an increase in

unit weight of a sand or a soil can be accomplished by a more com

pact alignment of the grains or of the structural units, or by the

development of forces great enough to shatter grains or cause plastic

deformation (6) to some structural units. An increase in bulk density
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(P, M, T)D :::

of any ubjpct call be explained by' the following expression:

D =Inc Tease in bulk density.

P =Applied pressure

M =Bulk Modulus

T = Time

The term "bulk modulus" includes many factors with respect to Boils

and if; llll'alli"ngless except for a particular soil in a specific situation.

Sods with various physical properties and m~isture contents can range

frllm rigid. elastic solids through the plastic range to viscous fluids.

Until s\lch time when all factors which comprise bulk modulus are com

pletely understood and the interrelation betwe~n these factors is estab

liRhed. this expression can be used to indicate which factors are involved.

An understanding of what pressure acting over a period of time

is requi red to accompli sh an inc reasein soil bulk density and how

this pressure must be increased to increase the bulk density there

fore depends on knowledge of: 1. the strength of the individual struc

tural units, 2.. the pressure pattern, 3. distribution of pressure to

the cuntact points of structural units, and 4. the resistance to move

ment developed between the nlOving particles. The strength of the

i'trul'turalunit is related to soil-moisture content (10). size, shape,

bulk d<'i\sity, clay type, clay content, and clay arrangement or

cE'ln<'ntation within or around structural units. These factors are

(llffil'ult to evaluate and, since structural units that mak.e up "normal"

Boils are not similar, the required information becomes more dif

ficult to acquire. Individual contact pressures are also difficult to

dt,tt"rmint' (l8) and are continually being altered with deformation ((I).



Friction is reduced by increases in soil-moisture content but it also

depends upon pres sure and increased contact area caused by defor

mation of structural units with pre.ssure. Increases in moisture

content can also alter the cohesive and adhesive forces of soil par

ticles. Van den Berg (28\ has stated that "with respect to plant

growth, the magnitude of deformations is more important than the

magnitude of forces which cause the deformation. II What are the

char.acteristics of soil deformation which make it so important to

plant growth? It is generally assumed that root development of a

healthy plant is regulated ·predominantly by nutrient, moisture, and

oxygen availability. Unpublished studies by the author, using sugar

cane, substantiate the conclusions of Hendrickson and Veihmeyer

(11, 30) that roots will not develop in soil which is at a moisture con

tent below the permanent wilting percentage. Rate of oxygen move

ment through sqil to the roots is important to plant growth (3) and

roots will not develop into an ?xygen-deficient soil atmosphere.

These unpublished studies do not confirm the supposition that plant

nutrients must be available to each root: as long as other roots of

the same stalk of sugarcane are adequately supplied with all of the

required nutrients, a root can proliferate in a moi st, oxygenated

soil in an apparently normal manner. Naturally, adequate pore

space must be present or made available so that roots may

proliferate. Also, toxic concentrations of substances must be ab

sent so that the roots can survive and develop. Deformation, be

cause of inc reased unit weight or puddling, can reduce the moisture

7



and oxygen permeability rates, but increased unit weight alone is not

the cause of reduction in either moisture or oxygen permeability. It

is believed that pore size and pore geometry are more directly re-

lated to inflow of oxygen and moisture as well as to outflow of car-

bon dioxide from the immediate surroundings of the root.

In a non-rigid system, the relationship of the si'ze of the' pores to

the dia~eter of the roots is not as important as reported for arti-
.-.

fidal rigid pore systems (33). Roots have the ability to compress

the ,",oil adjacent to the channels created as they force their way

through a soil (1). Mow great a pressure a root is capable of gen-

erating has been the object of much speculation. It has been. gener-

all y conceded that a soil may be compres sed until roots are incap-

able of physical entry, but this has not been proven. Since it has

been demonstrated that the pressure developed by a root is related

to the oxygen content (9), the importance of oxygen and moi sture

relationship s to physical impedance are now a subject of greater

speculation.

The present re search was conducted to investigate some of the

factors involved with some subtropical soils following an increase

in unit. weight and how various increases affect the roots of an im-

portant subtropical crop. Although bulk density is a common meas-

ure of soil deformation and is often corr.elated with yield suppres-

sian. it is doubtful that bulk density is solely responsible for the

detriment to agricultural crops as is generally believed. Its basic

imporlance has been investigated and discussed herein: use of other

8
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criteria is presented also in order to express the effects of soil defor-

mation, both to'the soil media and to the roots attempting to develop

in the soil media.
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MATERIALS AND METHODS

The effects of increased soil bulk density of some subtropical soils

were examined from several approaches. Although field experiences

'. guided the study, most of the results reported are from carefully con-

t rolled laboratory studies. From a practical aspect, impprtant col'-
~~

relations of physical properties of the soil must be made with plant

growth. These correlations were made with growing plants under

greenhouse conditions. Since basic agronomic effects of soil bulk

density are upon roots developing in the soil, it is the roots of plants

t hat received the initial attention.

1. ROOT STUDIES: A technique was developed whereby roots

growing in soil compressed to various bulk densities could be ob-

served. Degradation of root development could then be determined
•
for soil bulk density. Seven stages of root degradation could be

recognized.

a. Stage s of Root Degradation:._In the primary inve st~gation the

effects of increasing the bulk density of subtropical soils on the root

system of sugarcane were studied predominantly by low ..power optical

magnification and with the unaided eye. Observations were made on

the roots grown in 1,781 soil samples artifically compressed specif-

ically for thi s phase of the study. A minimum of 21 samples was

prepared at different bulk densities for each soil material tested and

usually the material was collected from three locations in each soil

d l' li II I'a ti UI). When la rge deli neation s of one Boil exi sted, multiple

samples were collected from each island delineation. The root
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observations are reported mainly through descriptive ranking of the

ability of roots and rootlets to proliferate and develop within com

p res sed soils.

To as sure adequate opportunity for root development and prolifera

tion within the compressed soil, it was decided that a small pot con-·

taining a relatively large sample of compressed soil must be utilized.

This pot must be of adequate size, however, that sufficient available

nutrients and moisture could be supplied to the plant so that the plant

would be healthy and the root development active. It soon became

evident that the 20-cm. Mitscherlich pots would serve this purpose

if the soils were fertilized with adequate phosphate for a crop and re

fertilized, at approximately monthly intervals, with other .nutrients.

The pots required two waterings per day and, on warmer days, were

given three waterings.

The soils collected were from several representative sites for

each series studied: care was exercised that each collected sample

should contain material from only one horizon. A sample from each

horizon weighed approximately 250 kg. ; this sample was taken to the

laboratory, dried, ground with a hammermill, and screene'd through

a Z-mm. sieve, after which it underwent chemical and physical anal

yses. The required nutrients were added, then enough moisture was

added to assure achieving the predetermined bulk densities desired

with adequate moisture still available for plant root development. A

series of cylinders of soil was manufactured from thi s moistened,

fertilized soil and placed in the pots. Each soil cylinder was about
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half the volume of the Mitscherlich pot. Figure 1 illustrates the

arrangement of a compressed cylinder of soil in a Mitscherlich pot

prior to surrounding it with loose, fe rtilized soil of the same type. A

germinated one-eye seedpiece of sugarcane was planted over the com

pressed cylinder of soil. Seedpieces of multi-specie hybrids of

sugarcane were used which had bee~ selected for field production due

to thei r adaptation tq the ecological conditions in the area from which

the soils were collected: the hybrids used had a wide range in eco

logical adaptability. They were Hawaiian varietie s 37-1933, 38-2915,

44-3098, 49-5, and 50-7209.

The compressed cylinders of soil were 11. Z em .. in height and

10. 7 em. in diameter. The moist weight of the soil cylinder varied

from approximately 1,200 to 2,400 gm., depending on the soil bulk

density, the moisture content and particle density of the soil used.

To achieve a fairly uniform bulk density, each cylinder of soil was

compressed in three equal layers. The bulk. density of t-he compressed

cylinders of each soil material ranged from below that known to affect

root proliferation to above that suspected of allowing root penetration.

During the growing period the roots, confined in these small pots,

were allowed every possible opportunity to develop and proliferate

in the compressed soil cylinders. After one year, the cane was har

vested and the root-bound soil was removed from the pots. Root-

. bound soil from each pot was sawed in half and then the compressed

soil was broken out and carefully examin'ed. Notes were made on the

abundance of roots, their mode of proliferation, and the severity of



Figure 1. A Mitscherlich pot with a compressed soil cylinder in

place. A layer of loose soil is on the bottom and a compressed

. soil cylinder has been placed on it prior to completely. surrounding

the cylinder with loose fertilized soil and planting the cane

seedling.

13
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distortion to the roots grown in each pot. Later, these data were ar

ranged into seven groupings, or stages of root degradation, for each

soil.

b. Root Weight and Volume Determinations: !norder to supple

ment desc riptive and photographic evidence of reduced proliferation of

roots which developed in compressed soil, actual volume and weight

determinations were made on a unit volume of representative soils

from three soil Groups. Following harvest of the cane, lumps of

compressed soil were removed from each pot and the volume of each

lump was determined by the paraffin-immersion method. All roots

and rootlets within each lump of compressed soil were carefully re

moved from the lump, washed, and then subjected to a volume deter

mination by the water-pycnometer technique. Later, 60 n C. oven-dried

weight of the roots from each compressed lump of soil was deter

mined. Seventy-three sets of such determinations were made to cor

relate the observation ratings with actual root weight and root volume

data. Weights of roots in milligrams of root material per cubic

centimeter of soil will be reported. To circumvent the possibility of

distortion of such data by changes in the volume-weight of root

material which develops in denser soils, the actual volume of space

occupied by root material was determined as a percentage of the soil

volume. A correlation of the volume relationship and the weight re

lationship of root material developed in a soil at different bulk den

!-lilies could then be madt> as a crude means of investigation of suspected

cellular changes within the root.
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<;. Cellular Examination of Root Tissue: Microscopy was em··

pluyed to gi ve a more direct examination of cellular construction of the

ruot with changes in soil bulk density. ·After experimenting with

quicker and easier techniques of preparing root tissue, it was decided

that paraffin embedding had to be employed. Detailed techniques used

in preparation of the slides were suggested by Johansen ( 13).. The sec

tions were microtoned l5 to 35 microns in thickness, mounted on glass

slide s, and stained prior to a careful mic roscopic examination. Four

hundred slides were prepared, each with longitudinal and cross

sectional segments of a rootlet, a young root, and an older root. At

least une slide was prepared of roots grown in each soil at each bulk.

density manufactured during the 1961 test period. Detailed notes and

photographs were made of the cellular distortions to each root.

d. Estimates o{ Root Functioning Capabilities: From a practical

aspect, the agriculturist is interestednot so much in the degree of dis

tortion to the morphological or anatomical make-up of a root as he is

in the effectiveness of the root to absorb nutrients and moisture. In

order to investigate the functioning ability of sugarcane roots, as re

lated to bulk density. 153 special cylinders of compressed soil were

manufactured to bulk densities ranging from 1. 12 to 1. 56 gm/cc. The

compressed soil cylinders were of the same external measurements 'as

the' soil cylinders used in the primary investigation, but contained a

centrally located hole approximately 2 em. in diameter; a 5 cc .. solu

tion of rubidium chloride containing approximately one millicurie of

radioacti vity was pipetted into the central hole. The hole was then
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plugged with a rubbe r stopper and sealed. Sugarcane was planted in

the standard manner and. after three and one-half to four months of

growth. the cane was harvested, chopped. dried at 60 0 C., weighed,

and counts per gram per minute determined. The counts could then be

expressed as total counts per plant to determine the effectiveness of

root functioning in each bulk density tested.

e. Rate of Root Elongath>n: Although the rate of root elongation

may be closely related to the pres sure requi red by the root to pene-

trate through the soil, widely different techniques were employed to

study each phase. The rate of elongation for sugarcane roots in rela-
..-

tion to soil bulk density was estimated by a crude window-box tech-

nique. Each box was especially constructed so that the back could be

removed, the sides could be braced, and a steel form could be in-

serted and braced to form' a m'old with the special glass of the window-

box container as the bottom. The proper amount of moistened, fer-

tilized soil was added so that a 20-ton press could compress a band of

soil to the de sired bulk density directly against the window: the fprms

could then be removed, soil poured in and gently firmed on either side

of the compressed horizon to fill the container, and the back replaced.

The window-box container. could then be placed upright and a one-eye

seedpiece of sugarcane planted. A light-tight wooden cover was

placed over this vertical window except during periods of examination.

Each root was marked on the observation window and daily measure-

ment s we re made as the roots developed along the window in the com ":'

pressed soil band so that mean rates of elongation in centimeters per
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day could be determined for each predetermined Boil bulk density.

Figu re 2 shows the apparatus during determination of root elongation.

£. Phxsical Impedance: If a root is capable of developing a

specific pressure and is impeded by a physical resistance in dense

suils, then the soil bulk density which impedes a root should be re

lated to the ability of the soil to resist the pressure exerted by a root.

Since the moisture content ?f a soil has a very effective inl1uence on

the ability of a 'soil to resist pressure, then root penetration would be

related directly with the soil-moisture content. In order to establish

whethe r or not the lack of roots'in dense ,soil is lnvolved with the

pressure a root is capable of developing"and with the resistance to

penet ration pre sented by the soil, the following inve stigation was

car ried out.

Two hundred and sixteen standard compressed soil cylinders were

manufactured at the approximate bulk density determined to inhibit root

penetration. Each representative soil was compressed to its specific

threshold bulk density at a wide range of moisture contents. When

pussible, the compressed cylinders of soil were manufactured at soil

moisture contents which varied, by 5 percent increments, from 15 to

40 percent soil moisture. Frequently, the predetermined bulk density

cuuld not be obtained at the extreme moisture contents. Cane was

planted in the standard manner and grown for one year. Root prolifer

ation and development were then examined and desc ribed in the stan

'dard manner.

~. SOIL STUDIES; The mechanisms which affected the root system
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Figure~. W.indow-box useu to determine root (~longation rates

in compressed soil. A Kunia silty clay subsoil with the com-

pressed soil band at a bulk density of 1. 28 gm / ce.

IX
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of sugarcane became apparent with an increase in bulk density of a soil.

In order to investigate the mecha.cisms involved with root development

that Ci:re related 10 compression of soil, one may examine the physical

properties of the compressed soil. Although van Bavel et al. (27) have

defined the measurement .and terms used in such research, throughout

this report the following procedures and term.s were employed.

a. Particle Density: The real, or particle, density of soil is

basic and must be determined in order to calculate a predetermined

bulk density, porosity or zero void situation. Particle densities were

determined for all of the soils used by the water-pycnometer technique.

Fifteen determinations, using twelve 50-ml. pycnometers and three

lOO-m!. thermometer-pycnometer bottles, distilled water, and

vacuum pumping, gave a mean value which represents each soil. One

thermometer-pycnometer was included with each set of four 50-m!.

pycnometers to allow lor temperature corrections. Each of the three

sets of five pycnometer determinations was made on a different day.

b. Moisture Retention: Another basic aspect of the soil is its

capacity to retain moi sture. A complete moisture - retention curve was

developed for each soil investigated from samples of soil which had

been sc reened through a 2-mm.· sieve. The soils were saturated

ave rnight and were under treatment until an equilibrium condition was

attained at "tensions" of 1/3, 2/3, 1, 2, 4, 8, and 15 atm. in a

pressure-membrane apparatus. The soil-moisture content retained at

equilibrium was calculated from the standard oven-dry weight of the

soil and from the water loss. These data assure that the compressed

soil cylinders contain moisture available for root proliferation.
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To determine moisture retention in the range of the macro-pore, a

t l'n !'iolltabl f' wa s employed. The soil s we re p repa req in the manner

described above and were under treatment for 24 hours before the

moi stu re content was determined.

b. Standard Compaction: Soil moi sture mu st also be conside red

from the compression standpoint in order to ascertain that: 1. the de-

sired soil bulk density can be obtained with the force available, and

2. plastic flow under pressure will not occur due to excessive mois

ture. In order to determine the moisture content at which to compress

the soils, the information from standard compaction curves and the

moisture-retention curves were consulted. The former curves were

prepared from data obtained for each soil using the standard Proctor

mold and compacting sequence (18) but using a modified 254-gm.

hammer dropped 45 cm.

d. Bulk Density: The volume weight, or bulk den~ity, for soils

was determined in three manners within this study. In each case, the

bulk density is an expression of the oven-dry weight (in grams) of the

soil afte r treatment for 72 hour s in an oven set to operate between 105"

and 110" C. The volume is determined for the moi st, or actual, field

condition of the soil and expressed in terms of cubic centimeters.

1. The bulk density of each compressed soil cylinder was deter-

m i nf'l! from the calculated volume of the mold and the measu red moi st

weight of the soil cylinder corrected to the dry weight by application of

a moisturt> correction.

i. Periodically, checks were made by a paraffin-immersion
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determination of the volume and an actual oven-dry weight measure-

ment: sample portions from compressed soil cylinders affirmed rela-

ti ve uniformity of bulk density throughout the test cylinders by this

method.

The paraffin-immersion techfiique was used also for volume deter-

minations of all odd shaped field and labo.ratory samples.

3. Field data were usually determined by use of the Cornelison

hammer-driven soil sampler: rings of known volume containing 150

ce. of undisturbed soil, 4.45 em. high, were collected in the field and

then taken to the laboratory for field and oven-dried weight determi-

nations.

e. Porosity: Total porosity and aeration porosity values were

calculated for each soil bulk density at the moi sture content at which

each compressed soil cylinder was manufactured. Total porosity was

calculated from the simple relationship:

Total porosity =
1-dry bulk density

particle density

The particle density was determined by using pycnometer bottles and

the dry bulk density was calculated for the compressed soil cylinders

from calculated volume determinations and actual weight value s to

which moi sture corrections had been applied.. The aeration porosity

was determined by subtraction of the moisture content, on a volwne

basis, from the total porosity value. It is an expression of the percent

of the total space filled with air, expressed on a volwne basis within

the soil. As any particular soil is compressed, the percent filled with

solid material will increase; the percent filled with water 'will increase
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until finally a two-phase system is obtained.

£. Water Permeability: As the percent of pore space dec rease s,

size of the macro-pores usually decreases·and it can be theorized that

the soil the~ becomes less permeable. Field permeability was deter

mined by use of water in a "falling head permeameter'l. A steel drum

with the top and bottom removed usually served as a "container ' ! for

water: each barrel was approximately 45 em. in diameter and had a

modified "double ring 'l feature. An earthen dam ringed each barrel;

this moat, surrounding the drum, was maintained with water after it

was firmly established that the barrel did not leak (7). The measure

ments were taken on an hourly basis until a constant rate of water loss

from the barrel was obtained. These crude field in-flow rate deter

minations are referred to·as infiltration-permeabilities and are re

ported as a mean, usually of 20 replicates. Since the least permeable

horizon within the profile ~ermines the constant rate of flow, usually

the surface infiltratipn is the limiting factor an'd sets the rate of flow

ill compressed fields, but subsurface horizons, in ·some cases, could

be equally responsible. Care was exercised that a shallow bedrock

should not be the determining factor which set the constant Dow rate.

Since Dow rates are dependent on the moisture content of the soil,

all measurements were made after" saturation" was reached and the

clays had s';""elled and reduced the size of the pores.

g. Air Permeability: Water addition causes a decrease in. air

pore percentages by: 1. a replacement of air space by water, and 2.

a swelling of the clays which also causes a replacement of air space.

To circumvent these factors, air permeability determinations can he·
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made of conditions existing as the plant roots find them in compressed

soil. Air permeability was calculated from the reduction in air pres

sure with time, due to air loss through a ring of known area (35 sq.

em. ) containing the soil sample (14). The flow rate was held essentially

constant by maintaining a head loss of several centimeters on a water

rna nome! (' r. A la rge -volwne .system of l25 litprs was employed so

that the time of testing would approach one hour for most samples .

The soil, water, and air volume contents of each sample were deter

mined and associated with e~ch air permeability rate. Figure 3 shows

the apparatus used for air permeability measurements. Air perme

ability was calculated in terms of cubic centimeters per hour per

aqua re centimeter of soil sample surface area.

h. Soil Structure: Changes in arrangement of structural units

within a soil and contact between structural units were optically in

vestigated with increases in soil bulk density. A few thin-section,

plastic impregnated soil slides were prepared and ground down to a

thickness of about l5 microns: these slides were prepared from oven.

dried lumps of compressed soiL Slides at low-power magnification

offer good observation of pore space relationships between structural

uni ts; at high-power magnification the pore space within structural

units can be observed to good advantage.

Low-power magnification of fresh surfaces of compressed soil was

Ilst·d to describe and photograph the plastic deformation of the stru(;tl1ral

units with increasing soil bulk density. These observations were not

s\ll~.ieded to distortion by prior oven drying. Photomicrographs are
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Figurt:> 3. The apparatus used to measure air permeability.
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presc'n ed of two soils compressed through a range of bulk densities.

The ph tomicrographs were prepared from samples taken from com

pre~se(fisoil cylinders used in the primary investigation after harvest.

RESULTS AND DISCUSSION

The primary objective of this study is to delineate some of the

t'ffects of increased bulk density upon soil properties and upon the root

system of agricultural crops grown in compres sed soil. Compari son

of yields of the aerial portion of plants has been a common method of

assessing the effects of increased soil bulk density, All too fre

quently. however, other factors influenced by an increase in soil bulk

density are more effective than the increase, ~~, in affecting crop

yields. The use of plant roots to ascertain the effect of soil bulk den

sity is more di rect, but previous applications of thi s technique have

been restricted to determination of the "critical" or the "threshold"

bulk density (H, 3G. 35) which prevented root proliferation. The

correlation of stages of root degradation to s<;>il bulk density is not be

lieved to have been investigated previously. A simple method has been

devi sed to produce the conditions under which roots can develop in

soils at various bulk densities which can then be described and photo

graphed.· Thi s method is desc ribed in the lIMATERIALS AND

METHODS" section on page 10. A correlation of changes in certain

physical properties of compressed soil can also be made with particu

lar stages of root degradation.

Throughout most of this study. the roots of the sugarcane plant are

used to assess the g.radual destruction of the physical condition of a

soil. The roots of sugarcane proved to be a much better indicator of
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effects of increased soil bulk density than the aerial portion of the plant.

Under the cultural system utilized in this study, the total yield of the

aerial portion of the plant gave absolutely no indic,ation as to whether

roots were, or were not, able to proliferate in the compressed portion

of the pot. Figure s 4, 5, 6, and 7 show that aerial growth can be

maintained by roots in the half of the small Mitscherlich pot in which

the root system could function when the pots were fertilized lightly and

frequently and irrigated twice daily. Every effort was made to keep all

of the plants healthy throughout this entire study. The effects. of in-

c rea sed soil bulk density on roots should be confined, either di recUy

or indi rectly, to soil bulk. density and not include factors which cause

a weakened condition of the roots due to other factors. As recognized

by Wiersum (33), it is difficult to separate physical impedance, poor

aeration, and excessive moisture when studying roots and soil bulk.

density. All efforts were made, however, to eliminate any other limit

ing factors Irom affecting the results of this study.

1. STUDY WITH ROOTS:

a. General: Since the studies have been conducted using sub

tropical soils, the roots, ~f a dominant agricultural crop grown in

these soils were selected as an indicator. Not only were roots of sev

eral of the commercial sugarcane varieties utilized, but the roots of

the smooth cayene pineapple, Anans comosus, and Sudan grass,

Sorghum sudc.n~se, we re occasionally investigated. Although the se

roots are different in appearance, the distortions recorded for sugar.;

can,e could describe those found on 'the roots of these other plants.
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Several leguminous plants were used in earlier studies on soils com

pre s sed to the I'threshold bulk densityll as determined by sugarcane

roots. Although this group of plants included sweet clover, Melilotus

sp.. none of the roots appeared capable of proliferating in the cylinder s

of compressed soil which were at a critical bulk density for sugarcane.

These observations appear contrary to the opinions of many agricul

turists although Taylor and Gardner (24) confirmed results of this

study when they determined that the root-penetrating ability of legumes

was not greater than nonlegumes in proliferating into waxes of various

.resistances.

Sugarcane produces a fibrous root system which, under normal

conditions, can maintain a mean elongation rate of 5 cm/ day. Elonga-

t iOIl stops or slows down during periods of heavy lateral branching,

while. at other times, elongation rates of 13 cm / day have been meas

ured. Under unhampered conditions, sugarcane roots can proliferate·

and develop to depths in excess of 4 meters in four months. In this

particular phase of this study we are interested in the morphology of

the root s and rootlet s and not in the extent of the root system. From

all appearances, roots go from an "ideal" stage to the total inability

to-penetrate stage in an uninterrupted, gradual process. For ease of

correlations and comparisons, root distortions were arranged into

seven groups._ It is not intended. to infer that there are seven separate

stages in this process.

b. Stages of Root Degradation:

(1) Stage A - Ideal Roots: Figure 8 represents ideal root pro

Ii fe ra tion while Figure 9 is a drawing to aid the untrained eye in
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Figure K. Ideal root proliferation: Stag£' A root degradatio/l.

Root development in a Lahaina silty clay surface soil. The

scalt, is·ill millimders.
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Figure 9. Drawing of root proliferation evident in Figure S.
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determining root proliferation in Figure 8. During the examination of

!"()()t p roli fe ration in the compres sed. soil cylinders, compari sons

could be made with the roots in the loose soil surrounding the com

pressed cylinders. These comparisons are particularly helpful in

sepa rati ng Stage A from Stage B root degradation. The large primary

roots are cylindrical and spiral through the soil in a relatively tight

spi ral. Rootlets and secondary branch roots have a smooth curving,

or spi ral, appearance and they also have the ci rcular c ross section of

the large primary root. Figure 10 shows "ideal') stage roots washed

free of most of the surrounding soil. Branching is evident in all

planes and, usually, the spacing between rootlets on a finer root is

approximately 1. 5 mm. The associated physical constants in Table

I (page 50) and Table III (page 61) are presented for the last values at

which root growth appears in the 'Iideal" stage.

(2) Stage B - Reduced Proliferation: The first evidence of

degradation to the root system is a slight reduction in,root mass in

a gi V(~n volume of soil. Usually no other distortions are noted. The

morphological development appears ideal, so Stage B includes the

range of reduced root proliferation from Stage A until a slight bit of

flattening of some portion of some rootlets is evident.

(3) Stage C - Good Distribution: The roots in Stage Care

very similar to those found under better field conditions. The distri

bution and proliferation of roots and rootlets are good. Figure 11

shows root proliferation which, although reduced, is still considered

quite good. Some of the rootlets exhibit a slight flattening and there
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Figure 10. Roots and rootlets in Stage A root degradation. Scale

is in tenths of centimeters.



Figure 11. Good I'oot proliferation ','lith slight rootlet flattening

and ~om(' angularity in branching: Stage C root r!egradati(Jn,

Rootlets can be seen confined ill a larger root channel. Lahaina

silty clay, Scale is in millimeters.

36
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i6 a slight-tendency for angularity instead of the normal curved nature

exhibited by rootlets which deve~oped unde r the "ideal situation".

There is also a tendency for secondary roots to become confined

within the channels created by the larger pril:nary roots. Figure 14

shows Stage C roots washed free of excessive soil.

(4) Stage D - Fair Distribution: The roots in the range of

Stage Dare com!l10n in field situations and, under the present cultural

syst<:'Tn of farming, roots in this stage do not appear to seriously re

duce crop yields. It. is possible to perceive that, if the entire root

mass were in this stage of degradation and, say, irrigation were with

hE" Id to near drought conditions, some loss in growth could result.

Fi gu re 13 r'epresents root development and pr.oliferation unde r Stage

D conditions. Figul"t, 14 is a drawing to aid the untrained eye in de

tprmining root proliferation in Figure 13. In Stage D, flattening of

rootlets becomes more common and the degree of flattening is more

severe. Width to thickness of roots ,and rootlets is commonly in

t he ratio of 1.50: 1.00. The roots tend to lose more of their curved

characteristics and adopt a more angular appearance. There is

a Iso a tendency for rootlets and branch roots to develop in planes

of weakness or fracture zones. Figure 15 shows Stage D roots

washed free of excessive soil.

(5,) Stage E - P'OCH Distribution: Root proliferation in Stage

E root degradation is inadequate. It is in this stage that more

rools and rootlets become confined to fracture planes and that

t.he' pl'ldifllration of l'~)OlR hotwN'n the planes is thereby seriously
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F'iglll"l' 1':::, Roots and rootlets in Stage C root degradation.
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Figur'l·). Fair rool proliferation. The fI;.jtt<~nillg is mure

COnllnO!1 and nlorC' sev('re: Stage D ruot degradation. Mokuleia

silty clay loam. Scale is in millim.etf·rs.
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Figure 14. Drawing of root prolif~ration evident in Figure 13.
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reduced. Figure 16 is typical of root proliferation in Stage E root deg

radatioll. Flattening of roots and rootlets, especially in the frM:tnre

planes, is extended to all portions of all roots: all branching occurs

with angularity and there is a strong tendency for rootlets and branch

roots to develop in a single plane. The rootlet spacing appears closer,

with rootlets on a finer root approximately O. 75 mm. apart. Figure 17

shows the development of roots from a fracture plane which is typical

of Stage E root degradation.

(6) 'Stage F - Very Few Roots: A few straggler roots or root

lets are capable of finding an environment y.'ithin the more compressed

soils which will allow penetration. Figure 18. illustrates root develop

ment in the better portion of the Stage F range [rum a field Boil. Most

of the roots are confined to fracture plan~s; they are flattened to the

extent that the width to thicknes s ratio is usually between 2: 1 to 4: 1.

Although the roots appear to develop branches and rootlets in one

plane. they initiate from normal locations within the stele, but are

turned wit hin the cortex and then confined to the fracture plane so that

t~.ey appear to develop in only one plane: this is illustraged in Figure

19. The 6t raggler root s which penetrate the soil, and are not within

. fractures, are few and are usually flattened only slightly (l.l5: 1).

(7) Stage G - No Roots: With additional compre-ssIon, the few

remaining zones in which a root could survive are closed off and no

root s are capable of penetration. In Table I (page 50) and Table III

(page 61) Stage G root degradation is initiated at the terminus of the

Stage F range. Sometimes it was difficult to' delineate the exact

clivi sion between Stage F and Stage G. Establi shing the precise diVi sion
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Figure 16. Poor root proliferation with many roots restricted

to fracture planes: Stage E root degradation. Lahaina silty

clay. Scale is in millimeters.
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degradation. Scale is in tenths of cf'lIlimetp.rs.
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Figure 18. Very few roots proliferate the soil while most roots

a re confined to fractllre planes. Thi s photogr.aph illustrates the

bettt'!" portion of the range of Stage F root degradation. Lahaina

silt y clay.



Figure 19 ..

B rane h rootlet de ve \opi ng from the ste1e but <Ii ve rted

within the cortex of a root.
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has lit.tle practical importance, but locating a 'single straggler-root in

compacted soil may appeal to the critic.

c. Relationship of Soil Bulk Density:

(I) With the Soil Groups: Figure 20 sums up the results by

soil· Groups. In this figure it can be seen that the Hydrol Humic

Latosol surface soil (4) reaches each stage of root degradation at a

much lower bulk density than do soils in the other Groups listed. A

moisture content of about 100 percent is normal in the field for the

surface soils of this Group. This high soil-moisture content indicates

that a large percentage of the soil v'olume is composed of water. Al

though thE:: soil bulk density value is low, many of the pores containing

water seem to be effective in reducing root proliferation and increas

ing root distortions. The effects to the root system appear identical

to those produced with the other soils at each stage of root degrada

tion. Although material from subsurface horizons of the Hydrol Humic

Latosol Group was not included in the primary investigation, field

sample s we reo found in which bulk den sities as low as O. 40 gm / cc

prevented root penetration (Stage G). Other stages could be identified

at still lower bulk densities and, again, these appear identical to

those produced in other soils at much higher densities. Subsurface

horizons characteristically contain lOO to 400 percent moisture under

field conditions and samples have been collected with ove'r-600 percent

moisture, calculated on. a dry-weight basis.

At the other extreme, Figure 20 shows that the Grey Hydromorphic

Clay (4) surface soils reach each stage of root degradation at higher
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bulk density values than do soils in the other Gro~pslisted. This

situation exists even though particle densities are almost equal for the

two extreme soil Groups. The mean particle density values, as deter

mined by standard means, vary from 2. 85 gm/ cc, for the Hydrol

Humic Latosols~ to 2.. 88 gm/ cc for the Grey Hydromorphic Clays. An

individual Hilo silty clay (a Hydrol Humic Latosol) with a particle den

sity of 2.. 86 gm / cc and a Honouliuli clay (a Grey Hydromorphi c Clay)

with a particle density of 2. 87 gm / cc can be selected which show the

same relationship as does the mean determination for each Group.

Thus, with almost identical particle densities, the Hilo silty clay has

a bulk density which is 55 percent of the bulk density of the Honou-

Huli clay at the Stage G root degradation.

The mean values for the Low Humic Latosolic surface soil (4)

(Figure 2.0) are intermediate, but much closer to those of the Grey

Hydromorphic Clay.' The bulk density values reported in Table I fall

ab-ove the general alignment in Stage D and Stage E. Just why this

happens is not definite: the general alignment of these point sis not

based on a direct association with bulk density. Later discussions

on effects of compression to structural units, including alteration of

. macro-pores between structural units, may be more enlightening. It

is bepeved that a relationship with the pores, and not with the bulk

density, is more realistic. Although Taylor found that diffusion is

related to bulk density, he concurs when he also found that the nature

of the particle has a pronounced effect which invalidate s bulk density

measurements, per se, as criteria of aili movement in the soil (21;).

[See Appendix
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Table I

RELATIONSHIP OF SOIL BULK DENSITY OF HAWAIIAN SOILS TO
SUGARCANE ROOT DEGRADATION

STAGES OF ROOT DEGRADATION*
A B C D E F.

Soil Type Soil Bulk Density (gm/cc)

LOW HUMIC lATOSOLS

MOLOKAI FAMILY
Makawe li 5 i. cl. surf. 1.01 1.06 1.17 1.35 1.47 1.55
Molokai si. cl. surf. 1.03 1.15 1.23 1.38 1.47 1.57

Mean (surf.) 1.03 1.11 1.20 1.36 1.47 1.57
Makaweli si- cl. sub. 1.04 1.20 1.28 1.38 1.44
Molokai si. cl. sub. 1.01 1.12 1.23 1.41 1.47

Mean (sub.) 1.03 1.17 1.27 1.39 1.46

lAHAINA FAMILY
Keahua si. c1. surf. 1.06 1.15 1.25 1.38 1.51 1.51
Lahaina si. cl. surf. 1.04 1.12 1.23 1. 38 1.46 1.55
Pais si- c1. l. surf. 1.07 1.17 1.23 1.38 1.47 1.57
Waikapu si. c1. 1. surf. 1.04 1.17 1.27 1.41 1.51 1.62

Mean (surf.) 1.06 1.15 1.25 1.39 1.49 1.51

WAHIAWA FAMILY
Kunia si. c1. surf. 1.04 1.11 1.19 1.33 1.46 1.54
Wahiawa si. c1. surf. 1.03 1.07 1.20 1. 31 1. 39 1.52

Mean (surf.) 1.04 1.09 1.20 1.33 1.43 1.54
Kunia si. c1. sub. 1.04 1.14 1.20 1.30 1.39 1.52
Wahiawa si. cl •. sub. 1.04 1.15 1.23 1. 36 1. 39 1.47

Mean (sub.) 1.04 1.15 1.22 1.33 1. 39 1.51

KAHANA FAMILY
Haliimaili si. c1. surf. 1.09 1.14 1.22 1.41 1.47 1.55
Kahana si. c1. Kilauea-type

(surf. ) 1.04 1.12 1.20 1.30 1.36 1.46
Kahana si. c1. Pioneer-type

(surf. ) 1.09 LIS 1.25 1.41 1.49 1.55
Koloa si. cl. surf. 1.06 1.12 1.22 1. 35 1.44 1.57
Lihue si • cl. surf. 1.07 1.15 1.28 1.36. 1.46 1.54

.Mean (surf.) 1.07 1.14 1.23 1. 36 1.44 1.54
Haliimaili si. c1. sub. 1.09 1.19 1.31 1.36 1.43 1.52
Kahana si, c1. Kilauea-type

(sub.) 1.11 1.19 1.25 . 1.33 1. 36 1.47
Kahana si. c1. Pioneer-type

(sub.) 1.07 1.22 1.31 1.41 1.46 1.52
Koloa si. cl. sub. 1.06 1.15 1.22 1.31 1.43 1.54
Lihue si- cl. sub. 1.07 1.12 1.22 1.35 1.44 1.52

Mean (suh.) 1.07 1.17 1.27 1.35 1.43 1.52



*STAGES
A.
B.

c.

D.

E.

F.

OF ROOT DEGRADATION
Roots and rootlets appear normal.
Proliferation is reduced slightly, but no distortions are noted to
root or rootlet behavior.
Root proliferation is definitely reduced, but still good. Some
rootlets show a slight flattening (1.25 width:l.OO height) and a
tendency toward angular development.
Root proliferation is only fair. Most rootlets and some rOots are
flattened (1.50:1.00) and there is a tendency ~or rootlets to
develop along zones of weakness or fractures within the 80i1.
Root proliferation is poor: unsuited for agricultural production.
Badly flatt'ened rootlets form weak mats in fractures.
Few roots or rootlets are able to penetrate unfractured soil. Roots
are badly flattened ~2:l) and essentially confined to fractures.
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The recent Alluvial Soils (4) of the Kawaihapai Fami ly are formed

from deposition of material eroded from upstream soils transported by

small intermittent streams. Since the Kawaihapai soils are formed in

the Low Humic Latosolic belt, it can be suspected that they would be

composed predominantly of material from the higher rainfall types of

Low Humic Latosols. Therefore, it might be assumed that the Alluvial

Soils, which are the members of the Kawaihapai Fami I y, reported in

Table I, would resemble the surface soil material reported for the

Low Humic Latosols. Figure20 shows that the Alluvial Soil curve

closely follows that of the Low Humic Latosol: even the bulk density

values at Stage D and Stage E fall above the general alignment curve.

A pos sible explanation for the slightly higher bulk density value at

each stage of root degradation may be due to the higher particle den

sity of the Alluvial Soils: the higher particle density of Alluvial Soils

might be attributed to inclusion of some surface material eroded

from nearby Humic Ferruginous Latosols (4) which do have higher

partide densities.

(2) Within the Low Humic Lato~:;ol Group: Figure 21 pre

sents the relationship of bulk density for several families of the Low

Humic Latosol Group to six stages of root degradation. In thi s

figure the range of bulk densities for each family mean in any parti

cular stage of root degradation is separate from the range in any other

stage. The stages of root degradation del i neate points on a continual

and gradual deformation pattern: there is no reason to assume that

the constant-space plotting of the stages of root degradation in Figures
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Table II

EFFECT OF ROOT DEGRADATION BY SOIl. BULK DENSITY
USING~ SIX LIHUE SILTY CLAY SURFACE SOILS

STAGES OF ROOT DEGRADATION*
Particle A B C D E F

Location Density Soil Bulk Density (gm/ee)

McBryde Fd. 8A 2.92 glee < 1.10 <.1.16 1. 30 ,>1.33 1.45 1.55

McBryde Fd. 13E 2.92 glce <1.11 ">1.11 >1,22 1. 36 >1.41 1.54

McBryde Fd. 2lA 2.92 glce < 1.09 >1.11 >1.20 >1.33 <1.47 <.1, 60

Lihue H-15 2.94 glcc > 1.04 1.15 >1,27 <1.38 <'1.47 1.55

Lihue L-34A 2.96 glce '> 1, 01 >1.11 >1.25 1. 35 1.46 1.54

Lihue M-3 2.94 glec > 1.01 >1.11 >1.20 >1.35 >1.44 1.54

*STAGES
A.
B.

C.

D.

E.

F.

(

OF ROOT DEGRADATION
Roots and rootlets appear normal.
Proliferatiun is reduced slightly, but no distortions are noted to
root or rootlet behavior.
Root proliferation is definitely reduced, but still good. Some
rootlets show a slight flattening (1.25 width:l.OO height) and a
tendency toward angular development.
Root proliferation is only fair. Most rootlets and some roots are
flattened (1.50:1.00) and there 1s a tendency for rootlets to
develop along zones of weakness or fractures within the soil.
Root proliferation is poor: unsuited for agricultural production.
Badly flattened rootlets form weak mats in fractures.
Few roots or rootlets are able to penetrate unfractured soil. Roots
are badly flattened (2:1) and essentially confined to fractures.
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of the similarity of root deformation with bulk density for soils of the
.-J-

same series.

(4) Within a Soil Profile: An indication of poor correlation of

root degradation to bulk density within a soil profile was presented

with the discussion of the Hilo silty clay surface and subsurface hori-

zons. The Stage G root degradation was reported at 0.40 gm/ cc for a

subsurface horizon while the same stage was obtained at a bulk density

of o. 96 gm / cc for the surface material. Field evidence indicates that

the greate st differences may exist within the p'rofile of the Humic

Ferruginous Latosol Group where not only extreme variations in ,,'

moisture characteristics occur but all:;o great differences in particle

density.

Table I shows a difference in the surface and subsurface horizons

of the Honouliuli clay. The Honouliuli subsoil appears to distort roots

more gradually over a wider range in bulk density than do the other

soils studied.

Although no subsurface horizon is listed in Table I for the Alluvial
.J-

Soil Group, the few sample tests conducted did not indicate that com-

plete testing was warranted: surface and subsurface material ap-

peared equally effective in producing root distortions. The Mokuleia

silty day loam, however, is underlain with coral sand which was not

tested; it is suspected that, should the sand have been compressed,

differences in effectiveness would have been evident.

Bulk densities of surface and subsurface materials from Low Humic

Latosols characteristically, differ in effectiveness in producing root
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deformation. In the Molokai Family, the Bl horizon material has a
I

narrower range for Stage E and Stage F than does the surface material;

in fact, Stage F is so narrow it is questionable as to whether or not it

exists. The few samples of Waipahu and Mamala series soil material

. tested appeared similar to those reported for the Molokai Family, but,

due to insufficient testing, it was impossible to assign reliable bound-

ary values between the stages of root degradation. Soil material from

the BZ ho'rizon of this family was not tested.

Insufficient tests were conducted using the B2 horizon of soils of the

Lahaina Family to make a conclusive report, but the material that was

tested did seem to follow that reported for t~e B l horizon of the Molo

kai Family quite well.

In the Wahiawa Family, the Wahiawa silty clay B2 horizon material

differs from the surface material in having a narrower Stage F root-

degradation, range. The st rength of the structural units of the B2 hor-

izon is greater than those of the subsurface materials from the

Lahaina and Molokai Families. It may be that the strength of the

structural unit, in resisting complete plastic deformation until a bulk

density of about 1. 45 gm./cc is reached, is, at least, partially re-

sponsible for the reaction reported for the B 2 horizon of the Wahiawa

series. Very little difference is noted between the surface and B 2

horizon materials for the Kunia series. The subsurface structural

units of the Kunia series have more strength than those of the Wahiawa

series and resist plastic deformation almost as well as the Kunia sur-

face material.
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Table I shows that the subsurface material of most soils of the

Kahana Family approaches the values reported for the surface material

quite closely, although there are some differences. The structural

units of the B 2 horizon resemble those of the surface material in

size, shape and strength much more closely than they do in the other

Low Humic Latosols reported. In most physical properties Kahana

silty clay from the Kilauea area of Kauai does not resemble soil of

the Kahana series from the other islands, nor does it resemble soil

of the Lihue series from KauaL In fact, with respect to stages of root

degradation, this soil does not match the other members of the Kahana

Family reported in Table I either.

(5) To Particle Density: With Hawaiian soils there exists a

unique opportunity to investigate variations in a single property over a

wide range of conditions using actual soil instead of artificial media.

With respect to particle density, the Az. horizon of some Humic Fer

ruginous Latosolic soils off ers an excellent example of this statement.

Although soils of the Humic Ferruginous Latosol Group were not in

cluded in the primary investigation, some field studies were conducted.

Roots were found to proliferate in the purplish (A2 horizon) material of

one se rie s in Stage C to Stage D condition when the bulk density was as

high as 2. 71 gm / cc: the particle density of thi s material was deter

mined as 4.01 gm/cc. Although this bulk density exceeds any value

reported in Table 1, even at Stage G root degradation, heavier par

ticle densities do not as sure a higher bulk density value at each stage

of root degradation.
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In the Makaweli series the mean particle density for the surface

materials used was 3.10 gm/cc, while the subsurface material had a

mean particle density of 3. 16 gm/cc. In the Molokai series the sur

face material had a mean particle density of 2. 88 gm/cc while the sub

surface material had a mean particle density of 2.93 gm/cc. It is

normal for particle density to increase with depth in Low Hwnic Lat

osols, yet the values reported in Table I indicate that, with many' soils,

the stages of more severe root degradation occur at lower bulk den

sities with the subsurface materials. Many threshold densities re

ported for soils of the Continental United States are approximately

1. 8 gm/cc, yet the only soil which approaches this value in Table I

is the Grey Hydrom~)Tphic Clay. The particle density for most soils

of the Continental United States is close to 2. 65 gml cc while the

Hawaiian soils reported in Table I have particle densities varying

from l. 85 gm/cc to 3.21 gm/cc.

Although particle density influences bulk density, there are other

factors which affect the bulk density of a soil at which any particular

stage of root degradation occurs. Except for extreme variations in

particle density, the other factors appear more influential. One fac

tor, worthy of consideration, concerns aeration for physiological de

velopment of plant roots.

d. Relationship of Aeration Porosity: That portion of the bulk

volume of a soil which is neither solid material nor water is often

referred to as the aeration porosity. It is the air-filled pore space

of the soil. Such values have been computed for the 1, 781 compacted
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soil cylinders used in the primary investigation. Table III presents

the me~n aeration ,porosity values cal~ulated using the moisture con

tent at which the soils were compressed. No claim is intended that

these values persistec. throughout the study, although they are good

estimates of the aeration porosities which did- exist through some of

the study.

In,Hawaiian soils the available range of moisture is quite narrow: a

range of 10 percent is common and: in compressed soils, the avail

able range is reduced (31). Since each soil was compressed at mois

ture contents within the available moisture range, the moisture content

is expected to fluctuate somewhat from the moisture content at the time

of compression. Therefore, the aeration porosity value would be sub

ject to a small fluctuation from the reported value. Two other factors

favoring a close approximation of the reported aeration porosity

values are: 1. the low bulk density values which cau~e smaller

changes in aeration porosity for each change in soil-moisture content

and l. the higher aeration porosity values which cause a smaller per

c entage of change for a given aeration porosity alteration.

Other investigations indicated that the aeration porosity values re

ported in Table III were maintained close to the calculated value

throughout the early portion of the study because of the limited amount

of wetting and drying of the compressed soil cylinders. Wetting the

compressed soil cylinders will decrease the aeration porosity. Tests

were conducted using compressed soil cylinders placed in unplanted

pots which were watered twice a day for a period of one month. Except





'\-STAGES
A.
B.

c.

D.

E.

F.

OF ROOT DEGRADATION
Roots and rootlets appear normal.
Proliferation is reduced slightly, but nu distortions are noted to
root or rootlet behavior.
Root proliferation is definitely reduced, but still good. Some
rootlets show a slight flattening (1.25 width:I.OO height) and a
tendency toward angular development.
Root proliferation is only fair. Most rootlets and some roots are
flattened (1.50:~.OO) and there is a tendency for rootlets to
develop along zones of weakness or fr~~Lurcs within the soil.
Root proliferation is poor: unsuited for agricultural production.
Badly flattened rootlets form weak mats in fractures.
Few roots or rootlets are able to penetrate unfractured soil. Roots
are badly flattened (2:1) and essentially confined to fractures.
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for the least compre ssed soil cyl inders, the moi sture content of the

soil cylinders changed very little. The ease· of water movement

a.round the cylinders and the decreased infiltration into the com

pressed soil are largely responsible for this respunse.

Removal of water by roots prolif~rating in compressed soil will

increase the aeration porosity. It has already been established that

the limited reduction in moisture by root sorption would increase the

aeration porosity slightly in most Hawaiian soils. Another poitlt is

wo rthy of consideration: wate r sorption is appa rently pe rformed

bphi nd the root cap, behind the region of cell formation, and even

behind the region of elongation. It is in the region of cell functional

differentiation that water is sorbed and translocated. With a large

primary root of sugarcane, this may well be in excess of 10 cm.

back of the root tip, i. e., a root can penetrate into 10 cm. of soil

without removing appreciable water from the soil, or without chang

ing the aeration porosity appreciably. A similar situation would exist

with the smaller roots and rootlets, but the distance would be less.

I n the region of cell formation and in the region of elongation

much energy is being expended and much oxygen is required. Since

the se regions are ac ropetal of the zone s in whi ch appreciable water

is removed, the oxygen would be withdrawn from the aeration porosity

value reported in Table II I. Water movement at moisture contents

below a 1/3 atm. tension is slow and roots will develop to the water.

This prol'ess is continued until a soil is fairly well permeated with

root s so the reported aeration porosity value rnay hold for an even
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longer period of root development than is indicated above.

Meeting r~spirational req~irements farther to the rear of the region

of functional differentiation, or in areas already permeated by another

root, presents another condition. In this condition, which persists

throughout the rest of the study, the aeration porosity values are

altered and the reported aeration porosities no longer exist.

( 1) With the Soil Groups: The relationship of the mean aera

tion porosity for four soil Groups to stages of root degradation is shown

in Figure 22.. I t can be noted that, except for the Hydrol Humic Lato

sol Group, the variations in aeration porosity are within 6 percent of

each bther at each stage of ro·ot degradation. These variations are

extended to as much as 12. percent of each other in two stages of root

degradation with the inclusion of the Hydrol Humic Latosols. Thi s

relationship is much closer than the relationship of bulk density to

root degradation pre sented in Figure 20.

I n Figure 2.2., the Hydrol Humic Latosol Group has a lower aera

tion purosity value at each stage of root degradation than do the other

soil Groups reported. Speculations as to possible causes for such a

relationship will be withheld until other factors have been discussed.

Figure 22 shows the mean aeration porosity determinations for the

two series presented in Table III, which represent the Alluvial Soil

Gruup. Although the mean aeration porosity value, at each stage of

rout degradation for the Alluvial Soil Group, is higher than the mean

values for the other soil Groups listed, the mean· value for the Moku

leia series is similar to that of most Low Humic Latosols. The
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range i.n variations of aeration porosity at each stage of root degrada

tion lur the Low Humic Latosol, the Alluvial Soil, and the Grey

Hydromorphic Clay is narrow anCl may be the result of the moisture

content at which each soil was compressed rather than a relationship

with a particular soil. In order to confirm the existence of this situ

atlOn, the following calculation is referred to: at a bulk density of

1. 5 gm / cc, each change in moistur.e content of one percent change s

the aeration porosity by 1. 5 percent: therefore, if compression

occurs at moisture contents differing by 4 percent, a 6 percent range

in aeration porosity would be produced. These differences in aera

tion porusity may well be due to the selected soil-moisture content at

time of compression.

(~r With Similar Bulk Densitie s: Figure l3 shows the rela

tionship of a Molokai silty clay after it has been compressed to a

predetermined bulk density at a wide range of moisture contents.

This figure is typical of the results obtained with many other soils.

In thi s study the cylinder s of soils were compressed to a bulk density

close to the di vi sion between Stage F and Stage G root degradation.

For a variation of approximately 15 percent in moisture, a l4 percent

aeration porosity variation was obtained. This relationship clearly

indicates that root development does not appear different in soil at a

bulk density of 1. 56 gm / cc when the aeration porosity is maintained at

any value within a range as wide as 24 percent. Aeration porosity,

per ~. does not regulate root development.

It should, in all honesty, be pointed out that there are some
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F I QURE 23.

RELATIONSHIP OF SOIL-MOISTURE CONTENT TO AERATION

POROSITY WITH SIMILAR SOIL BULK D£NSITIES
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additional limitations to this type of study. Dry soil is difficult to

compress and, at a Tlloisturc content of I,t. ,7 pf'rcent, the predeter

mined bulk density coulJ not be reached with the equipment used by

about 0.03 gm/cc. Rout proliferation can be n~strideu also because

of cI ry suif condi tions. At 33. 3 percent soil moi sture, the bulk den

sity of t he soil cylinders was about O. I gm / cc. short of the predeter

milll'c1 ta l'get density. At higher nlOisture contents free W<lter was

released with cOlnpress;nl1 so moisture was lost and aeration porosity

was altered. These values are not reported. In wet soil, lack of

rnovt:'ment of ai r is impo rtant since the aeration porosity exi sts 'only

because SOll1(' air is trapped during compression.

This study indicates that our research m.UBt extend beyond the static

situation and enter into a dynamic system. All life is involved with a

dynamic situation; roots appear to be no exception. The calculated

aeration porosity is significant during the entry stage of a root into a

soil. Many roots do enter into soil at an existing aeration porosity,

but. as Sl)On as they UO HO, a dynamic situatlun is initiateu. Oxygen is

utili/.ed and carbon dioxide is liberated. Thf' c"I.rbon dio:xide must

eli {fuse away and Inure oxygen mus't diffuse to the root surface. As

watl'r is surbed by t he routs, ai r must replace it. This situation sug

gl'sts tht> importance of movement of the gaseous atmosphere of the

soil.

l'. Relationship of Air Movement: In the gas-filled pores of a

Hoil, diffusion and mass-Dow gaseous movement are possible.

Penman (16, 17)' has stated that diffusion can account for the require

ment s of plants, but in nature both mechanisms are operating. At the
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l'Oot interface, diffusion tllrough the moisture film in contact with the

r(>ot is consiclt:'rpr! d0111inant. Cannon ( 3) relates all gaseous move

nH'nt to only diffusion in tilt:' water-film -- cell-wdll -- cell portion of

the gaseous chain. Plant roots are believed to require the range be

tWl'I'n a certiiin least and a certain upper critical oxygen partial pres

Slll'!' r'lr growth. For "normal" plant growth the oxygen partial pres

SUI"(' ll1ust be related tu definite temperatures Ior specific plant

Spl,('jes ()).

In th<.' present studies it was found that very permeable Hydrol

Humic Latosols maintained a very desirable oxygen supply at depths

ill ('XCf'SS of I meter throughout the cycle oI a sugar crop. However,

when in a conlpressed state, these same soils accumulated nitrite,

sulfide and ferrous compounds, and methane and hydrogen sulphide

g<lS accumulated about organic residues within a few weeks. In such

an'as roots did not develop and the aerial portion of the crop was

stunt('(J. In anothe r study sugarcane roots were found to enter a ni-

t rogcn atl1losphere (deficient in oxygen), but only (0)' a short distance,

while they would not enter an atmosphere of carbon dioxide.

Maintaining control of mixtures of various gas('s, temperature,

moisture, complete circulation, etc., was difficult with the apparatus

availablt'. The complex nature o( this situation and the elaborate

l'quil'tlll'llt requir€'u discouragp<.! an application of a laboratory-green

house technique to investigate air movement on stages of root degrada

tioll allY fllrthl'l".

f. Relationship of Root ProliIe ration: Reduced prolife ration of root s

IS dcscri!><'d in Tabll~s 1 and III in soil at increasing bulk density and
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.
decreasing aeration porosity. It is difficult to define proliferation for

each stage of root degradation in terms which are other than relative.

Although photographic evidence is submitted to convey some estimate

of prolife,ration, this technique is not entirely satisfactory. A study

was therefore initiatcd to determine the root proliferation in represen-

tativp soils in terms which could be conveyed more easily.

The system devised to determine root proliferation is described in

the "MATERIALS AND METHODS" section on page 14. Technicaf as-

fJel't s caused the study to fall short of the desi red goals. The frac-

tures frequently occurring in the manufactured compressed soil

cylinders were developed from planes of weakness caused by swelling

of the compressed soil immediately following the manufacture of the

cylinders. As the molds were being disassembled, radial wcaknesses

developed from the region of joints between mold sections and pro-

ceedeJ towa I'd the eente l' of the soil cylinde r s. Thi s was due to moi st

soil tenaciously adhering to the mold sections and, in Hawaiian soils

where adhesive forces often exceed cohesive forces, the weaknesses

would develop where adhesion was not a factor. When a sample lump

contained a fracture it was questionable whether or not the roots

which had developed within the fracture should be part of the measure-

nwnl. In Stage D, a few roots and rootlets tend to locate in fractures,

or to develop in planes of weakness. As the bulk density of the soil

i ne rease s, the tendency for root s to develop in fractures inc reases

until all root proliferation is confined to a dense root mat either within

a few fracture planes or around the compressl'd Roil cylinders.
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Many compressed soils in the field contain fractures similar to

those in the manufactured soil cylinders, but the percentage of frac

tures is not necessarily similar. There is no known way of differen

tiating roots which normally develop in planes of weakness from those

confined in fractures except for the .stages of more severe root degra

dation. None the less, the decision was made to include all roots from

all lumps. realizing that this would present a larger root population

than the stages of root degradation descriptions indicate when an ex

cessive amount of roots from fractures occurred in the sample.

An enti re root system of a plant, confined in a small pot, does not

duplicclte a field situation which has many times th<> volume for root

expansion. It may be suspected that pots would therefore contain more

roots per unit volume than do field soils. Oddly enough, when the

borders and bottom of the P?t were ignored, the root mass within the

pol appeared similar to the mass determined in the field for corres

ponding soil depths, ages of plants and soil bulk densities. Root mass

and root volume normally show an inverse relation with soil depth or,

more correctly, with distance from the plant. Plants with a fibrous

root system, except for an inverted truncaterl cone about 20 em. deep

under each plant, show a lessened relationship of roots with distance.

If primary roots and larger branch roots are removed from the

sample, the effect of distance appears to become negligible, even

directly under the plant.

Assuming that small roots and rootlets accompli 8h most of the

active sorption of nutrients and moisture while larger roots serve
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predominantly as conducting ti ssue, the removal of larger roots would

not have been amiss. Due to conducting tissue and to roots that were

confined within fractures being included in .these determinations, the

stages of root degradation, as previously delineated, 'could not be ap

plied. Although many fairly large lumps of compressed soil were used

and many man-hours were invested in washing and collecting all roots

and rootlet s, the variability of di stribution of roots within the lumps

of soil, both in size and location, still proved that there had been in

sufficient sampling. Therefore, the decision was made to compare

the results of this study directly with soil bulk density.

(1) To Root Mass: Table A-XIV, located in the Appendix,

presents the 60C' C. oven-dried weights, expressed in milligrams of

root material per cubic centimeter of soil, fur roots that developed in

r>ach of four soil materials at various soil bulk densities. The four

soil materials all indicate an inverse relationship between root weight

and soil bulk density. By linear regression, three materials could be

related by an expression showing a 99 percent confidence, statistically,

while the relation with the fourth material shows better than a 95 per

cent confidence. Zimmerman and Kardos (35) also obtained inverse

relationships with root weight and soil bulk density although about hill!

of the correlations were not statistically significant because of root

variation~ as discussed above.

The representative of the Grey Hydromorphic Clay Group shows a

sixfold reduction in root weight when the soil bulk density was in

crt'ClRCd from 1. Ol gm/cc to 1. 72 gm/cc (Fi~ure 24). The expression
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Y -= 36.77 - 18. 75X is statistically highly significant. The variability

in sample data in the low density region is due to the inclusion of large

primary roots which are responsible for most of the mass and volume

reported.

The' representative of the Alluvial Soil Gronp shows a twofold reduc

tion in root mass when the soil bulk density was increased from 1. 03

gmlcc to 1. 57 gm/cc (Figl~re 2.5). Despite the inclusion of many roots

located in fractures at the higher soil bulk densities, the expression

Y -::" 39.03 - 17. 3LX is statistically highly significant.

The n~presentativeof the surface soil for the Low Humic Latosol

Group shows more than a tenfold reduction ill root mass when the soil

bulk density was increased from 1. 03 gm/cc to 1. 57 gm/cc (Figure

Lt1 ). The e'xpression Y -= 86.95 - 53. 45X is significant despite the .in

c,lusion of many large primary roots in some samples at lower bulk

densities and of much root material from fracture planes in soils at

highC'l" bulk densities.

The Tt'presentative of subsoil material of the Low Humic Latosol

Group shows a reduction in root mass more sinlilar to the other soil

Groups than to the surface material from the same soil Group (Fig

ure L7). The expression Y = 35.37 - 19. QSX is statistically highly

significa nt.

Despite the weaknesses of this technique. it was determined that

the mass of roots would decrease as soil hulk density was increased.

Through the usual range of bulk densities encountered in the field, the

del'reasC' in mass call he estimated by the expression Y ~ 37 - 19X.
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FI QURE 25

WEIGHT OF ROOTS IN RELATION TO SOIL aULK DENSITY

MOKULEIA SILTY CLAY LOA~ SURFACE SOIL

~ROU FIELD KAWAIHAPAI 20 - WAIALUA AGRICULTURAL CO.

Y = 39.03 - 17.32X
(HIGHLY a'QNI~tCANT)
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WEIGHT OF ROOTS IN RELATION TO SOIL BULK DENSITY

WAHIAWA SILTY OLAY SURFACE SOIL

F'ROM Fo. HELEMANO 6 WAIALUA AGR1CULTURAL CO.

Y = 86.95 - 53.45X
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,This approximate expression is too generalized to separate the soils

from which it. was derived, and its application cannot be extrapolated

to illdllcil' the Hydn)l Humic Latosols.

(~) To Rout Volllme: Table A-XV, located in the Appendix.

presents the volurnc of roots, f'xpressecl as a percentage of the soil

voIUIlH'. which developed in various soil bulk densities for the four

soil mdtcl"lals just dis,cussed. Each soil gave an inverse relationship

betWI'l'1l root volume and ~oil bulk density. ' By linear regression,

PXpl'l"SSiOllS wpre obtained which fit two materials with less than a

onp !>1'J'cpnt chance of error while exprpssions were obtaine~ for the

other tWll soill'naterials which gave less than a 5 percent chance of

('rror.

The representative of the Grey Hydromorphic Clay Group showed a

thn:'l'fold reduction in volume of roots when the soil bulk density was

increased from 1. 02 gm/cc to 1. 71.. gm/cc (Fignre 28). The expres-

51011 Y ::: ~. 6H - 1. %X is statistically highly significant.

Thf' rep rc scntati ve of the Alluvial Soil Group showed a twofold re-

duction in volume of roots when the soil bulk density was increased

fronl I. n.; gnl/cc to 1. 57 gm/cc (FigHrc' (:q). The expression Y ::

'.

~ q q
" '

1. 30X is stat i stically highly significant.

1'11(' r('presentativl' of tlw surface soil of ti1l' Low Humic Latosol

Group showed a tenfold reduction in VOlUl11(, of roots when the soil

bulk dt'nsity was increased from 1.03 grn/cc to 1.57 gm/cc (Figure

HI). '1'111' l'xl)J'('ssiol1 Y

TIll' I'I'(lI"('!:>entativp oj suusoil material of tIl(' Low Hllmic Latosol
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FIQURE 29
2.5 a VOLUME OF ROOTS IN RELAT ION TO so IL BULK DENS ITV
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(SIGlNIF"ICANT)

. y = 6.58 - 4.04X

FIGURE 30
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Group showed a threefQ.ld reduction in volume of roots when the soil

bulk density was increased from 1. 01 gm/cc to 1. 60 gm/cc (Figure

31). The expression Y = 2.65 - 1. 43X is also stat~sticially signifi

cant.

In a newly tined field, the volume of roots is approximately one

percent of the soil volume. As the bulk density is increased the ex

pression Y = 2.8 - 1. 4X will present a close approximation of the per

centage of roots located in soil at each bulk density. The use of this

approximate expression cannot be extrapolated for use with Hydrol

Humic Latosols.

g. Functioning Capability: The presence of di storted roots de

veloping in compressed soil does not assure that such roots function

normally. In fact, the question may be asked as to whether or not

badly flattened and distorted roots function at all. The soil atmos

phere in compressed soil contains less oxygen and has a slower dif

fision rate (~4) than does soil at lower bulk densities. Cannon (3)

states that oxygen enters root cells predominantly by a diffusion

process. With the oxygen content reduced below optimum, a slower

than normal nutrient movement may be obtained within the root cells

due to cell functioning being Ie ss efficient under poorer oxygen rela

tionships.

A simple technique, described in tne "MATERIALS AND METHODS"

section on page 15, was devised to dete rmine the uptake of radio

rubidium in compressed soils. Although studies were not conducted

on the diffusion rates of radio-rubidium in Hawaiian soils, it is
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assumed that, since phosphate ions are easily fixed in Hawaiian soils,

I'adio- rubidiu.!1? would follow, the general pattern establi shed for Con

t.inental United States soils. From the apparent diffusion coefficient

for R 0 86 't'stabli'shed by Vasey and Barber U 9} for two Continental

United States soils, radio-rubidium diffusion would calculate to about

0.01 sq. cn1/year. If this is true, roots nHlst enter the compressed

soil cylinders to absorb rubicli"lm. Unfortunately, the fractures,

clisctlss('d under "Relationship of Root Proliferation" on page 69,

formed a passageway for roots to the rubidium supply in many of the

compressed soil cylinders. In general, there was a reduction in up

take of radio-rubidium as the soil bulk density was increased (2.6).

Variations in uptake in different soils made much of the data of little

statistical value. Since it has already bcC'n estahlished that root pro

liferation is reduced in soils at inc rea sed bulk densities, then, with

fewer roots present to absorb radio-rubidium, these few roots must

be capable of functioning quite well. The impli cation is that badly

distorted roots and rootlets cannot be said to be any less proficient

than normal roots in absorption.

h. Physical Impedance: Gill and Miller (Cj), using a concise

tf'chnique in a well-designed study, were unable to prove physical

impedance, ~~. They were able to distort and fla.tten seedling

roots and reduce rates of growth with applied pressures which ex

tC'IHIl'u to as much as 5 kg/ sq em, but elongation continued at much

l"C'<!Ill'f'd ratef'. They reporte<!oxygf'n If'vf'IR (without aSR()('iatf'd tNn

peratlll'l's) and diu show that, by fluctuating thl' oxygen content, the
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apparent physical impedance obtained at lower oxygen contents was

not real. Wiersum (33) did produce evidence of physical impedance

in a rigid system, but Barley (l) shows that soil is not a dgid system.

Under normal conditions, physical impedance is difficult to separ

ate from poor aeration: to determine whether soil bulk densities at

which roots fail to penetrate may be classified as .physical impedance,

soils were compacted at a range of soil-moisture contents. The bulk

modulus developed by soil when compressed to the threshold bulk

density is related to the soil-moisture content. As soil moisture

greatly influences soil strength, relatively small changes in moisture

content might be thought to affect the ability of roots to develop in

dens(> soil. If physical inwedance were a factor, a drier soil would

then have a lower threshold bulk density than the same soil com

pressC'd to a threshold bulk density in a more moist state.

Hydrol Humic Latosols are more moist, and have a lower soil

strength, than material from other soil Groups. Yet, in Hydrol

Humic Latosols, cane roots reach each stage of root degradation at

. 'much lowe·r bulk density value s than in soils with greater strength.

Table IV shows one soil material compressed to nearly identical bulk

densities at various moisture contents. Although the strength factor

changed severalfold within the range of moisture -variations, the stage

of root degradation is identical.

One major limitation to this technique is the decreased aeration

porosity that is associated with increased moi Rture content. How

ever, adequate aeration has been allowed in some compressed soil



Table IV

RELATIONSHIP OF SOIL MOISTt~ CONTENT TO AERATION POROSITY WITH SIMILAR SOIL BULK DENSITIES

Molokai Silty Clay (Surface Soil)

From Fd. 33 Oahu Sugar Company, Ltd.

Soil Bulk Aeration
Replicate Moisture Density Porosity

·~o. (%) (gm/cc) (%) Remarks
::'203 14.7 1.54 24.07 Very few roots, most in fractures .. Badly

distorted.
1204 14.7 1.53 24.57 Very few roots and rootlets, most in fractures.

Both badly distorted.
1205 14.7 1.53 24.57 Very few roots and rootlets, most in fractures.

Both badly distorted.

1206 19.5 1.57 15.05 No roots.
1207 19.5 1.56 15.60 One primary root in compressed soil cylinder.
1209 19.5 1.57 15.05 No roots.

1189 23.7 1.59 7.30 No roots.
1192 23.7 1.59 7.30 No roots.
1193 23.7 1. 57 8.46 No roots.

1200 29.5 1.57 0 No roots.
1201 29.5 1.57 0 No roots.
1202 29.5 1.57 0 No roots.

1210 33.3 1.48 0 Few primary roots and rootlets. Both flattened,
angular close branching--mostly in fractures.

1212 33.3 1.47 0.18 Few primary roots and rootlets. Both flattened,
angular close branching--most1y in fractures.

1213 33.3 ·1.48 0 Few primary roots and rootlets. Both flattened, 00

angular close branching--most1y in fractures. 0'
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cylinders which were manufactured at several drier moisture con

tents, but yet with available water. Roots appeared identical, regard

less of soil-moisture content, in soils compressed to similar bulk

densities. Those roots which developed in the same soil, compressed

to identical bulk densities with a very small aeration porosity value,

appeared identical to those developed under much better aeration por-,

osity conditions.

This study does not prove the existence of physical impedance. It

is t rue that roots are incapable of physical entry into soil material

under some conditions, e. g., toxic concentrations of certain com

pounds and gases, moisture contents below the permanent wilting

percentage I etc., but such situations are not intended to de scribe

physical impedance. Careful examination of soil compressed above

the threshold bulk density indicates that the roots were often able to

dent the soil or to " e tch ll a groove in compressed soil material, but

were incapable of further entry. Could not a toxic concentration of

carbon dioxide surround a young root, which is tightly sealed in this

atmosphere, prevent the further entry?

i.' Rate of Elongation: In the previous considerations, the time

factor was ignored with respect to root activity. Just as the rate of

diffusion, or rate of mass flow, of gases may apply to a static situ

ation with roots, the application of the time factor to a dynamic root

situation may be equally important. We have identified roots in soil s

at various bulk densities and under various aeration porosity condi

tions. The fact that a single root, or a dens(:' proliferation of roots,
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is noticed after the lapse of one year does not indicate the rate of

activity of the root, or roots. The rate of root growth may possibly

assi st in understanding the effect on roots with respect to increased

soil bulk density.

A technique which allows observation of elongation was devised

and described in the "MATERIALS AND METHODS" section on page

16. Rates of root elongation in soils at various bulk densities were

obtained from daily measurements of root elongation along plate glass

windows. Figure 32 is typical of the data obtained and establishes a

definite reduction in elongation rate with relation to increased soil

bulk density. For two reasons, no attempt was made to establish the

rate of deceleration of root elongation with increasing soil bulk den-

sity: 1. root elongation is sporatic; a root may elongate for a short

period of time at one rate, then continue at a new rate or stop elong-

atioJ:l completely for several days before continuing on. With such

varying activity many hundreds of measurements would be required

to establish a reliable mean elongation rate for eac;:h soil bulk density.

2.. The presence of the compressed soil horizon destroyed the nor-

mal moisture drainage pattern, causing reduced aeration conditions.

Roots elongated at a slower than normal rate in the loose soil above

the compressed soil horizon due to the poorer moisture drainage.

Bubbling air through porous aeration applicators allowed roots better

aeration in the loose soil. Under applied. aeration the roots elongated

at about ,a 5 cm/day rate, which is normal for cane roots in loose
i

soil. The effect of applied aeration on root elongation in compressed
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soil restricts the use of the reported data to comparisons and raises

a question as to the validity of the data,.E!E se.

Gill and Miller (9) demonstrated a dual relationship with rates of

root elongation for corn seedlings: they found a direct relationship

with oxygen content and an inverse relationship with mechanical pres

sure. Again, under a dynamic situation the mass movement of a di

lute oxygen source may be just as effective for root development as a

richer oxygen source partially replenished by slower diffusion.

The slower rates of root elongation obtained using the window-box

technique may be due to poorer aeration porosity and lower gaseous

diffusion in the more dense horizons. Increasing resistance to the

physiological pressure of a root forcing the root tip ahead, during cell

elongation, may assist in slowing down the rate of root elongation in

denser soil horizons. Should the resistance to physiological pressure

be a major factor, one might suspect that cells· are incapable of full

elongation. Therefore, one might further suspect to find smaller

cells with, perhaps, 'thicker cell walls, in roots which developed in

denser soil.

j. Cellular Examination: In 1929, Hottes (ll) publi shed the

findings of his research on the "intimate" relation between cytological

functioning and cytological structure of roots. His results led him to

believe that, during their period of activity, the cells are subjected

to a continuous series of chemical and physical processes induced by

internal, and modified by external, conditions: by controlled experi

mentation one may effect modifications to normal cell structure and
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functioning. From his studies on effects of pressure on the root tip,

he reported that, in the axis normal to the applied pressure, the cells

divided mitotically in the region of cell formation but failed to elong-

ate, and the cells became deformed by enlarging into intercullular

spaces: in the axis parallel to the applied pressure elongation was

. more extensive and the cells were more normal in size and shape.

An examination of a cross section of such root tips frequently s·howed
. .

distinct evidence of a gliding growth: the cells in the diameter per-

pendicular to the confining pressure were mechanically prevented

from elongation while those parallel to the pressure were free to'

elongate in that direction. He also describes differences in the cyto-

plasm and nucleus for the various regions of the root. Recently,

Barley (2) substantiated alterations to cellular structure for roots

grown under pressure.

From the present study on relationship of root proliferation in

soils compressp.d to various bulk densities, in which both root

weight and root density were determined, some suggestion of cellular

variations might be apparent. The root volume relationship was in-

vestigated on the premise that roots developing in denser soil might,

themselves, have an increased volume weight. Should this prove

true, then root weight data might be misleading. The results of the

root volume and root weight studies, however, show that the mean

volume-weight value for sugarcane roots is approximately 1. 30 gm/cc,

regardless of the soil bulk density. Figures 33, 34, 35, and 36 show

that there is no evidence from this inconclusive study to suspect any



<
0,..
c:
~
PI

•PI-
i)
%
-4

0...
:lI
0
0
-e

~
CD-i)c-....
n
n-

1.40

1.20

1.00

[} 0 0 0 @
l G 0

<::>

FIGIURE 33
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differences in cellular construction of roots developing in soil com

pressed to various bulk densities.

Mic roscopic examinations of root ti ssue were utilized to verify the

suspicions of the imprecise root volume-weight comparison. These

examinations were made on large roots, small roots, and young roots

using ti ssues prepared for c ross- sectional and longitudinal observa

tions. After observing some 2.,000 sections of cane root tissue grown

in soil compressed to various bulk densities, it became obvious that

the ·differentiations reported by Hottes for 5-day-old root tissue of

Vida faha were not as pronounced in the slides prepared using older

cane root tissue. Figure 37 illustrates the close association of three

sugarcane roots which developed in a fracture in a compressed soil.

Observations of cross sections of older sugarcane root tissue which

developed in fractures in compressed soil show pronounced flattening

in the cortical region of roots. The stele is often flattened slightly,

but cells within the cortex and stele do-not show a decided flattening.

Cortical cells of sugarcane roots tend to disintegrate after a few

weeks' growth, thus forming the large chambers visible in the cortex.

The root s which develop in loose soil do not show a flattening ten

dency in the cortex or in the stele although the disintegration of cor

tical tissue may cause a non-cylindrical contour. Figure 38 illus

trates a sugarcane root which developed in loose soil.

Observations of longitudinal and cross sections of tissue of cane

roots do not confirnl the cell size differences repo.rted by others for

other plants. No obvious differences in cell size or cell wall thickness
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Figure 37. A cross-sectional segment of three roots in direct

contact which developed in soil at a bulk density of 1. 56 gm/cc.

Al though the cortex is badly distorted the stele is only slightly

di storted and the individual cells show no di stinct evidence of

distortion.
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Figure 3H. A cross-sectional segment of a normal sugarcane

root. The cortical tissue is deteriorating, but the root still

exhibits evidence of a circular habit.

98
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were correlated with bulk dens~ty of soil in which cane roots developed.

T.he pos sibility of cells swelling to normal dimensions during the

treatment and impregnating process used to prepare the tissue for

study was not investigated. However, the cells in the better quick

frozen tis sue did not appear different from the impregnated ones.

G. STUDY WITH SOIL PROPERTIES:

a. Field Variability:

(1) Moisture Content: Application of a laboratory-greenhouse

technique to study principles involved in increasing soil bulk density

allows for accuracy that would not be possible using field studies. To

cite an example of field variability, data from three soil sites are

presented for soil materials used frequently in this study. Tables

V, VI, and VII show the variability of one factor from three relatively

flat areas, each of which covered 12 square meters. Twenty samples

we re taken at each 7.5 em. level from each site to a depth of 52. 5

cm. Although there were no micro-relief fluctuations which would

obviously explain moisture variations, two of these tables present an

approximate 8 percent moisture variation at each depth delineation.

For the Low Humic Latosol Group, a Wahiawa silty clay was used

and a Lualualei clay represented the Dark Magnesium Clay Group.

The variations in soil moisture are much greater for the Hilo silty

clay which represents the Hydrol Humic Latosol Group. The varia

tions in soil moisture within short lateral distances are typical of

field conditions in Hawaii: variations are even greater with depth of

soil and with topographic variations.
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Table V

SOIL MOISTURE VARIATIONS IN A WAHIAWA SILTY ClAY

Stations Gridded 1 Meter Apart-from Wahiawa Forest Site 184

Depth in Centimeters
Station 0-7 ,5 7.5-15 15-22.5 22.5-30 30-37.5 37.5-45 45-52.5

SOIL-MOISTURE CONTENT (%)

A-I 46.9 46.2 49,4 47.1 43.2 38,6 39,6
A-2 45.5 45.1 43.1 40.2 42.7 37.5 35.8
A-3 45.3 43.4 41,0 39,5 36.9 35.9 36.4
A-4 46.8 46.3 39.1 38.8 38.9 37.4 38.1
A-5 5L~. 2 50.7 46.2 42.7 42.3 39.3 38.9

B-1 Lf2.7 1+4.7 45.2 41.9 39.9 37.6 38.2
B-2 45.1 44.6 46.4 40.3 LfO .5 37.6 38.1
B-3 47.6 46.9 42.6 38.0 37.8 38.9 38.2
8-4 44.8 45.1 40.7 40.1 37.4 37.5 38.6·
B-5 47.6 48.2 46.2 37.5 36.5 38.2 38 .0

C-l 46.2 47.2 44.6 38.9 39.9 38.0 37.7
C-2 40.7 43.2 40.5 41.0 41.3 38.6 38.3
c- 3 43.8 43.8 38.4 38.5 37.0 36.7 36.6
C-4 43.1 45.4 36.7 36.6 38.0 36.4 37.6
c-) Lf5.2 47.8 38.4 37.2 36.3 3S.3 37.8

D-1 43.7 45.6 42.8 38.9 38.8 40,6 41.6
D-2 43.3 46.8 38.3 37.9 39.9 38.8 37.4
D-3 40.0 43.4 38.0 35.6 37.2 38.0 39.0
D-4 40.9 41.8 36.5 36.6 37.7 36.5 36.3
D-S 44.7 46.3 39.0 37.7 38.9 39.3 39.3

Mean 44.9 45.6 41.7 39.3 39.1 37.8 38.1
C.V. (%)* 6.89 4.50 8.92 6.61 5.39 3,39 3. Ld

*C.V. Coefficient of Variability



*c.v. = Coefficient of Variability
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Table VII

SOIL MOISTURE VARIATIONS IN A HILO SILTY.ClAY

Stlltioni'l (;ridded 1 Met0Y Apart-from Hil0 Sugar Company, Ltd. Field 9

Depth in Centimeters
Station 0-7.5' 7.5-15 15-22.5 22.5-30 30-37 ,5 37,5-45 45-52,5

SOIL MOISTURE CONTENT (%)

A-I 82.6 95.9 92.8 112.1 189.5 234.7 241.6
A-2 96.5 105.6 97.5 93.7 112.9 219.1 223.7
A-) 94.6 106.3 107.6 128.6 124.6 212.8 255.7
A-4 91.2 120.6 144.2 216.6 205.7 190.8 286.2
A-5 105.8 140.4 127.5 238.5 197.3 259.1 280.8

B-1 82.9 100.7 98.8 116.6 192.4 200.1 25L~.9
B-2 80.9 102.9 114.7 113.5 197.7 229.1 226.2
B-3 99.1 112.0 207.0 134.8 201.0 215.0 306.4
B-4 106.3 125.6 145.0 166.4 169.8 221.0 285.1
B-5 100.0 162.9 132.1 283.0 175.2 2 '19.7 275.9

c-] 105.9 181. J. 112.9 206.1 183.5 237.8 213.3
C-2 101. 8 126.') 131. 1 157.0 190.0 302.3 269.6
C- :3 131./! 137.9 259:4 161. 2 233.1 L37.3 293.4
C-4 128.8 163.6 295.3 306.6 229.4 234.8 264.4
C-') 100.6 156.3 185.4 206.4 235.4 308.2 295.5

n-I 101. 9 116.9 131.1 136.8 ,240.9 313.1 293.5
D-2 120.1 162.6 195.6 113.8 172.5 231. 2 296.4
D-1 107.4 111.4 143.6 132.0 195.2 245.2 289.6
D-4 134.2 186.7 164.6 196.5 222.9 2L~6 • 7 258.4
D-5 100.9 182.8 168.9 218.1 2.17.9 260.6 277 .1

Mean 103.6 1'34.9 152.8 17] .9 194.3 241. 9 269 . L~

C.V. (10)* 1L~. 64 22.26 35.15 34.80 17.21 13.77 9,90

*C.V. C\ll·fUel(·nt of Variability
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( ~). Eul k Density: Since soil moisture is adorn inant factor

regulating soil strength (10, 15), it is possible that variations in

density would result from vehicular traffic on areas of variable soil

moisture. An estimate of variability in bulk density which can be

achieveJ with a standard force can be obtained for the Lualualei clay

and for the Wahiawa silty clay from Figure 39. With an 8 percent

moi sture fluctuation, for example, one can expect as much as a

0.2. gm/cc bulk density variation in these two soils. Considering

that the Wahiawa surface soil spans the enti re range of root degra-

dation stage s with a bu lk density change of O. 5 gm / cc and the Wahiawa

subsoil does likewise with about 0.4 gm/cc, the 0.2 gm/cc variation

cHeu above is, therefore, excessive for precision research. It

should be pointed out that the standard compaction curv€,s presented

in Figure 39 flatten out as extremes of soil moisture are encountered

so that smaller differences in bulk density would result from pres-

sure acting on soil at the'se moisture contents.

Associated with variations in moisture content, in horizontal as

well as vertical axes, there are soil profile differences with depth:

variations in clay content, structural type, structural strength, pre-

existing density. etc., exist. The non-uniform compacting effort of

a rocking, vibrating vehicle used in field studies introduces addition-

al va riahles. Figu r€' 40 shows how variable the soil bulk density was

after an apparently controlled field test in a Wahiawa silty clay with

traffic from one piece of equipment. Following the' te st, the range

~n variability of bulk density, for any depth (Ielineation, was



F I QV~E 39

R£LATI~3HIP OF jQlL BULK DEN~ITY TO MOISTURE CONTENT

1.50

I
al
0-..
CD
c:
r
~

CI1. 45 -J P1
Z
CIII--4
0<-Q
E--0
0-
~•
~
C
~

CIII-,.
-4
0<

0
r
~
0(

35

WAHIAWA SILTY CLAY
(SURf'ACE SOIL)

1.50

~ I- 1. 65

WITH A STANDARD COMPACTING EFFORT.

20 /25 30

,...
c:
~
c:
~ I- 1. 55
1'1

o,..
~
<

-r
III
c:,.
~

CI
1"1
Z
III

~ I. 1. 60-I-oo-

SOJ~ ~OISTURE CONTENT (%) .':)

~

-.
.~



FIQURE 40

VARIAB!LITY OF SOIL BUL~ JE~5;TY UNDER ONE

TRAFFIC TREATMENT

WAHIAWA BILTY CLAY FROM WAI4LUA AGRICULTURAL CO.

DE~H--

....
-•......
~ 15-20 eM

10

:.:/
..../'. Y ti,'. . .',\ ..... .., /

. '. /
\. ••••••••• / MEAN BUL.K OENS I TV

........ ,,' 0.5 ell' :I 1.12 awl cc
',.---- 7.5-12.5 eM = 1. 0>3 QMI cc

15-20 CM =1.05 QM{cc

L5

HELEMANO 6

.... .. .•
5

//,

~/ '.."_ ..A~'" .: .-'. \. /. .' .' .. .., .'
•

• • • •. . ... . . .
~. ~.

.

1

• 1\
:". I. \
\ .... P' ". \
\.... ..'7 ". ~
\ .....,
\ I
\/.

1.00

1.30
I

ClI)

0-,.
CD
c:,.
~

0

'"zClI)- 1.15

o
o-

REPLICATES o
U1



106

approximately 0.2 gm/cc; The bulk density replicates for the surface

20 em. varied ave r a O. 3 gm / cc range. Although the mean value 5

from 16 replicates did show an increase in bulk density within the

surface 12.5 em. of soil, approximately two-thirds of the samples

from the most compressed level (0 to 5 em. ) were similar to those

bulk densities found at lower depths. Field experience has guided

the writer to expect fair correlation with II or more soil bulk density

replications.

(3) Water Permeability: Useful information can be ubtained

from field studies provided that the pertinent variables are care

fully considered and limited, and that there are adequate replicates.

Frequently a more sensitive measuring criterion can be utilized in

the field to show a relationship with fewer replications.

One of the more sensitive techniques for measuring soil deforma

tion is the constant-rate field infiltration-permeability for water.

Table VIII shows the relationship of traffic to permeability with just

six replicates which are quite variable in themselves, but the mean

val Iles show a .d!:lfinite reduction in the rate of flow of wate r through

the soil with increase in traffic. Just one pass of a loaded cane

buggy, which had a surface ground contact pressure of O. H3 kg/cc,

produced a 20-fold mean reduction in infiltration permeability. With

additional traffic, the constant-rate infiltration-permeabilities are

f1.1 rOw r reduced. Rates of reduction were so rapid that a semiloga

ritlunic presentation was required to expres"J the data ill Figure 41.

Inc reases in soil bulk density.from six replicates of each traffic



Table VIII

RELATIVE SENSITIVITY OF CONSTANT RATE INFILTRATION-PERMEABILITY AND
SOIL BULK DENSITY WITH" VEHICULAR TRAFFIC

Hilo Silty Clay

Hakalau Plantation Co., Field 131-2

INFILTRATION-PERMEABILITY (em/hr) BULK DENSITY AT 5 TO 10 em. DEPTH (gm/ee)
No. of Passes of Cane Bu No. of Passes of Cane Bu

ReD1icates None 1 2 4 8 None 1 2 4 8

1 29.32 0.70 1.16 0.82 0.49 0.71 0.69 0.79 0.82 0.85
2 Leak 5.97 0.52 0.85 0.34 0.71 0.62 0.76 0.77 0.81
3 40.23 1.98 0.21 0.06 1.55 0.51 0.77 0.74 0.74 0.71
4 19.51 2.19 3.75 2.01 0.09 0.68 0.74 0.58 0.68 0.72
5 124.36 1.58 0.52 1.71 0.12 0.58 0.65 0.79 0.78 0.69
6 Leak 0.34 0.34 1.71 0.09 0~62 0.86 0.69 0.84 0.86

Mean 53.36 2.13 1.08 1.19 0.45 0.64 0.72 0.73 0.77 0.77
IC, V. (%)* 90.12 94.65 125.00 62.27 80.0 12.50 12.22 11.10 7.40 9.87
I

*C.V. Coefficient of Variation
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AND BULK DENSITY MEASUREMENTS WITH V£HIGULAR TRAFFIC

R£LATIVE SENSITIVITY OF INFILTRATION.PERMEA@ILITY
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trt-'atrllent were 110t statistically significant throughout the entire traf

fic trf'rttment range "studied, yet a slight trenu of increasing soil bulk

density was inuicated. In this particuli-lr stllcly.. germination and

early growth of r<-ttoonerl cane were not redl.l<.eJ until two passes of a

cane buggy had t ravcrsprl the soil. Reductions in germination and

early gn)wth wp.re quite spotty, but not excessive, except after eight

passes of a calll' buggy OVt'r the cane line. Thus, it can be seen that,

as the infiltration-permeability rates are r(-'duel'd, tlwrc are in

creases 111 Jetriment to the soil, but the detrimt>nt is not readily

apparent in the crop ul1til certain boundaries are exceedf'd and these

I.>()undarii·~s were fount\ to vary with different soils.

Anlltlw r l'Xahlpk u f the e ffeeli venes 5 of the constant - .rat (' fi ('ld in

Iiltratil>l1-pE'rmeability in assessing soil deformation can he obtained

from Table IX. In this study the trrtffic wab confineJ to a single pass",

but the surface ground contact pressure was varied by use of various

pic-lops of E'quipment. Although a slight reduction in the mean constant

ralt' infiltration-·(.H'rmeabilities exists between the \Intraffickcd an'! the

pllsh-,-akp t.rafficked areas, therE" is lack of eviuC'llce of a reduction

in the mean bulk densities. ThE" deformatiun 10 the soil by a grab

loader l'all I>e t'XI,rC'ssc-r! as alrnost a 17-fold retl1\ctiun by the infil

tration-permc-;].hility tf'chnique, hut an O. 05-fold increase by bulk

densit y cOTllpari SUll s.

Oft(~n, aftt~r a u'rtain soil hulk density is obtail1f'i1. ;1 much greater

pressure iii rcyuirl.'d lo accillllplish ;\ HIlld11 adclitiiHld\ illl'rc"ase ill de

formatioll (L)). As an examplE' of this situation. a small reduction in



Table IX

RELATIONSHIP OF LOAD* TO THE INFILTRATION-PERMEABILITY RATE AND TO
BULK DENSITY OF A HYDROL HUMIC LATOSOL

Honokaa Silty Clay Loam Field 7 Hamakua Mill Company

INFI LTBATION-PERMEABILITY (em/hr) I BULK DENSITY (gms/cd 0-20 em, DEPTH
Empty

D-2 Model 355 Kenworth D-2 . M-335
Replications Check Push-rake Grab-loader Truck Check Push-rake Grab-loader

1 7,62 5.08 0.33 0.08 0.62 0.69 0.73
2 1. 78 3.56 0.10 0.08 0.60 0.53 0.61
3 2.54 0.76 0.13 0.18 . 0.60 0.50 0.41
4 6.86 2.29 0.10 0.13 0.68 0.59 0.75
5 3.30 4.06 0.30 0.18 0.56 0.60 0.64
6 3.56 9.40 0.10 0.08 0.46 0.48
7 8.13 3.30 0.10 \ 0.46 0.60 0.66
8 4~06 9.14 0.48 0.18 0.59 0.59
9 10.16 5.08 0.15 0.64 0.39

10 7.11 1.27 0.48 0.38 0.62 0.64
11 6•• 10 10.92 1.47 0.08 0.56 0.54
12 2.54 2.79 0.15 0.18 0.63 0.56
13 3.81 4.32 0.58 0.18
14 8.64 7.62 0.13
15 7.11 2.54 0.10

Mean 5.55 4.81 0.33 . 0.18 0.60 0.56 Q.63
C.V. 46.99 64.24 112.12 65.00 9.17 15.00 23.49'

*D-2 push-rake has a ground surface contact pressure of 0.32 kg/cc.
Model 355 grab has a ground surface contact pressure of 0.89 kg/cc.
Kenworth truck has a ground surface contact pressure of 6.69 kg/cc.
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the constant-rate infiltration-permeability is obtained for a sevenfold

illcl'ea~w in cornpacting effort when the enlpty harvI~st truck is con1-

pared with the grab-loader. The constant-rate infiltration-

permeability in the empty truck route was abont. half of that obtained

in thl' path followed by the grab-loader. This stlldy has a weakness

typical of field stlldif's in which a change in one trf~atrnl'nt will often

alter more than one factor. ThE' gr:\b-loarle,' stayE'c1 much lange!" in

one location than did the moving t ruck of t hI' at he I' treatment: the

grab-loader also has the added deform'ltion capi'lhilities of vibration

and track impact which are much reduced by pneumatic tires on the

trucks.

The height of the head useo to determine the constant-rate infil

tration-permeability did not appear to alter the flow rate significantly

when the variations were maintained within ,~r; Ul). and the rate of

flow did not exceed 6 em/hour. Schiff (2i) rCiJorted on the effect of

small variations in height of surface head and upOn the lack of need

for a double ring ullder the situations encountered in hIS study.

Many comparisons were made with Hawaiian soils, after increase in

soil bulk density, which did not indicatp the need for a double ring to

determine a constant..., rate infiltration-permeability. Variations in

now rate were much greater between the test sites than were the

variations due to rt changing head height and buffering but, in order

to reduce variations. th(' modifipd double ring was always employed.

b. Laboratory Studies:

(1) Water Permeability: The constant- rate field infiltration-
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permeability measurement technique discussed above is quite appli

cable to field usage. When soil cores are brought to the laboratory,

or when soils are artificially compressed within metal rings, and

. wat e l' pc rmea bility is ride rmined by a canst ant-head pe rmeameter,

the results.. c.an be correlated with a specific sample. The intrinsic

permeability may then be determined for specific bulk densities of a

particular soil. Often, additional control of variables by laboratory

methods does not appear to give greater p recision to permeability

measurement. This n1ay, in part, be explailwd by disturbance of

sarnples during trrnsport, storage, trimming, or while conducting

the t<,st. Swelling, due to hydration of clay,. causes some plastic de

formation of structural units within the rings, alld the 5n1a11 size of

cures Lls<,d (35 sq. em. area by L 5 ern. height) does !lot allow ade

quate lateral movement so that soil height becomes more difficult to

maintain.

(~) Air Permeability: Air permeability measurements of

soil coreS appear to eliminate many of the difficulties encountered

with water permeability determinations. Air permeability determi

nations allow the assessment of pore geometry of a soil at an exist

ing bulk density, without alterations caused by clay swell. Air

perrneability is a measure of mass now of air through the pores of

a soil and it allows the assessment of the effects of moisture in open

ing and closing-off pore channels. Although Taylor (~C:;) points out

the weakne::ss of measuring velocity of mass .f1ow of all" instead of

rate of oxygen resupply for plants. there is a rrlationship between

nlass fluw and diffusion.
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ThE" results of limited studies with Hawaiian soils in<.licated a good

relationship of air permeability with root proliferatfon ami df'velop

ment. The pressure of other studies did not allow further pursuit of

this very promising, but unscheduled, study.

(3) Bulk Density: Under laboratory control, specimens of

compressed soil can be manufactured whiell are quite uniform within:

these specimens may be manufadured so that factors necf'ssary to a

stu<.ly can be varil'd in the desired proportion while other factors can

be either co~trolled or measured. Although many phases of conl

pression can be better studied by use of laboratory experiments, often

the results of such studies are not applicable to field use due to an

incomplete understanding of the relationship of conhngf'nt factors.

Bulk density of a soil is usually expressed in terms of nvpn-dried

weight of s.oil pf'r unit volnme of soil in the undri0d state, and is

more correctly referred ~o as the dry bulk density. It is quite com

mon for ('ngilwers to' express b1l1k dpl1sHy as thp weight of a unit

volllm(' of moist soil, or as the wet bulk density .. Each expression

has utilitarian advantages, but according to two engineers (5), the

accepted definit.ion for use with soil compaction is the expression

based on oven-dry weights. Dry bulk density is the expression-of

bulk density with more applicability to agricultural usage and it is the

cornmonl y accepted expres sion of bulk dcnsi f y. COllsc<!uently, through

out this report, soil compressioll will b<' exprf'sscd in terms of bulk

density, although blilk density, pcr se, is inadequatl'.

(a) Effects of Moisture: The bulk <.lellsity of a particular
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soil material may be regulated by various means.. Although pressure

and time are important factors, the soil-n10isture content is a most

important variable from a practical aspect.· Proctor (18) proposes

that the effect of moisture ranges from a st rictly surface tension

phase, in which compression is nil, through a lubrication phase, in

which compression is easily accomplished, to a saturation phase, in

which water occupies the air space. Proctor developed the type of

curves shown in Figure 39-but, unfortunately, he limited his views

on ease of compaction to the thicknesses of the films of water around

the particles which "lubricate" the particles, so that less energy is

transposed to friction. Consequently, with a standard force, the

better the "lubrication" the greater the compaction until the pores

are completely filled with water. Aft'~r pores are filled with water

(zero voids) any additional moisture would reduce' the relative amount

of solid material in a sample and a lower bulk density would result.

Although Proctor successfully explained his standard compaction

curves with this mechanism, he failed to recognize a more impor

tant mechanism which will be discussed later. "Lubrication" can be

applied to sands, gravels, and othe r irnperrneable particlesbut is

only partially applicable to structural soil Imits which sorb moisture.

Its effectiveness with 8t rllc1ural units is evident when the compaction

of a recently moistened structured soil is compared to compaction

obtained with soil after moisture has been fully adsorbed by the struc

tural units. In both of theBe "ituationH, t.he' rnoisturl' content is iden

tiLi.il but, in the lH'cond l·a.Sl', tlU' filrn of moistuTt' around the struc

tural Ullit s does not ad~quat('ly assist in lubrication.
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An additional effect worthy of comment is that. when the moisture

is adequate to produce a zero void condition, calculations indicate

som e aeration porosity remains. In fact, with increasi ng moi sture,

more air is trapped during compression and a lower~ng of bulk density

from the calculated zero void situation becomes greater until a mois

ture content, close to saturation under norn1al bllik density conditions,

is reached.

(b) Effects of Pressure: Thus far, the effects of mois

ture on bulk density have been discussed using a standard force.

From the standpoint of compaction, pressure can also influence bulk

density. By increasing the driving force, instead of reducing resis

tane e as occurs with increasing moi sture. solid particles can also

be pressed into a smaller volumc. It has been demonstrated that, if

the compacting J-lressure is great enough to nlOve particles, or to

cause plastic deformation and shattering of structural units, a

greater bulk density is obtained at any moist.ur~ content than with a

lightf'r pressure (34). When a greater pressure is applied, the max

imum compaction point is obtained at a lowe r soil-moi sture content.

The zero void condition is also reached at a driel" moisture content.

It should be pointed out that the mere fact that pressure has been

appl,icd to a soil need not infer that the soil is compressed. A soil

may even be strained while nnner stress and recover when the stress

IS removed withollt an increase in bulk density.

(c) Effects of Time: Time is a difficult factor t? fully

assess. Soil does not completely responcJ immediately to pressure

application; therp is a time lag. Soil material also has a fatigue
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property and, although it may be capable of resisting a pressure for a

short time, it is incapable of resisting strain when left under adequate

stress for long periods.

When a soil is compressed and contained, thf' resisting pressure

of the soil gradually diminishes. Within limits, if the time is in

creased before pressure is again applied, the pressure requirement

for re-initiation of compression is us\ially increas<:;d. Closely cor

related with time is· the effect of multiple passcR of vehicles: each

additional pass increases the time of the pressure application and

was found to be similar to the re-initiated compression applications

discussed above. In the former·case, however, the pressure was

not held constant. Rate of pressure application, the length of time

th(' pressure is maintained, and the period of time betwee~l repeated

pre S sure appli cati ons ha ve been con1mented upon. The re is al so a

tim (-' factor in v{)lv~c1 with moi stu re which was di sC:tlS sed earlie r.

These aspects of time affect the resulting soil bulk density when

.compression is occurring.

In laboratory studif?s, it has been found that much less rebound

is obtai ned when a soil is compre ssed to the ·de si reel bulk uensity

and held under the confining pressure for one minute. If the confin

ing pressure is not maintained, the rebound fretjuently alters the re

sult ing bulk density appreciably. There is also an effect of time in

volved with the recovery from compression. Although geologists

rt'coglli:l.e rt~hound in dl'ep RPdilnellt lwdB, hundrC'dH of ypars after

the rt>muval of load, t.hese are not now of pertinent interest. Com

pressed soil which is buried within a soil in a mild clilllate, or is
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stored in a laboratory where conditions are maintained, will remain

at the original bulk density for at least I) years. It appears that

swelling and shrinkage, not time, are requi'red of a compressed soil

for reclamation. Naturally, the time factor is involved with the rate

of intermittent straining which causes fractures to develop in com

pressed soil. Slow changes in temperature, or moisture content of

large magnitude, or very rapid, small changes, no not appear to be

'effective in fracturing compressed soil. Lumps of compressed soil

left on a soil surface, e)-~posed to sun and rain, will disintegrate into

loose "granular" tilth in a matter of months. The loose "granules"

are dense fragments of the compressed soil and may not be similar

to the original ::;tructural unit::;.

(d) Effects of Other Factors: The bulk density of a soil

can be increased by additions of naturally occurring, or manufactured,

materials to partially fill existing pore spaces. Although materials

may be added, this partial filling of pores occurs naturally where

predominantly clay, hilt also lime, iron, etc., are eluviated to a

particular horizon. Such action j s so slow, however, that it is usu

ally not consideren with soil compression.

In recent years chemical additives have been developed which.are

capable of either reducing or increasing a soil l s susceptibility to

compaction. Soil additives usually function hy reacting with the soil

moisture or by affecting the strength of the structural units within a

soil l.Jy some bonding rn('chani sm. Although such materials are em

ployed in the engi Ilee ring field, their use ill: the agrkultural field has

not been practicable.
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Soil bulk density is an important consideration of soil compression,

but its measurement is only an expression of total weight of solid

material per unit volume and does not necessarily relate pore space,

pore geometry, or other important influences to the soil or to a crop.

(4) Total Porosity: Total porosity is an expression of the

percent of the volume of a soil not occnpied by the solid phase of a

soil. Within this phase lie the keys to diffusion of oxygen and many

othe r factor s relating to root growth and devclopm cnt. However,

the term "total porosity" does not present an indication of the size

of the pores, the proporti'on of various sized groups of pores, the

geometry of the pore passageways, nor the amount of moisture with

in the soil pore system. The moisture retained at the 15 atm. pres

sure treatment occupies that portion of the total porosity that is

made up of fine pores which retain moisture tenaciously: plant roots

are incapable of removing much moisture from thi s fraction of a

soil. From a practical standpuint, vel'y little of this portion of the

soil volume shoulJ be considered as part of the aeration porosity.

Pores that can retain moisture between the 15 atm. and the 1/3 atm.

pressure treatments may contain the water, or plant roots lnay re

move the moisture from these pores. Moisture retention curves

present the percent of the total porosity occupied by pores with an

effective size range established between these two pressures: thesc"

pores may either contribute to the water-filled pore percentage or

they may bf> par~ of the; aeration porosity. All PO!'PS larger than the

1/ ~ atm. pores arc almost always part of the aeration porosity por

tion of total porosity.
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It. is generally agreed that the macro-pore sized pores are easily

drained of water by gravity and are the pores through which diffusion

is most active (l(" 17). These macro-pores are considerably

larger than the 1/ 3 atm. pores discussed above. Large pores have

been difficult to define: various workers have used tensi~s of 30,

5U, and 60 em. of watcr to separate the so-called macro-pores

from the Inicro-pores.

When a soil iR compressed the total porosity is decreased. Re

gardless of bulk density, the water-filled void perccntage will in

crease with increases in soil bulk density. With an increase in soil

bulk dE-nsity, the loss in total porosity is dUE- to the destruction of

la rge pores that compose a portion of the ae ration porosity (·,f.. '. i l.

(5) Moisture Retention

a. For Moisture Estimation: The typical rnoisture

ret.ention curves, as proposed by Richards (2.0), are utilized for two

purposes, but these purposes are both related to the saIne factors.

In the laboratory a technique, using applied presl:>ure to appr4>ximate

a tellsion sitUdtioll existing in nature, is employed to estilnate mois

turc needs of plants. It has been determined that a pressure of 15

atm. will drain enough moisture from a disturbed soil sample, of

nearly saturated soil, to approximate the moisture content which

exists in nature when a plant with a well-developcd root system wilts

ann will not recover without water being added. At the other ex

treme, 1/3 atm. pressure will drain enough moisture from a dis

tm"bed sample, of nearly saturaterl soil. to approximate the situation

-
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which exists in a deep uniform profile of wet soil which has been

a llowl'd 10 drain by gra vi ty. Moi st ure retention val ue s obtained

frorn pl"f~ssures of 1/:3 and 2/3 atm. we re dete rmined with the pres

Slll"e membrane ailparatus. which was used for greater pressures

instead of with the porous plate which was used by Richards (19). It

has been established, by unpublished research, Ihat the results

from use of the porous plate with Hawaiian soils were: 1. too

variable. 2. not aligned with results from the pre~sure melnbrane

apparatus, and 3. not representative (If field moistures. The pres

su I"e nll'mbrane apparatus at a pressure of 1/3 atm. produced

moisture contents close to those existing in the field under field

capacity conditions.

The moisture retained between the 1/3 and} 5 a t.m. pressure

treatrnents establishes the range of so-called "available Hoil mois

ture" for plant and irrigation usc. These rnoisture treatments also

estCiblish the usual range in field moistures for use by the labora

tory technician so that testing may be concentrated at the more

practical soil-moisture contents. Determination of intermediate

pressures, from 1/3 through 15 atm., allow plotting a curve which

suggests the pattern of moisture released from the sot! to plants.

In the primary investigation the moisture content al which the com

pressed soil cylinders were manllfactnreo was determined from an

ani'llysis of both the moisture retention curve and the standard com

paction curve for each suil.

b. For Pore Size Estimation: In the section on TOTAL

POROSITY' (page 118), the use of J1!oisture retention was discussed
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with reference tu pore size ill order to relate which portions of the

lotal porosity contained air, air and water, alld water. In a later

spction, the use of pore size. as determint-'d by moisture retention

techniques. will be developed furt.her. In general, it is believed that

the thickness of moisture films surrounding soil units is determined

by the "radius of curvature" of the water in adjacent pores. In a

pl"(~ssure mernbrane apparatus. the force dpvp.]oped by the radius of

curvature of water within·the pores will come into equilibriUln with

the air pressure used and excessive rnoisluH' will drain away

Ihruugh the membral1e. Aftt~r all cquilibriurn condition is obtained

and drainage has ceased, the percentage of llIuisture can be deter

mined for the soil.

It can now be seen that the resulting moisture content is the per

celltnf water retained by certain sized pores in a soil expre·ssed in

terms of the dry we j ght of the so il. This pc rcentage of wale r can be

converted by calculation to an approximation of the vollllne of pores

smaller than a certain effective diameter. The pores have been pic

tllr('d as [jnl"' tubes, bllt sl1ch iSl10t the CiU:lP tur pore geometry of

f;iltl. Due to pore geometry, thp anlOllnt of moisture retained during

(
moisture removal is different from the rnoisture content drawn in

during rt "wetting cycle." For this reason, all m0isture values were

deklomllled on the "drying cycle" and are retained nlOistllre valueso

What happens to the pores of a soil following <In increrlse ill soil bulk

density can also be determined by using Illoi1;;lllre-tension techniques

oi rlnalysis, expressed as water pen'C'Il!.
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c. Wi.~~_S;ol~~.~edSoiL Table X was prepared for a

Wahiawa silty clay subsoil: the same subsoil which will be discussed

under STRUCTURAL DEFORMATION (Page l3H). In this' study

scv('ral soils were compressed to bulk densities rangiTlg from 1. un

gm / Cl' to 1. 7h gm/ cc. then dried and sha-tte red. The values shown

in Tablc X arc the mean moisture-retention determin.ations. ex

pressed on a weight basis, for the fragments larger than C; mm., f.rom

2 to I) mm., and from 1/2.. to' 2 Inm .. from soil compressed above

1. 00 gm/cc. Increasing the soil,bulk density did not alter the vol":

tllne of pores which retain moisture under the 15 atm. pressure treat...,

men t measurably. At CI bulk dens ity above 1. (, 0 gm / cc, this soil

was massive and all identity of the original structllral units was lost

to low power optic;11 rnagnificatirll1. Yet. the volume' of pores which

retain n10istllre .It the 15 attn. pressllrl~ trl.';l-Imcllt was silnilar to

that retained by this soil at much reduced bulk densities. This.

thcn, means that.although portions of the original structural units

wt'rc de fOrlnt'd. the pore volume in this size range was not reduced

by plastic deformation and that., at best, few nf>W pores in this size

range were created by destruction of larger pores. The moisture

retention of this soil was not altered by compression until a 2/3 atm.

pressure was applied. The volume of pores in this sil".e range was

reduced by 50 pc I'cent when the soil bulk density was increased from

1. 00 grn/cc to L 28 glll/ce. No further alteration in pore volume In

this Hize rang(' W,IS obtained with an il1l'n~;uH' in sidl hull< den::>ity

fro m 1. 2.H t () 1. 7(, gill / C ('. llll cl e. r t his pre S S lJ J' f' t I' e CI t 111 e n t. Tab1e X



TablE: X

RELATIO~SHIP OF MOISTCRE RETENTIO~

TO SOIL BULK DENSITY
(WEIGHT 3ASIS)

Wahiawa silty clay subscil Waniawa Forest

Tension
Soil Bulk Density

@ 1.00 gm/cc @ 1.28 grn/cc ~ L_~~cc _§t_t.J}O gm/cc @ 1.76 gm/cc

MOISTuRE CONTENT (%)

15 Atm. 29.2 29.2 29.3 29.4 29.2

8 Atm. 30.4 30.1 30.2 30.2 30.3

2/3 Atm. 35.8 33.2 33.2 33.1 33.4

60 cn H2O -- 48.4 44.4 43.8 43.3

SO em H2O -- 48.6 45.9 45.0 45.5

40 :::m H2O -- 53.5 47.9 47.2 47.5

30 em H2O -- ~ 64.7 57.9 59.1 57.7

0

r-.
w
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shows that compression of this soil only reduces the larger mi.cro

pores: lbese pores are easily destroyed with srnall increases in soil

bulk density and the rest of the pores in this si~e range arc unaffected

during formation of higher bulk densities.

By use of a tension table, tensiuns were developed from 30 to (,0

em. of water, or approximately 0.03 to 0.0(· atm., extending this

il1\'('stigation to the larger pores in the 7-one of sepi'lration between

lllicru-pore and macro-pore. It is with larger rnicro-pores in this

si7-p range and with macro-pores. that large volume changes occur

when the soil bulk density is increased. Increasing the soil bulk

density to 1.44 gm/cc rlid reduce by about a quarter the volume of

pores in the size range betwE"en the O. (.,7 atm. pressure and the 0.03

atrn. tension determinations. No additional pore volume loss in this

si;7.c range was olJtained by increasing the soil bull: density further

to 1. 76 gm / cc. The moisture retenti()n (or treatments below 2/3

<ltm. is partially dependent on moisture arollnrl the fragments and in

the interfragmental pores. The use uf fragmellled soil nullifies the

absolute value of the moisture cuntent for the 30 to (,0 em. tension

t reatment.s.

All initial inspection might indicate that a volumetric examination

of these data, with respect to pore v()lurne, would be rnore meaning

ful than a determination of pore volume OIl a weIght basis. Figure

41. shows an increase ill soiL-rnoistul'e retention (or pore volume)

with all increase ill soil hulk density, Utiillg the data from Table X

expressed on a snil volume basis. The application of such a
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volumetric presentation of these data is often misleading when dis

cu.ssing soil cornpaction. During compaction, the soil weight stays

constant and the soil volume is dec reased. Any red l change in pore

relationships would be apparent in a w(>ight analysis. The reason

more moisture is retained at higher bulk densities in a volumetric

analysis is that muTt' suil, with a.sirnilar pore size and pore geom

etry. must be added lo th(~ samplp tu increase the cUlJlpacted voh.lIne

to t.he uriginal soil volume. This added soil is rpsponsihle for the

inCT('ased moisture content. The incrp.ased moisture retention is

nol due to the creation of a larger volume of small pores in soil at

a higher bulk density.

The pore analysis disc-ussen in the preceding paragraphs can be

applied to all soils. ThE" POTC' size relationship with bulk density of

subsoil of most Low Humic Latosols follows the above pattern quite

\vell. Other soils, cUll1posed of units with other strl'ngths and with

otl1<'1' pore geometry. may show different results. The moisture

r('t('111 ions at the I;' 3 and the 15 atm. pressure treatments and the

range between these two treatments' present a practical pstirnatp of

the volume of pores in an important porc size grouping. Observation

of po re volume reduction and deformation· of 5t ructura I units with in

c reas ing soil bulk den sity should s upplernent this mathematical study.

(6) Structural Deformation: For 12 yea rH, structural defor-

. n1ation, follllwing the application of pressure, has been ulJsc]'ved and

phlllogl'aphed. In this particular study, the soils Wt.']'P gruund and

sCl'cerwd through a 2-mm. sieve to elinlinate the effect of pre-existing'
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la rge lumps of compressed soil. Although nicvC'd soil offers thc ad

vantage of more uniformity it does have cerlain 1inlitatiuns: 1. frag

menU; uf s1ructur;d units do not behavp exactly as the natural peds,

and 2.. the natural !'llrusity and pure geometry at the soil have been

destroypd by grinding. With such attempts tIJ create uniformity in

the soil samples. llniformity does not result within the structural

units or fragments. High magnification of thin section slides indi

C<ltl'S that indivirlilal structural units do not always C'xhibit uniform

porositv and. tht'rcfore. would not exhibit uniform strengt.h. Roots

which Wf'r(" allowp.rl to proliferate in the soils crcnted additional nOll

uniformity when roots lnove soil aside as they force their way through

the Hoil (1).

Tp illl1st rate the effect of pressure on soil structural units, a

set of photomicrogl-aphs was selected for each of t.wo soils in which

sugarcane was grown. These two soils were cornfJarcd in earlier

di:>cussions. Although they have similar particle densities, roots

wel'l' ablp t.o proliferate and develop milch bettl'r in the Honuuliuli

clay. at higher soil bulk densities, than ill the subsuil of a Wa'hiawa

silty clay. For future referpllce. it might be well to mention that the

lI1(lislure retention curves for these soils are different dlld. there

fun~. UIW might expect differences in the volullll' ,)f pures [or corres

pond i ng size ranges. Photomi.c rog ra phs of polished thin sections of

so il i·llustrate porosity bette r than the photorn icrogra phs pre sen ted .

'1'),(' phcl/oll1il'rugr<lphs used ill thiH report illustratE' cumpressed

snil in "terms'.' which are more c.ommOn and !lIon' ('i1sil~ undcrstood.
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a ..IL1~~_I!:2.I1l)~~~~Ji Clay Surface Soil: At a bulk density of

1. (lc. gm/cc the aeration porosity is 37.6 percent. Tn Fi~llre 43,

rni'lcro-pores larger than rt nlillirnpter in riianH'ter can be seen, al

though most visible por.es range between 1/4 to 1/2 mrn. in diameter.

A pulisllt~d thin sectiun photomicn)graph of this sliil is mure than 60

perccnl space ilnd mainly shows space with sume segments of struc

tural units. This typl~ of photomicrograph gives a good view of total

porusity, but dues 110t illustrate the pore geometry and structural

unit contacts as well. At this soil bulk density, the structural units

arc quite distinct. although some evidence of sub-rounded corners,

due to handling. can be noted.

At d bulk density of 1. IS gm/cc, there appcdn5 to be a reduction

III the pures ill the 1/410 III ml11. range. In Figllre 44, nlUst of

the s t r Il ct u r <l 1 un its d res til I dis lin c t , a II h 0 u g It 1Iw r {' 0 r i l' n t d t i tJ n () f

structural units allows less point contacts. The larger pores are

definitely distinguishable as root channels. Although this section is

('1'llCl'I'lICd with soil pl't.'perties, son1e' discussion uf the acliun of

n'l>f~ is bettf'r t'xrli'lined in association with Figllrps -1·'+ ;'1I1e) is which

graphicc:lily illllStl·cttr:- the' comprtcting ability of roots. Roots have

the Clbility to force soil particles asidf' or tu l';],USP plastic deforma

tilln l)f the 81 l"llclllralllnits. The plastic deformation caused by roots

is simihr to that report.ed by Day and Holmgren (6) for mechanical

corn pa c t ion.

Soil movement by roots was confirmed by Barley (1) who de

scribed sand grains adjacent tn Toot channels being disposed with
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Figure 44. A rcdllctit.n in the macro-pore's of a JI()Il\llllill1i clay

•1t. '-1 h II Ik dell sit Y u f 1. 1S g rn / CCo A Ius s u f H IW n· e n till a era t ion

porosity was obtaillt~d. Note the ring of soil clJrnpJ"('s~('d about

the large' root chiinnel. Scale is in millimeters.
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Fi~1\l"(' '15. A Honclulillii clay at a bulk density of 1. 23 glll/cC'.

The' stnlctltrRl llnits Rre quite distinct except whp!"(' l',)ols h,lV€'

i Sill m i llim e t e r s .

In
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flatter faces, rather than corners in contact, and with flat faces

parallel to root channel boundaries. H(' also described soil adjacent

to root channels of 1 mm. diameter as being more compact than the

soil several mil1ilnet~rs removed from the channel. The findings of

the writer indicate that all roots move some soil; the larger the

diameter of the root or til(' more dense the soil, the greater the

volume or the degr"ee of the cOITlpression. These conclusions are

lill1ited to situations in which plastic deformation, or individual

p~ rticll~ movement, occurs and where the pressure developed by a

n'lot ooes not exceed the shea ring strength of the soil surrounding

the rl)llt.

At a bulk df~llsity of 1. 23 gm/cc there was a calculated aeration

pU\·(lsit.y of 25. f) percent. Although structural units are still quite

distinct in Figure 45, between root channels, plastic deform.ation

of structural units is obvious surrounding larger root channels and

can t~\,pn be noted sllrrounrling snlaller rants.

At a bulk density of 1.39 gm/cc there was L1 calculated aeration

porosity of 17.7 percent. In Figure 46. plastic deformation of the

structural units is more obvious and fewer of the macro-pores

1<.1 rgc r than 1/ fi mrn. rf'main. Roots and root channels are quite

curnmon at this soil bulk oellsity 111 this particular soil. Figure 46

shows two sections uf rout channels which d.re parallel to the ex

posed surface: orientatio1l of soil particles along the inner surface

of root channels is indicated by the 8ntooth fi\\rface and the stri

ations. ThE' inner wall of a rnot channel is characteristically smooth
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Figure 46. A Honouliuli clay <It a bulk density of 1.1') gnt!c('.

PIa st ic de fo rmation of s true tura 1 un its il!"l 111f1d Ihe la q!,f'I' nw Is

is almost complete. Some plastic dl~formatioll is eyieknl at

coutact points of structurilillnits. Scale is in millim~t('rs.

133



134

if the soil has an adequate clay content alld if sufficient plastic de

formation occurs. The !;triations are presumedly caused by the

root acropetal of the region of elongatiun being forced through the

suil.

At a hulk den~ily of 1. 4S gm/l'c. there WrlS a calculated aeration

pun> !; it y 0 r I 1. 4 pe l' cell t. Fig u r e 4 7 s h() W s t hat Inus t 0 f the s t rue 

tural units have experienced some plastic deformation and that the

original visihle rnacro-porf>s a re less common. The shrinkage

el'<leks suggest the flJnnalion of new aggregates- It should be men

tilll1ed that, although roots are present, the proliferation is slightly

less thill1 that considerpc1 desirahle [0-1' (:rap produr!ion.

At a bulk density of 1. 56 gm/cr,_ the calculated aeration porosity

was- l"t'duced tl) 4.2 percent. In Figure 4H. the structure appears

almost Inassive. rl 1thml gh Crt rr> t\lI examination does show some pore s

<inc! allows- one to dIstinguish some fine-line separations between

some porl-iolls uf m.ost stl'uctural units. The contact is alrnost

l'ol1lplete between the peripheries of many structural units, as Area

A .If this phl1tomicI'ograph indicrltes, l)1\t individllal structural units

still remain. At this soil bulk density plastiL deformation is severe

Hll rvots have difficulty in developing.

At a hldk dens!!, ()f 1.62 grn/cc, the calculated aeratiull porosity

""<IS ouly 1. 3 percen!. Figure 49 shuws thed. under snch a situation,

a [('w rootlets arp still capable of finding a suitable environment in

which to d{~vel()p. It appf'ars that the ,omplf'tf' r1estrllction of the

stnll·lllr.,1 IIllit or till"" Illlnol.l.liul.i day is difficult to outaill. Extruded
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Figure 47. A HonouLiuli (:Iay at a bulk density uf 1.15 gm/cc.

Most vf the structural units have unuergulJc S\)/lle plastic defor-

mation and the original visible rnacro-pol"C's arc less common.

Scale is in millimeters.
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Figure 48. A Honouliuli clay at a soil bulk density uf 1.5& gm/cc.

Tlw stru\.:tural units art' deformed to form almust cumplete contact

with each other. The cut portion was prl'parerl to il1ust,"ate just

how complete contact is un a plane SIl rface. Scale is ill milli-

n1 ete r s.



Figure 4<). A l-!(l!1ouliuli clay at a hulk density of 1.62 gl1l!cc.

C()lllpktc destruction of the structllral llllits is Iwt l'vid('ltl at

137

this hulk density for this soil. Seal<' is ill IllilliIllf'I(~rs.
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industrial clays are difficult to bind due to orientation of the clay

minerals along the periphery of the extrusion. A similar situation
•

may exist with structural units containing clay with swelling ten-

dencies. Interaction along the periphery of the structural units,

due to alternate swelling and shrinking, may orient clay minerals

to make binding of such units difficult.

b. In A Wahiawa Silty Clay Subsoil: In order to observe

the effects of structural deformation in a soil in which some stages

of root degradation are obtained at a low bulk density, a set of

photomicrographs of a subsoil horizon (60 to 72 em. ) from a

Wahiawa silty clay is presented. This is the same soil which re-

ceived a mathematical analysis of pore volumes for several effec-

tive size ranges on page 122. The real density of both the Honouli-

uli clay and this soil material is Z.88 gm/cc. The Honouliuli clay

was compressed at a moisture content of z6. 5 percent, while the

Wahiawa ailty clay was compressed at 29.6 percent moisture be

cause of this soil's higher moisture content at the 15 atm. pressure

treatment. The variations in moisture content should have little

effect on the resulting structural changes since the compressive

pressures were regulated to produce a specific soil bulk density.

The additional moisture will decrease the calculated aeration porosity

percentage reported, however.

At a bulk density of 1. 01 gm/cc, the calculated aeration porosity

is 35.0 percent. The visible pore sizes and structural unit arrange-

ments are very similar to thoBe of the Honouliuli clay at 1. 03 gm/ cc .
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Many macro-pores about 1/4 mm. in diameter are evident. Al-
.~

though most structural units have their natural shape and the units

are oriented, somewhat, ffi.::l.ny point contacts exist. Figure 50 il

lustrates the angular structural units with l.arge pores around and

between the units.

At a bulk density of 1. 12 gm/cc, the calculated aer:ation porosity

is 2,.9 pe Teent. Figure 51 shows the plastic deformation which is

evident in portions of many structural units. There is a decided re

duction in the number of larger macro-pores. Most pores larger

than lip, mrn. in diaJneter arc definitely root channels.

At a bulk density of 1. 23 gm / cc, the calculated ae ration porosity

is 2U. 9 percent. Figure 52 shows that most of the original large

macro-pores have been destroyed but there are adequate pores in

the 1/ H to 1/16 mm. range. Plastic defo rmation is quite common

ill some portions of most structural units. Almost complete plastic

deformation occurs in the structural units surrounding the larger

rout channels. At approximately this bulk density, pore volume in

tht~ t~ffectivC' si7.e range of the 2/3 atm. pressure treatmellt became

se rious ly reduced.

At a bulk density of 1. 37 gmicc, the calculated aeration porosity

is 11. H percent. Figure 53 shows the severe plastic deformation of

rw'st l,f the structural units and that few original macro-pores re

l11;\in. Tn fact, few pores which are nOl root channels remain above

lilA mm. in diameter. Periphf'ry contact of Rtrl1ctural units is

quite complete although many strllctural units still maintain their
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Figure 50. A Wahiawa silty clay subsoil at a bulk density of

1. 01 gm/cc. Most structural units have their natural shape

although the units have been oriented into a tighter arrangement.

Scale is in millimeters.
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Figure 51. A Wahiawa silty clay subsoil at a bulk density of

1. l~ gmt cc. Plastic: deformation is evident in portjons of many

structural units. Scale is in millimeters.
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Figure 52. A Wahiawa silty clay subsoil at a bulk density of 1. 23

gm/cc. Most of the large macro-pores are destroyed and some

plastic deformation of structural units is common. A round large

root channels the sf rllctu ral deforma tion is quite complete.

Scale is in millimeters.
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Figure 53. A Wahiilw;:) silty clay subsoil at a bulk density of 1. 37

gm/ cc. Most of the structural units have undergone plastic de

formation and few tal'ger Inacro-pores remain. Scale is in

millimeters.
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identity. Unfortunately, the soil borde ring root c hanne Ishad unde r

gone plastic deformation sufficiently to eliminate the la rger macro

pores ill these areas. Roots and rootlets have difficulty proliferat

ing through the root channel into this soil and the distribution

through the soil, therefore, becomes fairly poor. The effectiveness

of this soil bulk density in restricting root development is similar

to that of the Honouliuli clay compressed to a bulk density of about

1.55 gm/cc.

At a btilk density of 1. 45 gm/cc, the calculated aeration porosity

is 6. tJ percent. Although most of the structural units have under

gone severe plastic deformation, and complete periphc ry contact

is common, Figure 54 shows that most structural units have not

lost their identity. This soil is dense, but the structure is not

massive. Very few roots are capable of locating a favorable en

vironment in which to develop in this soil at this bulk density.

At a bulk density of 1. 60 gm/ cc, the calculated ae ra tion po rosity

is -0.4 percent. Figure 55 shows that the structure is massive and

that the soil is without a visible macro-pore. No roots were able to

enter this soil at a bulk density above 1.60 gm/cc.

c. As Affected by Soil Moisture: To compress soil at

various moisture contents to a specific'bulk density, the pT£'ssure

, requi rement is varied. When the moisture content is va ri eel, the

~trength of the structural units is thereby alterGd, but the degree of

hulk dCllHily appears equal.
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Figure 54. A Wahiawa silty clay subsoil at a bulk density of 1.45

gm I c.c. The structural units have nndergone severe deformation

and have almost made complete periphery conta.ct. Scale is in

millimeters.
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Figure 55. A Wahiawa silty clay subsoil at a bulk density of 1.60

gm/ cc. The aeration porosity is reduced to zero and the structure

is massive. Scale is in millimeters.'
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The soil-moi stu 1"e C (Jntent wa s va ri ed from IS pe ru'nt to 40

percent by increments of 5 perccnt in a Honouliuh day sit,rface

soil. The soil was compressed at each moistnre content to bulk

densiti('s of 1. 28 gm/ee and 1.57 gm/ce. Exami'nation of the six

salllplt's compressed to I. 2.H gm/cc showed no evidencc of any dif-

ft'rences in pore shapf' or in plastic deformation of the ~tr~H:tl1ral

, .
units. The same was trUt! uf the five san1ples above IS percent

soil moisture which were compressed to a bulk density of 1. 57

gm / cc. The 15 percent moisture sample could only be compacted

tl.l I. r.:, ~ gmlcc, but. at this bulk density, the structural deforma-

tion and pore geometry still appeared very similar to those in the

samples compressed to 1.57 gm/cco .

This study was repeated on Il other soils with similar results.

The defurmation with these difff'rent soils did not necessarily ap-

I>par similar to f'ach other at either bulk density. The moisture

difft'rences at the tin1(' of compression appear to have no effect on

st rllctu ra I de fo rmation ot h(~ r than easing deformation. Naturally,

if the pressure is held constant, the deformation will be greater in

tht-' man' moist soils, but the bulk density will also hf' greater.

A special set of soils was compressed in an air-dry state, with

moisture contents of b. H through 9. 1, percent, to see if plastic dc-

[ol'lnation wou.ld o<':;C\lr at moisture contents about 15 tll I..() pf'rcent

bdow the lower pl·astic limit. In ordcr to accomplish compression,

a loO-ton jaek waf' used, but a ·bulk density of 1. lH gm/ec was the

higtwst dellsity i\!hiev(·c1. EveTl in thi!'l <.1ry stide plastic deformation
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occurred in these confined samples. The heavy mold was slightly"

warped by the t rel1lcndous pre s su re s rcqui red to compre ss these

soils to a bulk. density of l.lH gm/cc. so higher densities were

omitted.

(d) As Affected by Free Iron Oxide: Rose (ll) re-

ported that "crumbs" formed of pure kaolin broke down easily and

that the clay was dispersed under mechanical action. of "rain"

drops. In his stlldit>s with otht>T clay types under similar trcat-

mpnt, he observed practically no breakdown of crumbs and no clay
-~.,,-_..

dispersiou. Since kaolinite is the dominant rnineral of many of the

Hawaiian soils used in the present study, a Bimilar breakdown of

structura.] units tilay b(~ "Buspeete<.l with the mechanical action of

stress. In the present study, however, the aggrega!es of Hawai-

"ian kaolinites <.lid not break down easily.

The presence of free iron oxide in fairly substantial quantities

in Hawaiian soih might be suspected as being partially responsible

for increasing the strength of the st rllctural units. In Hawaiian

kaolinitic suils, free i ron oxide contents which varieo more than

twofold show~'d no e"idence of inc rea sed resistance to plastic de-

formation. The Grey Hydrom orphi c Clay, which contaills some

montmorillonite, did resist plastic deformation better than the soils

without montmorillonite. but free i ron oxide did not appear to be a

fadul' in the range st.udied.

('. An EsliJnatc of Correlation between Soil Bulk \)e"nsity and

Root Df'formation: The primaqr investigation has ~'stablished at
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which soil bulk densities a certain stage of root degradation will

occur for some soil series. The completion of this investigation

would be relatively costly and a long period of time would be re

quired to establish the limits for each iznportant soil in Hawaii'.

A better criterion was not established to speed up the results of

such a study, although a rough guide ha~ been devised using the

usual laboratory c;ietermination of physical properties of soil to

indicate the soil bulk densities in which Stages D, E, F, and G

root degradation will occur.

For a specific soil bulk density, the total porosity can be de

termined if the particle density is known. From the moisture

retention curve for this particular soil material, the moisture

retained at the 15 atm. pressure treatment will allow calculation

of the volume of water-filled pores expressed as a percent of the

whole soil (15 atm. moisture percent X soil bulk density). This

value should; then, be subtracted from the totf;Ll porosity value.

The pores larger than the 15 atm. tension pore are capable of

supplying oxygen to the root. When the volume of these pores is

less than 5 percent, very few roots can be expected to develop.

When the pores larger than the 15 atm. tension pore have a volume

between 5 and 15 perc'ent, root degradation Stages D to E can be

expected. When the pores larger than the 15 atm. pore occupy 15

to 25 percent of th~ soil volume,- root degradation stages C to D

can be expected.

A cor rection can be applied to soils with a larger than normal
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volume- of "availablc l1 moisttlre. Soils which have a large volume

of pore 5 in the l"l t C) 1/3 atm. pre s sure range ha ve a large volume

of pores which are not easily destroyed by compression. These

pOrt'S appear to bc· capable of supplying oxygell to the roots and

roots developing in such soils appear in a better stage of root

<.leg r'.a<.lation at any speciJic soil bulk density than the 15 atm.

volum e pc rc elltage indi cate s.

Table Xl shows the calculated values for three common soils

111 which the effect of increasing bulk density varies the aeration

porosity. The estimated stagesof root degradation may then be

t·onlpa H'd with the bulk density values in Table I (page 50). Table

T shows that very few roots develop in Wahiawa silty clay subsoil

ahove a hulk density of 1. 47 gm/cc: Table XI shows a fdir agre~

ment. Very few roots develop in Wahiawa silty day surface soil

abllve a bulk density of 1. 55 gm/cc: Table XI shows a fair agree

ment. The moisture retention curve of the Honouliuli clay (Figure

56) is shown to contain morE' available moisture than the Wahiawa

silty clay. The curve presented for the Honouliuli clay shuws an

available range of only 9.6 percent which contains about j.O per

cent less moisturc than is typical, but this is the curv/-' for the

identical Honouliuli clay presented in Table XI. With an increase

of about 30 percent in volume of pores in the 1/3 to Iii atm. range,

the roots a re capable of developing better than the 15 atm. volume

pt'rcl'nlage indica,te8,

To test this system of estimating states of root degradation



Table XI

REIATIONSHIP OF THE 15 ATMOSPHERE AERATIO:.i POROSITY
TO SOIL BULK DENSITY USI~G 3 SOIL MATERIALS

Soil Bulk Density (gm/cc)
Soil 1. 37 1.45 1. 56 1.61

VOLL~TRIC SPACE (%)

WahiaNa silty clay
St:csoil

Solid Material 47.57 50.35 54.17 55.90
Finer than 15 Atm. Pores "39.73 42.05 45.24 46.69

Ae~ation Porosity 12.70 7.60 0.59 -2.59

Wahiawa s~lty clay
Surface Soil

Solid Material 47.57 50.35 54.17 55.90
Finer than 15 Atm. Pores 34.80 36.83 39.62 ; 4:0.89

Aeration Porosity 17.63 12.82 6.21 3.21

Honouliu1i clay
Surface Soil

So l id ~la ter ial 47.57 50.35 54.17 55.90
35.82 • 39.77F~ner than IS Atm. Pores 33.84 38.53

Aeration Porosity 18.59 13.83 7.30 4.33 -U1

":
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1I11der ext remc soil c<7nJitions, Table XII was prepared. The Hila

silty clay prevent.s l"{IOl development at a bulk density of 0.96

gm/cc while the Paaloa silty clay loam allows good. to fair root

distribution at bulk densities 'as high as L.. 71 gm/cc. The bulk

dC!1siti('s pres('nted for the Hila silty clay are those given in Table

HI to separate the stages of root degradation. The 1S atm. pore

volumes in Table XI1 are in clos€' agreement with .the' at:' ration

porosity values presented ill Table III. Although the Paaloa silty

clay loan~ was 1I0t one of thf' soils used in the pTimary investiga

tion, the results in Table XII are in close agreement with field

ubse rvat.i ons.
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Tah] e XII

RElATIONSHIP OF THE 15 ATMOSPHERE AERATION
POROSITY TO SOIL BULK DENSITY AS EFFECTED BY THE PARTICLE DENSITY

Hi1u silty clay t?

VOLUMETRIC SPACE (%)
Aeration
Porosity

71.6%15 Atm.

Finer than
15 Atm. Pore ____--=-==-=:..::..L

2'.85 gm/cc

Solid
Material

So i 1
Bulk p,ensity

O.b6 23.16 47.26 29.58

25.96 52.98 21.06

0.79 27.72 56.56 15.72

0.85 29.82 60.86 9.32

0.91 31 .93 65.16 2.91

0.% 33.68 68.74 -2.42

1'aa10a si I ty day loam (Titanium) 19 4.01 '?}Il/cc 15 Atm. = 10.8%

2.65 66.08 28.62 5.30

'2..71 67.58 29.27 3.15

2.78 69.33 30.02 0.65

2 . 8t~ 70.82 30.67 -1.49

2.90 72.32 31.32 -3.64
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CONCLUSIONS

Root proli feration and development a re affected by suil IJu]k den

sity. Restrictions lo root proliferation and development grauually

becon1e more severe over a range of increasing soil densities.

Seven stages of root degradation could be recognized for roots of

1:1I1gdrc;tI1p and occur in all soils studied. Although lhe rools of the

otht'r plants observed look different, the seven stilges uf root

deg radation could still hI' recognized.

It was deternlined that rnass and volunle of rools are decreased

as the hltlk densily is increased; lhat Hydrol Humic Latosols affect

1'001 degradation similarly to other soils, but at much lower bulk

densil ies; that thc' macro-n10rphological distortions to roots are

inc rea sed with inc reasing soil bulk density; and tllal ruo!.s dongate

at a slower rate in denser soils. Thel"e was lack of evidence that

dislt 1 rtc'r1 roots. developing in clense soil, wer(-' less capable of

physiological functioning. Anatomical effects to the cells were not

evident in sugarcane l'uols which Tl1allaged 10 develop in soils at

greater bulk densities.

The prinlary investigation cOI'related seven stages of root degra

dation to soil bulk density of 27 soil materials from four soil Groups.

Allhough good agreement of root degradation to soil bulk density was

oht;tilll'l! with l'I-~jJ]icatps of the Hallle horizon of the sanl{' suil series,

soil hull{ densily, per~ did not afff'ct root degrrH.Jal i(lIl. Apration

porosity percentages were calculated fur the 27 soil 111<1.1 crials. Al

though a bette r ag l'(~('ment at each stagp a f root de g radalion was



156

ootained for soil Groups with aeration porosity than was obtained

with bulk density. it was determined that aeration porosity. £.:.!.~.

did not affect root degradation.

Field and laboratory stndie!'; were conducted in order to observe
I

the effects of increasing soil bulk llensity. It was pointed out that,

although field studies contain many unconsidE"red factors, it is

possible. with enough replications, to detect the state of soil com-

prcssipn by determinations of soil bulk. density or constant-rate

in fj ltrat ion-pe rll1'eahi lity. Tl1f' infi It ration-permeahi Ii ty technique

prnvrd to b(' milch morC' sensitive, but. the results could not be

translated into presently accepted lC'rms of soil compression. It

was observed that the nurnbcr of passes of a vehicle, surface ground

contact pl'('ssun', soil-nloisture content, tin"le of application and

st ruct u ra 1 unit s affect the re suIting soil bnlk densi ty.

Total porosity is decreaserl with increasing soil bulk density.

Total porosity is increased for soil at a specific bulk density as

pa t·ticle density is increased. Inc reased moi slu rc l"f'duces the

aeration porosity. Root degradation does llut appear to be affected

by [u\\'('r ac'raliol1 IJocosity that is due,to fllOi::;tld'C conU'nt: how-

ever, the rate of ro'ol elongation is reduced. Reduction in soil

Slrf'ngth, due tn increased moisture, does not affect a "critical"

oulk density of a soil with respect to physical impedancf'.

PorI' \oI111l1('s at the 1/3 alld 15 atn1. prCSSlIl'C"S \ ...·1·1"1' ddcl'n1inct!

tll Ill' IIt''ll" tht:' Hiz(~R which allow ancdysis of porosity for practical

11f:1·. Tilt:' 15 atm. pOT<> volume was not affected nlt'as\lrahly following
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plasfic c!f'forrlli-ltion of stnlctlJ,-al units by increasing the soil bulk

d"llsity. Even that compression wJDch resulted ill a nl;.lssi"l' st ruc

tUI"(' showed no alteration in \'ollln\e of pores in this :,;izl' range.

Sin'('{' these pores n~tain moisture which roots do not remove, they

remain \vater-filled purcs. The volume of pore::> which range be

tWI'('ll the 1/3 dnd 1'1 atm. size is reduced by iner.easing the soil

bulk density !:)olll(·what. Some pores in this si.7.f' rangeappe<1 r to

pn'sent an environment in which roots can develop: IllC' 11\01'(-' of these

porcs, the better the roots appear to develop. A simplt· rnathemat

iCJI n>latiollship has 1.Jf'C'1l devised from which root development in

a pa rticular soil mate rial at a specific bulk density can be roughly

cst ill1atC'd.
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APPENDIX

1. AN EXPLANATION OF PARTICLE DENSITY DETERMIN

ATIONS FOR HYDROL HUMIC LATOSOLS:

The particle density of Hydro1 Humic Latoso1s was determined

in the standard manner in lieu of a better technique. In nature

these soil particles behave as colloidal gels. The ,,iater associ

ated with the particle is difficult to distinguish from added moisture

since most of both are removed by heating to 110° C. The shrink

age upon drying is tremendous. as is the water loss. The weight,

of the particles is determined from a value which is "corrected"

by the subtraction of the moisture loss from both source s. Deter

mination of the particle volume by the water pycnometer method

does not distinguish the water associated within the gel structure

from that which is added.

The.same difficulties arise with the determination of particle

density of hyd:rated montmorillonities. but with a much reduced

magnitude. The accepted measurement for particle density of a

montmorillonite is based on the standard determination. Therefore.

the particle densities of Hydrol Humic Latosols are presented from

standard determinations, realizing that the colloidal gel existing

in nature would have a much reduced. but undetermined. particle

~ensity.



Table A-XIII

HARVEST-WEIGHT OF CANE IK RELATION TO SOIL BCLK DEKSITY

::i.lo Sil ty Clay

(Used with Figures 4, 5, 6, 7)

Hilo Field 22 Onomea Field 29 Pepeekeo Field 18 Hakalau Field 9-LA
Soil Per Mo. Soil Per Mo. Soil Per Mo. Soil Per Mo.

~nlcc) Slsgl (grli! cd (kg) (gm!cc) Jkgl (gm/cc) lk&l
\

0.64 1 0 . 401 0.66 0.438 0.65 0.454
"I

0.74 0.462
0.66 0.455 0.66 0.408 0.66. 0.448 0.74 0.370
0.66 0.472 0.68 0.457 0.67 0.440 0.77 0.362
0.75 0.462 0.76 0.328 0.75 0.444 0.83 0.398
0.75 0.479 0.78 0.446 0.75 0.484 \ 0.85 0.358
0.76 0.455 0.79 0.412 0.76 0.448 \ 0.85 0.460
0.84 0.514 0.80 0.478 0.84 0.364 0.88 0.422
0.84 0.479 0.82 0.384 0.87 0.393 0.91 0.379
0.87 0.404 0.8/+ 0.386 0.87 0.446 0.91 0.384
0.88 0.451 0.85 .0.411 0.89 0.484 0.95 0.. 349
0.89 0.48e 0.86 0.423 0.89 0.508 0.96 0.388
0.90 0.522 0.86 0.440 0.92 0.477 0.97 C.356
0.90 o.!+82 0.88 0.426 0.97 0.468 1. 04 0.371
0.92- 0.431 0.89 0.~13 0.97 0.458 l.O4 0.414
0.91 0.438 0.89 0.416 Y = 0.41 + O. 05X 1.04 0.381
Y = O. lj. 0 + O. 08X 'y = 0.45 - 0.04X T = 0.50 ~.S. y = 0.47 - 0.09X
T = 0.84 N.S. T = -0.32 N.S. I = -0.95 ~.S.

D..F. = 13 D.F. = 13 D.F. = 12 D.F. = 13

N.S. = Not Significant
0'
w



Table A-XIV

weIGHT OF ~OOTS I~ RELATION TO SOIL 3GLK DENSITyl

WACO Mill 6 WACO Kapai 2D WACO Hele 6 PRr Substation
Honouliuli ~loKuleia Wahiawa Wahiawa

Surface Soil Surface Soil Surface Soil Subsoil
So P Bulk Soil Bulk Soil Dulk Soil Bulk
Density Root Wt. Density Root Wt. Density Rooe Wt. Density Root Wt.
(gm/cc) (mg/cc) (2;IJ1/cc) (mg/cc) (gm/cc) (mg/cd (gm/cc) (mg/cc)

1.02 14.25 1.01 17.86 1.03 29.7 1. 01 19.8
:.03 20 ..26 1. 01 31. 72 :.03 17.0 1. 01 18. :2
1.15 17.31 1.12 21.06 1 ,. 22.3 1. ')3 9.2_. 1. ~

l.15 12.71 l.12 12.12 1.12 52.8 1.11 5.5
1.16 12.66 1.28 14.46 1.25 24.3 1.12 13.1
1. 26 16.01 1. 33 15.24 1. 25 19.3 1.1.5 10.6
1. 39 10.35 1. 34 16.43 1. 37 17.0 1. 23 15 .. 4
1. 39 11.89 1. 34 15.41 1. 37 5.8 1. 32 10.3
1. 39 10.90 1.46 12.90 1.40 12.1 1. 33 9.3
1.51 10.01 1.55 13.97 1.56 2.7 1.44 8.5
1.62 6.06 1. 55 11.25 1.56 2.5 1.45 8.8
1.63 7.02 i 1.56 13.89 Y = 86.95-53.45X 1.50 15.5
l. 70 3.86 1.68 12.03 T = -3.05* 1.50 1.9
1.72 3.01 1.69 5.1.8 D.F; = 9 1.5 :
Y = 36.77-:8.75X y = 39.03-17.32X 1. 54- 1.3
T = -7.92.** T -= -3.57** 1. 56 1.7
D.F. = 12 D.L = 12 1. 59 1.2

1.60 1.6
y = 35.37-lS.98X
T = -3.88**
D.F. = 15

*Statistica1ly significant
**Highly significant. statistically

1Used with Figures 24. 25, 26, 27.

0'
ij:..



Table A-XV
i

VOLL~ OF ROOTS I~ RELATION TO SOIL ErIK DE~SITYI

WACO ~i11 0 ~ACO Kapai 2D WACO Hele 6 PRI SUDstation
3c~ouliu1i . Moku1eia Wahiawa Wahiawa

S~r:a=e Soil Surface Soi~ Surface S0il Subsoil
Soil 3ulk Soil Bulk Soil Bulk Soil Sulk

Del's i ty Roo t Dens i ty Roo t Dens i ty Roo t Dens:' ty Roc t
(gn., ;:c) Volume (gm!cc) Vo1L:.me (gm/cc) Volume (gm/cc) Volu:ne

1.G3 1.64
1.i5 1.37
1.:5 1.10
1.l6 0.69
1.26 1.25
1.39 0.82
1.39 0.78
1.39 0.83
1.51 0.75
1.62 0.45
1.E3 0.52
1.7e 0.28
1.72 0.2~

Y = 2. 58-1. 36X
T = -6.55**
D.F. = l2 D.L = 12

,

0.10
0.18

1. 76%
1.62
0.66
0.42
0.79
0.86
1.15
0.86
0.72
0.68
0.90
1.56
0.23

1. 01
1. 01
1.03
1.11
1.12
1.15
1. 23
1. 32
1. 33
1.44
1.45
1.50
1.50
1. 51
1.54
1.56
1.59
1.60 0.02

Y = 2.65-1.43X
T = -2.56*
D.F. = 14

1.03 2.:9%
1.03 1.28
1.11 1.65
1.12 4.06
1.25 1.80
1.25 1.60
1.37 1.26
1.37 0.43
1.40 0.92
1.56 0.19
1.56 0.18

y = 6.58-4. 04X
T = -2.98*'
D.F. = 9

1. 417,
2.48
1.65
0.95
1. 20

. 1.20
1.19
1.18
1.02
1. 17
0.87
1.02
1.13
0.60

2.99-1. 30X
- 3. 30"~*

:.01
!.. 01
l.12
1.12
1.28
1. 33
1. 34
1. 34
1.46
1.55
1.55
1.56
1.68
1. 69

y =
T =

1.16%~. ':2

*Statistically significant
**Highly significant, statistically

lCsed with Figures 28, 29, 30, 31.

.....
0'
\.11
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Table A-XVI

REIATTO]\!~;:i:iP OF THE MEAN RATE OF ROOT ELONGATION
TO SOIL BULK DENSITY

(Used with Figure 32)

166

Kunia' Si 1ty Clay Subsoi I Hawaiian Pineapple Company

Rate of
Root Elongation

2.00 em/day

1.73 em/day

1. 65 em/day

1. 36 em/usy

0.75 em/day

0.17 em/day



Taole A-XVII

VOLL~-WEIGHT OF ROOTS IN RELATION TO SOIL BULK DENSITY
.I

(Used with Fi~ures 33, 34, 35, 36)

WACO Hele 6 PRI S"lbstation WACO Kapai 2D WACO Mill 6
Naniawa Wahiawa Mokuleia Honouliuli

Surface Soil Subsoil Surface Soil Surface Soil
Soil Bulk Volume-Weight Soil Bulk Volume-Weight Soil Bulk Volume-Weight Soil Bulk Volume-Weight
Density Roots Density Roots Density Roots Density Roots
(gm/cc) (gm/cc) (gm/cc) (gm/cc) (gm/cc) (gm/cc) (gm/cc) (gm/cc)



Tahle A-XVIII

RElATIONSHIP OF SOIL BULK DENSITY TO MOISTURE CONTENT
"lITH A STANDARD COMPACTING EFFORT

CJ

(Used in Figure 39)

168

Wahiawa Silty Clay Subsoil Lua1ualei Clay Surface Soil

MoiSllllL! SoU. BIll k Moisture Soil Bulk
COil l{'lll Density Content Density

('Y.) (p,tll! ~L:) (7.) (r"U1! CC)

.LH.a I.. 26 J.5.9 1.44

20.0 1.26 17.7 1.48

22 .H 1.2.') 1~.6 1.51

n. i' 1.27 21.7 1.54

25.5 1.26 22.2 1. 56

28.3 1. 34 23.6 1.59

29.1 1.42 24.0 1.60

30.4 IJd 24.8 1.61

12.1 ~, ] .4() 26.1 1.62

3J. ') 1.44 27.0 1.61

35.0 1 • L~O 28.3 1. 57

37.0 1.35 2Q.8 1.55

32.0 1.50

33.6 1.46



Tab le A-XIX

VARIABILITl OF SOIL BULK DE~SITY L~ER ONE TRAFFIC TREATMENT

(Used with Figure 40)

Wahiawa Silty Clay, Waialua Agricultural Company, Ltd. Field Helemano 6

Depth (em.)
0-5 7.5-12.5 15-20 22.5-27.5 30-35

Replicates SOIL BULK DENSITY (gm/cc2

1 1.20 1.10 1.12 1.14 1.12
2 1.20 0.97 1. 04 1.11 1.16
3 1.22 1.15 1.11 1.06 1.04
4 1.04 1.04

...
1.01 1. 01 1.10

5 1.09 1.04 1.05 1.14 1.13
6 1.11 1.06 0.96 0.95 1.10
7 1.14 1.11 1.08 l.03 1.08
8 1.25 1.05 1.01 0.96 1.13
9

I
1.00 1.12 1.07 1.04 1.08

10 I 1.09 0.98 1.04 1.14 1.14
11 1.11 0.95 0.99 1.12 1.17
12 1.01 0.97 1.02 1.12 1.19
13 1.11 1.03 1. as 1.08 1.19
14 1.20 1.13 1.15 1.20 1.17
15 :.. 10 1.14 :".03 1.1::. 1.06
16 1.10 1.13 1.04 1.02 0.99

Mean 1.12 1.06 1.05 1. 08 1.12
C. V. (%)* 6.61 6.42 4.67 6.57 5.09

*G.V. = Coefficient of Variation

37.5-42.5 45-50

1.15 1.19
1.12 L21
1.10 1.13
1.11 1.14
1.26 1.20
1.14 1. 31
1.13 1.14
1.21 1.20
1.20 1.25
1. 25 1. 21
1.12 1.15
1. 12 1.19
1.21 1.27
1.23 1.20
1.02 1.05
1.04 1.05

1.15 1.18
6.17 5.93

.....
0"-
-D



Table A-XX

RELATIONSHIP OF MOISTURE RETENTION
TO SOIL BULK DENSITY

(VOLUME BASIS)

(Used with Figure 42)

Wahiawa Silty Clay Subsoil from Wahiawa Forest

170

Soil Bulk Soil MOISTURE CONTENT (VOLUHE PASIS)
DE'nsit\' Mn ter i cd 15 Atm. 8 Atm. 2/3 Atm.
(gm/cc) % % % %

1• 7() 61.1 51.4 53.3 58.8

1.60 55.6 47.0 48.3 53.0

1. 4,1~ 50.0 42.2 43.5 47.8

1. 28 44.4 37.4 38.5 42.5

1.00 34.7 29.2 30.4 35.8



Tension
(Atm. )

1/3

2/3

1

2

4

- 15

Table A-XXI

SOIL MOISTURE RETENTION

(Used with Figure 56)

MOISTURE RETENtION
Wahiawa Honouliu1i
Subsoil Surface Soil

(%) (%)

37.3 34.3

35.8 32.6

35.0 31.8

33.2 30.1

31. 3 28.4

30.4 26.4

29.2 24.7
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