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AGGREGATE STABILITY OF SOILS FROM WESTERN
UNITED STATES AND CANADA

® Measurement Procedure

® Correlations With Soil Constituents *

Sy W, 10, Kesmvesn, aoil acientint, Agricullurel Research Sepcice and agronomise,
Colorudo Agricwiiured Erperiment Station, nl 15, J, Koo, biomelrician, Soil
anil Witer Cosservalion Rescorch Divigion, Agricnitural RBescarell Sereiee

INTRODUCTION

The close mechanistic relutious between aggregafe stability and
provesses such as infiltration or erosion by wind and water wre ohvious.
ITowever, tho relation between amgreguie stubility and plant growth
is not so direct,  Some of the mujor factors contributing {o erop yield
are shown in figmre 1. This figure illustrates the indireet nature of the
eflect of ngereente stability on crop yield.

Beenuse so many factors influence crop yield, experiments atiempi-
ing (o correlute it with aggregute stabihty have met with lunifed
suecess. Kven those whivh have shown stahistically signiticant corre-
Tations have been eriticized when the nuthors suggested that the nggre.
ente stability was the cansative Tuctor. The basis of such eriticisms
usully is thut there is a strong probability thal aggregate stability is
nssociated wilth one or more of the many other factors that afteel crop
yields more direetly.

The evaluntion of the relutions between aggregate stability, soil
struciure, and yield will involve many carefully designed and comipli-
cated field and luboratory studies. As indieated in Egure 1, there
appear fo be fairly direct relutions between soil constituents and the
nggrogate stability of soils. The present study was designed to evalu-
ale these relutions and present them in the form of nonlinear multiple
regression equulions.

This bulletin reports the development of a simple reproducible
method for cenlunting aggregnle stability and w corvelation of aggrre-
aute stabilily with constituent variables in 519 soils from the Weslern
Tnited States and Canada? To allow continuity in the presentation
of the correlation study, the extensive studies Teading to the selection
of the ngpregate stability procedure are reporied infhe appendix. The
contenl of (he appendix will he of greatest imporfance to some readers.

' Approved by Lhe Colorado Agricnlturn! lBxperiment Stalion us Sclentific Series
Paper 829,

Tapprecintion Is expressed to the personnel of the State Agrieultueal Experi-
moeni Blaiions, the Seil Conservation Serviee, and the Agricultural Researeh Svrv-
leo of Lhe (LY, Deparimene of Apricullure, and the Gunadinn Agricultueal
Tesenreh Service of the Canngian Department of Agriculture who eocperafed in
colleellng Lhese smnples,
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PAST STUDIES
Aggregate Stability Measurements

The aggregates fivst recognized rnd studied were those distinctly
defined units of soil having clay “skins,” iron oxide coatings, and so
forth. Such ageregates are usnally found in undisturbed soils and ave
largely a result of the genetic factors that formed rhe soils. They are
usually visually distinet and often have a high degree of mechanteal
stabilily.

Some aggregates are simply a result of planes of wenkest mechanical
strength in the soil and the disrnpting force which breaks them free
from the soil mass. Suel aggregates arve trangitory in that particles
making up an aggregate after one cultivation may be a part of two
or more agoregates after another cultivation if they ave incorporated
into the soil mass and subjected to wetting and drying in the interins.
The majority of ageregates in western cultivated soils are transitory.
In most cases, they cannot be discerncd us ageregates until they ave
broken away from the resi of the soil mass by some discuptive force.

The size of an agaregate iy determined by the stremgth of the “stu-
bility forees™ holding the soil particles together and the strength of
the disruptive force. If a uniform disruptive foree is applied to several
soils, the soils having the strongest “stability forces™ will geuerally
produce the largest agmregates. Consequently, the results of pro-
cedures designed to determine size of aggregates and of procedures
desioned to measure stability of aggeregates are highly correlated.

Lauipment und provedures designed to cause uniformly abrasive
Torces on dry soil ageregates and clods have beent developed by Chepil
{17 and hig coworlers.

Much of the earliest work on the stability of hydrated aggregutes
utilized elutriation through various sized tubes to separate the aggre-
gates into several size groupings, the effective sizes of which were
caleulated according to Stokes' law. Yoder (J6) pointed out the de-
ficiencies of this method and mechanized and modified a wet steving
procedure used by Tiulin (30). In Yoder's procedure, a nest of six
sieves was placed in a holder and suspended i a container of water.
Fifty grams of air-dry soil was placed on the top sieve of each nest,
and the nest was lowered to the point where the top sereen was just
covered with water. .\ motor and a mechanical arrangement lowered
and raised the nest of sieves through a distanee of 3.18 mm. af a rate
of 30 eycles per minute for 30 minutes. The amounts of soil retained
on each sieve were determined by drying and weighing. Size fractions
smaller than 0.1 mm. in_diameter were determined by a procedure
utilizing sedimentation, decanting, drying, and weighing. Much of
the work on aggregate stability has utilized Yoder's method or some
variation of it

The statistical analysis of treatments, or the runking of soils with
respect [o vach other. requires thal a measurement be expressible in
terms of n single number,  Yoder's method yields a size distribution,
and van Bavel (32) propesed a mean weight diameter, which is easily
estimaied by the methad of Youker and MeGuinness {37, for convert-
ing Yoder-method data to a single parameter. A Yoder-type pro-

P ltalie nuntbers in paredthoses refer to Literatore Cited, n. 29,




cecdure was used and results were expressed as mean weight diameters
in a study conducted by the Soil Seience Society of America Commit-
tes on Physical Analvses {(van Bavel, 32}, The Commiltee concluded
thatit*. . . does nol recommend the [ Yoder] procedure as a standard.
However, ihe method as given appears to be compatible with avail-
ability of equipment in most laboratories.™

The determination of six ageregate size fractions involves a con-
siderable amount of work. Bryant, Bendixen, and Slater (4) used a
two-sieve method for evaluating water stability of aggregates. They
used 3- to d-mm. aggregates from the soil sample, placed them on a
10-mesh sieve (2-mm. openings) that was nested on top of a 85-mesh
sieve (0.5-mm. openings). The agaregates retained on the two sieves
were dried, weighed, and expressed as « percentage of the total inittal
sample. The purpose of the top sieve was to separate out the gravel
larger than 2 mm. in diameter. Observations of Bryant, Bendixen.
and Slarer (4) and data by Strickling (29), Schaller and Stockinger
(27}, and Panabokke and Quirk {(27) all indicate that results from
simple one- and two-sieve methods of determining nggregate stability
are closely correlated with results obtained with Yoder’s method and
expressed in terms of mean weight diameters. Consequently, most
workers have adopted a single-sieve method for measuring aguregate
stability. Ilowever, IDe Boodt, Deleenheer, and Kirkhan (7) still
ndvoeate a time-consuming variation of Yoder's method that meusurey
chunges in mean weight dizmeter when soils are wetted and subjected
to sieving action for a specified time,

Aggregate Stability and Soil Constituents

Since ageregate stability must be measured under some arbitrary
disintegrating foree, aggregate stability values are empirical. For
this reason, they have imeaning only when compared to values on other
soils, refuted to soil phenomena, or related to soil constituents. The
Tollowing is a résumé of pust studies in which relations have been es-
tublished befween aggregute stubility and soil constituents.

Aggregate Stability and Clay

Clay content and aggregute stability were observed to be clogely
corveluted by Baver (2}, and Chesters, Attoe, and Allen (6}, Mazurak
(/8) studied the vole of different clay minerals in aggregation. Un-
der most conditions, given quantities of high-=surface-nrea clays (ie..
bentonites) seemed fo couse grenter aggregation than equal quantities
of low-swrfuce-aren elays (e, kaolinite).

Aggregate Stability and Organic Matter

Demolon and Ienin (&) found ecolloidal organic matter to be more
effective than equal amowunts of colloidal elay in stalnlizing aggre-
wites. Taver (2) found a correlation voeflicient of (L68T hetween
ageregntes larger than (h1 mm. and the organic matter content of 75
soils. He noted (hat effects of the orgunic marter were more pro-
nouneed in soils containing smaller amounts of clay. _

Tfresh organic matter serves as a substrate for biological activity.
MeCalla 175) and Martin (76, 47) aftribuied increased uggregation of

4
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soil after nddition of fresh organic matter to polysuccharides formed
during microbial decomposition of the fresh organic matrer. Iovoth
and Page (77) suggested that the polar substances resniting from de-
composition of fresh organic matter were most eflective in aguregaling
enltivated soils. ' '

Chesters, Attoe, and Allen (£) found microbinl gnms to be an im-
portant aggregating factor.  The lilamentous soil Fungi were also
observed to bind soil parts.les together in stable aggregates. Peerl-
kamp 12/) concurred in these observations. Peerlkamp (273, and
Miller and Kenper {78} found the increased stability resuiting from
added organie matier to be transient and to decrease Lo the origingl
level after a few months, Iowever, the temporary increase i stubil-
ity was large, and Anderson and Kemper (7} coneluded thal If the
soll i cultivaled and wetted when the stability e high, the resulting
large pores may persist even after the nggregate stubility has velurned
to normal levels.

Aggregate Stability and Free lron and Aluminum Oxides

A close relarion between the free tron oxides and ageregation of
southeastern solls wus found by Luatz (42). Weldon and ITide {4)
noted that stable nggregales were usually high in sesquioxides, T'his
was particalarly true in soils Trom sodiim-afleeted spots, where the
stable aggregates were those cemented together by large amounts of
sestuioxides. Although the procedure used by Weldon and ITide ex-
tracted Doth 1ron and aluninum oxides, they considered most of the
cementation eflects to be due toiron oxides,

Aggregate Stability and Calcium Carbonate

Massive applications of sugar e (4 sugar refinery waste produet.
largely CaC0) have increased the aggregate stability of Belgian
so1ls (De Bood, 7). The iimprovement of stracture and vield of these
soils wsn result of added sugar lime is well documenied.

Aggregate Stability and Adsorbed lons

The deletertous effect on soil structure of replacing divalent with
monovident Jons hus been observed by many Investigalors (e.g.,
Brooks, Bower, and Reeves, .2; and Par, Asghar, and Duoa, 29).
This effect is 5o well known as to provide the basis of most technigues
for completely breaking soil nggregates into primary particles,

Aggregaote Stability and Soluble Silicates

The addition of sodium silicate (o caleivm-salurated soils usually
results in the cementation of the soil particles ( Laws and age, £2).
The mechanisim of this< cementation probably involves the replacement
of sodiunt in the silivate by ewdeiupn The ealeiun silicate is only
shightly saluble in water and prohably provides the strong. water-
proof honds observel, Water extraets of caleareous soils invariably
conlain mlero amounts of silivate. The extent (o which aggregate
stability s improved by solution of silicates from winerals and de-
positicn of these silieates ne point of contaet betwees. partieles as the
s0il solution evaporates is nel known.
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Aggregate Stability and Other Factors

There are other constituents that may play minor roles in the aggre-
Eate stability of soils. Organic iron complexes have been suggested
y McIntyre (75). Potassium plays a role in bonding some clay sheets
into packets of larger size. The degree of drying determines the ex-
tent to which slightly reversible cementations can be broken. One re-
curring phenomenon which influences stability is mechanical
disroption. Anderson and Kemper (7) showed that severe mechani-
cal disruption of soils in the air-dry state could reduce their aggregate
stability, from TU to 80 percent. After a few months of wetting, ary—
ing, and biologiral activity, the severely disrupted soils had regained
practically all their stability. Variations in such factors undouT)tedly
cause variations in ngoregate stability.

STUDY OF RELATIONS BETWEEN AGGREGATE
STABILITY AND SOIL CONSTITUENTS

The main shortcomings of past studies have been the small number
of soils and the limited number of factors and interactions considered.
To overcome these shortcomings the present study includes many
samples from a broad area and relates aggregate stability to all the
soil constituents considered to affect stability that can be measured
by routine analyses.

Origin of Samples

The soils studied were from the arid, semiarid, and the subhumid
regions of the United States and Canada. Five hundred and nineteen
soi] samples were included in the study. Their distribution by States
and Provinces is shown in figure 2.

Some of the samples from Wyoming, Colorado, and New Mexico
were taken from successive horizons in profiles. Most of the other
samples were surface samples. .

The majority of the samples were representative of series that are
widely distributed and are agri(‘u]tumﬁy important, The majority
were Trom cultivated areas, but a large number were taken from virgin
or replanted grasslands.

Measurement Procedures

Becanse of the extensive studies leading to the development and se-
lection of the procedures, the detnils have been placed in the appendix
to maintain continuity in the presentation of the correlation study.
I'n brief, organic matfer was determined Ly chromic acid oxidation:
free iron oxides were determined by an oxidation-reduction titration
utilizing SnCl; and K.Cr,0; 5 caleium and magnesium carbonates were
determined from the volume of CQ. evolved on treatment with acid:
nitrogen was determined by Xjeldahl analysis, and exchangeable
sodium. percentage was estimated from the amounts of Nu® and
Ca~+ Mg found in saturation extracts. Clay content was estimuted
from hydrometer analyses and aggregate stability was determined by
nowel sieving technique preceded by vacnum saturation of the
ngaregates,

6




British Columbia Alberta Seskotchewon | Manitoba

48

Frotre 2—Distribution of soil samaples collected for study of relations between
aggregate stubility and soil constitnents,

The portion of large-size {greater than 0.25 mm.) sand is an inde-
pendent variable of the soil. Consequently the correlation between
aggregate stubility and constituent factors causing stability is increased
if Inrge-size sand particles are not considered as stable aggregates.
Rejecting large-size sand from consideration as aggregates Diuses ag-
gregate stability in favor of low-sand-content soils wnless the waight
of the largesize sand is also subtracted from the weiyght of the initial
sample. To avoid this bias, percentage of aggregate stability (4.8)
was determined according to equation fl],

Pot. 4y=100 (wt. of stuble aggregates and sand) — {wt, of sand) [1]
B {(weight of sample) — (welght of sand)
where “sand” is sand larger than 0.25 mm. diameter. Clay, organic

matter, free iron oxides, etc. were determined on sam ples from which
this Jarge-size sand had been removed.

7




RESULTS AND DISCUSSION

The extent to which the measured consiituent variables affect ag-
gregate stability and the degree to which these variables wecount for
the aggregate stabilily variunce are evaluated in this section.

General Relations for Western Soils

Plots of Aggregate Stability Versus Soil Constituents

The initial step in delermining the tyvpe of relation existing between
agaregata stability and the amounts of varicus constituents in the
soil was to caleulate ilie avernge value of aggregate stability for all
samples whose conlent of ihe constituent fell within a given class in-
terval. These average aggrgmle stability values were then plotted
agninst the medians of the class intervals for the constituent.

It the independent variables {constituents) are not correlated with
each other when ageregate sfability is plotfed against a particular
constituent, the effecls of other variables should average out if large
numbers are included in each class. The number adjacent fo each
point on ficures 3 to 9 indicates the number of samples from which
the average was obtained.

Organic Matter

The velation between aggregate stability and organte mutter for
these so0ils is shown In [igure 3. s expected, aggregate stability in-
ereases with organie matter.  The most striking aspect of these data
ig the sharp change in the slope of the curve occurring between 1-

5 Number of samples
* from which avorage
was pbtained

AGGREGATE STARILITY PERCENT

50 | ]
[
1

50 = —

O N T
[H] 2 4 & ] 10 12 F4 14 18

ORGANIC MATTER, PERCENT

Ficrke 8.—Relation of ageregate stability te organic matter in western solls.




and 2-percent organic matter. 'This indicates that increases of organic
]matter above 2 percent increase the aggregate stability comparatively
ittle.

On the other hand, decreases in organic matter below 1 percent are
associated with Jarge reductions in aggregate stability. The shape of
this curve also illustrates the necessity for using curvilinear rather
than linear regression analysis for the aggregate stability versus or-
ganic matter relationship. A logarithmic curve furnished the closest
approximation of this relationship. Note that points varying con-
siderably from the line were averages for small numbers of samples.

Nitrogen

The relation between the aggregate stability and nitrogen content
is shown in figure 4. The change in slope of the curve is not as sharp
as the change in figure 3. The curve relating aggregate stability to
nitrogen is u more “common” diminishing-returns-type curve than
the curve relating agereguate stability to organic matter.

90

17

AGGREGATE STABILITY, PERCENT

ow

Number of samples
from which average
was obtoined

0 G2 0.4 0.6
NITROGEN, PERCENT

FieUure 4.—Relation of aggregate stability to nitrogen in western seils.

Clay

The relation between aggregate stability and clay content for these
soils is shown in figure 5. There is no apparent sharp break in the
slope of the curve. However, the curve is hyperbolic, showing 2
“diminishing returns” effect of clay on agpregate stability.

785-275 O—G0——2
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a / percentage of << 0.25-mm.

§ 60 — particles = 0.002 mm. —
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CLAY, PERCENT

Frouae § —Relation of aggregate siability to clay content in western soils,

Free Fe,0,

The relationship between aggregate stability and free Fe.O; isshown
in figure 8. Previous analyses of some Sountheastern U.S. soils {Cecil,
Durham, and Appling series) with large amounts of Fe.O, showed
them to be almost 100-percent water stab%e as measured by this method.
TWestern soils do not have enough free Fe.O,; to cause this degree of
stability., FHowever, the small amounts of free Fe.O, present in our
western soils are apparently sufficient to make it a measurable and
important factor affecting aggregate stability.

Free AlL.O,

The relationship between aggregate stability and free AL O, is shown
in figure 7. Because of similarities in their chemical properties it
has often Deen inferred that aluminum and iron oxides should aggre-
gate soil particles to approximately the same extent. Comparison of
fgures & and 7 indicates that this inference may not be true. Higher
contents of Al,O; (as measured by the procedure used in this study)
wers not associated with significantly higher aggregate stability.

In samples with an appreciable amount of exchangeable sodium
{mors than 4 percent) there was a negative correlation between free
ALG; and aggregate stability. Since there is no apparent reason for
free Al to decrense aggregation, the logical interpretation seems
to be that high exchangeable sodium, which destroys structure, also is
associated with {and perhaps causes) high levels of free Al.QOs.

Exchangechle Sodium

Although apprecinble amounts of exchangeable sodium (£8) are
not found in most western soils, when they are present they are a

10
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138

® Number of samples from
60 which average was obtained | —

AGGREGATE STABILITY, PERCENT

: 1_ |

0 1 2 3
FREE Fe,0,, PERCENT

Frsure (.—Relation of free FeuQy to aggregate stabillty in western solls.

dominant factor in reducing aggregate stability. The effect is illus-
trnted in figure 8. The number of soils with exchangeable sodium
values greater than 6 percent, from which the mujor portion of this
curve wag drawn, is small. However, its gencral shape agrees with
numerons other published and unpublished data.  Af exchangeable
sodinm percentages greater than 20, agrregate stability is practically
Z0ro in most western soils.

The study by Weldon and Hide (34) indiceies that nggregates
stabilized by large uimounis of free Fe, 0y nre stuble at exchangenble
sodium percentages higher than 20.

Calcium Carbonate

Aggregate stability is plotted against caleium carbonate in figure 9.
The curve is not significantly different (statistically) from the dashed
straight line shown on fignre 8, which represents complete independ-
ence of aggrogate stability on amount of CaCO, in these soils.

1%
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X Soils with less than 4%
— exchanpeoble sodium
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z 70 — 51 '\\‘4 -
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= \ Soils with more thon 4%
2 \/ exchangeable sodium
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w \\
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~
~
5 \\
s o Number of samples fram 43
0= which average was obiuined : ]
a | l ! I ! i H [ |
0 2 4 & 8 10

FREE Al,0,, PERCENT

Frovee 7.—Relation of aggregate stability to free Al:Q; in western soils with and
without appreciable exchapgeable sodiwm.

It is believed that the positive correlations between sugar lime and
aggregate stubility obtained by Belgian workers (e.g., De Boodt,
Deleenheer, and Kiricham, 7) are ussociated with either the higher
rainfall and more acidic soils of Belginm or the organic matter
included in the sugar lime.

Statistical Analysis

Salection of Variables for Mulfiple Regression Analysis

On the busis of the data shown in figures 7 and 9 and preliminary
statistical analyses, it was concluded that the probabilities that free
ALO; or CaCO, were correlated with aggregate stability were less
than 6 in 10. Consequently, these variables were not included in the
multiple regression analysis. The high degree of covrelation (r= 98)
between nitrogen and organic matter indicated that inclusion of nitro-

12
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Frovze 9.—Relation of aggregute stubility to CaC0. in western soils.
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gen in the regression analvsis would be superfluous if organic matter
was already included. Consequently. nitrogen was not included in
the multiple resression analysis.

The shape of the curve shown in figure 3 indicated that the rela-
tionship between agpregate stability and organie matter (O3 was
logarithmic in nature. Consequently. the logarithm or organic matter
wag used.

Firures 3. 6. and 7 indicated Tivperbolic relations between aggregate
stability und nercentage of clav, percentage of Fe.();, und percentage
»? exchangeable sodiam (E'S) of soils; therefore, these variables were
enterell in the regression analysis as both linear and quadratic terms.

Eight-Variable Multiple Regression Equation

The equation obtained from multiple regression analyvsis was:

AS=49.7+13.7 log OM+0.61 clay—0.0045 (clay)*+9.0 Fe.0,—1.6
[ Fe.() )2— {128 LN —0,060 (FN)* (2]

where aggregate stability and all constituents are given in percent,

Note that the logarithm of organic matter has negative values when
the organic matter is less than 1 percent. The mulriple correlation
coeliciont. 7. {coeflicient of determination) of this equation was 0.586,
and thus the Fraetion of the variance of aggregate stability associated
with variables considered in equation 2, /2% was equal to 0.31.

The standard errors of the partial regression coeflicients of equation
2 are given in table | along with the probabilities of real relations
between the independent variables and aggregate stability (ie. the
probabilities of the # value for the partial regression coefficients}. The
¢ values of the partial regression coefficients in the multiple regression
are also shown in table 1. These 7 values evaluate the relative impor-
tanee of the various variables in the aggregate stability of soils. If is
apparent that {Fe,0;)2 ES and (EN)? were not very important it the

TasLe 1L—Significance and relative importance of wariables in the
eight-variate mediiple regression equation

{ value of | Probability

: Siandard partial re- of real re-
i Partial 1 error of gression co- lation
Variable ? ! regression partial efficient between
! coefficient regression in the variable
cogfficient multiple and

{ regression ? | aggregnie
; stability ?

USROS N N, 1

Tog OM ... . . oo.. ; 13. 7181 1. 7005 8. 07 >0 99
Clay ... . ,.-,‘.-----.i . B117 . 1249 4. 90 . 99
{(Clayy? . ... . .- —. 0045 . 0014 3. 32 > 09
Free FeaDqyoo oo mnan s : 5. 0508 38700 2 .31 , 88
Free (Fesdt .. ... o..i —1,3%56 1, 3332 | 1. 03 .70
ES ot -—. 2814 L R327 .33 .25
(BSY... .. eeee.o) 0598 L0374} 112 ] .74
{ 1

1 All s0il constituents are expressed in pereent in the multiple regression equa-
tion,

2 Fvplunies relative importance of the variable in the aggregate stability of soils.
3 Probability of the ¢ value for the partial regression coefficient.

14
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agaregate stability of these soils. The small importance of ES and
(£'8)* can be attributed to the fact that there were few soils containing
an appreciable concentration of sodium ion in this study. The in-
significance of the {Fe.(0,)? term results from low amounts of Fe,O,
in these s0ils and a nearly linear relationship between Fe.O, and aggre-
gate stability in this range of Fe,(), concentration.

Simple correluation coelliclents between the constituent variables are
given in table 2,

TasLe 2—LSimple correlation coefficients between soil constituent

pariables
Varinble ! B?& Clay ! (Clay)? | FeuD; | (Fe.0:)?] ES {ES)?
Log QM. .. .. ... LOG Y 019 0. 16 0, i1 0101 —0.18 —0. 18
Clay ... .. .._ [ 1, 00 L83 a8 21§ — .05 — 06
(Clayyr o e 1. 00 .25 L2017 — .03 — .04
FE"!O;;,__,-____-- ..................... 1.80 .92 - .10 — .08
(FEP_}OJ}z___..__..,_ ...... [, mm—em—— 1. 00 — .07 —_ 05
F 5 J RPN SUVDRRTON PR SRR e 1. Q0 .92
€570 S U S et m el e ———— 1. 00

ALl soil constituents are expressed in percent in the multiple regression
eguation.

Climatic Factors ond Aggregate Stability

Megan Annuval Temperature

Averages for aggregate stabilify versus mean unnual temperature
are plotted by 5° F. classes in Agure 101, Reduction in nggregate
stability occurs when mean unnual temperatures increase beyond 45°
F. A major mechanism by which temperature could affect aggregute
stability would be through the effect of temperature on organic matter.

Avernges for organic matter versus mean annual temperature are
plotted by 5° I, elasses in figure 104, From a comparison of figures
104 and 10/, it is apparent that the large organic matter contents,
ovccurring at mean anhual temperatures lower than 40° F., are not
eflective in stabilizing aggregates. This s in agreement with the
aggregate stubilify versus organic matter plot {fig. 3}, which indicates
that organic matter in excess of 2 or 3 percent is associated with httle
increase in stabibity of ageregates.

Both orgnaic matter and aggregate stability decrease as temperature
inereases above 457 F. (where organic matter contents averaged less
than 215 percenf). This indicates that organic matter could be the
Factor responsilile for the decrease in anggregute stability, Such ¢
conclusion is supported by the marked reduction in aggregate stability
as organic malter decreases to legs than 2 percent, as shown in figure 3.
For these rensons, it appeuars prebable that most of the effect of mean
annugl! temperature on aggregate stability oecurs as a consequence of
the effect of mean temperature on organic matter confent.

Mean Annual Precipitation

Averages for aggregate stability versus mean annual precipitation
are plotted by S-inch rrinfall classes in Agure 114, Aggrepate stabil-
ity Increases as mean unnual precipitation increases up to 20 inches.
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Fieure 10.—Aggregate stability and organic matter related to mean annnal temperature.
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The deviation from this trend at large mean annual precipitations is
believed to be due to positive correlation between mean annual pre-
cipitation und temperutnre at the higher levels of precipitation. The
32 samples showing such marked deviution from the dashed line in
figure 114 are from Texus and Oklahoma. Apparently, the effect of
high temperature on the stability of the aggregates wus dominant over
the effect of high precipitation,” If there had been no correlution be-
tween temperature and rainfall, it is likely that the data would have
followed the dashed line indicated in fignre 114.

The strong similarity of the relution between organic matter and
mean annual precipitation (fig. 112) and aggregnte stability and mean
annual precipitation (fig. 11.4) indicates that mean anaual precipita-
tion affects aggregate stability through its effect on organic matter.

Since both rainfall and temperature appear fo influence aggrerate
stability through their effect on the organic matter of the soil, the
orgunic matter factor in the multiple regression equation probably
recounts for the major portion of the variation that would be attributed
to these climatic factors. Consequently, the climatic fuctors were not
included in the multiple regression erjuntion.

Relation of Aggregate Stability and Soil Constituents
by Soil Category

On the basis of the information obtained from the suppliers of fhe
sotl samples, it was possible to place most of the sumples in one of the
following categories:

. Subsurface layers: samples from below the A houizon.

. Surface sod luyers: samples from A horizons that were in orass
(most of these were virgin sods, but some had been cultivuted at
some time during their history).

. Surface cultivated lavers: samples from the cultivated layers
{purts of A and B horizons) of seils producing crops other than
grasses,

Some factors influencing ngoregute stability would be different in
these catewxories.

On the basis of such probable differences, the soils of this study
which conld be positively identified were separated into these three
cutegories for unalysis. Averages for ngaregnte stability were plotted
by soil constituent range interval, and regression analyses were run
within each of the three cntegories,

Sinve the dara in table 2 indiente an insignificance of effects of
{Feu()y)s, £8 nnd (£N)* on aggregate stubility, only orgunic matter,
cley, and free iron oxide were included in the regression analyses.
Soils with more than 4 percent of £® were excluded from the study.

Aggregate Stability Versus Organic Matfer

Aggregate stability is plotted as o function of organic matter in
figure 12, In general, at u given organic matter level, subsurface
layers have preatest stability, followed by surface sod layers and sur-
face cultivated layers, in that order. 'The higher stability of the sub-
surface layers might be due in part to the higher clay contents (see
tuble 3) or to lack of cultivation. However, the steeper slope of the
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aguregate stability-versus-organic mutter curve for subsurface layers
indicates that the organic matter contained in the subsurface layers
is more effective in cansing stability than the organic matter in surface
sod layers and cultivated lnyers.

100
Subsurface layers Surface sod layers
&7
90 |- a * =
52
0
80— az0 .

.3
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3 Number of samples
from which average

AGGREGATE STABILITY, PERCENT

50 [0 was obtoined |
0 I T T T T S AR T R S
0 2 4 ] 8 10 12 14

ORGANIC MATTER, PERCENT

Froure 12.—Relation of aggregate stability to organic matter in subsurface
lagers, sod layers, and cultivated layers.

Taere 3.—4 rerage value of soil constituents and aggregate stability
for subsurface layers, surface sod layers, and surface cultivated
luyers *

Subsurface Surface Surface
Factor layer sod layer eultivated
layer
Percent Percent Percent
Qrganic matter_ . __________ 1.12 3. 00 2. 86
Y e e e e e 36. 68 32.0 30.2
Free FeaOno oo . B9 .79 . B4
Apgregate stability . o oo .. 76. 4 76. 1 68.2

| Percentsge based on weight of soil particles smaller than 0.25 mm.
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Aggregate Stability Versus Nitrogen

The relation between aggregate stability and nitrogen for these
categories of soils (fig. 13} 1s similar to the relations between aggre-
gate stability and organic matter. However, the slope of the aggre-
gate stability-versus-nitrogen curve for subsurface layers is nearly
equal to the slope of the curves for surface sod layers and surface cul-
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Frvne 13.—Relation of aggregate stubility to free Fe.0s in subsurface layers,
surfuce sod layers, and surface cultivated luyers.
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tivated Jayers. This indicates that the nitrogen content of the organic
matter is an important index of the degree to which organic matter is
effective in sta,]ai]izing soil aggregates. Organic matter with high
nitrogen content will be more effective in this respect.

Aggregate Stability Versus Free Iron Oxide
The plot of aggregate stability versus free Fe,0, in figure 14 indj-
cates that free Fe.O, is more effective in stabilizing aggregates in sub-
surface layers and surface cultivafed layers, and least effective in sur-
face sod loyers.

Multiple Regression Analyses by Soil Category

Aggregate Stability as a Logarithmic Function of Organic
Matter, Quadratic Function of Clay Content, Linear Function
of Clay Content, and Linecr Function of Free Iron Oxide

The regression equations relating log OM, clay, (clay}®, and free

iron oxide are given in equations 3, 4, and 5 for surface cultivated
layers, surface sod luyers, and subsurface layers, respectively.

100

Subsurface layers

90 —

B0 [—

70 Surface cultivated layers

AGGREGATE STABILITY, PERCENT

- -

o ! | | 1
0 0.5 1.0 1.5 2.0 2.5
FREE Fe, 05, PERCENT

Figure 14.—Relation of nggregate stability to free Fe.O; in subsurface layers,
asurface sod layers, and surface cultivated Juyers.
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Surface cultivated layers:

48=40.8+17.6 log OM+0.73 elay—0.0045 (clay)z+32 Fe,0, [3]
Surface sod layers:

AS=451+22.8 log OM+028 clay—0.0021 (clay)*+1.5 Fe.Q, [4]
Subsurface layers:

AS8=65.6+328 log OX —0.05 clay +0.00080 (clay)=+6.0 Fe.O, [5]

In surface cultivated layers the regression of these four variables
accounted for 44 percent of the total variance in aggregate stability
(£2°}, while in surface sod layers and subsurface layers the regression
accounted for 35 and 38 percent, respectively. In each soil class a
greater portion of the variunce is accounted for by the regression than
the 31 percent accounted for by regression when all soils wers together.
This bears out the initial supposition that ageregute stabilities of these
three categories of soils are affected in different manners by the factors
studied or are a function of other variubles not considered in the
regression,

Similar increases in variance accounted for by constituent factors
were found when soils were divided into smaller classes on the basis of
their geographical Jocation. This was alse noted by Chesters, Attoe,
and Allen (6), who correlated aggregate stability with organic car-
bon, and microbial gum, clay, iron oxide, and pH. They were able to
associate up to 69 percent of the aggregute stability variance with the
regression in particular soil series, but when all soils were combined,
only 36 percent of the aggregate stability variation could be associated
with this regression.

The constant of the regression equation is greatest for subsurface
layers and least for surface cultivated layers, with surface sod lavers
being intermediate in this respect. Since some of the surface sod
layers had 2lso been cultivated at some time in their history, it seems
likely that the lower constants associated with surface cultivated iayers
result from the cultivation and factors affected by cultivation. Dis-
integration by mechanical impact, exposure of new soil material to
raindrop impact, and extreme temperatures would be direct causative
factors in lowering the average aggregate stability of these surface
rultivated layers.

Coefficients associated with the log OM terms show that organic
mutter is more effective in causing aggregate stability in subsurface
layers than in surface cultivated layers. Some of the organic matter
in subseil is well-decomposed, low-carbon/nitrogen-ratio material that
is apparently more effective 1n stabilizing soil structure. The stand-
ard errors of the partial regression coefficients, the £ values, and the
probabilities of rea] relationship between the various constituents and
aggregate stability are given intable 4. It is surprising to note, from
the ¢ values, that organic matter was more closely associated with good
structure in subsurface layers than in topsoils, whether the topsoils
were surface sod layers or surface cultivated layers.

Partial regression coefficients associated with the clay terms indicate
that clay is & much more important factor in surface cultivated layers
than in surface sod layers.  In subsurface layers this coefficient was
actually slightly negative, The ¢ values associated with clay in these
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TabLp 4.—Standard errors and t values of the partial regression coefficients and the probabilities of real relation-
ships between the various constituents and aggregate stability for equations 3, 4, and 6

Standard error of partial regres-k tvalue of the partial regression | Probability ~of teal relationship
sion coefficient cocficient in the multiple with aggregate stability 3

Variabl regression 2

ariable !

Surface Surface Sub- Surface Surface Sub- Surface Surface Sub-
cultivated sod surfage | cultivated sod surface - | cultivated sod surface
layers layers layers lgyers layers layers layers layers layers

3.5 4.3 . 6. 50 7.71 >0.99
.21 .25 37 1,37 .20 >. 99
. 0020 . 0026 . 1. 02 .30 . 94

2,5 2.8 . . 60 214 . 83

t All soil constituents are expressed in pereent in the multiple regression equation.
2 Evaluates relative importance of ‘the variable in the aggregate stability of soils.
3 Probability of the ¢ value for the partial regression coeflicicnt.




soil categories also indicate the importance of clay in aggregate sta-
hility of surface cultivated layers and its ineffectiveness in subsurface
layers. (‘uluivation is a mixing process. and it follows that surface
coitivated layers will have their ¢lay particles more intimately mixed
with the silts and sands. Subsurface layers usually have not ynder-
gone such intensive mixing and, consequently, their clay, silt, and
sand particles are likely to have remained segregated in those locations
where they were deposited or formed. It is generally suspected that
the fine clay particles help bind the larger particles together. If this
is true, an analogy may be druwn between the strength of a soil aggre-
gate and the strength of concrete. In both cases, the strength would
be increased by more thorough mixing of the constituents, the binding
material being elay in soll and cement in concrete. The intermediate
position of surface sod layers with respect to the clay-aggregate stabil-
ity correlation is consistent with the above analogy, since some of these
soils have been cultivated in the pust. Flowever, mixing of soil con-
stituents by biological processes has also oecurred in the surface sod
layers and may be 2 major factor responsible for this intermediate
position.

The probabilities of the {clay)?® term having a real effect on agare-
gote stability for surface cultivated lavers, surface sod layers, and =ub-
surface lnvers, were 0.94, 0.09, und 0.25, respectively {table 4). These
probabilities were lower than for the percentage-cluy term but were in
the same order with regard to the soil categories.  Even in the surface
vuitivated layers, the (elay)? term was a relatively minor factor afiect-
ing aggregate stability, as indicated by the £ value (table 4} of aggre-
gate stabihity with this variable,

The partial regression coefficient assoeiafed with free Fe.O, was
highest in subswrface layers, intermediate for surface cultivated layers.
and lowest for surface sod Jayers, The probabilities of real relation-
ships between free Fe.0O; and aggregate stability were .96, 0.83, and
0.453 for these soil categories, respectively. As shown in table 3, sub-
surface layers had a slightly higher free Fe.O; content than surface
sod layers, with surface cultivated lavers being intermediate. These
average differences are not large enough to account for the greater
importance of free Fe.(); insubsoils.  Aeration and consequent valence
state and solubility of the iron may be factors in the greater effective-
ness of this free iron oxide in stabilizing aggregates of subsurface
Tayers as compared to surface sod layers and cultivated layers.

Aggregate Stability as a logarithmic Function of Organic
Matter and as a Linear Function of Clay and Free iron
Oxide

Since the {clay)® term was found to be a minor variable when soils
were divided info these three classes, this variable was deleted and
another set of regression equations (equations 6,7, 8} was determined,
in which the log @4, clay. and Fe,O, were included as the independ-
ent variables.

Surface cultivated layers: £2=043="fraction of variance associnted
with regression:

* Partial regression covficients marked with an * are significant at the 5-percent
level of probability ; those with ** are significant at the I-percent level,
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AS=461+19.2% log OM+0.35* clay+3.0 Fe.0, (6]
Surface sod layers: £7=0.35;

AS=615+82.9** log OM+0.079 clay+1.5 Fe.Os il
Subsurface layers: £2=0.88:
AS=68.8+32.5%% log OM+0.22 dlay+5.9* Fe.O, 8]

The same general conclusions regarding the importance of the re-
maining variables may be drawn as were drawn iu the analysis where
the quadratic function of clay was considered. The vegressions ae-
counted for the same percentages of the total variance in the subsurface
layers and surface sod layers—38 and 33 pevcent, respectively. In the
surface cultivated layers the regression accounted for 1 percent less
{43 percent) of the variance than when the (elay)? term was included
in the regression.

Aggregate Stability as a Function of Three Lincar Constituent
Variables

The relatively small amount of variance accounted for by the curvi-
linear term of the clay component snggested an evaluation of the use
of a linear term for organic matter rather than a logarithmic term.
This was done by running a linear multiple regression using organic
matter, clay content, and free Fe, (), as the independent vaviables and
aggregate stability us the dependent variable.

Comparison of the &£° values obtained {0.21 for all soils, 0.35 for
cultivated soils, 027 for sod soils, and 0.25 for subsoils) indicates
that use of the logarithmic rather than the linear term resuited in the
regressions accounting for 8, 8, and 13 percent more of the variance
in aggregate stability in the surface cultivated layers, surface sod
layers, and subsurface layers, respectively. These differences in as-
sociated variance support the assumption that the real relation be-
tween aggregate stability and organic matter is more accurately
deseribed by a logarithmic than by o linear function.

Another important difference between the completely linear re-
gression equations and the equations where organic matter is consid-
ered o logarithmic function lies in the minimum value of aggregate
stability they can predict. The minimum values ave 48.3, 63.3, and
56.4 for surface cultivated layers, surface sod layers, and subsurface
layers, respectively, when organic matter is considered n linear func-
fion. The constants in the equations where organic matter is a
logarithmic function have similar values, but when the organic matter
is less than 1 percent, the log QA term becomnes negative (since
orginic matter 1s expressed in percent). Thus, {for a subsurface layer
with 0.1 percent organic matter, the term involving log OM would
have a negutive value of 32.7 percent and the predicted value of aggre-
gate stability could be very low if clay and free Fe,O; were also low.
This property of the logarithmic term for organic matfer, which
allows a very steep gradient for the aggregate stability-versus-organic
ntter term at low orgunic maltter contents, is appavently responsible
for the better predictions of the aggregate stability.
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Other Sources of Aggregate Stability Variance

Since less than half of the variance could be associsted with the
constituent variables considered, other possible sources of aggregate
stability variance should be mentioned.

Storage time before sampling was a variable in this study. Some
samples were analyzed within a month of the sampling date, whereas
others had been taken 8 or 4 years prior to analysis. The data in
figure 18 of this study indicate that this storage time factor can canse
considerable variance in the measured values of aggregate stability.

The difference between the constants of the cultivated and non-
cultivated coil layers indicates that the overall effect of cultivation
is usually deleterions, although it may have a positive factor asso-
ciated with mixing clays with the larger particles. Anderson and
Kemper (7) showed that water stability of aggregates could be re-
duced to a very low level if the sample had been mechanically disinte-
grated in its recent history. For instance, cultivation at high speeds
and rototilling generally reduce stability.

Separation of the soils into cultivated and noncultivated classes
allowed the regressions to account for much more of the aggregate
stability variance. Fowever, it was not possible to evaluate the in-
tensity of cultivation in the history of the cultivated soils. Moreover,
as mentioned before, some of the surface sod Iayers had been cultivated
one or more times in the past. Consequently, it appears likely that
the intensity-of-cultivation variable caused part of the unaccounted
for variation 1. surface sod layvers and surface cultivated layers.

Several investigators (MceCalla, 74 Martin, 76 ; Miller and Xemper,
78) have noted that addition of organic matter to the soil is followed
by « flush of biological activity and an increase in aggregate stability.
The binding mechanisms probably involve gummy polysaccharide by-
products of microbial activity and filamentous mycelia of the micro-
organisms.  Whatever the mechanism, the temporary increase in ag-
gregate stability following incorporation of fresh organic matter 1s
an established fact, It is likely that some of the samples were taken
at a time when their ageregate stability was at a high level due to such
a temporary flush of microbial activity, while most of the samples
were probably taken when microbial populations were at more normal
levels. Consequently, a portion of the unaccounted for aggregate sta-
bility variance can probably be attributed to this variable.

In this study, all particles less than 2 microns in diameter were de-
seribed simply as clay and were lumped together as a single factor.
Peterson {22}, Mazurak (18}, and others have shown that the higher-
surface-area clays are generally more effective in stabilizing agpregates
than the Jower-surface-area clays. This lack of differentiation between
clays in the present study probably reduced the portion of aggregate
stability variance that could have been accounted for by the clay
tactor.

That types of organic matter differ in their ability to affect aggre-
aate stability is demonstrated by the different coeflicients associated
with organic maiter in the regression equations for subsurface layers,
surface sod layers, and cultivated layers. It was also pointed out
that, while they exist, polvsaccharides and fungal mycelia are ex-
tremely good aggregating agents. Yo the present study, all types of
organic matter were combined and entered the regression equation as a
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single factor. Differentiation of types of organic matter would prob-
ably allow regression of organic matter components to account for more
of the vuriance in aggregate stability than did bulk organic matter
alone.

Experimental error in the various analyses undoubtedly reduced the
portion of aggregute stability variance accounted for by the con-
stituent varvinbles included in the study. It is likely, hewever, that
pertect analyses of ull variables would have increased the variance
nceonnted for by less than 10 percent.

Many other materials (e.g., amorphous silicates, aluminum oxides,
volanic ash and irs weathering products) are present in soils.
Although the contribution of any one of these may not be & major factor
in ngygregate stability, it 1s not unlikely that the total effect of all such
minor fuctors is appreciable in causing the variance of aggregate
stubility from the regression.

SUMMARY AND CONCLUSIONS

The place of aggregate stubility in the soil structure-crop yield
pleture was dingrammed.  Soil constituents were shown to be a major
factor influencing aggregate stability which, when acted upon by
traflic, cultivation, weather, and irrigation, determines the soil struc-
ture (arvangement of particles and voids).

The following factors involved in the determination of aggregate
stabilify by wet sieving were evaluated (see uppendix): (1) moisture
content at sampling time; (2) tools used for sampling; (8) tempera-
tures at which samples are dried; (4) humidity during storage; (5)
length of storage time; {6) temperature during storage; (7) size of
agorepates used: {(8) methods of wetting the sample; (9) period of
soaking prior to wet sieving: (10) temperature of water in which
samples uve wetted and sieved; {11) sieve and sample size; (12)
sieve stroke length and frequency: and (13) length of sieving time.
On the basis of these evaluations a standardized procedure was pro-
posed. that will yield meaningful and reproducible results with sub-
humid, semiarid, and arid region soils, and yet will require only a
moderate amount of time and eguipment,

The proposed method was used to evaluate the aggregate stability
of over 500 samples from western parts of the United States and
Canada (see fig. 2). These aggregate stabilities were then correlated
in & multiple regression equation with measured values of organic
matter, clay, free iron oxide, and exchangeable sodium. Free AlLQ,
and CaC0O, were not included in the regression because of upparent
lack of relation to nggregate stability.

The correlation of two variates does not prove a cause-and-effect
relationship,  However, the constituent variables—free Fe,Qs, clay,
organic matter, and exchangeable sodium—have all been shown by
previous experhnental work to be causative ngents in stabilizing or
destroying soll aggregates. Consequently, it is fuirly safe to assumne
that correlations found in this study between aggregate stability and
‘these constituent variables are the results of cause-and-effect
relationships.
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The regression equation relating aggrewate stability to organic mat-
ter, clay, “Free iron oxide. and e.\LTlantreable sodium, lm‘luduw all soil
sam_ples Fas

AS=40.7+13.7 log MY =081 clay—00045 (elay)®
+9.0 Fe. 03—1f1 (Fel()5)3—0.25 EN—0.060 (£N)°

where aggrecate stability and soil constituents are all expressed in
percent.  The last three variables in this equarion were of doubtful
significance and weve of litdde inportance in the =oils srudied.  The
resression acvounted for 31 percent of the total variance of aggregate
stability.

The consistent correlation of nreauic marter with aeeregate stability
in all soil categories implies that organic matter is alwi 4ys an important
factor in the agrregate stability of soils  (lay was found (o be an
important tactor (ml\' in surface soils where clay had been thoroughly
mixed wilh the other =oil components by cultivarion and perhaps by
biolomical processes. Free fron oxide was an appreciable factor in
subsoils and may be a minor factor n eultivared topsoils.  While
exchangeable sodiunt when present, was w dominant facror in destroy-
ing agrerregate stability. it wis nor presenc in enongh of these soils to be
an uuportant factor i thelr overall ageregate stability.

(Classifying the soil: nto surface culovared lavers. surface sod lay-
ers, and subsurface layers allowed rhe regressions to aceount for 4, 35,
and 35 perceat of the aggregate stability variance in their respective
eategories,  The regression equations were:

For surface cultivated lavers:

A8=40x5--17.6 Tog O =078 clay— 00045 (elay)®~32 Fe.O, {3]
Forsurface sod layers:

AS=431-226 log OM +028 clay—0ME1 relaviz+~15 Fe.), [4)
Forsubsurface layers:

AS=606328 log AN =003 elay=0.0008 (clayi? =60 Fe (* [3]

These equations indicate: (1) the superior effectivenes of the or-
manie matter in subsurface leyers, as compared to organic macter in
surface fayers. n stabilizing aggregutes: (2) that l‘]d\' was a consist-
enfly (‘f]t‘(fl\‘? binding agent onh' in those soils that had been culii-

vated; and 13) that free iron oxides were asiomificant factor in stability
of these sub=urfare layers, but not of these sur ffwe layers.

It was found that, in general, organic matter in excess of 2 percent
added little to agerepute slablllt\' but that reduction of or Fane nat-
ter to values less than 1 percent caused rapid decrease in aggregate
stability.  Aggregate stability was found to be a logarithmic Funetion
of organie matter.

Sinee the eonstants of the regression equations have different values
for the different categories of soil=. factors other than those considered
in the regression are ammeurl}' operating on these eategrories of soil
to different degrees,
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APPENDIX

This appendix contains the details of the measurement procedures
used in the foregoing study. It also includes a review of factors
affecting aggregate stability measurements and the results of several
original studies designed to determine the conditions necessary for
meaningful und reproducible measurements of aggregate stability.

The Proposed Aggregate Stability Measurement

Procedure

The following procedure was developed on the basis of a series of
studies of factors involved in each step of the procedure. Since this
procedury, with variations, was used in these studies of the various
factors, it is presented here so it may be referred to in the presentation
of those studies.

I

-1

Usuval Steps

Tuke the soil sample. using a shovel or core sampler, when the
moisture content is between field capacity und the wilting point.
Dry the sawmple at roon temperature.

2. Break and sieve the sample, saving the aggregates that pass

through a 2-min. sieve and are retained on a 1-mm. sieve.

. Weigh out 4 g of the air-dried 1- to 2-mm. aggregates, to an

aceuracy of 001 g., into a weighing dish. (I the relative humidity
of the laboratory is above 30 percent, an additional 4 g. of aggre-
wates should be oven-dried to determine the moisture content of
rhe samyple.)

. Pransfer the ajr-dry aggregafes to a 60-mesh ({openings 0.25

. square) sieve 3§ mm. in dinmeter and place the sieve on filter
puper on a ceramic plate in a vacuum desiceator that contains a
few milliliters of water and has an inlet through which additional
wn.tqu can be brought to the bottom of the desiceator from the
outside.

. Evacuate the desiceator. This causes the water to boil, which

produces water vapor, which tends to sweep out other gases. Keep
a small (6 to 8 em. high) barometer in the desiceator to make it
possible to be sure that the pressure is reduced to 1 fo 2 e¢m. of
mercury.

Let de-nerated water flow into the bottom of the desiccator until
the aggregates are covered with iwater. (The de-nerated
water 1s prepared by reducing the pressure over if in a desiceator
and allowing it to boil for 10 minutes; the wuter is then allowed
to come to room temperature.)

Place the sieve containing the sample into a sieve holder, and sieve
in salt-free {</10°% mhos/cm.) water for 5 minutes at 42 cycles
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per minute. The length of stroke should be 1.27 em. At the top
of each stroke the sieve should maintuin contact with the water.
The temperature of the water should be between 22° and 25° C.

8. At the end of 3 minutes, remove the sieve from the holder and
wash the remuining aggregates and sand into a weighing dish.
Pour off the excess water and dry the remaining aggregutes and
sand in anoven at 105° C.

9. Weigh the dish containing the stable aggregates and sand and
record the weight in colunn 4 of the suggested data sheet (fg. 15).

AGGREGATE STABILITY DATA SHEET
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# USE WEIGHT OF 4 G. OF AIR-CRIED AGGREGATES AFTER OVEN DRYING IF RELATIVE
HUMIDITY OF LABORATORY {5 OVER 30 PERCENT.

Ficrae 10.—Suggested data sheer for luboratory measurement of aggregate
stabitity.

Wash the aggregares and sand back into the sieve and agitate the
sieve for 3 minutes In a solution containing approximately 5 g. of
calgon ! per liter, At the end of this time, only the sand with
diameter lavger than 0.25 mmn. should remain.  (If soil aggregates
still persist, they may be broken down with a rubber-tipped rod
or with a jet of water from a wash bottle.} When only the sand

‘Commen designaton for dispersing ngents approaching sodium metsphos-
phate in composition.
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remains, wash it back into the weighing dish, pour out the excess
water, and oven-dry the sand. \-Veigﬁ the dish containing the
sund and record the weight in column 3 of the suggested data
sheet.

10. The percentage of aggregate stability is equal to the following
expression:

100 (wt. of stable aggregates and sand} — (st of sand)
(weight of sample) — (weight of sand)

Tt can be calculated by filling out the data sheet (fig. 15).

Treatment of Concretions

Those aggregates that do not Lreak down under a rubber-tipped
rod or a jet of water from a wash bottle are referred to as concretions.
They may contain many soil particles and are held together by CaCO,.
iron oxides, aud other cementing materials. They may be considered
and treated in (wo ways,

Sinee (hey are extremely stuble and will not Lreak down under
normal cultivation practices, the concretions may be considered to be
sl If they are so considered, no special attempis should be mude
to break them down and wuash them through a sieve.

On the other hand, since they wsually have some porosity and ap-
preciable internal surface area and exchange capucity. the concretions
way be considered to e stable aggregates. If they are so considered,
they must be broken down so thar the primary particles can pass
through the sieve or go off ns gases. (Conecretions honded by CaCOy
disintegrate completely when soaked in 2 & HCL. Organic or iron-
bonded eoncretions usually disintegrate when souaked in 0.5 & NaOH.

Of the 519 samples studied from Western United Staies and Canada
about 60 rontained coneretions.  For the purpose of this study, con-
cretions were considered to be stable nggregates. ATl these concre-
tlons were disintegrated by the aeid or the base treatment,

Factors Affecting Aggregate Stability Measurements

Moisture Content at Time of Sampling

1Y the rate of drying influenced the aggresate stability, it would
be suspeered that samples taken al ditferent field moisture contents
would have different aggregate stabilities. Those taken when the
so1l was dry would have dried at a slow rate.  Those taken wlen the
s0i was wet would dry more rapidly in a drying room or oven. There
may be other ways in which moisture content at sampling time influ-
ences the agirregate stability of the soil.

To determine whether aggregate stability was aflected by moisture
content al sampling fime, two soits were studied—Fort Collins cluy
loam (its clay mostly montmorillonitic) and Billings silt Joam (its
cliy mogtly illitic).  The plots were in alfalfa, beets, and corn on
the Billings soll and in corn on the Fort Colling soil, Samples were
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taken with a slotted Hoffer tube ¢ in the two areas s few days after an
irrigation {soil moisture at approximately field capacity) and im-
mediately before the next irrigation {soll moisture at approximately
the wilting point). Four samples were taken in each plot in the
immediate vicinity of marked stakes at each sampling time. Moisture
content was determined on each sample and the samples were air
dried. The vest of the procedure was the same as the proposed proce-
dure except that the samples were wetted at atmospheric air pressure.

The moisture contents of the samples at time of sampling and the
aggregate stabilities of the samples are presented in table 5. Each
value in the table is the average for four subsamples taken within the
plot.

Tasue 5.—Effect of moisture content at sampling time on the aggre-
gate stability of two western soils

Moisture content at Aggregate stability
time of sampling at—
Soil and crop

Low High Low High
moisture | moisture | moisture | moisture
Fort Colling clay loam: Percent Percent Percent Percent
Cormplot Y. ... 12. 4 241 51 53
Cornplot 2 _ ... 15. 2 22. 4 45 49
Billingy s&ilt loam:
Alfalfa_ . oo 7.2 15 8 42 43
Beets__ e~ 7.8 16. 48 45
GO o eeeem e 2.4 2158 85 64

While there is some variation in the aggregate stability values of
the samples collected at the different moisture levels, there 1s no con-
sistent effect, and the variations observed are within the experimental
error and sampling error of the experiment.

These data indicate thut the moisure content at the time of sampling
is not a critical factor in aggregate stability measurements. Samples
taken when the soil moisture content is near the wilting point will
have ageregate stabilities essentially the same as those of samples
taken at moisture contents near field capacity.

Sampling Tools

Samples taken with « slotted Hoffer tube and samples taken with a
sharp shovel had essentinily the same aggregate stabilities. Aggre-
gate stubilities of samples taken with an auger were slightly more
veriable than those taken with a tube or a shovel. However, the mean
yalues were not significantly different.

smuade names are used in this publication solvly to provide specific informa-
tion. Mention of a trade name does not constitute & guarantee or warranty
and does not signlfy that the product is approved to the exclusion of other
compurible products.

34




Drying Temperature

Drying Temperature and Soil Type

Slater (28) showed small but reproducible increases in the aggrepate
stability of eastern soils as a result of increasing the temperature for
drying samples from 4° to 82° C. This part of the study was set up
to determine whether the same relation existed for western soils and to
ascertain its magnitude if it did.

Billings silt Joam soil was selected from rotation plots near Grand
Junction, Colo., containing alfulfa, beets, and corn. Fort Collins
clay loam soil was selected from four locations in & corn fertility ex-
periment at Fort Collins, Colo. FEach sampls was divided into three
subsamples to be dried at room temperatures of 25°, 55°, and 105° C.,
respectively. These subsamples were then crushed and sieved. Quad-
ruplicate determinations of aggregate stability were made on each
sample according to the proposed procedure {except that the wetting
water wus not de-nemtec{)). The values of aggregate stability shown
in table 6 are averages of the quadruplicate determinations. The
Fort Collins ¢lay loam had no exchangeable sodium and the Billings
silt loam contained less than 3 percent exchangeable sodium.

Tavee 6.—Lffect of drying temperature on the aggregate stability of
two western soils

Aggregate stability when sample
is dried at—
Soil and erop

252 Q. | 55°C, 108° C.
Fort Colling clay loam in corn: Percent I Percent Pergent
Location 1 45 l 55 83
Location 2. 45 1 45 57
Location 3 40 i 57 88
Location 4 45 ° 56 62
Biltings ailt loam: i
Io alfalfa.. __.__ 43 ; 30 52
Inbeets ... ..__ 46 i 49 ; 55
Incorn. oo . 65 l 67 i 75

t

The effect of incrense in aggregate stability of the sample with
increased drying temperature which Slater noticed on his eastern solls
15 even more pronounced on these western soils. The aggregate sta-
bility of the montmorillonitie Fort Collins soil changed more than
that of the jllitic Billings soil. The clays in Slater’s soils were prob-
ably largely kuaolinite and, therefore, the soils were probably low in
total surface area. Elevated drying temperatures cause the greatest
increase in aggregate stability in soils with the highest total surface
nrens.

Drying Tempercture and Exchangeable Sodium Percentages®

Sor noted that samples dried nt 105° C. had high aggregate stability,
even though they contained high levels of exchangeable sodium.

*The authors are indebted to Kamil Sor for this study, which was part of Dr.
SBor's Master of Scvience thesis at Colorado State University {1958).
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He designed the following experiment to evaluate further this
phenonienon.

Billings clay loam was used. Samples were prepared that con-
tain 0, 8, and 16 percent of exchangeable sodium {£7), the comple-
mentary ion being calcium. These samples were puddled and dried
at 802,755°, and 103° (. They were then crushed and sieved. Ag-
gregates that passed through a 2-mm. sieve and were retained on a
1-mm. sieve were used for the siability determinations.

The procedure used to defermine the aggregate stability was the
same as the propesed procedure, except the samples were wetted for
just 1 minute before the sieving began. The aggregate stabilities
for samples from ench level of exchangeable sodium ure plotted as
a function of the drying tempersture in figure 16. As noted in the
experiment summarized in table 6, when drying temperatore inereases,
there i n small increase in the aggreunte stability of the samples con-
tainine Jittle or no exchangeable sodium: however. ns shown in figure
186, there is a much larger increase in the aggregate stability of samples
rontaining an appreciable percentage of exchangeable sodium.

The question arose as to whether returded hydration was responsible
for the apparent stability of aggregates in the soils with appreciably
high exchangeable sodium percentages that were dried at high
temperatures.

To answer 1his question, samples of the aggregates prepared for the
experiment summarized in figure 16 were soaked in water for 1 minute.
6 howrs, and 24 howrs. respectively, prior to wet sieving, The results
of the agrregate stability analyses of these samples are presented in

45

AGGREGATE STABILITY PERCENT

90 120
DRY!NG TEMPERATURE °C,

Frires Wi-——EBffect of drying temperature on aggregate stability of Billings clay
loam containing exchangeuble sodium percentages (ESP) of 0, 8, and 16.
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figure 17. Each point represents the average of the aggregate sta-
bilities of three samples with 0-, 8-, and 16-percent exchangeable
sodium. Since the aggregate stability of samples dried at high tem-
perature is initially high and decreases with increased time of soaking,
retarded hydration is apparently the reason for the initially high
levels of aggregnte stability in the sodium-saturated systems. {Al-
wmost, all of the average decrease noted was accounted for by the
decrease in the samples containing exchangeable sodium.)

60
°
-
=
& 451 —
o
a
= e. Dried af 105°C.
e 30} { —
s
s QO ®
}_
=L
© Dried at 55°C.
= g5l . \, -
Dried gt 30°C.
0 | ] |
0 b 12 18 24

PERIOD OF SOAKING, HOLURS

Frevrs 1T.—Effect of period of soaking prior to wet sieving on aggregate sta-
Lility of Billings clay loam. ({Valves are averages of three samples with -,
8, and 16-percent exchangeabie sodium.)

It is likely that the disintegration of the soil when wet, which is
caused by the exchangeable sodium, allows a greater degree of orien-
tation of ¢lay particies with respectto each other when the soil is then
dried. When the last molecular lnyers of water are removed from
between the ¢lay platelets by oven drying, the plaielets come into con-
tact with each other. They are probably bonded together by potas-
sium ions, organic matter, and amorphous sesquioxides. The
sesquioxides may also be slow to reliydrate and may be very strong
bonding agents in the dehydrated phase.
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These mechanisms are only postulates. However, it is obvious that
oven drying the soil may cause a transient aggregate stability of
sodium-aflected soils that would not be representative of field
ronditions.

For the most aceurate represenfation of stability in the field and
the siandardization of an otherwise variable factor, soils should be
be dried at room temperature {about 25° (V) before aggregate
stability is measured.

Sample Storage Conditions
Relative Humidity

The question arose as to whether the relative humidity of the air
during the drying or storuee period m ght mfluence the aggregate
stability of the sampies. The following experiment was desiened to
investigute this possibility.  Rocky Ford loam, Billings clay, Billings
elay loam, and Fort Colling clay Toam were used. TFour samples of
1- to 2-mm, diamuter air-dry ageregates from each soil were placed in
eaeh of three desiceators at 209 (. Saturated solutions of various
<aits in the bottom of the desiceators kept the relative humidities at
10, 52, and 93 percent, respectively.

After the aggregntes had been in the desiccators for 14 days (mots-
ture equilibrium as detennined by weighing was complete within
about 48 hons), they were removed, wetted under vacaum, and siaved
necording to the preposed procedure. The results arve presented in
table 7. Tach value is the average of four samples.

TapLe 7.—7 ffect of velutire humidity during the drying period on the
aggregate stability of four western soils

Aggregate stability when relative
humidity is—
Soil

93 pet. 32 pet. 10 pet.

Parcent Percent Percent
Rocky Fordlogtmo___ ... . ..o ciaanas 55 54 55
Billings clay. .. oo i iiemreaeoe 70 71 70
Billings elay loam___ ... e e el 80 81 80
Tort Collinseley loam. .. ... ... ..... 70 73 73

Within this range of relative humidities {10 to 93 percent), the
relative humidity during storage, or immediately prior to wetting the
sample for analysis, had no appreciable effect on the aggregate stability
when the samples were wetted under a vacnum. It is likely that the
results would have been different if the sumples had been wetted by im-
mersion at atmospheric pressure. A large amount of air is adsorbed
as a monolayer on clay surfaces when soil samples are stored at low
humidities. When the humidity of the air is fairly high, water re-
plares the njtrogen and oxygen adsorbed on these surfaces. Since the
air (niirogen and oxygen) entrapped in the aggregates immersed at
standard pressure is a major factor causing aggregates to “siake,” the
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lesser amount of nitrogen and oxygen on the samples stored at high
humidities would probably result in higher aggregate stabilify.

Length of Storage Time

According to Kolodny and Joffe (70}, long periods of air dryin
tended to decrease the degree to which microaggregates were dispersed.
To determine whether long periods of drying changed aggregate sta-
bility, the following study was initiated. Dry Fort Collins clay loam
soil was powdered, mixed with 1 percent by weight of alfalfa, and
incubated at approximately 24° C. and 15-percent moisture. Sixteen
pots of soil were prepared in this manner. Sets of four pots were re-
moved from the incubator at 2, 4, 8, and 16 weeks after the soils were
mixed and wetted. The soils were dried and analyzed for aggregate
stability within 1 vweek after removal from the incubator. Portions of
the dried soils from each time treatment were stored at laboratory
temperatures and humidity (10- to 50-percent relative humidity) and
their aggregate stabilities determined after 4 months of storage. The
average results are shown in figure 18. In every case, stability in-
creased with storage time. Differences resulting from different treat-
ments were smaller when samples had been stored for 4 months.

60

Anglyzed after 4 months storage
under laboratory conditions

| \ _
>0 \ _o— .y

/ . N\
01— o Alyzed within one week ]
O

after removel from incvbator

o
=
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30 —
o
= 2
0 | | |
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Ficure 18—Changes in aggregate stability of Fort Colling clay loam related to
peried of incubation after incorporation of alfalfa and storauge time under
laboratory conditicns.
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Temperoture During Storage

Samples of Fort Collins loam and Billings clay loam were air dried
at room temperature and 1- to 2-mm. agoregates were sieved from each
sample. Portions of the aggregates from each soil were sealed in glass
jars at room temperature and at —10° C. for 8 months. The stability
of the agoregates was determined by the proposed procedure at the
beginning of the storage time and after 2, 4,6, and 8 months of storage,
Stability of the aggregates stoved at room temperature increased con-
sistently from an average of 80 percent at the beginning of storage to
88 percent ut the end of 8 months. Average stability of the aggrecates
stored at. —10° C. changed by less than T percent during the 8-month
slorage period,

Size of Aggregotes in Sample

Bryant, Bendixen, and Slater (4) used agoregares thut were 3 to 3
mm. in diameter and achieved very good veproducibility between
replicate determinations of aggregate stability. De Boodt, Deleen-
heer, and Kirkham (7) measured the mean weight diameter of the dry
ngeregntes in the range from 1 to 8§ mm, in diameter and then found
the change in the mean weight diameter after the sample was sieved
in water.

One factor agreed upon by all workers seems to be that 1 more
reproducible measure is gained if the fine material is eliminated from
the sample before the analysis. The choice scems to be between n
Bryant-type procedure (4), in which the percentage of agpregates of
one size range is determined, or a De Boodt-type procedure {7), in
which the mean weight diameter of the dry agoregates is measured.
Until it can be shown that the move complicated De Boodt-type pro-
cedure measures a much more significant parameter, the simpler
Bryant-tvpe procedure is sugerested.

The following experiment was set up to determine the size range of
the agaregates that should make up the intial sample. Billings clay,
Billings elay Toam, Fort C'ollins elay, and Rorky Ford loam were used.
s\ snmple of each soil was divided info four subsamples and each sub-
sample sieved. From the first subswnple, the aggregates in the 3-
fo i-mm. range were saved ; from the second, the 1- fo 2-mm. aggregates
were saved : from the thivd, the 0.25- to 2-mm. aggregutes were saved:
and from the fourth, all the material smaller than 2 millimeters in
diareter was saved.  Fight sub-subsanples were taken from each of
rhese size ranges from each of the soils. Four sub-subsamples werve
vacunm-wetted and fowr were wetted at atmospherie air pressure.
The remainder of the procedure was the same as the procedure for
measuring nguregate stability proposed in this bulletin.

A summary of the results is presented in table 8. The average
-alues of aggregate stability (48} and the average coefficient of varia-
tion {'T"y of this measurement for four zoils are presented for each
size of (ry ageregates used.

The standard deviations of the agmregate stabilities resulting from
the two weiting procedures were not greatly different. The larger
average aggregate stability values when the snmples are wetted under
acium make the coeflicients of variation much smaller, Vacuum
wefting was selected as the Dest teehnigue on the basis of reasons
outlined in a later section (“Wetting Method™ under “Wetting the
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Tasre 8.—dggregate stability (AS) and its coefficient of wvariation
{CY) as affected by size of dry aggregates in initial sample ?

Size of dry aggregates in initial sample

Wetting method ¢ <{2 mm.

.25 to 2 mm.! 1to 2 mm. | 3to 5 mm,

I
A8 1OV - A8 i CVv | 48 v

i}iS‘CV E

Per- Per—[ Per- { Per- | Per- | FPer-

1

!

[ went ! cent | cent wni centl | ceni | cenl | cent
Tmmeesion . - - oo P9t Taa ! Tag l D3 11| 24 8
Yacuum ., o oo oo I 53 10, 60 3

[
Per- 1 P
|
|
|

64 2] 7

| : L

! Values are averages of four samples of u;ch of four soils.

Apgregales”). When vacoum wetting was used, aggregares 1 fo
2 mn. in dinmeter yielded the most Ieproduuble a_(ﬂr:e'r:ue stabiftry
values, Aggregates 3 to J mm. in diameter yielded results that were
nearly as reproducible.

One additional ad vantage of using the 1- to 2-mm. aggregates is that
sieving soils through S-num. sieves is a conmon practice used by many
Jaboratories in preparing samples for chemical analyses. These sam-
ples may then be sieved on » 1-mm. sieve to obtain i- to 2-mm. aggre-
gates, Kor these Lwo reasons, the 1- to 2-mm. size range was the one
selected for the procedure for determining aggregate St“lbl]lt}

Wetting the Aggregales
Woetting Method

Previous lindings—Yoder {36) discussed the mechanisms involved
when aggregates are immersed in water and the aggregates slake. Ile
pointed out that aggregates do not slake as much i they are wetted
under vacuum or if they arve wetted slowly by capillarity prior (o wet
sieving.

Robinson and Page (24) discussed the disintegrating forces brought
iinto play when dmrlcfrlreq are immersed in water and air bubbles are
entrappet inside ‘the agerepates,  Air absorbed on ihe surface of diy
soil particles is replaced by water aad adds to the wir initially in the
pores of the ageregare. These aie bubbies are compressed by water
prted neo the ageregate by capitineity watil the aie bublble barsts out
of the purtinlly wetted agervegate. lu bursting out, the air bhubble
often disintegrates the major portion of the ageregute. This phe-
nomenon is readily observed.

Panabokke and Quirk (27} pointed out thut diffevential swelling
&5 water moves tlumwh the particle to wei it is also o facror in Hi‘ll\iilﬂ
They presenied hita to show the effect of initiad moisture content or
the aggregate stability of soils immersed In water, In generad, agove.
guates that were wetted slowly by eapillavity were more stable than
those that were wetted guickly.

A study comparing welling under i vicuum with wetting «t afmos-
pheric pressure, as part of an aggregate analysis proceduare, was con-
ducted by the Committee on l’hxqscai Analysis of the Soil Science
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Society of America (van Bavel, 22). It came to the conclusion that
vacuum wetting introduced random variation into the vesults; there-
fore, the committee advised against the use of vacnuwm wetting. Tt
pointed out that mueh of this variation probably stemmed from han-
dling the weakened aggregares when they were wet. Ia the vacuum-
wetting procedure used in the present study, the aggregates were
wetted on the sieves and therefore handling was avoided. It is also
likely that some of the variation encountered in the ageregate stabihity
of soils when wetted by vacuum in the committee’s study was due to
wetting the sumple under incomplete vienum. It way assumed that
the pressure in the desieentor had reached the vapor pressure of water
when same water left in the desteentor began to boil. It is probable
that some of the techniciang mistook the formation of air bubbles and
their escape from the water for the onset ot boiling. Therefore, they
would have mistakenly assumed that the proper degree of vacuum had
been reached and would have wetted the samples when theve was ap-
precinble air left in the desicentor and the samples,

It ts difffieulr to distinguish where the escape of air from water stops
wnd true botling beging in ¢ vacuum. To be sure that the botling
point has been reached, it i3 sugwested that a barometer (6 or 8 em.
high} be kept in the desicenator to indieate the adequately low pressure
tEtoden Hed diveerly,

Supplementary observarions—In lhe process of wetting samples
wirder vacuum, the awthors noticed thar air in the incoming water was
forming bubbles wnd escaping from the water under the reduced
pressure in the vacaunt desieeator. This “hubbling” was particularly
violent when the water contacted the soils.  Apparently, dry solls
hielp provide the nuelet Tor aiv bubbles, When previousiy de-serated
water was us=ed ro wet the samples. these bubbles did not form,
Awgregate Stability values were generally higher and more repro-
durible when de-nerafed wuter was weed W vacuum wetting,

The method chogen for wetting soil snmples should meet the tollow-
mg eriterin:

1. 1t simudates a feld phenomenon that iz important to crop growth,

2. It permits differences in the ngorepgate stability of soils to be

detected,

S0 It vields reprotducible resules,

Under field vonditions rhe surface of the o1l bears the brunt of the
disintegrating forees. Freshly caltivated surfaces are covered with
Liree amerestes aud are open to the movenient of ailr and water info
the <oil. T the ~oil = subjected ro terigarion or to a heavy rainstorm,
the ~irtace Is werted quicRly: the resudting slaking of the surface
ageregiares Torns a dense, vontinunous layver at the sarvface that is
recognizable as the swefaee erust when io dpies,

Immersion of aggregates at atmospheric standard pressure (divect
Bumersion wetting) prior to ageregare stability determination in-
volves the same opporfunities Tor <laking which eause (along with
raindrap impaet forees in the ease of min) the formation of soil
crosts pnder field conditions, The formation of soil erusts is an impor-
tant factor in seedling emereence, aevation. and water infiltration.

The main portion of the agereeates tex beneath the immedinte sur-
faee of the soil and is wetted <slowly by capillary action.  Consequently.,
thest buried apgregates undergo a lesser degree of slalding, An aggre-
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gate analysis procedure that involves wetting the aggregates slowly
under hydraulic tension would therefore give results more representa-
tive of what happens in soil Iying beneath the surface. The physical
strueture of the soil benenth the surface is important in determining
the conduetiviry of the soil to warer and air

Sinee both these metlods-- wetting by direer immersion and tension
wetting -<tmulate important field phenomena, it was decided that
thie~e methads should be Investigated in the laboratory for werting soil
samples for ageregate stabiliny studies.

Yestlts of present studies.— Ageregates ave fragile when wet, and
any procedure whivh involves o transfer of wer ageregates from
one contalner to another 1= not satisfuctory. Consequently, it was
deeided that the ageregates wmust be wetted in the sleves. Simple
fewering of the <ieves vontdning the aggregates into the water at
anmospherie pressure accomplished the “wetting by direct tmmer-
sion.” In the case of ten<lon wetting, (he sieves containing the agere-
sates were placed on s mat of ashestos fiber on  tension (able’ Some
of the a~bestos fibers poked up through the holes in the sieve and
eomducied the water 1o the dey soil. This was a practical provedure
ondy at ten<ions equad to or less rhan 15 millibars.

The tension wetting technique proved to be a time-consuming
proces~. [Frosh, fuliy, asbestos fber surfaces had (o he prepared each
time,  The aegreaate stabilities showed o fairly high coeflicient of
variation.  This variation appeared to depend on the degree of con-
taet between the asbostos and the ageregares, which determined the
rate of wetting, 1T the wetting was comspleted within 1 or 2 minutes,
the wgeresate stability was wsually slightly lower than if wetling
took 10 to 15 winutes.

Awgremites were also wetted under a vaeruum according to the pro-
posed procedure Cinnuersed nowater inoa dexiceator that huad been
evacuared). The ageregute stabilitiex of the tension-wetied and
vaemn-wetted samples, determined by the proposed method, were
then comparerd. \ streng correlution between the aggregate stabibty
of sumples wetred msder a renston and samples wetied under vacuum
was goted,  Shoee vieuwin welting was easier, quicker, ond aggregate
stabilities liad a Jower coeflivient of variation and were closely cor-
relared with “rension wel” values, the question arose as to whether
vaewmin wetting mirht be ased astend of wetting on tension tables.
Russell 1.27) had =uegesied this possilility.

The following experiment was set up to answer this question and to
compare the aggregate stabilities using direct immersion, tension
wetting, and vacuum werting prior to wet sieving the aggregaies.
Rixteen Western [ nited Siates soils were selected Tor this stady and
four Southeastern [nited States soils were included for comparison.
Three <andy western ~oils were excluded from the study becavse 1m-
mersion at aimospherie pressire caused them to have zevo aggregate
stabilicv,  Appurentiy. most soils that have an aggregate stability
of less than ahout 30 pereent when wetted on tension tables have
practicatly no stabiliry when wetted by immersion al atmospheric
prossure. Sinee statistieal analyses of these zero values would have
little meaning, they were not ineluded in the study.

T A fint porous surfaee on which hydeaulie tepsion ean be controlied.

43




Two samples of each soil were wetted by each of the wetting methods.
The rest of the aggregate stability analysis procedure was identical
to the proposed procedure. The average values of the aggregate
stability {.LN) and its coeflicient of variation (CT) for the soils wetted
by the three methods are presented in table 9.

TasLe 9.—dggregate stability (AS) and its coefficient of variation
(CV) ax affected by wetiing method. for 16 Western United Stutes
and 4 Southeastern United States soils

Wetting method

Boil series and type i Direct im- Tension Vacuum
; mersion
1
A8 OV | AS CV | 48 cv
: : i
WESTERN 50IL3 Per- | Per- | Per- | Per- | Per- | Per-
i cent T ocent | cent | ceml | cenl | cent
Fort Collins ¢lay loara®. .. __.....00 &2 . 0 93 O 9z 1
Fort Collins elay losm3_._ . ___ o320 83 9 85 1
Fort Colling clay loam ... e .8 10 57| 18 B4 3
Billings efay loamn___ . _._ .. ____. 32 8 53 3 80 3
Billings etay______. ... . . ... 44 . 4] 70 16 70 3
Rocky Fordloam_..__._._ ... _.._. 26 § 65 13 a8 8
Torrington clay lonm_o. ... _____._ 471 16 Tl 10 5 0
Terry silby clay loam__ o ___ . ._,_’ 311 11 76 4 59 Z
Tucumeeri snndy loam. . ...._...1 481 8 61 2 47 5
Weld loam ... . _._.. .. 011100 L 327 ¢ 78 5| 69 7
Apishapo sifty elavilosm_ .. __._ 45 13 { 77 1g 72 5
San Luwissandy loam - .. ... I 38 16 49 13
Berthoud sendy elay losmy_ _.._..__, 37 3 &2 . 3 74 i
Huntley clay. . . ... ______.__._. ’ G4 ; 2 a4 1 83 a
Dunlaplown. ... (... . ... . 25 | 2. 5%: a7 54 2
Currington lonm. ... .. .. .___ g2 % 1, 97, 1 96 1
Avernge. .. . ..o L ..., 41 : 9| T4| 8 70 4
SOUTHEASTERN S0ILS ; ; !
Cecit vlays._. . ... ... U 3 B S ! 99 ] 04 99 1
Durham sundy clav s . .. 70 | 1 981 2 g9 1
Applingrelay® 0 L ... af | 1 88 2 99 1
Greenyille loam o . _ . __._. §2 ! 0 7 ‘ 1 g3 1
Avernge . ... .. L.._ooo.s 53 1l 98! 1 99 i

AL ntmospheric pressure.
2 [nder geoss,

3 Afeer 37 years of crop rotation.

¢ Cropped 37 years; no organic matier returned.
3 From North Caroling.

¢ From Mississippi.

The average coeficient of variation of aggregate stability for sam-
ples wetted under vacown was lower than that of samples wetted
under tension.  Wetting under tension gave slightly higher average
aggremite stability than wetting under vacuum. The correlation co-
eficient bet ween aggregate stability of samples wetted by tension and

a3




samples wetted under vacuum was 0.91 and might have been higher if
the coefficient of variation of samples wetted under tension had been
lower.

Since both wetting under tension and wetting under vacuum elimi-
nate trapping of air within the aggrepates and its consequent destrue-
tive force, it is not too surprising that there is a good correlation
between the aggregate stabilities resulting from these wetting mneth-
ods. Therefore, although vacuwm wetting is outwardly quite differ-
ent from wetting below the surface in the field, it does allow aggregates
to become wet without entrapping wir, which is the vital factor
characteristic of the field phenomena. On the basis of this degree of
simulation of the field phenomena, and since the method is more
reproducible and less tedious, vacuwn wetting was selected rather
than tension wetting for the proposed procedure.

Aggregate stability values of the southeastern (humid region) soils
show that they wre more stable than the western (subhamid, semnarid,
and arid region) soils. The more drastic slaking caused by rmmersion
wetting was necessary (o show statistically significant differences be-
Lween the stability of the eastern soils. The immersion wetting pro-
cedura was so drastic that an appreciable number of western sandy
soils had agaregate stabilities of zero. On this basis, it wus decided
that while imumersion wetting ot atmospherie pressure may be the best
procedure on southeastern, humid region soils, vacuum wetting allows
better diflerentintion befween the stabilities of western soils.

Period of Socking Prior to Wet Sieving

Russell and Feng (26) found that the aggregate stability of soil
was not sipnificantly diiterent whether the soaking periods prior to
sieving were 3, 30, or 300 minutes. _

This wus also found to be the vase in the present study when the
samples were air dried and did not contain large amounts of sodium
ion {fig. 17). When the samples contained appreciable amounts of
sodium and were dried at room temperature, there was a tendency for
the agrregate stability to decrease if the samples were soaled for
longer periads of thime. The decreases were small and were not stu-
tistivally significant ar ihe 93-percent level of probability.

When the soils are dried at roomn temperature {not oven dried), the
souking time prior ro wet sieving can vary from 3 to 30 minutes
without causing appreciable changes in the nggregate stability.

Temperoture of Water in Which Aggregotes are Wetted and Sieved

To determine whether the temuperature of the water in which the
agoregates were wetted and sieved aflected the aggregate stability,
samples of aggregates from nine soils containing more than 2 percent
organic matter were wetted and sieved in water af 159, 20°, 25°, and
30° (. “The rest of the procedure was identical fo the proposed pro-
cedure. The average aggregate stability of the nine soils is plotted
as a function of the temperature of the water as the top curve of
figrure 19.

There wus a slight tendency for the ngeregate stability to be lower
when the water was at 30° than when the water was at 30° C,
Eighteen samples from other soils with organic matter contents of
less than 2 percent were selected and their ageregate stabilities deter-
mined in water at 20 and 30°. The average aggregate stabilities of
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these 18 samples are presented as the bottom curve of figure 19. The
trend toward u slightly lower aggregate stability of samples wetted
in water at 30° as compared to sumples wetted In water at 20° was
noted again. The tendency was not significant at the 95-percent
probability level in either case. However, it wus significant at the
80-percent probability level in each case. This is adequate reason to
suguest that the aporegate stability be run in water at’some standard
temperature. It is suggested that water used to wet-sieve the samples
be between 22° and 25°°C.
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Fiorre 13-—Aggregute stability as afTected by temperature of the water in which
the aggregutes were wetted and sleved.




Wet Sieving Foclors
Sieve Size

A certain degree of arbitrary selection was involved in the selection
of the size of aggregutes rhat were to be retnined on the sieve and
expressed as “stable” pguregates. 11 a seoil were composed entirvely
of stable aggregates of the smullest size retained on a sieve with
openings 0,23 mm. square {60 mesh}, it would have an adequately high
wiilirarion eapacity,  After this soill was saturated, air would begin
to enter it when the teusion in the water reached 40 to S0 millibars.

These same stutements wounld be approximately true of a soil con-
taining larger nggregates 1t large pores were Hlled with these 0.23-mm.
nuuregates. While the aeration of such & soil would be severely lim-
tted 1f there were o water table 60 em. below the surtace, it would not
be 2 poor soil noder most conditions.  Consequently, it is suggested that
sereen with openings 0.23 mm. square be wsed in the sietes on which
the wuter-stable sggregates are to be retained.

Sample Size

The rhvire of sample size was also somewhat arbitrary. Tt depends,
to some extent, on the xize of the dry ageregates that arve used. For
instanee, a dry aguregate with a diameler of 5 nun, may weigh as
mucl as 0,33 g whereas & dry agpregate with a diameter of 2 mm.
wit! generally weigh less than 0.00 g I ene wishes to avoid splitting
or selecting aggregates to achieve exaetr weights and also wishes to
achieve an accuracy of 1 part in 4o in the weight of the sample,
ot g of ageregates with o nmaximwn diameter of 8.5 cm. woodd be
needed. Four grams of ageregates with a maximum diamerer of 2
nun. would be encugly 1o safisfy these requirements.  Since aggregutes
with dinmeters hetween 1 and 2 mm. had been selecied and sinee com-
mon torsion bulanees welgh to an accuracy of abount 0.01 g £-g.
safuiples were suggested.  This is not, however, very critical.  Three-
or five-gram samples work practically as well.

Stroke Length and Frequency

Yoders apparatis 47) moved sieves up and down in the water
B times per minnte through a distance of 3.18 em. ab each stroke.
Many ol the machines used In wet sieving have been built to duplicate
Youder's marhine.  Immediate availability of slightly different equip-
ment thiat could be converted to wert sieving has led other investigators
o wse somewhat different stroke Jengths and frequencies.

A eood combination of stroke length snd frequency should: (1}
catse complete separvation of wrgregares Irom materinl smaller than
6u nresk, £2) not eause exeessive abrasion and mechanieal breakdown,
andd (31 vield reproducible results.

The following experiment was designed to determine the stroke
lengrth and Frequency best snited for the proposed procedure,  Adr-
dried samples of Billings elay, Billings elay loam, Fort Colling clay
loam, and Rocky Ford loam were used.  Aggregates 1 to 2 mmu n size
were gleved out, wetted by immersion in water at 23° (. for 5 minutes.
and sieved for 5 minutes at the leogths and frequencies of stroke
indicated in table 10,
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Taprw 10— ffect of length and frequency of stroke used in wet sieving on the aggregate stability (AS) and the
coefficient of variation (CV) of this measurement? ‘

Stroke length of—

Stroke frequency 0.4 min. 0.8 mm, 1,6 mm. 3.2 mm, 6.4 mm, 12,7 mm. | 19.0 nun, | 25.4 mm. | 38.1 muni,

A eV AS[CV | AS I CV ] AS|{CV{ AS| CV I ASL V]| ASL CV | AS | CV | AS | CV

Cycles per minule Pet. | Pet. | Pet. | Pet. | Pet. | Pet. | Pet. | Pet. | Pet, | Peto | Pet. | Pet. | Pet. |-Pet. | Pel. | Pel. | Pel. | Pet,

D} UGN SN PR SN SRR NN SO (RN DU S SR ORI 2 TK J PR I S I
PO AN RN NSRS IR IR NN AR RN SR M o e 34 "5 20| 16| 28| 16 227 15
C -SSRSO DRI ISNORION MGIOVCH MSOIIEH DI SISO RN AP @] 3] 1wl SR SRS I I ——
100 o e e e Ol @ | 30 14| e mnm
DXL RN AN M MREN DO OO B0 T 03 T PR TR SRR NS ISR EVRN I N
300 . OO BT RN T R R RSV (RO O AN MR FRRR DSOS MO MU N

1 10 samples of cach of 4 soils used in each treatment.
2 In these samples, there was insuflicient separation and the 60-mesh dispersed particles were not sieved out of the uindispersed
large aggregates.




Failures to obtain adequate separation of aggregates and finer slaked
meterial were easily observed. Sieving procedures that yielded the
highest average stability were assumed to cause the least abrusive ze-
tion. Theaverage values of nggregate stability (N) and coeflicient of
varviation (CT7) of ageregate stability of the Four soils at each stroke
length are presented in table 10.

At high frequencies, there seemed fo be a rather narrow range of
stroke Tengthy within which there was either a violent mechanical
disruption of the ageregates or insufficient sieving action to remove
the fine particles from the sample. A combination of frequency and
length of stroke of 42 cyeles per minute {c.p.m.) with a displacement
of 127 mm. up and down was just suflicient speed and distance to
barely 5ift the furgest aggregates free of (he Drass sereen when the
sieves were onthe downward portion of the eyele.

Tf different sized aggregates or if different mesh screen had been
used, this optinnnm stroke length and Trequeney would probably have
been different. When 1. to 2-mm. aggregates and o 0.25-mm. sieve
sereen e used, the optimum lengih of stroke and frequency appear
to be 12.7 mm. and 42 c.p.m., respectively.

length of Sieving Time

tssell wnd Feng (24 pointed out that “initial stability® and “rate
of disintegration” with continued sieving weve both important param-
eters in characterizing the water stability of soil aggregates.  There
wafairly good, thongh not complete, corvelation hetween these param-
erers,  Mryant, Bendixen, and Slater (4) felt that initial stabilities
were most mportant n estinating the ability of the soil fo resist
sluinping inder field conditions of wetting and drying,

It had been decided that the study of aggregate stubility measure-
ments shoull e Himited to evaluating the stability of agereguies when
wet with waier, This type of stability 15 of major importance in
determining the type and amount of pore space in soil after cultiva-
tion and rewetting. Resistance of nggregates fo disintegration as a
result of continued abirasion 1 an lmportant factor in erogion control.

Sinee the abjective wax (o evaluate the stability of soils when wet
with wader. it was nceessary to determine the optimum Jength of
wel <ieving Hime for the proposed procedure for measuring aggregate
stabilite,  An experiinent was performed to determine the length of
sieving thne that would adequately separate the fines from the aggre-
gatex of nllvoilz. Figure 20 shows typical curves relating the porlion
of the sumple remaining on the sieve to the Tength of sieving {ime.

On most soils, fines had gone througl the sieve and only aggregates
were left at the end of 2 minates. TTowever, with soils having very
Tow aggrregrnte stabilitios. fines persisted in the sieve for over 3 minutes.
Five minutes of sieving was adequate to move essentially a1l the fines
through the sereen Tor al] soils studied.  On this basis, 5 minutes was
adopted as the standard sieving period {or the proposed measurement
procedure,

Correcting for Send

In estimaling aggregate stabiliiy. large-size sand must be differen-
tinted from the aggregates. Belter correlations hefween ageregate
stability and clay, organic matter, and free iron oxides were found
and lower standard deviations were encountered when the sand larger
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Ft. Collins loam,sod

50 —
S SR S T NN SR S

0 2 4 6 8 10
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PORTION OF INITIAL SAMPLE REMAINING ON SIEVE, PERCENT

Frooue 20.—Lfect of wet sieving time op the portion of the initial sample
remaining on the sieve.

than 0,25 mnm. was not considered as aggregates. The standard pro-
cedure was to calewlute aggregate stability as:

100 {wt. of stable aggregates and sand) — (wt. of sand)

2 AN = -
Pet. 48 {weight of sample} — {weight of sand)

(1]

Sinee only those sand particles Iarger than 0.25 mm. were retained
as individual particles on the sieve. “sand” in this equation refers to
sand larger than 0.25 mm.

The procedure for determining the weight of the sand involved
veusing the materinl left on the sieves after wet sleving. After the dry
weight of this material had been determined, if was placed back in the
sievs and sieved in calgon solution. (algon, a material approaching
sodinm metaphosphate in composition, is effective in replacing Car by
Na*in Car* -saturated soils, The majority of the soils encountered n
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this study dispersed completely when treated in this manner, and after
they were sieved 5 minutes in this calgon solution only sand {Jarger
than €.25 mm.) remained in the sieves.

About a third of the soils were not completely dispersed by this
treatment. The majority of these soils could be broken down with a
rubber-tipped rod. Agpregates resisting this treatment were con-
sidered concretions and treated in the manner described immediately
after the proposed procedure.

Precautions ond Accuracy

A technician can determine the aggregate stabilities of about 40
samples a day, using the proposed method. However, it is suggested
that duplicate analyses be run on different days on each sample. Any
balance that will weigh to 0.01 g. is satisfactory for making the
weighings.

A small barometer should be kept in the desiceators in which the
samples are welted to nake sure that a pressure of only 1 or 2 em. of
Hg remains in the desiccator when wetting takes place. If o pressure
of a5 much as § or 10 em. of Hg remains in the desiccator, appreciable
redurrions in aggregate sinbility will oeeur.

standard deviations of as low as 1.4 percent are possible if the pro-
posed measurement procedure is followed carefully.

Measurement Procedures for the Other Variables

Clay Content

The Bouyoucos hydrometer method was used to estimate the per-
ventuge of <02 mm. elay in the sample. Targe sand grains
22025 mo) were not considered ageregates. Consequently, 1t was
proper that they not be considered as part of the original aggregate
=imple. Thus, rhe initial aggregate sample weight used as the denom-
mator for the percentage of aggregate stability ealeulation was the
weight of the initial aggregate sample minus the weight of this
farge <jze sand. M the weight of the large sund had been included in
the denmminator, sandy soils would 2l] appesr as being poorly agerre-
guted.  The wmmounts of both elay and stable aggregates ave thus
expressetl on the basis of their weighis nsc o pereentage of weight of the
sott particles less than 0.25 mme in dismeter in the sunple.

Organic Matter

Organie carbon was determined by the chromic acid technigue of
Walkley and Black {24}, The organic carbon percentage was then
miltiplied by 1.7 fo give the values designated as organic mutter
percentage.

Free Iron Oxide

A procedure developed by V. J. Kilier {9) was used to determine
free iron oxide.
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Free Aluminum Oxide

The following procedure for determining free aluminum oxide
{ALO;) was suggested by V. J. Kilmer. Approximately € g. of soil
is heated in a mufile furnace at 800° C. for 30 minutes, cocled in a
desiceator, snd weighed. The sample is then transferred to a 125-ml.
Erlenmeyer flask and 20 ml. of sodium alizarin sulfonate solution (0.5
percent. in 80-percent aleohol saturated with boric acid) isadded. The
flask is covered with a funnel and heated at 90° for 20 minutes. After
being allowed to cool, the supernatant liquid s filtered thvough 2
Gooch crucible fitted with a disk of filter puper. Twenty-five ml. of
boric alcohol {saturated solution in 80-perceat alcchel} is then added
to the flagk, which is heated again at 90° for 20 minutes. The entire
sample is poured onto a Gooeh filter and washed with boiling wuter
until the washings are colorless. One hundred grams of 5-percent
.80, is heated to boiling and portions of it are used to leach the
sarople. The leachate is transferred to a 250-ml. beaker and heated to
boiling, A solution containing (.02 & K2nQ, is added to the beaker
from a burette with care, to aveid more than a 0.5 ml. excess at any
time. "Po insure that the reaction is complete, a slight excess of
MR, is added and boiled for 10 to 20 seconds. If the pink color
disappears, additional KAMnQ, is added and boiled until the KMnO,
is no longer reduced. A slight excess of 0.02 ¥ Na, (O, is added and
titrated to the usual endpoint. Oune ml. of KXMnQO, is equal to 6 mg.
of AlO,.

Calcium and Mognesium Carbonates

Caleium and magnesium carbonates were determined by mersuring
the volume of CO: evolved when the soils were treated with 6 # HCL
This i3 essentially the method proposed by Williams (35).

Exchangeable Sodium
Saturation extracts taken from the soils were analyzed for Na* with
a flame photometer and for Mg+ plus Ca* by titration with versenate.
Exchangeable sodium percentages were then estimated from the nomo-
aram (fig. 22} of USDA Handbook 60 (37).
Nitrogen

Nitrogen was determined by a standard Kjeldahl analysis.

Weather

Mean annual temperature and precipitation data were obtained from
the weather recording station nearest the location from which the
sample was obtained.
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