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THE STRGCTURE ANI) PHYSICAL PROPERTIES OF' 

SOILS. 

THEREis 110n~orcinlporta~itecot~onlicpr-ol~leni to-day than 
the production of food ant1 testile fibre to support the life of 
a ~tpid1.v increhsing population and to supply t\ic.ir rtipiclly 
increasing wants in this age of adrancing civilization. 
Agl.iculture is the basis o f  a11 nlan~ifactlxres, tr,idzs. ant1 coni- 
merce, and the soil is the basis of all agriculture. This was 
not gc~ncr;illy recogn~zed until Liebig's brillia~it getlerali7ation 
of the rnir~elanl theory of plant growtl~,  and there was in cot)- 
squence n o  material advnnce in aqricultural n~etllodsor 
pr,lc.t~ces unttl 111s tinie. Since thett this mineral tlit~ory has 
been the subject of a vast amount of the rno5t palient 1.r- 
searcl~, c:rrried 011 i r ~  tlie tieltl, laborutory, ant1 plant houhe. 
At first it w a s  only considert3il iieccssary to tletermine the 
cllernic:~l cotnpositiori of a soil and the cor~lposition of a giccn 
crop to indicate rnlletl~ei~the soil had all the elenrents of 
plant footl in the relative :*uiouut cont:liuc>d in tire plant, to 
show \vl~ctlier the soil was well adapted to the crop. or I I O W  
it corilcl be n~adc  so by ttle addltion of chernrci~l hnbstaucer. 
T l ~ e n  it was foulid that a11 so~ls  have s~~fllcieut plant fooct 
for age? to cotne, aud that cropping during the cor~t i r~~icd 
lifetime 01 a n-ran woultl not ~.cducr this arnourlt materially. 
Tile11 it \\*as cln~tned, and is still held by Inany, that only a 
very sn~nll part of the plant food in the soil is ill a roridition 
to  be re:tdily available to plants. nnil if this available focd is 
nol  used up it quickly reverts to a rocky a ~ ~ d  insoluble form. 
Then it tvns elideavored, by the use of solrents of vnrior~s 
strengths, to deteraiine how rr~ucli of this plant food is at  any 
time available to plants; and failing in this, the work bas 
been pushed blindly forward wit11 plat experiments, trying 

1 Abstract of a paper read hy Professor Xliltou Whttney of the Maryland 
Agrhultural Experlu~entStation before the Ul~iverstty Scteiitlne Aseociatlon, 
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all kinds of mixtures of all kinds of fertihzers, on all kinds 
of soils. indiscriciliuatrly. as one nlight go into a drug store 
in the dark and bli11dl.y try all the drugs to cure dyspepsia, 
for it is dyspepsia that affects the plant more often than arly 
tliir~g else,-an inabilily to appropri:lte and assinlilate t!~e 
food withill reach. W e  are spending vast sums of rrioney 
for comn~ercial fertilizers. \vllich are used iridiscrimiriately 
on all elasscs, of soil, \rhetiier they be 11ght and sandy. or 
stilf wit11 clay. 

The physical e11a1-acter of the soil has been considered, i l l  

all or ucarly all the ir~rcstigations I have ercr seen, a vague. 
eo~nplex, but, 011 the whole. a relatively unimportant factor. 
The \oil is c-onsidered a ufiil. Soils differ p l~pical ly ,  just as 
rrlen dltfer ~)l~ysically. There is a type of soil suited to Eras ,  
anotl~cr to wheat, others to the clifl'erent grades of tobacco, 
and still others to truc*ks and vegetables. The wliole appear- 
ance and aspect of the soils ditfer to the eye anil toncl~. 

I t  IS a notorious fact that e l~anzing seasons of wet or dry. 
or hot or cold, have far more effect on thr crops than any 
con~bination of mailnres. This in itself is a significant 
fact. 

In  ten yrars a so11 rrlay br SO wo:w out as to becorr~e a 
11,irrni tvaite. This is not frorrl any loss of plant food. for 
tho a r n o u ~ ~ t  so rc~novc-d from the soil is relalively so small 
that it cannot be tletected wit11 any cerlainty. nut  the fact 
confronts us, that the \\heat and corri lands of flie great 
Xorth-we4 are deteriorating, and the wheat and tobacco lands 
of our ovvii State are tletelsiorC+t~ng,both as to qual~ty  and 
quantity of protluct. 

I cotne 11ow to the ~ n a i ~ ~  point of this paper, that the es- 
hanstion of soils is p11,vsical raL11c.r than chet~~ical :  that rege- 
tation, r111dei~ give11 cliui?tic conclitions, is tlependent upon 
tlie circulation or rnovcrnelit of water ill the soil, and that lt 
is 11ossi1)le to changta the physical c o ~ ~ c l ~ t i o t ~ s  of the soil so as 
to coutrol this !vatel* circulatiou, a n d  so contt~ol the growtl~ 
ant1 dcvelopmerit of tllc. p l a ~ ~ t .  Nay, f~~rtlrtv*,that the chief 
benefit derived from tlie use fer%tilize~-sof cor~r~rlercial and 
nlaliurrs is their pl~ysical effect 011 tlic soil, rnt1ic.11 tnodifies 
the relat~on of thr, soil to water, ra t l~er  than, as lirretofore 
snppoqed, to the actual an19nnt of footl they sapply the plant. 
Tlie soil is to be considered as a vast irrigating purrlp which 
provides stancling room for the pla11t anil upplies it con- 
stautly with ~rutritive fluids. If too much water is suj)plicd 
the plant is inclined to clerclop leaf i r ~  large excess; if too 
little watev is sul)pliecl the growth is stunted, l ~ u tit puts on 
rc~lativrly Inore frnit. I t  is a n1ea11 between t l~etn that i s  
ilesil-erl for all plants, Ful :I cl~tf 'ere~~t nleatl fo!. eac.11 class of 

pla~hts. 


Tllr soil is con~posed of miuutc of
f rag~ne~i ts  rocks and 
tniner~uls. \vitll varyiur yua~~t i t ies  Evenof organic. matter. 
the pooreht m ~ d  1110-l burrcan soils are .;l~owri 1). chen~ical 
aoaly\ls to  have sut'ficit,nt plant food for countless penera-
tions of ~ ) l < r t l tlife, ~vhile in teri ycalv or lrss a soil map be 
" wort1 out." aud made for a tirile a barren waste. 

lion-ever comptct and co~\ t i~ luons  and close textured :L soil 
or sub-soil looks, there is still about tifty pcr cent by volurne 
of empty space bet1vei.11 the solid particles. That is, a cubic 
foot of soil will 11old half a cubic foot of water, if all the 
space is filletl. Clay soils hare rnore erupty space than sandy 
soils. W e  have found on the average about fortj-five per 
cent by volume of empty space in sandy so~ l s  and fifty-five 
per cent In clay lands. The ainoutit of empty space in the 
soil map readily be calculated by clividir~g the weight of soil 
by the specific gravity, wl~icli gives the actual volume of the 
soil gr:tins. and subtrac t in~ this from the total volume occu- 
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pied by the soil. The light sa.ndy sands, therefore, are light 
only in texture, for a cubic foot of sand weighs about one 
hundred and ten pounds, while a n  equal volume of clay 
weighs seventy-five pounds. 

The water of the soil has to move in this empty space, and 
the  relative rate of moven~ent will depend upon how Inany 
particles there are in the soil, for this will determine the num- 
ber and size of the spaces between the particles in w h ~ c h  the 
water will have to move. 

The soil particles vary in size from about 2 millimetres in 
diameter to about ,0001 of a nlillimetre, which is near the 
limit of microscopic vision. The coarser particles are called 
sand, while the very finest particles are known as "clay." 
W e  cannot emphasize this point too strongly, that clay differs 
from sand only in the size of the grains. The particles of 
clay are hard and compact as sand, are composed largely of 
quartz, and they have themselves none of the inherent sticki- 
ness associated with clay in mass. 

The plasticity of nloist clay and the hardness of dry clay 
i n  mass, as distinguished from the looseness and incoherency 
of sand, is due to the fact that the clay has a vastly greater 
number of particles in a unit mass than sand has, and as each 
grain touches the surface of six or eight adjacent grains, there 
are many more points of contact for surface attraction to act 
and bind tlie mass of clay together. 

The approximate number and size of the particles may be 
found or calculated from the mechanical analysis of a soil 
The mechanical analysis consists in separating the particles 
into eight or ten or more grades whose diameters range be- 
tween rather narrow limits by sifting and subsidence in 
water. 

The mechanical analysis in its simplest form, as devised 
by Nobel and adopted some years ago by the Society of Agri- 
cultural Chemists of Germany, consists in boiling the soil for 
some time in water, to disintegrate any lumps, and placing 
i t  in the first of a series of conical-shaped vessels having a 
capaclty respectively of 1. 8, 27, 64. A stream of water is 
let in which carries the finer particles over into the next suc- 
ceeding larger vessel, where, the motion of the water being 
slower, grains of somewhat smaller size may settle, and so on. 
Many small grains are, however, carried down with the large 
ones, and Hilgard has improved on this by having a paddle 
revolving at a high speeed in a po~tcelain cup, which keeps 
the  soil thoroughly agitated. From here the mixture rises 
into a wide tube sufficiently high so that large grains thrown 
up by the current of the paddle will not go over. When the 
water comes over clear the receiving vessel is changed, and 
the veloc~ty of the water is increased so as to carry over 
grains of a larger size. Johnson and Osborn have simplified 
this in the following method. The soil is gently rubbed up 
in a nrortar with a rubber pestle with repeated quantities of 
water, until the water, after standing a moment over the soil 
in the mortar, is perfectly clear and all grains smaller than .05 
of a millimetre have been removed, as shown by microscopic 
n~easurements. Thecoarser grains are then s ~ f t e d  in a series 
of sieves. 

The turbid liquid is allowed to stand until all particles, 
larger thau a certain side, have settled. as shown by micro- 
scopic measurements on a drop of the liquid removed with a 
rod or tube. The turbid liquid is poured off into another 
beaker to settle, and the contents of the first beaker is stirred 
up with a fresh quantity of water, and the settling continuid 
until all particles, smaller than a certain size, are removed, 
and  so on for the several grades. The separations are finally 
dried and weighed. 

The following table gives the mechanical analysis of two 
markedly different types of soil: -

I Approximate Number of per- 
Lime- 1 tioles in  1gram.Diameter 1 Truck stone 

in I IMillimetres. Soli. Sub-
I soil. Limestone 

, Truck 'Oil Sub.oil, 

2 to 1 ~ i n eGravel. 
I 

1 ' 5 Coarse Sand. 

.5 '' .25 Medium Sand. 
I 

.25 '' .1 1 Fine Sand. 

.I " .05 Very flue Sand. 

.O1 " .005 Fine Silt. 

.005 " 0 Cisy. 
I 

From the results of the mechanical analysis, the approxi- 
mate number of particles in the soil can be calculated from 
this formula: -

a 
~ ( d ) ~ - 2 . 6 5- - -- -+total weight of soil. 

6 


Where a is the weight of each group of particles, d the mean 
diameter of the particle in the groups, and 2.65 taken as the 
specific gravity of the soil. 

From this and the weight of a unit volume of soil, the 
number of particles on a unit area of surface can be calcu- 
lated. 

No. particles in 1cc. 

There will evidently be one space or opening into the soil 
for every surface grain. If the grains have a symmetrical 
arrangement the mean size of these spaces can be calculated 
from the formula: -

Where r is the radius of the space, V the total volunle of 
all the space, N the number of spaces 011 a unit area, and 
L the depth of soil. 

The circulation of water through the soil will depend upon 
the size of these spaces, and not in any simple ratio either, 
but according to the fourth power of the radius multiplied 
by the number of spaces. You will bear in mind we are not 
trying to establish absolute but ~e la t ive  values. 

Here are ten tubes, each with a radius of three units, and 
here is one single tube with a radius of ten units, having the 
same capacity and area of cross section of the ten tubes. If 
they were exceedingly small capillary tubes water would 
flow through the single large tube about twelve times faster 
than through the ten tubes So it is in the soil. If we as-
sume that there is the same amount of empty space in a clay 
soil as in a sandy soil, there are a t  least ten times the num-
ber of spaces in the clay soil for the water to move through, 
and the movement is very much slower than in a sandy soil. 
Clay has no inherent property of absorbing and holding 
moisture not possessed by sand, as popularly supposed, the 
difference being due entirely to the number of particles per 
unit mass. 
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I want now to show you that the size of these spaces upon 

mhich the circulation of water depends may be varied a t  will 
by the ordinary commercial fertilizers ased by farmers. And 
first let me show you the very simpla but curious (for hitli- 
erto unexplained) phenomena of flocculation. 

Here is some muddy water in this beaker. The particles 
of clay are so extremely small, and have so much surface in 
proportion to their weight, that  the ordinary convection cur- 
rents in the liquid are sufficient t~:, keep them in suspension 
for an indefinite time. A trace of salt, kainit, or acid will 
cause the clay to come together in light, loose floclrs, like 
curdied milk, and these flocks will quiclrly settle and learie 
the water above perfectly clear. If only a trace of these 
substailces lias been added, a few drops of ammonia will 
neutralize this effect, and break up the flocks and push the 
clay particles without the range of their mutual attrac-
tion, so that the liquid will not clear for clays or weeks or 
years. 

When this is watched under* the microscope, the particles 
i n  the turbid liquid when ammonia is present - if they are 
very small and freely suspended in the liquid -do not or-
dinarily come very close together, or if they do they are 
shoved aside by a n  elastic cushion. When the least excess 
of acid, salt, or  lime is added, however, they not only come 
close together but segregate in large floclis, which float 
around as though held by a rigid hand. If too much acid 
has not been added, the further addition of ammonia will 
push the particles apart again, but tbis cannot be kept up 
indefinitely, for the accun~ulation of the salt formed causes 
a permanent flocculation, mhich we have not yet been able 
to overcome. 

As I have saicl, the reason for this has not yet been satis- 
factory explained, although it has formed the substance of 
several nletnoirs to the National Academy of Sciences and of 
a large bulletin of the United States Geological Survey. I t  
is a phenomenon of great economic importance, as it accounts 
for the fornlation of flats and shoals a t  the mouth of rivers 
where they empty their niuddy water into the salt waters of 
the ocean, for the curious periodic shoaling and deepening 
of the channel at the mouth of the Mississippi River with low 
and high water, and for the peculiar clearness of limestone 
water. I t  is a phenomenon also of the utmost importance to 
agriculture. 

I an1 glad to say that Dr. Kimball has taken an interest in 
it. and has given valuable aid and suggestions, and I believe 
we shall be able to work it out before long., as  we already 
have a very plausible and tentative explanation awaiting 
experimental verification. 

I will t ry to sllow you that similar forces may act in the 
soil, and produce very material and important modifications 
in  the arrangement of the soil grains -changing in a very 
remarkable degree the relation of the soil to the circulation 
of water. 

Here are three argand lamp chimneys eight inches long 
and two inches in diameter, the upper two inches of the tube 
being graduated on the side. Equal weights of the same soil 
occupies six inches in depth of each tube. The soil is tlie 
characteristic truck land of Anne Arundel County, -light, 
loose, and loamy; almost too light for wheat or grass, for 
water circulates too freely in it for these crops. An inch in 
depth of water passed through these saturated soils in just 
about the same time (twenty-five minutes) : a few drops of a 
solution of kainit was added to the water i n  this second 
tube, and a few drops of ammonia to the water in this third 
one. The effect of the kainit, as in the muddy liquid, is to 

pull the fine particles of clay m~lch  closer to the grains of 
sand and to make the so11 more loanly and looser in texture. 
The large spaces ha re  become larger, and the spacess ~ r ~ a l l  
smaller, and the effect of tbis, as you saw w ~ t h  the tubes, is 
to very materially increase the rate with which water circu- 
lates in the soil. 

Now I do not pretend to say that even under the intense 
condition of my experiment this chauge is instantaneous, for 
it is not. While the acid or salt, or kainit or lime, makes 
it possible for the soil particles to come closer together, t he  
motive power vvhich actually brings them together is proba- 
bly the changing temperature and cl~anging moisture con-
tent, sn that in practice the change in the physical structure 
of the S O I ~ Swill p'kobably be very gradual, and be noticeable 
only after several years of continuous application. 

Sir John Lawes has observed that the continued use of 
nitrate of soda has macle his soil more loamy and porous. 
1t is a matter of common experience that sucll changes occur 
in s t18  clay land from the continueci use of acid phosphates 
and lime, but no special significance has ever been attached 
to it, as it has been considered ~ncidental to other benefits 
(hitherto unexplained, be it understood) derived from the 
application. 

The effect of ammonia on the soil 1s even more remarlra-
ble. as it is so instantaneous, and the effect cryen in this 
short time is so markeil. The ammonia loosens the hold of 
the clay particles on the grains of sand, and the currents of 
water in the narrow spaces seemingly are sufficient to detach 
them, as the liquid, before clear, is now muddy. The fur- 
ther movements can be watched under a microscope fucused 
against the s ~ d e  of the tube. The clay flocculates immedi- 
ately, probably from the effect of the salts in the soil, and 
these loose flocks, floating around, catch against the projecting 
sides of the graius of sand, and the spaces gradually fill u p  
with this light, loose material. 

The clay is more evenly distributed throughout the soil, 
and the circulation of water is very much retarded. Whi l e  
before the ammonia was put in, the inch of water passed 
through the so11 in about twenty-tive minutes, it  will take it 
now at least six or eight hours 

From our own work it is probable that the organic: niatter 
of stable manure and the alkaline carbonate of wood ashes 
would have much this same effect, and I believe this is the 
reason the agricultural value of these substances on certain 
soils has always beer1 oat  of all proportion to the amoulit of 
plant food they contain. 

This interpretation of the results of the mecl-~anical analy- 
sis of soils glves a very clear explanation of the marked adap- 
tability of certain plants for certain characters of so~ l s  under 
the same climatic conditions. Truck, wheat, grass, and the 
different grades of tobacco all succeed best on soils which, 
differ essentially in their pllysical properties. Not only so, 
but ~t is quite possible to calculate the relative rate witlr 
which water will circulate through these different types, 
and we have, therefore, a means of classifying soils by re-
ferring then1 to these types; and when thp observed rate of 
circulation differs from the rate calculated from the me. 
chanical analysis, as it does in " Worn out " lands, we have 
the still more important mformat~on of the changes which 
have occurred in the structure of the soil, and we have seen 
that this may be vaned a t  will by the ordinary fertilizing 
materials. I am satisfied that it is through same such care- 
ful study of the so11 further advance In ~gr icul ture  mill be 
made and the most intelligent use of manures and fertilizers 
be secured. 


