PRESENT TREND OF SUBGRADE RESEARCH

By C A HoGENTOGLER, Semior Highway Engineer, and E A WiLuis, Assistant
Hwghway Engineer U S Bureau of Public Roads

SYNOPSIS

Subgrade investigations have progressed to a point where the prin-
cipal emphasis 18 now being placed upon research concerned with the
more specific problems of test procedure, test apparatus and soil
identification This report discusses briefly the essential features
of the following problems of this character that have received special
attention during the past year

(1) Modification of the hydrometer method of mechanical analysis
to include the use of new apparatus and to make the method applic-
able for the analysis of portland cement as well as soils  (2) Inves-
tigation of the hiquid limit device (3) Improvement of the com-
pression test device (4) Development of samplers for obtaining
undisturbed soil cores (5) Development of cutting apparatus re-
quired 1n the preparation of undisturbed so1l samples for swell tests
(6) Design of the drainage indicator, a new apparatus to reveal
quantitatively the capillary and drainage properties of sols (7)
Development of the flocculation test as an indication of the presence
of properties important with respect to subgrade performance (8)
Development of a procedure for making a microscopic 1dentification
of crystals furnished by water soluble constituents of soils and port-
land cement concrete (9) Investigation of the causes of detrimental
warping 1n concrete pavements (10) Design of an 1nvestigation for
furmishing data on controlled outdoor frost heave phenomena and the
effectiveness of suggested remedial measures (11) Investigation
of the use of physical and chemical admixtures for stabilizing soils

1 MODIFICATIONS OF THE HYDROMETER METHOD OF MECHANICAL
ANALYSIS

The hydrometer method for making the mechanical analysis of fine
graimned materials has been described in Public Roads,! Vol 12, No 8,
October, 1931 It utilizes a sensitive hydrometer specially cahbrated
1n grams per hter to disclose the density of the suspenston at any stage
of sedimentation, and Stokes’ law to disclose the maximum grain size
corresponding to a particular density Its use necessitates computa-
tions mmvolving the use of variables which had to be determined by
extended research of basic character

This work, which has just been completed, furmshed a test procedure

1 “Procedures for Testing Soils for the Determination of the Subgrade Soil
Constants’” by A M Wintermyer, E A Willis and R C Thoreen ‘‘Graphical
Solution of the Data Furnished by the Hydrometer Method of Analysis” by E A

Willis, F A Robeson and C M Johnston
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utihzing any sensitive hydrometer calibrated 1n specific gravity, and
the correction coefficients whereby both the grams per hiter concentra-
tion and the maximum particle diameter corresponding to the hydrome-
ter readings can be determmmed In addition, 1t disclosed that the
results furmshed by the hydrometer method check within practical
limits those obtamed by the pipette methods of the U 8 Bureau of
Chemistry and Soils, and other methods As a further outgrowth of
this work, a new effective deflocculating agent was discovered and a
new type of hydrometer and a revised dispersing cup and stirring paddle
were developed

CREW INTO
TIRRING SHAFT

DETAIL OF STIRRING PADDLE

Figure 1. Detachable Paddle for Soil Dispersing Device

The new paddle shown 1n Figure 1 1s made of wear-resisting material
and consequently requires less frequent replacing than the softer paddles
furmished with the dispersing apparatus

The paddle of the dispersing apparatus as purchased 1s an integral
part of the stirnng shaft The new one, which screws into the end of
the stirring rod ehminates the necessity for changing the stirring rod
with the paddle X

The new cup with a semi-spherical bottom and detachable baffles,
shown 1 Figure 2 right, ehminates the error due to the accumulation of
soil particles i the bottom and around the baffies of the ongmal fla
bottom dispersing cup as shown in Figure 2 left -

The general design of the new hydrometer, calibrated 1n specific
gravities, 18 shown 1 Figure 3A as compared with the Bouyoucos hy-
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drometer, Figure 3B. The shape of the new hydrometer 1s proposed to
mmimize the accumulation of soil particles on the bulb when the
bydrometer 1s left immersed in the suspension, and the disturbance of
the suspension when the hydrometer 1s inserted or removed

Extensive tests with varous deflocculating agents showed sodium
sihcate to be the most effective for maintaining separation of the dis-
persed soil particles in suspension Table I illustrates the superionty
of sodium silicate over other agents for dispersing colloids Here 1t 1s
seen that the same soil, No 5853, for instance, may have an indicated

FREL
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BAFFLE LOCATION
PLAN

Figure 2. Soil Dispersing Cups. Old Design, Left. New Design, Right

colloidal content of 57 per cent, 50 per cent, 28 per cent, or 14 per cent,
depending upon the type of deflocculating agent used 1n the tests
Table II shows the agreement of results furnished by the hydrometer
and pipette methods of analysis Thus, for instance, 1n soll No 837,
the matenal finer than 0 05 mm equals 94 per cent according to the
hydrometer analysis and 95 per cent according to the pipette method of
analysis Similarly, the clay content equals 75 per cent according to
the former and 72 per cent according to the latter method of analysis
Such differences are much smaller than those due to lack of uniformity
of samples of the same soil layer and consequently have no practical

significance

In the adaptation of the hydrometer method of analysis to determine
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the grading of cements, a suspending medium had to be found which
would prevent both the hydration and the flocculation of the cement
particles.
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Figure 3. Sensitive Hydrometers Used in Soil Analysis

Carbon tetrachloride, pure ethyl alcohol and pure kerosene all gave
promise of being satisfactory substances for this purpose.
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Water free kerosene, however, with a small amount of oleic acid added
as a deflocculant, seemed the most practical of the several possibilities
With the added precaution that the cement be oven dried before being
dispersed, the tendency to flocculate, which occurs more 1n some cements
than 1n others, was completely ehminated

TABLE I

ToTaL PERCENTAGES OF PARTICLES SMALLER THAN 0 001 MM OBTAINED BY TREAT-
MENT WITH EQUINORMAL SOLUTIONS OF DIFFERENT DISPERSING

AGENTS
Potassium Sodium Sodium Sodium
hsydroxl/t'{e csarbom}ta gmlat? silicate
ce N cc N/1 10 cc N/2 5¢c N/I
Soil no Source No reagent solution solution solution solution

Percentage of particles smaller than 0 001 mm

5792 JTowa * 2t 7% 15 16
5853 Miss * 14 28 50 57 )
6054 N C * 3t * 3t 23
6278 Texas * * 1t * 29
* Completely flocculated
t Partially flocculated

TABLE II

COMPARISON OF ANALYSES BY (1) HYDROMETER AND (2) P1PETTE METHOD

Percentage finer than
Soil mo 0050 mm 0005 mm 0002 mm

n (2) m (2) (1) 2)

4907 12 13 8 9 7 4
487 58 57 18 16 14 11
4913 59 56 24 27 14 19
763 69 67 36 38 26 30
630 81 83 40 41 27 26
695 83 85 47 48 36 38
837 94 95 75 72 64 62

Results of the mechameal analysis of cements by the combined sieve
and hydrometer methods are shown mn Figure 4

A complete description of the research on the mechanical analysis
comprises a report entitled “Comments on the Hydrometer Method of
Mechanical Analysis” prepared by R C Thoreen for publication in
Public Roads

2 MECHANICAL DEVICE FOR MAKING THE LIQUID LIMIT TEST

The procedure for making the hquid hmit test has been pubhished
in Public Roads,? Vol 12, No 8, October, 1931 Thus procedure has

. % “Procedure for Testing Soils for the Determination of the Subgrade Soil
Constants” by A M Wintermyer, E A Willis and R C Thoreen
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Figure 4. Grain Size Accumulation Curves for Portland Cement Samples

Figure 5. Mechanical Device for Determining Flow Curves
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been found adequate for ordinary soi analysis. For special mnvestiga-
tions and for the purpose of standardizing the test procedures in various
laboratories the mechanical device for making the hqud limit test
shown 1n Figure 5 was designed as a part of the cooperative research
project between the Bureau of Public Roads and the Massachusetts
Institute of Technology.

The significance of the Atterberg hmits with respect to the consis-
tency of soils1s asfollows The soil1s very soft when containing moisture
above the hquid hmmt, 1s plastic with moisture contents between
the hquid and plastic hmits, semi-sohd with moisture contents between
the plastic and shrinkage hmits and sohd with moisture contents smaller
than the shninkage limit

In this conception of plasticity there 1s considered only the range of
moisture contents through which the soil 18 plastic with no regard for
the relative stabihity of the soil in the plastic state

The hquid limt 18 the moisture content of a so1l requinng a standard
number of shocks of standard intensity to just close a groove of standard
dimension 1 the soil cake In the routine test, water or soil powder,
as determined by tnal, 1s added to the test sample until the desired
consistency 18 obtained

With the mechanical device, however, the number of shocks required
to close the groove, with the soil at the different trial consistencies, is
plotted aganst the corresponding moisture contents. The hquid hmt
18 the mowsture content corresponding to 25 shocks as shown by a curve
connecting these powmnts

Such curves, termed ‘“flow curves’’ and illustrated in Figure 6, become
straight lines when plotted on semi-logarithmic paper

The flow curves afford a means for determining the flow index and the
toughness index, two constants which may be ghly signficant mn the
study of soils

The flow index 18 the slope of the flow curve and 18 expressed mathe-
matically as follows:

C—-W
F= log N

mm which F = flow index.
C = constant.
W = moisture content (per cent of weight of dry soil).
N = number of blows.

Since the flow curves shown 1n Figure 6 are semi-log plots, the flow
index which is merely the slope of these plots becomes the range 1n
moisture corresponding to the number of blows represented by one cycle
on the logannthmic scale. Thus the flow indices, Table III, are the
moisture content ranges corresponding to the cycle between 10 and 100
blows, Figure 6

1l
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Figure 6. Typical Flow Curves

TABLE III
ConstanTs oF SoiLs WHoSE FLow CurveEs ARE SHOWN IN FIGURE 6
Soi type Hpawd | Plashiots | ow index | Tousbnoss
Diatom 166 36 218 17
Clay—A 80 54 16 5 33
Clay—B 72 47 85 55
Silty clay 37 16 72 22

The toughness index, 7, 1s the quotient obtained by dividing the

plastiaity index, I, by the flow index Thus
I

T=F

This equation 1s based on two assumptions, to wit
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(1) The number of blows required to close the groove of a soil paste
at the plastic hmit 1s a measure of the toughness of the soil at this mois-
ture content

(2) In the whole range between the hquid and the plastic imit the
relation between shearing resistance and water content, on a semi-
loganthmie plot, 1s represented by a straight line

According to the foregoing, the following conclusions are warranted

a For sois having equal plasticity indices, the shearing resistance

at the plastic hmit 1s inversely proportional to the fiow index

b For soils having equal flow indices, the shear resistance at the

plastic hmit 1s proportional to the plastiaity index

¢ With respect to the relation between shear resistance and mois-

ture content, soils having equal plasticity and also flow indices
are ahke

The relative effect of equal increases in moisture content for dimimsh-
ing the stabihity 1s inversely proportional to the flow indices Of the
sous in Table III, therefore, the effect of equal inereases of moisture for
softening the silt so1l with a flow index of 7 2 would be about three times
as great as for the diatom soil with a flow index of 21 8 At the plastic
limt, however, the silt soil 1s tougher than the diatom soil in the
ratioof 22t0 17

Thus the use of the flow curves utilizes stability in the measure of
plasticity in addition to the mere range of moisture content through
which the soil remains plastic, as originally conceived by Atterberg

By means of the toughness index formula the moisture contents at
which the clay soils have equal toughness can be deterrined This 1s
accomphshed by substituting the respective plasticity indices for I
and the desired toughness for the index T Thus for equal toughness,
say that indicated by an index of 3 0, Clay B will have a moisture con-
tent of 30 5 while Clay A, with the higher plasticity index, will have a
moisture content of 46 5 Similar information 1s furnished by the flow
curves, Figure 6 Here for equal toughness or shear resistance, that
indicated by 100 blows, the silt will have a moisture content of 32, the
Clay A, 68 per cent, the Clay B, 70 per cent and the diatom soil 132
per cent

The report “Research on the Atterberg Limuts for Soils” by Arthur
Casagrande, Pubhc Roads, Vol 13, No 8, October, 1932, contains a
complete discussion of the flow curves, their determination and their
significance

3 MODIFICATION OF THE COMPRESSION TEST APPARATUS

The bearing power of loaded so1l depends upon three soil properties
as follows

1 Stabihty of the resistance to lateral flow

2 Compressibihity or the resistance to vertical consolidation
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3 Expansion or the tendency for the soil to take up moisture after
being compressed.

The essential features of the compression test and 1ts practical apphca-
tion 1s 1llustrated m Figure 7.

As onginally designed by Terzaghi,® and shown diagrammatically at
the left of Figure 8, the compression device furmshed means for measur-
ing only the compressibility and the expansion of soils  Also, the soil
sample was quite small, being approximately one centimeter thick and
39 square centumeters 1n area

In the practical use of the compression test data, the performance
of foundation soil layers many feet thick 1s estimated on the basis of

COMPRESSION
DIAL

=6~ COMPRESSION PLUNGER

CONTAINER

THAUST PLUNGER CALIBRATED SCREW

COMPRESSION
DAL

CALIBRATED SPRING THRUST INDEX

THRUST BEARING

\\\\\\\

OLD DESIGN NEW DESIGN

Figure 8. Compression Device, Old and New Designs

the movements of these very thin soil samples This requires measure-
ment of the very minute compressions and expansions of the soil sample
to an accuracy of about one ten-thousandth of an inch  In order that
measurements of this degree of refinement will be representative of soil
movements and not seriously influenced by lag in the apparatus, the
shding parts of the apparatus have to be made so snug that expern-
mental errors due to friction between the plunger and container are apt
to occur

The new apparatus, as devised by the Bureau of Pubhic Roads, 1s
shown at the right of Figure 8 It differs essentially from the onginal
design as follows

3 See Public Roads, Vol 12, No 4, June, 1931, pages 11 and 12
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1 It utihzes ball bearings to minimize the effects of friction between
the plunger and the contamer wall

2 It provides space for a soil sample about twice as large (2 2. cm.
thick by 73 sq cm. 1n area) as the one utihzed 1n the orginal tests.

3 It 18 equpped to measure the lateral thrusts of the soil cakes at
any stage of the compression test

This thrust 1s measured by reducing the compression on the calibrated
spring which holds a small plunger agaimnst the side of the soil cake until
the spring force just balances the lateral thrust of the soil cake The
essential feature 1n this operation 1s that the measurement of the lateral
thrust 1s accomplished without appreciable lateral movement or bulging
of the soil cake Reducing the spring force by means of the slow motion

VALVE USED IN PRODUCING
VACUUM S0 AS TO BREAK
OFF SOIL SAMPLE AT
BASE OF CYLINDER

COUPLING 3-INCH BRASS DISC
. |
RUBBER . RUBBER
GASKET ‘-33 INCHES™ GASKET
SoIL
SAMPLE
T~

Figure 9. Sampler for Obtaining Cores of Undisturbed Undersoil

screw until the first tendency to move 1s registered by the dial, restnets
the bulging of the soil cake to an infinitesimal amount

4 SOIL SAMPLERS

The density of completely saturated soll samples may be quickly
computed from a knowledge of the moisture content of the soil. The
density of soils containing both air and water, however, can be deter-
mined only from samples of soil in the undisturbed natural state. In
addition to the cooperation of the Bureau with the Massachusetts Insti-
tute of Technology 1n the development of quite elaborate devices for
securing samples of foundation soils from deep in the ground, several
sumple devices have been used by the Bureau for obtaming samples of
the desired type

Figures 9 and 11 show the device used 1n an investigation of the settle-
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ment of a fill placed on a soft unstable undersoil It consists of a piece
of four-inch pipe 18 inches long with a ground cutting edge as shown
This pipe 15 fastened to a head by means of a union and the head 1s 1n
turn fastened to the drill rod or pipe  Inside the head 1s a metal dia-
phragm with a hole 1n the center, which acts as a seat for a rubber
stopper forming a valve This valve allows air or water to escape as

— 0 ( ! ¢ ]
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= : SLIP FIT THROUGH TUBE
i i
N
SR =%
STEEL TUBE

1€ LoNG 1500 4 waLL
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TURN TO CUTTING EDGE [

Figure 10. Hollow Sample Tool for Subgrade Investigation

the sampler 1s being forced 1nto the so1l but closes as soon as withdrawal
1s started It 18 used 1n connection with a wash boring outfit

Samples obtamned with this device are shipped to the laboratory in
the sampler bit after they have been sealed with paraffine and are there
tested in the undisturbed state

Another type of sampler used in determining the degree of compaction
obtained 1n subgrade or fill construction, consisting of a shghtly tapered
steel bit 18 shown 1n Figure 10 This1s forced into the soil, removed and
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the sample 1s pushed out, weighed, dried and weighed again ~ Knowing
the volume of the sample and the specific gravity of the soil 1t 1s a simple
matter to compute the relative amounts of soil, air and moisture in the
natural soil mass

Figure 11 shows the details of another type of bit and holder,* and

plunger (H)
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N
o
A
—— oY ____.

.
ES 1

2Fd
oo : . 24 ]
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CUT BAYONET SLOT IN EACH SIDE, INSIDE 9, =2 036 ‘
TO SECURE BIT TO HOLDER
—a I
.

|
—

L—lenDE d4,=2018"

DETAILS OF HOLDER DETAILS OF BIT
STEEL STEEL, HARDEN AND GRIND

Figure 11 Subgrade Sample Bit and Holder

The bit attached to the holder 1s forced into the soil until the bit 1s
entirely filled The soil 1s then removed from the bit, trimmed carefully
to both rms of the cutter and then removed for the weighing and drying
operations

The shight flare of the inside of the bit 1s for the purpose of reducing
the effects of friction between the soil core and the bit.

¢ Design suggested by W I Watkins of the U 8 Bureau of Chemistry and
Souls, cooperating 1n subgrade 1investigations of the Bureau of Public Roads
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5. NEW SAMPLE CUTTING APPARATUS

Of special importance in connection with determining the bearing
value of undisturbed soil samples is the manner in which the sample is
transferred from the soil core as obtained in the field to the compression
device to be tested.

Not only must the sample be cut to the exact diameter of the con-
tainer but special precaution must be taken to make the depth of the
disturbed soil at each face of the soil cake as small as possible. Fur-
thermore, all work of this character must be done in a damp closet to
prevent the moisture content of the soil sample from changing prior
to test.

Figure 12. Essential Parts of New Sample Cutting Apparatus

To accomplish these purposes the apparatus shown in Figure 12 was
devised. It consists of a stand (4) with a slow motion secrew and thrust
bearing (B), a cutter support (C), a guide ring (D), a special cutter (E),
a thin metal band (F), a piano wire saw (() and a plunger (H).

The cutting of the test sample and the placing of it in the testing
device is accomplished by six distinet operations proceeding in the
following order:

(1) A portion of the undisturbed soil is cut from the core as received
from the field and placed in the metal band F, and the space between
the band and the circumference of the soil cake is filled with melted
paraffine,

(2) The soil sample thus prepared and the cutting apparatus are
arranged as shown in Figure 13.
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Figure 13. Assembly of Apparatus for Cutting the Samples from the Soil Core

Figure 14. Apparatus Arranged for Trimming One Face of the Sample Flush
with the Cutter Rim
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(3) The cutter is forced carefully into the soil cake by means of the
slow motion screw until the soil extends far enough above the top of
the cutter to permit it to be smoothed off to the plane of the top of
the cutter.

(4) The cutter containing the sample is now arranged in the holder
as shown in Figure 14 and the portion of soil extending above the
cutter is smoothed off carefully to the plane of the top of the cutter by
means of the piano wire saw.

Figure 15. Sample being pushed from Cutter into the Testing Apparatus

(5) The sample, cutting apparatus and the testing device are then
arranged as shown in Figure 15.

(6) The soil sample is then forced slowly into the testing container
by means of the plunger (H), and trimmed off flush with the container
rim, after which the testing apparatus containing the soil sample is
ready to assemble for test as shown in Figure 8.

6. DRAINAGE INDICATOR

In contrast to the simplified soil tests which furnish qualitative infor-
mation on important soil properties, the new device, termed the drain-
age indicator, is intended to furnish quickly and with minimum effort
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quantitative information on the following soil properties important with
respect to drainage and frost heave
1 The relative amounts of air, gravitational moisture, capillary mois-
ture and soil particles comprising the soil mass r
2 The maximum capillary rise &
3 The rate of capillary nse and the quantity of water furmshed
by capillanty at any distance above ground water elevoa,tlon
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Figure 16 Essential Features of the Dralnage Indicator

4 The velocity of gravitational water movement and the amount
of water furnished under any head

This object 1s accomplished by observing the rise of water in the
sample of soil under varying conditions of pressure in the apparatus
shown schematically in Figure 16 The essential parts are a graduated
glass container for the soil sample, a hook gage and a burette for measur-
ing the quantity of water taken up by the sample and a mercury
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manometer for indicating the pressure resisting or assisting the entrance
of water

Physically the test 18 based on the following three assumptions.

1 The pressure head requred to prevent the entrance of moisture
into the soil equals the maximum capillary rise

2 The pressure head against which the moisture penetrates the sam-
ple at a given observed rate equals the height above the ground water
elevation at which capillary moisture would flow at a similar rate 1n a
column of soil stmilar to that of the sample

TABLE IV
DRAINAGE PROPERTIES OF A SAND AND A SiLT Soi. COMPARED

Beach | Su

ol and | sl

Seet Seet
Composition of 10 [Soil particles 65| 49
feet of saturated {Capillary moisture 01 47
soil Gravitational moisture and air 34| 04
Capillary rise per 24 15 feet above ground water elevation 00| 52
1‘; v y P 3 0 feet above ground water elevation 00| 30
urs 6 0 feet above ground water elevation 00| 09
Maximum capillary rise 04120
cu ft | cu ft
Capillary flow per 24 15 feet above ground water elevation 27
al'lp viary r sp ft 3 0 feet above ground water elevation 20
ours per 8q 6 0 feet above ground water elevation 10
Gravitational flow 15 feet head 225] 01
per 24 hours persq {3 0 feet head 397 04
ft 6 0 feet head 657| 24

3 The pressure head required to draw water through the sample at
a given observed rate equals the distance below the gravitational water
surface at which percolation would oceur at a similar rate

The use of controlled pressures 1n the manner described eliminates
the experimental errors introduced by the long tube formerly used
investigating the capillary properties of soils

The results furnished by this apparatus disclose very readily the mon-
strous amount of water which can be furmshed by capillanty They
show, for instance, that both the rate of capillary rise and the thickness
of water raised 1 24 hours can be measured in feet instead of inches

Figure 17 depicts the drainage test graphically It shows the makeup
of a ten-foot layer of this soil to be 5 9 feet soil particles, 3 5 feet capillary
moisture and 0 6 foot gravitational moisture and air The maximum
capillary nise m this case 1s nine feet The rate of nse at a distance



162 HIGIHIWAY RESEARCH BOARD
of three feet above the ground water elevation 1s 5 5 feet per 24 hours.
At 15 feet above the ground water elevation the rate 1s 10 4 feet per
24 hours

The quantity of water furmshed by capillarity 1s sufficient to form a
layer 3 8 feet thick every 24 hours at a distance of 15 feet above the
ground water elevation and a layer 1 9 feet thick in the same time at a
distance of three feet above the ground water elevation

Table IV furmshes additional information of this character The
difference between the dramnable, non-frost-heaving beach sand and an
unstable frost-heaving silt 1s quite evident  Here 1t 1s 1ndicated that in
a ten-foot layer of soil the thickness occupied by the capillary moisture
1n the silt 15 4 7 feet, while that 1n the sand equals but 0 1 of one foot
This leaves 1n the sand an equivalent of 3 4 feet of space for the flow of
gravitational water 1n contrast to but 0 4 of a foot mn the silt  As would
be expected, this difference 1s reflected 1n the gravitational flow which
in the sand varied from 22 5 to 65 7 feet 1n 24 hours where for equal
heads the flow in the silt varied from but 01 to 2 4 feet 1n the same
time Furthermore, the absence of capillary flow in the same 1s con-
spicuous

7 FLOCCULATION TEST

A so1l mass consists of both soil particles and pores 'When soil swells
or shrinks only the pore space 18 presumed to change Thus, when
rain changes clay from the dry to the wet and muddy state, the clay
particles do not necessanly change either in size or character but have
merely separated due to entrance of water into the pores between the
particles

The clay becomes muddy and unstable merely because the percentage
of pores 1n the so1l mass increases very appreciably While the voids
ratios of dry clay samples may be but half those of stable sands, the voids
ratios of muddy clays may be five tumes those of the wet sands The
clay would become as stable as the sand 1if the pore space of the wet clay
could be reduced to that of the wet sand and maintained there

Consequently, the maximum porosity which a soil 1s capable of acqur-
ing 1n the presence of moisture becomes an 1ndex of the stabihty of the
sol This, combined with the fact that the maximum water capacity
of & soil 18 disclosed by the porosity of soil sediments, forms the basis of
the flocculation test

In considering the sediments 1t must be remembered that soil par-
ticles may be of several kinds. bulky grains of any size, large size flat
micaceous particles, spongy diatomaceous particles and the scale-hke
colloidal particles

Soils consisting of the bulky particles exist 1n nature 1n more or less
compact masses as shown 1n Figure 18A  Soils consisting of the platy
or spongy particles are lughly porous, either wet or dry.
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The clay soils containing scale-like colloids having the electrolytic
properties productive of flocculation may exist in nature mn a dried state
much denser than bulky grained soils, but in the presence of water may
expand to an extended state, such as 1s 1llustrated in Figure 18B

When bulky grained soils settle out of suspensions, the grains act
independently, the larger ones setthng the fastest to form stratified
sediments with the larger particles on the bottom, as shown in Figure
18C In flocculated soils, 1n contrast, the larger clay particles are
trapped 1n the masses of flocks 1n such a manner that independent par-
ticle settlement 1s prevented with the result that in the sediments, the
larger clay particles are distributed throughout the flocculated mass,
as shown 1 Figure 18B

@ CLAY PARTICLES & COLLOIDAL PARTICLES
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Figure 18. Bulky Grained and Flocculated Soils

Only when a deflocculating agent destroys the electrolytic bond, which
causes the extended order of the particles, are the grains released to
settle individually like the bulky grain soils to form the stratified sedi-
ments, Figure 18C

The porosity of the platy and spongy maternals is due to the character
of the grain instead of an electrolytic property. Consequently, defloc-
culating agents do not serve to reduce the porosity of such soils

The test (see Figure 19) consists essentially of determining the voids
ratio of first the dry and powdered soil and, second, the sediment which
occurs 24 hours after known volumes of soil particles have been thor-
oughly mixed with known volumes of (a) water and (b) water with the
sodium silicate deflocculent

The voids ratio of the soil powder, Figure 19 left, 1s 1 0 that of the
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flocculated sediment, Figure 19 middle, is 3.5; and that of the defloc-
culated sediment, Figure 19 right, is 1.6.

These voids ratios are obtained by subtracting the absolute volume of
the soil particles, five cubic centimeters in this instance, from the vol-

Figure 19. Voids Ratios of Soil Powder and Sediment

umes of the soil masses shown by the graduates and dividing the remain-
ders by the absolute volume of the soil particles. The soil in the middle
graduate was mixed with 40 cc. of distilled water and that in the gradu-
ate on the right with 39 ce. of distilled water and one cubic centimeter
of sodium silicate dispersing solution.
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Similar to Figure 18C, the dispersed sediment, Figure 19 right, is
stratified, whereas the flocculated sediment, Figure 19 middle, is of
uniform appearance, like Figure 18B.

In connection with the above voids ratios it should be remembered
that a voids ratio of about 0.35 represents the densest and that of about
0.90 represents the loosest possible arrangement of bulky spherical par-
ticles of equal size. These voids ratios for average soils correspond to
moisture contents of 13.2 per cent and 34 per cent, respectively.

TABLE V
Resvrrs FurNisHED BY THE FrLoccurnATioN TEST
Voids ratio
Soil no. Clay content
Dry powder Natural sediment Digg‘i’fl:‘é:%ed
per cent
A 48 1.0 5.5 0.8
B 54 1.4 1.2 1:2
C 42 0.9 3.4 ..0.8

AR

Figure 20. Effect of Flocculation on the Density of Muck Sediments

It is possible for spherical particles of graded sizes to have voids
ratios smaller than 0.35. Usually, however, the presence of flat scale-
like particles is indicated when wet undisturbed soil samples can be
compressed to voids ratios smaller than 0.35, or by shrinkage limits of
disturbed samples smaller than 13.

In the same manner the flocculated extended order illustrated in
Figure 18B is indicated more and more as the voids ratios of sediments
or undisturbed natural samples exceed 0.90 and liquid limits of disturbed
soil samples exceed 34 per cent.

Generally the voids ratios of 24-hour sediments are as follows: Coarse
sands, 0.6 or less; fine sands, 0.6 to 0.8; ground rock powders, bulky
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gramned clays, 0 8 to 1 2, average silty soils 0 8 to 16, flocculated col-
lowdal clays, 16 to 3 5, muck and peats, as high as 50 or 60 High
voids ratios of sediments which are not reduced by deflocculating agents
indicate the presence of spongy or elastic soill matenals

Table V shows that the degree of consohdation which a soil will ac-
quire upon setthng 1s not controlled by the clay content For instance,
1n a total thaickness of 10 feet, the natural sediment of soi1l B with 54 per
cent of clay will consist of 4 5 feet of so1l and 5 5 feet of water, whereas
that of soil A with 48 per cent of clay will consist of 1 5 feet of soil and
8 5 feet of water Deflocculated, however, the layer of soil A becomes
the more stable consisting of 5 6 feet of so1l and 4 4 feet of water

‘EVAPO RATION REMOVES WATER’

CRYSTAL GROWTH BEGINS AT TOP OF PAVEMENT
IN FISSURES AND PROGRESSES DOWNWARD

SIS gl oo olo oo v T ol
g ¢ CAPILLARY ACTION CARRIES 4 4 4'
7 WATER THROUGH PAVEMENT :

D0 v g g v & & pﬂ-ooqd
WATER REMOVES SOLUBLE CHEMICALS FROM SUBGRADE

fWATER ENTERS SLAB HEREt T

GROWTH OF CRYSTALS
BY CHEMICALS THROWN OUT OF SOLUTION

Figure 21. Water Movement Productive of Crystal Growth

TFigure 20 1llustrates how flocculation may exert an influence upon the
porosity of sedimentary soils 1in nature These sediments of the same
muck soil which have been forming under observation for nine months
have voids ratios ranging between 5 to 19, due to different degrees of
flocculation produced by the use of different amounts of a chemical
admixture

8 CRYSTAL GROWTH

A discussion of the disintegration of concrete, Proceedings Eleventh
Annual Meeting of the Highway Research Board, page 299, suggests
that certain soluble chemicals of the subgrade soil might be a con-
tributing factor

These chemicals 1n solution are carried up through the concrete slabs
by capillary action, after which they are deposited in crystalline form
near the top of the slab when the carner hquid evaporates
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Especially productive of the movement of these solutions through the
slabs are certain types of almost invisible fissures. And the first evi-
dence of disintegrating action of this type is the appearance of crystalline

AS IN NATURAL ROCK, DISINTEGRATION PRO-
GRESSES WITH GREATER RAPIDITY IN FISSURED
THAN IN POROUS MATERIALS

NATURAL MATERIALS
POROUS LAMINATED
AN et . sk, N
0 === [
1] WA il i 7
QAT = ]

LEAST DISINTEGRATION MOST DISINTEGRATION
CONCRETE PAVEMENT

POROUS - NO CRACKS FISSURED -

R P o Pl HAIR CRACKS

.

CRYSTAL GROWTH IS RESTRICTED BY LACK | CRYSTAL GROWTH IS FACILITATED BY INITIAL

OF CONTINUQUS CHANNELS. THEREFORE CON-| CRACKS. THE CRYSTALS EXERT PRESSURE AND

CRETE SHOULD BE DESIGNED SOASTO BE A | GROW NORMALTO THE SIDE WALLS OF THE

HOMOGENEOUS MATERIAL WITH THE LEAST POS- | CRACKS NOTWITHSTANDING THE OPPORTUNITY

SIBLE SHRINKAGE SO AS TO ELIMINATE INCIPI= | FOR UNRESTRICTED GROWTH IN OTHER DIREC-

ENT CRACKING PRIORTO THE INITIAL SET. TIONS. THE FORCE EXERTED CORRESPONDS IN
MAGNITUDE TO THE BREAKING STRENGTH OF THE
CRYSTALS.

Figure 22. Effect of Fissures and Pores on Crystal Growth

Figure 23. Crystals Associated with the Disintegration of Concrete
. From soil water. ‘
. From subgrade soil.
. From disintegrated concrete.
. From synthetic alkali preparation.

[ S
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deposits n the form or ridges directly over the fine, almost microscopic
fissures

Continuation of this action, 1llustrated in Figures 21 and 22 A, causes
the slab to expand until failure occurs due to the increasing compressive
forces when joint space 1s hmited and to the disruptive force of crystal
growth otherwise

The microscopic method of attack was inaugurated because of 1ts
comparative simpheity as compared with an investigation requiring
chemical analysis

Essentially 1t consists of mixing either powdered soil or the ground
disintegrated cement mortar, with a small amount of distilled water,
filtering the hquid, and allowing a small quantaty of the filtrate to evapo-
rate on a microscopic shde which 1s then examined for crystalline
formations

These 1nvestigations are pnmanly in the formative stage Never-
theless, they have progressed far enough to disclose the fact that the
presence of at least one type of crystal in the soil should be viewed
with suspicion This type which has been found in the soil under
certain disintegrated slabs, together with crystals from the ground water
and also from the crystal deposits oceurring over fissures 1n top of the
same slabs 1s 1llustrated in Figure 23

The sawbuck character of these crystals and also that furmshed by
synthetic alkall mixtures 1s quite similar

9 DETRIMENTAL PAVEMENT WARPING

Request for a subgrade survey several years ago first called attention
of the Bureau to an unusual type of permanent warping which had oc-
curred 1n certain portions of a concrete pavement constructed in Mis-
SISSIppl

Since that time, high concrete pavement joints have been found to
occur 1 parts of certain projects 1n other states with such monotonous
regulanty as to furnish the traveling pubhe with a deeidedly unpleasant
impression that something has gone amiss in the construction of the road
In a limited number of these projects the pavements have risen so per-
ceptibly at the joints and also at transverse cracks as to be not only
seniously disagreeable, but 1n extreme instances dangerous to fast
moving traffic In such cases the drivers prefer to run with two wheels
on the shoulder mstead of with four wheels on the pavement

In the planning of the investigation possible causes of high joints
were recognized as follows

a Improper finishing of the road surface

b Normal expansion of the concrete combined with “frozen dowels”

across expansion joints

¢ Insuffictent width of expansion joints

d Heaving of the pavement adjacent to cracks or joints
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e Settlement of portions of pavement not adjacent to cracks and
joints

f Permanent shortening of the top, without equal shortening of the
bottom of the pavement

——_—_—_fg===

PLAN VIEW

— {2

A-BEFORE EXPANSION OR SWELL

CLOSED HERE~

/]
OPEN HERE <~ g-AFTER EXPANSION OR SWELL

EFFECT OF FROZEN DOWELS

» CLOSED MERE

C—AFTER SLAB LENGTHENING ~OPEN MERE
EFFECT OF INSUFFICIENT JOINT SPACE,HEAVING OF SOIL

UNDER JOINT AND SETTLEMENT OF SOIL ELSEWHERE
OPEN HERE,

CLOSED HERE

JOINT OPEN
D—EBFFECT OF TOP SHORTENING ONLY

,~ OPEN HERE

|}

JOINT CLOSED CLOSED HERE
E—-EFFECT OF BOTTOM LENGTHENING ONLY

CHARACTERISTICS OF HIGH JOINTS
DUE TO DIFFERENT CAUSES

Figure 24. Characteristics of High Joints in Concrete Pavements

g Permanent lengthening of the bottom, without equal lengthening
of the top of the pavement

Inspections of warped pavement, however, disclosed the following
with respect to warped slabs
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1 Warping does not occur until some time after construction
2 Tt causes the edges of slabs along cracks and sides to be elevated
in the same manner as the edges along joints
3 It occurs primarily in slabs laid on certain soils of the A-7 subgrade
group and has not yet been found 1n slabs laid on sand subgrades
Consequently, the first three possibilities hsted above are ehminated
as prime causes High joints, due to improper construction for stance,
would be observed as soon as the pavement was open to traffic instead
of sometime afterward Likewise, observations have not disclosed the
presence of the essential features indicative of frozen dowels, shown
m Figure 24B and hsted as follows.
(a) Cracking or even some spalling occurring 1n the concrete located
over the dowel
(b) Faulting at the joint, as shown 1n view 24B
(c) The occurrence of a crack several feet back of the joint, closed at
top and open at bottom of slab
(d) No elevation of the slab at either transverse cracks or the side
edges of the pavement
Likewse, the effect of the thrust, due to insufficient joint space, and
illustrated in Figure 24C are absent Instead of the faulting, as noted
in Figure 24B, the slab at both sides of the jont, 1n this case, 1s apt to
rise 1n equal amount But simlar to the case of the frozen dowels,
there will be no warping of the side edges of the pavement when the
joints are elevated due to thrust
This leaves then the difference 1n volume change 1n top and bottom
of slabs, 1llustrated in Figures 24D and 24E, as the prime cause of the
trouble. If the top fibers shortened, the joint would remain open, as
shown 1n Figure 24D, and if mnstead the bottom fibers lengthened, the
bottom of the joints would be closed, as shown 1n Figure 24E In all
cases the cracks would be wider at the top than at the bottom, the
elevations would occur at transverse cracks, as well as jomnts, and the
side edges of the pavement would be elevated
Volume changes of different amounts 1in tops and bottoms could be
due to
(a) Continuous wetting of the bottom, drying out of the top, or a
combination of the two
(b) Crystal growth 1n the bottom of the slab, due to crystallization of
chemicals carried 1n by the ground water
(c) Flow of the ngid concrete due to some combination of shrinkage
and expansion
(d) Flow of concrete due to permanent strains produced 1n the slabs
by some combination of load and subgrade support
The trend 1n this study 1s toward the construction of experimental
road slabs in the field and mimature slabs 1n the laboratory, specially
designed to reveal which of the possibilities previously referred to are
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responsible for the objectionable behavior and to mdicate satisfactory
methods for ehminating the detrnmental effects produced by 1t
Essential features in these experimental designs concern
1 The waterproofing of the bottoms of the slabs
2 The mcorporation of steel reinforcement to resist the flow of the
concrete under strain
3 Stabilization of the elastic clay subgrade by means of bituminous
treatments or the introduction of layers of granular matenals

10 PROCEDURE FOR DETERMINING FROST HEAVE DATA

In the last analysis there are two essential requirements for frost
heave They are (1) freezing temperatures in the soil and (2) the pres-
ence of moisture 1n amounts necessary for the formation of 1ce crystals

The preventive measures, therefore, are of two types Those proposed
to prevent the detrimental cold temperatures from reaching the sub-
grade and those proposed to ehminate the offending moisture

Only by the use of insulating materals can there be any hope of pre-
venting freezing temperatures from reaching the subgrade There are
several possibilities for ehminating the offending moisture  They are,
change of soil character by treatment, change of soil character by
substitution with another soil and drainage

An example of changing the character of the soil as regards its abihity
to freeze, 1s treatment by erther common salt or caleium chloride brine
The freezing temperatures of brines are as follows Common salt, 15
per cent, 12°F | common salt, 23 per cent, —6°F , calcium chloride, 15
per cent, 12°F | caleium chlonde, 25 per cent, —25°F

Substitution of coarse granular material for cohesionless sits as a
preventive measure 18 well known as 18 also the dranage of permeable
souls

The use of msulating matenals for preventing freezing temperatures
from reaching the subgrade, a type of preventive measure practically
untouched at present, 1s not only practical but very promising This1s
suggested by the fact that a covering of snow on the pavement very
appreciably reduces the amount of frost heave in the subgrade In
this connection 1t 1s Interesting to note the great difference in the heat
conductivity’ of different matenials This1s 1llustrated by the relative
thickness of various materials required to furmsh the same resistance
to heat transfer as follows

Commercial 1nsulators About 10
Dry peat 13
Lumber and dry soil About 30
Dry sand 75
Concrete 190

s Average B T U passing per hour through a plate of materal one square foot
in area, one nch thick, per degree Fahrenheit difference 1 temperature of the
two faces
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Among the commercial insulators 1s cork board with bituminous
binder and this suggests that some combination of sawdust, peat or
straw, etc, with bituminous binder might serve very efficiently as
mnsulating material

Since peat 18 plentiful in many frost heave locations, thin layers of
peat waterproofed by impregnation with bituminous material furnishes
one of the best practical possibihties

Laboratory experiments have furnished valuable information on the
mechanies of frost heave and the heaving charactenstics of various soils
They are not adapted, however, for furmishing rehable information on
preventive measures

On the other hand, 1t 18 economically 1mpossible to control such
influencing variables as chmate, amount of water. available and soil
profile in even a few full scale experimental pavement sections It 1s
evident, therefore, that in order to secure quantitative information on
the vanables productive of frost heave and to determine the relative
efficiency of preventive measures, the laboratory and field experiments
must be supplemented by outdoor experiments extensive enough 1n
character to ehminate errors due to the use of small s1ze laboratory speci-
mens and small enough to come within the range of practical cost
considerations

Such a series of controlled outdoor expermments 1s 1llustrated in
Figure 25 It 1s similar 1n character to the experiments performed at
the Massachusetts Institute of Technology in cooperation wath the
U S Bureau of Public Roads, described in the Proceedings of the
Eleventh Annual Meeting of the Highway Research Board, pages 168
to 172

The suggested experiment includes the use of four different 1deas
regarding preventive measures, as follows

1 Dramnage of the permeable soils

2 Substitution of non-heaving coarse granular material for fine
grained, cohesionless frost-heaving silt soil

3 Introduction of an i1mpermeable under layer to cut off the flow
of capillary moisture productive of frost heave

4 Incorporation of a chemical to reduce the freezing temperature of
the natural soil

5 Introduction of an insulating layer to reduce the possibihty of
freezing temperatures reaching the subgrade soil

Figure 25 1s intended to be suggestive of types of treatment. It 1s
not supposed to contain all the possible types nor are all the treatments
1t suggests claimed to be practical from standpomnt of cost mn road
construction

11 SOIL STABILIZATION

There are two general methods of improving the stabihty of a given
soil The first consists of incorporating with the soil other nert soil
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materials in such proportions that the resulting mixture will have the
properties of stable, well graded subgrades. This is the method which
has been followed largely in the past and is discussed in Public Roads,
Vol. 12, No. 5, July, 1931, pages 38 and 39.

The second method consists of treating the soil with materials de-
signed to prevent the soil from acquiring a detrimentally large voids
ratio in the presence of moisture.

Whereas the first method utilizes a change in the grading of the soil
to effect a change in physical characteristics, the second method does
not contemplate change in grading but instead proposes to reduce the
water capacity of the soil by the incorporation of chemical or physical
admixtures.

Figure 26. Effect of Water on Treated and Untreated Silt Soil Samples after
Equal Periods of Immersion
1. Untreated.
2. Portland cement admixture.
3. Bituminous material admixture.

There is no intention to produce a hard rigid slab by means of the
second method of treatment now being investigated but simply a firm
semi-damp slab whose moisture content shall not exceed the plastic limit.

To date the efforts have been confined to determining the effect of
introducing four different admixtures into the soil pores. They are
light bituminous material, portland cement, ferric hydroxide and cal-
cium silicate.

The general scheme is to carry the portland cement and emulsified
bituminous material into the pores by mixing with amounts of carrier
required to completely satisfy the water capacity of the untreated soil
as indicated by its liquid limit. The ferric hydroxide is produced by
treatment of ferric chloride with ammonia. The calcium silicate is
produced by treating first with sodium silicate and then with calcium
chloride.
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Whereas a cubie foot of sand may have a surface area of 100 square
feet, one of silt (0 02 mm ) may have 50,000 square feet, or one acre, and
one of colloidal material 1,000,000 square feet, or 20 acres Conse-
quently the same bituminous matenal, or other admixture which may
serve to treat the sand, must be greatly diluted to be distributed over
the sit and clay particles

Thus for a soil with a hiquid hmit of 50, the hiquid contaner with the
admixture would equal 50 per cent of the weight of the soil ~ Further-
more, if 1t was desired to mcorporate five per cent of the admixture in
so1l, this five per cent of matenal would have to be suspended 1n water
or other carrier equalling 45 per cent of the soil

The carner evaporating subsequently leaves 5 per cent admixture
thoroughly distributed throughout the soul

Figure 26 shows some of the relative effects of treatments for increas-
ing the resistance of silt soils to slaking

This problem requires not only the determination of the matenals
best suited for stabihzing purposes but also the development of the
methods and equipment required 1n practice

In closing, attention 1s called to the fact that subgrade investigations
have passed from the experimental into the practical stage According
to a survey made by Division 1 of the Commttee on Matenals of the
A A S H O, 13 states of the country and the District of Columbia,
have laboratores equipped to perform all the routine tests employed by
the Bureau of Public Roads in their soil investigations. An equal
number of the remaining states rely to some extent on soil tests or other-
wise recognize the importance of subgrade consideration in the design
of their roads and pavements

The new apparatus described and the modified procedures suggested,
cast no reflection on either the accuracy or efficiency of methods of soil
identification utihzed during the past five years Such improvements
are the mdications of the normal healthy growth of a branch of science
rapidly progressmng from the theoretical and experimental to the prac-
tical stage

DISCUSSION
ON
SUBGRADE RESEARCH

Mr B E Gray, Hiyghway Engineer of The Asphalt Institute, New
York I would hke to emphasize the importance of Mr Hogentogler’s
paper, and to urge that every highway engineer make a very careful
study of 1t and other literature dealing with soil analysis It 1s a self
evident fact that all loads placed upon a road surface are eventually
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distributed to the subgrade, and if 1t 1s practicable to introduce bitumens
or other materials mto a soil so that the optimum mosture content
1s maintamned the year around, then a great advance will have been
made 1n providing satisfactory nding surfaces at much reduced costs
as compared with present methods The advances mn the technique of
constructing “low cost roads” have been possible because of recognition
of varying soil behavior, and I venture the prediction that with this
further information upon the subject still greater economies may
be effected.



