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Abstract:
The purpose of this investigation was to determine the effectiveness of desiccation compaction in
densifying a series of sand-clay mixtures. Densities obtained by natural shrinkage were compared with
densities obtained by mechanical consolidation and with the standard AASHO density. Also,
calculations were made to see how well the maximum AASHO density and optimum moisture content
could be predicted with the aid of certain published prediction equations.

Fluid soil samples were placed in cylindrical plastic cups about 76 cc in volume. One type cup had a
stem attachment which connected the sample to a water manometer, As the sample shrank, capillary
tensions were observed simultaneously with volume determinations. The other type cup had no stem
and could be weighed to determine water loss and shrinkage simultaneously.

For clay mixtures, mechanical consolidation pressures were approximately 2/3 as efficient, in
compaction effect, as capillary pressures of the same magnitudes, based on the loose unit weight as the
zero compaction level. Extrapolation of the pressure head curves indicated that consolidation pressures
approximately 4 to 10 times greater than capillary pressures were required to compact the clay mixtures
to an equivalent oven-dry volume.

Compaction by desiccation was found to be increasingly effective with increasing clay content when
compared to the AASHO compaction. Effective compaction increased linearly from 85% of maximum
AASHO density for sand to 100% for clay.

Rowan's and Graham's original equations for predicting maximum AASHO density and moisture
content gave slightly better results than Davidson's and Gardner's modifications.

The current concept of the shrinkage limit appears to be in error. The results of this investigation
indicated that shrinkage continues even as the soil sample approaches the oven-dry state. 
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ABSTRACT

The purpose of this investigation was to determine the effective
ness of desiccation compaction in densifying a series of sand-clay 
mixtures. Densities obtained by natural shrinkage, were compared with 
densities obtained by mechanical ..consolidation and with the standard 
AASHO density. Also, calculations were made to see how well the 
maximum AASHO density and optimum moisture content could be predicted 
with the aid of certain published prediction equations.

Fluid soil samples were placed in cylindrical plastic cups about 
76 CG in volume. One type cup had a stem attachment which connected 
the sample to a water manometer. As the sample shrank, capillary ten
sions were observed simultaneously.with volume determinations. The 
other type cup had no stem and could be weighed to determine water 
loss and shrinkage'simultaneously.

For clay mixtures, mechanical consolidation pressures were approx
imately 2/3 as efficient, in compaction effect, as capillary pressures 
of the same magnitudes, based on the loose unit weight as the zero 
compaction level. Extrapolation of the pressure head curves indicated 
that consolidation pressures approximately 4 to 10 times greater than 
capillary pressures were required to compact the clay mixtures to an 
equivalent oven-dry volume.

Compaction by desiccation was found to be increasingly effective 
with increasing clay content when compared to the AASHO compaction. 
Effective compaction increased linearly from 85% of maximum AASHO 
density for sand to 100% for clay.

Rowan's and Graham's original equations for predicting maximum 
AASHO density and moisture content gave slightly better results than 
Davidson's and Gardner's modifications.

The current concept of the shrinkage limit appears to be in error. 
The results of this investigation indicated that shrinkage continues 
even as the soil sample approaches" the oven-dry state.



INTRODUCTION

"....when a clayey soil dries from a. 
saturated condition, it attains a 
high density; no amount of compaction 
force in the laboratory can cause 
that much compaction." . . i Palit and Joshi

. Desiccation compaction is that portion of physical science which 

deals with soil shrinkage by drying alone. To date,'this phenomenon 

has been attributed to capillary action, or ,capillarity, which 

manifests itself in the pdre water of soil. Actually, it links two
; i

larger, and largely separate,- areas of physical phenomena: capillary 

water and soils compaction.

Capillary water was first extensively investigated by agri- 

,culturistsi Laterj with the advent of-,surfaced roads, and subsequent 

breakup during, periods of. freezing and thawing, civil,-, engineers became 

concerned with water rise by capillary action. However, the role of 

capillary action in soil shrinkage has remained an academic curiosity 

since Karl Terzaghi reported on this phenomenon in 1925.

At that time Terzaghi measured the pressure required to consolidate 

two highly plastic clays to the same moisture contents that existed at 

their shrinkage limits. . The pressures were about 170 and 340 tons per . 

square foot. Since then, no extensive work has been done in terms of 

further investigating the relationship between capillary pressures and 

skrinkage.

The effectiveness of desiccation compaction has also received very 

little consideration in engineering literature. Nevertheless, any soils 

laboratory which runs the Atterburg shrinkage limit would normally ob-
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tain data for each soil sample tested, from which could be computed 

the shrinkage ratio which is numerically equal to the maximum unit 

dry weight (in gm/cc) to which the soil is compacted-by capillary 

forces (presumably) during shrinkage.

Some investigators, recognizing the role of desiccation shrinkage 

■ in soil densification, have attempted to correlate the shrinkage limit 

and shrinkage ratio with impact compaction. Equations were originally 

formulated by Rowan and Graham, and later modified by Davidson and 

Gardner, for predicting both the'maximum AmericanrAssociation:6f'State 

Highway Officials (AASHO) density and the optimum moisture content. 

Since the. original articles, very little research appears to have been 

directed toward ,checking these equations.

The objective of this investigation is to provide specific 

information concerning the densification characteristics of capillary 

action on a series of sand-clay mixtures, anticipating that this in

formation may ultimately have practical application, particularly with 

respect to effecting economies in certain foundation and backfill 

situations.

The Problem

The problem to be investigated in this thesis is stated as follows: 

Is desiccation effective in increasing the densities of a series of 

sand-clay mixtures? The problem is subsequently divided into three 

phases:

I. To determine the effectiveness of one-dimensional mechanical
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consolidation compared to shrinkage by capillary action.

2. -To determine the effectiveness of compaction by capillary 

action as compared to the standard AASHO compaction.

3. To compare the actual standard .AASHO density with that pre

dicted by equations which have been previously formulated to predict 

the maximum AASHO density and optimum moisture content by using 

standard American Society for Testing Materials (ASTM) shrinkage data.

The investigation was limited to a medium concrete sand, a lean 

clay acquired locally (see pages 29 and 30 ), and several mixtures of 

the two. The major portion of this investigation was carried out in 

±he Civil Engineering Laboratories ,of Montana State College during the 

winter and spring of 1960-61.

To determine the effectiveness of mechanical consolidation com

pared to shrinkage by capillary action, and to determine the effective

ness of compaction by capillary action as compared to standard AASHO 

compaction, a series of six soil mixtures was prepared with several 

samples for each mixture. The following measurements and tests were 

made:

a. Capillary forces acting on each sample during the shrinkage 

process.

b. Volume changes on each sample during the process of shrinking.

c. Mechanical consolidation tests on each mixture.

d. A series of standard AASHO ..compaction tests on each mixture.

e. Loose unit weights, the "mo compaction condition," on each

E V' '



mixture.

f. Atterberg limits on each mixture.

g. Shrinkage characteristics on each.sample.

In addition, two additional soil mixtures, with two samples for 

each mixture, were prepared for check purposes. Only items . b and g 

were performed on each of these samples.

The third phase of the problem (equations predicting AASHO 

densities and moisture contents) required no independent investigation, 

but was an effort to maximize the use of the data collected for the 

first two phases.
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LI TERATtJRE REVIEW

The first recorded effort to study compaction induced by capillary 

pressures was made by Karl Terzaghi (11)* in 1925. Terzaghi measured 

the mechanical pressure required to consolidate a given soil to its 

shrinkage limit. As mentioned in the Introduction, the pressures on 

two clays were 170 and 340 tons per square foot.

Initially, Terzaghi used a glass cylinder partially filled with a 

fluid mixture of clay. The bottom of the cylinder was covered with a 

sheet of thin filter paper, and on this rested a bronze ring completely 

surrounded by and immersed in the clay solution. The surface of the 

mixture was covered with a layer of filter paper, and on top of the . 

paper was placed a four-centimeter filter composed of quartz sand.

After initial consolidation under the filter load, a brass cap loaded 

with shot served as additional load. Pressures up to 1.2 tons per 

square foot were obtained in this way. Higher pressures were obtained 

in a testing machine. For this purpose the clay was forced 'from the 

glass piston, and the ring, which contained a one-centimeter-thick 

layer of clay, was cut out. This ring and its contents were placed on 

top of filter paper in the bottom of a square vessel. It was then 

covered by filter paper and a one centimeter sand filter. A bronze 

plate and steel ball served to transmit the mechanical pressure to the 

filter and soil sample. The sample was submerged at all times.

* Number in parentheses (and all subsequent numbers in parentheses) 
refers to the literature item cited, page 76.
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After studying Terzaghi1s apparatus and analysis, it is apparent 

that he assumed that mechanical one-dimensional pressure was the den- 

si fying equivalent of a capillary pressure of equal magnitude. Terzaghi 

apparently ignored side friction along the sand filter. Further, there 

was nothing shown to indicate that one-dimensional consolidation was as 

efficient in decreasing the soil volume as the three-dimensional conso

lidation which takes place during capillary shrinkage.

One of the first investigators to measure capillary pressure 

directly was L. A. Richards (7). He devised a porous cup, called a 

tensiometer, in which water, but not air, could pass through the walls 

of the cup. The cup was filled with water and embedded in the soil. - In 

order to measure pressure differentials, the cup was connected to a mer

cury manometer. As the soil dried out, water was drawn from the porous 

cup, thereby causing the mercury column to rise. When the mercury 

column reached a constant height, the moisture content of thq surround

ing soil was determined. Thus, Richards was able to show for the first 

time the relationship between the equilibrium moisture content and cor

responding capillary pressure. This relationship is shown in Figure I 

.and is termed a desorption curve. Note that the curve becomes almost 

vertical at some minimum moisture content.

Richards discovered another phenomenon using the tensiometer. If 

the soil was subjected to an external source of water and became moist, 

a second curve, termed an absorption curve was obtained. This fell to ■ 

the left of the desorption curve as shown in !figure I. The difference
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between the two was called the hysteresis effect. It is principally 

this effect which makes it necessary to call attention to the fact that 

the present investigation is on the desorption side of the graph.

ABSORPTION
DESORPTION

MOISTURE. CONTENT, IN PERCENT OF DRY WEIGHT

FIG. I Soil Sorption Curves Showing Hysteresis Loop (Richards)

J. C. Calhoun (l) duplicated Richards' results using an apparatus 

(not shown) which tested soil samples of comparable size and shape to 

those used in this investigation. One advantage of Calhoun's apparatus 

over that used by Richards was that pressure equilibrium in the pore 

water could be obtained in a shorter period of time. However, Calhoun's 

apparatus was considerably more complex than Richards'.

A parallel study of capillary pressures was made by T. W. Lambe (5) 

in which he presented his results in the form of a graph showing per

cent saturation as a function of capillary pressure heads. Figure 2
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shows both the absorption and desorption curves for a fine sand used in

his research. The sand had the following characteristics:

DbO - 0.19 mm, D^q = 0.08 mm, which corresponds approximately to the

20 percent clay mixture of this thesis. Lambe recommends that four

pressure heads be defined from the curves as follows:

hex = highest head for which there is a continuous
channel of water from the free water surface below 

hcs = highest capillary head at 100% saturation 
hCr = largest rise of water face 
hen = largest rise at maximum percent saturation

PERCENT SATURATION

FIG. 2 Capillary Pressure Head vs. % Saturation for a Fine Sand (Lambe)
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The pressure heads hcx and hGS are relevant to this investiga

tion. An idealized view of a saturated soil mass would indicate that 

the soil remains almost saturated until shrinking ceases. Actual 

measurements of soil samples in this investigation indicated otherwise. 

However, nothing was found in the literature which would indicate that 

either of Lambe's pressure heads corresponded per se to the point at 

which the soil mass reached a constant volume.

It will later be shown (page 18) that capillary pressure can be 

expressed in terms of an equivalent radius of curvature, R'. A 

closely related analysis^found in the literature was presented by 

G. P, Tschebotarioff (12). Tschebotarioff used an equation which 

assumed square openings or pores in the soil and took the following 

form:

p' =0^306. (i)

where p' = maximum capillary pressure and soil compression pressure, 
in gm/cm2

b = length of side of capillary opening, cm, assuming the 
openings to be squares.

This equation applies also to circular openings where ,b; is the equi

valent diameter in centimeters. Under the assumption that the size of 

opening is equal to the particle size, Tschebotarioff developed

Table I.
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TABLE Is THEORETICAL- EFFECTS OF CAPILLARITY (Tschebotarioff)

Size of Particles 
and of openings, 

mm

1 H... . max D1
cm ■ inches KqZcm21Tsf DS i

Sand, Coarse 2.00 -0.25 1.5-12 5/8-5 .0015- .012 .021-.171
I Fine 0.25 - .05 .i 12-61; .I .5-24 ! .‘012-h . 061 .171-.87

Silt 0.05 - .005 61-610 24-240 .061 - .610 .87 -8.7
Clay .005- .001. 610-3050 240-1200 .610 -3.05 8.7-43.5
Colloids .001 and finer '3050- ■ 1200- 3.05 —

..r‘r-r— J
'43.5-

Given a soil of a particular grain size, Hmax . is defined by., 

Tschebotarioff as the maximum height of capillary rise which could occur 

in that soil. Table I is of= value for qualitative comparisons only, as 

the assumptions entailed in its preparation render it unfit for quanti

tative purposes.

As illustrated by the preceding articles, measured capillary 

pressures have principally been defined in terms of moisture percentage 

only. However, R. M. Palit and S. S„ Joshi (4) attempted, in 1958, to 

investigate shrinkage and capillary pressures simultaneously. A SketeE 

of their apparatus is shown in Figure 3. They had considerable diffi

culty in obtaining data as the soil samples approached constant volumes 

because cracking of the soil mass ardund the rubber membranfe relieved 

the external pressure.
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p r o v in g
R IN GEXTENSOMETER

CLAMP

RING
STAND

-WATER

SO IL

PISTON

SYRINGE

FIG. 3 Shrinkage Apparatus (after Palit and Joshi)

One of the soils they were able to test until shrinkage ceased 

was very similar to the clay used in this investigation. The clay 

tested by them had the following characteristics;

Maximum Shrinkage Pressure, (tons per square foot) 0.4
Liquid Limit (LL) 36.9
Plastic Limit (PL) 19.1
Plasticity Index (Pi) 17.8
Maximum AASHO Density, (pounds per cubic foot) 123.0
Shrinkage Limit (SL) 12.9
Shrinkage Ratio (SR) 1.99

In their article, Palit and Joshi accepted Terzaghi's equivalent 

capillary consolidation pressure head as fact, and concluded that 

most of the capillary pressure was dissipating itself in some fashion 

with only a minor portion available as internal consolidating pressure.
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Very little was found in the literature pertaining, to soil com

paction by desiccation. Some investigators reported inundating...a . . 

soil, but if subsequent drying were not permitted, it would.not 

reflect the influence of capillary action. In sand, drainage could..... 

take place rapidly enough to permit capillary pressures to develop. 

Under this assumption, R. L. Greenman's report on granular back

fill materials is mentioned, (3). He reported volume changes in 

coarse sands of 19% without pre-consolidation.

In 1917, H. A. Tempany (10) investigated soil shrinkage.on five 

"loam" soils. His shrinkage apparatus consisted of a wire gau&e 

cage, 8 x 2# x 2g cm. The soil samples were made in a rectangular 

mold, and after shaping, were inserted into the gauze cages to shrink. 

Volume and weight determinations were made periodically. Each of his 

soil samples initially plotted as straight lines. However, as the 

samples approached an air dry condition, they all indicated marked., 

curvatures indicating that the volume decrease was less than the 

accompanying moisture loss. (

It is interesting to note that the ASTM shrinkage limit as de

fined by the following equation assumes a linear relationship between 

the volume change and moisture content;

Shrinkage limit, SL =/^w I " Tjjjj,"- .V£^ 100 (2)
. . .  ' w O ™o '

where Ww and Vw are the weight in grams and volume in cubic centi

meters respectively, of the wet sample, and W0 and V0 are the 

weight in grams and volume in cubic centimeters after oven drying.
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Although the shrinkage limit is used chiefly for classification pur

poses, current thought has been to assume that shrinkage is actually 

linear from the very wet state to the shrinkage limit (see page 20). 

E. L. Morgan, like Tempany, showed that this was not the case.

Morgan (6) plotted moisture content against volume, and found that 

as the soil sample approached the shrinkage limit, something (possibly 

internal friction) caused the sample to lose moisture faster than it 

shrank which made his curve bend as shown in Figure 4. For the CH 

soil (Unified System) Morgan showed that by extrapolating the linear 

portion of his figure, he obtained the ASTM SL, equal to 18% 

whereas the shrinkage actually ceased at about 12% moisture content 
or less.

CH SOIL
(U N IF IE D  SYSTEM)

■SHRINKAGE LIMIT SL

MO!STORE CONTENT , , P E R C E N T

FIG. 4 Soil Shrinkage (Morgan)
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The investigations of Tempany and Morgan have bearing on the re

sults found in this investigation, a point which is discussed later. 

Several investigators have attempted to use the shrinkage limit and 

shrinkage ratio to predict maximum AASHO densities and optimum 

moisture contents from mathematical equations.,

The original equations were first presented by Professors Rowan 

and Graham (8) at Vanderbilt University as given below:

Calculated Maximum Density, X j = — —  _____ (3)
d SL (B/A - I) + 100/R

Calculated Optimum Moisture, CUd = SL (b/a ) (4)

where: SL = the shrinkage limit of the soil
R = the shrinkage ratio (generally denoted SR)
B = the percentage passing the U. S. #40 sieve 
A = the percentage passing the U. S. #4 sieve

They used results from 10 different soils to formulate their 

equations. One soil was predominantly a sand, and the other nine were 

varying combinations of silt and clay.

D. T. Davidson and W. P. Gardner (2) checked 210 different soils 

and found that Rowan's and Graham's equations would give statistically 

better results if modified in the following manner:

Calculated Maximum Density, X j =   ^l— „ ,.• (5)
- SL (b/a - 1) + T ooTr

Calculated Optimum Moisture, CUd= SL (b/a ) + Kg (6)
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where Ki = y = 2/3x - 4, x =  plasticity index

K2 = x/3 - 4

Davidson and Gardner recommended that at least five shrinkage 

limit tests be made and the results carried to hundredths of a percent. 

Two plasticity index tests were also recommended. This high degree of 

precision in determining the Atterberg Limits does not appear to be 

consistent with the wide scatter of plotted points on the graphs used 

to derive the equations for K^ and Kg. The figures.were too de

tailed to be reproduced here, but an indication of the spread is given. 

Using a PI of 15, the equation for y givesr y = 2/3 (15) - 4 = 6 ,

The graph showed ten or more values ranging from ..y = -2 to y = +24, 

When substituted into the equation for Kl. the following is obtained;

The effect of this range of values on Equation 5 is readily 

apparent. Davidson and Gardner stated that their equations gave a

moisture content. As they admitted, the equations give rough estimates 

and if accurate maximum densities and optimum moisture contents are re

quired, the standard AASHG test should be run.

M. G. Spangler (9) made a more concentrated study of one soil 

type and stated the followings

y = -2, K1 = 10 100 = 1.02 
y = 6, K1 = 9 4  00 = 0.94 
y = 24, K1 = 76/100 = 0.76

range of -6% error for maximum density and t2g% error for optimum
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There are tentative indications that the average of 
a minimum of five independent determinations of the 
shrinkage factor and an average of two plasticity 
index tests are necessary to yield values of maximum 
density and optimum moisture content by equations 
5 and 6 which are comparable in' accuracy with values 
obtained by the standard AASHO tests.

In review, it was found that capillary pressures were first esti

mated by mechanical consolidation tests. The first attempt at measur

ing capillary pressures directly was probably done in relation to 

moisture content. Further investigation showed that at least four 

substantially different capillary heads may be defined. Whatever 

the value of the capillary head, it will be pointed out (page 18) 

that a corresponding equivalent radius of curvature, R*, can be 

computed. This is useful when describing the capillary pressure head 

at the shrinkage limit of a soil.

As far as could be determined, only one investigation (that of 

Palit and Joshi) has been made in order to measure capillary pressures 

and shrinkage simultaneously, and it was very limited in-scope. There 

was a lack of quantitative results on desiccation compaction in the 

literature.

Efforts have been made to predict maximum densities of soils and 

corresponding optimum moisture contents using shrinkage data as a base 

for comparison. As admitted by authors Davidson and Gardner, the 

equations used for'these predictions are not of high accuracy.
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THEORETICAL AND PROBLEM ANALYSIS

Theoretical Analysis

In order to more fully explain what takes place during desiccation 

compaction, the following introduction to capillary theory is presented.

The classical approach has been to study the phenomenon of a 

liquid in a glass capillary tube. Figure 5 shows what happens in a 

small circular capillary tube. Points A and B are at atmospheric 

pressure. Since the mass of water is continuous, point B' must also 

be at atmospheric pressure. Therefore, the entire column of water, H, 

above B' must be in tension and supported by the meniscus at C.

The free body diagram shows the forces involved. The force acting 

downward is the weight of water and the force acting to hold the column 

up is attributed to the vertical component of the surface tension of 

the water. Static equilibrium requires that the vertical forces acting 

on the water column add up to zero.

A ^ T
W

H
H I

FREEBODY D IAG RAM  OF
WATER COLUMN)

GLASS Cl RCULAR TUBE 
SHOWING CAPILLARY RISE

FIG. 5 Capillary Rise
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From the freebody diagram: Fy = 0

8H(7rr2) - 2nr(Tcos dC ) = 0

or P = Y h = 2TgosqC
r

where p = unit tensile stress in capillary water at point C 
just inside the meniscus 

= unit weight of the liquid 
H = height of rise of liquid 
r = radius of tube
T = surface tension of liquid in contact with air 
cc = angle of contact between tube and liquid

The capillary tension, p, approaches a maximum value as oC 

approaches zero, the condition of water against clean glass. In this 

case the radius df curvature of the meniscus becomes equal to the 

radius of the tube. Therefore:

P 2T
R (7)

for water with a spherical meniscus of radius R. Equation 7 

gives the capillary tension in the water in contact with air behind 

any spherical meniscus. In .soils, of course, the capillary menisci 

are warped, and are not segments of spherical surfaces. Behind a 

warped meniscus, having principal radii of curvature R% and Rg, the 

unit tensile stress due to capillary action is:

P = T d A i  - 1/R2) = -§T- (8)

R1 is defined as an equivalent radius of curvature which is a 

convenient form for qualitatively representing any warped meniscus



-19-

which might occur in a soil mass. Therefore, D' would be an 

equivalent diameter equal to 2R*. p may be visualized as: p = "ft h, 

where h is defined as the capillary head required to produce p.

In extending the theory of capillarity to soils, it is necessary 

to note that as water recedes into the soil pores, a meniscus is 

formed. The tension in the mensicus causes the soil to be subjected 

to intergranular compressive forces, as illustrated in Figure 6.

FREEBOOf DIAGRAM

FIG. 6 Soil Compression by Capillary Forces

It is seen that capillary action causes tension in the soil water 

and intergranular compression in the soil skeleton, which tends to 

bring the particles closer together or compact them. The smaller the 

equivalent radius of curvature of the meniscus the larger the com

pressive force. Besides moisture content, the equivalent radius 

depends upon degree of compaction, soil grain size, and angle of con
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tact between the menisci and soil particles.

The physical effect on soils of the phenomena with which the 

above theory deals is illustrated by a shrinkage diagram similar to 

Figure 7. Changes in moisture content are accompanied by changes in 

volume. Theoretically, the total volume change is equal to the volume 

of water removed from the saturated sample as the water content changes 

from its initial value to the shrinkage limit, SI. The reciprocal 

of the slope of the shrinkage diagram, b/a, is called the shrinkage 

ratio which is the ratio of the change in volume change, expressed as 

a percentage of dry volume, to the change in moisture content.

IN IT M L  WET 
SAMPLE

VOLUME CHANGE, PERCENT OF DRY VOLUME

FIG. 7 Shrinkage Diagram

The moisture content, COj is defined as: Wj -  W0 (IQ Q ) , 

W0

where Wi is the weight, in grams, of the soil sample corresponding 

to any point on the shrinkage diagram, and W0 is the oven-dry 

weight of the soil sample. Volume change, qi , is defined as:
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Vi - V0-(IOO)
— --- , where Vi is the sample volume, in cubic centimeters,

corresponding to point , and V0 is the oven-dry volume of the 

sample. R and SL can be represented mathematically, using Figure 7, 

as follows:

' (V 2  -  Vo) -  (V i -  Vo)
R = b/a ss %  Ql H .Vo = (V2 " Vl) W0

^2 " ̂ l (W2 ~ W0) - (Wl - W0) (l»2 “ Iffl) V0
W0

Since the weight of water and volume of water are numerically equal in
Wnthe cgs system, R becomes: R = .- - - ■ .V0

Thus, R is numerically equal to the oven-dry density of soil in gm/cc. 

SL = Oi0 .= W w - ( %  - W 0) ,

where W 0 is the intercept of the shrinkage diagram on the moisture 

content axis, and. W w is the initial moisture content of the wet soil 

sample.

SL = - 2w - = W w - Vw ; vQ = Jp . - Iw-TlivP .
R W V0 (W0) W0 W0

TvTT

Problem Analysis 1
The problem of desiccation compaction was selected for investi

gation because of the lack of specific knowledge interrelating the 

magnitudes.of capillary pressures and soil densificatiom involved in 

desiccation shrinkage.

Rather than undertake a field investigation to study desiccation.
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compaction which would involve, practical considerations in time,' economy, 

and technique, and since so little investigation has been done in this 

particular area in general, it was decided to limit the investigation 

to a series of laboratory prepared mixtures small enough to permit com

plete desiccation in a minimum length of time, and large enough to 

make possible accurate volume and weight measurements.

It was decided that the nature of desiccation compaction could be 

studied for trends as efficiently using mixtures of two soils - for 

example, a sand and a clay - as if several different soils were used.

A medium concrete sand and a lean clay, described,on pages 29 and 30, 

were selected from local sources. Four intermediate mixtures were 

initially selected in order to observe trends and areas which might 

require closer investigation. It was found that the four inter

mediate mixtures (or a total of six mixtures counting the two extremes)
i'

were adequate in most cases for defining smooth curves with the 

collected data.

Two types of desiccating cups (called capillary and shrinkage 

cups,^see Figures 8 and 9) were used to make the tests. The former 

type was used to measure capillary pressures during the shrinking 

process and the latter type was used to obtain moisture loss during 

soil shrinkage. Since it was possible to obtain oven-dry weights 

of the capillary soil samples, it was possible to use these data in 

both phases one and two of the general problem of effective 

desiccation compaction.

\

I . " :  . .

s '  -J



To accurately measure capillary tensions, a U-shaped water mano

meter, 13 feet in height, was built to measure capillary heads. The 

apparatus (Figure 8) proved later to be of ample height to test'the 
soils used.

-23-
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APPARATUS AND MATERIALS

Apparatus

A search of the literature was made to try and find some form of 

apparatus that could be used to measure capillary pressures and soil 

shrinkage simultaneously. The apparatus used by Palit and Joshi 

(Figure 3) had not been sufficiently tested to indicate that results 

were reliable. Furthermore, the size of soil sample required was of 

such magnitude that complications arose due to .soil cracking. This was 

the principal reason that some modification of the porous cup tensio

meter described on page 6 was not used. The apparatus used by Calhoun 

appeared to offer possibilities, for testing clay samples, but there 

was some question about testing a sand cube. Furthermore, Calhoun’s 

apparatus was quite complex.

The apparatus selected for this investigation was similar to that 

given in the ASTM handbook for testing soils as submitted by 5W. S0 

Housel. Housel's apparatus consisted of a funnel-shaped soil sample 

connected to a mercury reservoir by a water column, but to enable swift 

and easy volume determinations, the soil container used in the present 

investigation was made cylindrical instead of funnel-shaped. A small 

wad of cotton was used.as a connecting device between the soil and the 

water column to keep the soil slurry from escaping from the cup. The 

column was U-shaped and of sufficient length to eliminate the need for 

mercury. Figure 8 shows the components of this apparatus.

The capillary cups. Figure 8, and shrinkage cups. Figure 9, were
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SMALL DIAMETER 
GLASS TU B IN G , -  
^  CM.J  ID

= L cotton
PLUS TO PREVENT 
soil ESCAPING 

INTO CONNECTING 
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(A) Manometer (B) Ca p i  LLARr Cupj W it h  
Nominal Dimensions

F IG . 8 Capillary Apparatus
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made of clear plastic about i-inch thick with a clear plastic base of 

the same thickness. Each cup was approximately I^ inches high and two 

inches inside diameter, which gave a volume of about 76 cubic centi

meters. This size was selected to give a soil sample large enough to 

be measured with reasonable precision for volume change, yet small 

enough to permit the entire soil mass to shrink as a unit.

The cup volumes were determined by water displacement using 

de-ionized water, and were corrected for .the temperature. These 

results could be accurately reproduced.

A special screw device illustrated in Figure 10 was used to deter

mine the change in height, Ah , as the soil samples dried out. (See 

page 34.) Each screw was placed to represent l/7 of the surface area. 

Calipers which read to 0.001 inches were used in obtaining the above 

measurements.

The screw device gave results of adequate reproducibility. One 

test of .four determinations on one soil sample gave a maximum deviation 

of 0.004 inches. With a sample height of 1.400 inches, this gives a 

maximum discrepancy of 0.29% in height and volume.

When the soil mass had shrunk away from the sides of the cups, the 

change in diameter, Ad , was determined by means of long, narrow pieces 

of aluminum sheeting or shims. Five different thicknesses were used, 

the smallest of which was 0.0057 inches thick. Any Ad less than

0.006 inches was estimated. When the soil mass obtained enough co

hesion to be handled safely, the diameter was measured directly with
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the calipers* An average of four or more readings were taken per sample, 

and the writer considered the average diameter of all oven dry samples 

to be not more than 0.003 inches in error. Since the volume changes as 

the square of the diameter, a 0.003 inch error in 1.900 inches yielded 

a maximum error of about 0.32%. Combining the estimated maximum error 

from both the diameter and screw device, the estimated maximum accumu

lated error was 0.60%.

The intermediate volume determinations with the shims were not as 

accurate. On several occasions, the difference between the shim-deter

mined diameter and the diameter measured with the calipers was 0.005 

inches and two or three times it was 0.010 inches. Taking the 0.010 

inches as a maximum, the possible volumetric error, in a soil sample 

1.900 inches in diameter, becomes about 1.05%. Assuming this estimated 

error to occur at the same time and of the same sign as the maximum 

error of the screw device, a combined error as high as 1.34% could 

occur, but this would be rare. (See page 35.)

. A triple beam balance was used to weigh the cups arid the soil sam

ples. It read to 0.01 gram with good sensitivity, which was. more than 

adequate for this research, and had a maximum capacity of 311 grams which 

sufficiently covered the range of weights encountered in the tests.

A fixed ring consolidometer, 100 square centimeters in area, and 

about one inch deep, was used in the consolidation tests, and an Ames 

dial was used to measure changes in height. The rest of the equipment 

used in this investigation was standard soils testing equipment.
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Soil Materials

The sand material used in making up the sand-clay mixtures for this 

research was the fraction passing the #16 sieve of a well-graded medium 

sand... The grain size distribution is tabulated below, and sho^n 

graphically in Figure 11.

Sieve # 16(1.19mm) 30(0.59) 40(.42) 50(.297) 150(.104)
% passing 100 70 55 40 6

The material had no liquid limit or plasticity index, and the. 

average specific gravity, based on two determinations, was 2.70. To ■ 

minimize errors due to segregation, the sand was divided into three 

fractions: that retained bn the #40 sieve; that portion passing the

#40 and retained on the #150 sieve; and that portion passing the #150 

sieve. These fractions were then recombined in the correct proportions 

when making the sand-clay mixtures.

The clay material was a brown silty clay of low plasticity, from 

the B horizon. It had a liquid limit of 40, a plasticity index of 15, 

and 82% passing the #200 sieve. By the AASHQ classification system, 

it is an A-6 soil with a group index of 10. Its classification by the 

Unified System is CL, but it comes so close to being a ML soil that 

it could appropriately be called a CL-ML soil.

The specific gravity of the clay soil was 2.70, the same as the 

sand. The grain size distribution as given by a hydrometer analysis 

is given in Table II and shown graphically in Figure 11. .The material 

was stored and used in the air dry state.
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The pertinent data for the six major mixtures of the two principal 

soils.are given in Table III and Figure 11, De-ibnized wdter 

was used throughout the tests.

TABLE IIi GRAIN SIZE DISTRIBUTION OF CLAY BY HYDROMETER ANALYSIS

Equivalent Diam., 
mm

%
Passing -

Equivalent Diam., 
mm

%
Passing

.0746 81.3 .0117 38.9

.0538 78.5 .0085 34.8

.0399 71.6 .0061 30.6

.0311 61.2 .0031 23.6

.0191 50.0 .0013 17.4

TABLE III: ATTERBERG LIMITS ON THE SIX MAJOR MIXTURES

Percent Clay LL PL PI SL R

0 - - NP 26.8 1,525
10 - - NP 22.3 1.620
20 - -; NP 18.5 1.675
40 25.5 18.1 7 16.9 1.750
60 -30.2 19.0 11 15.2 ■ 1.860
100 39.7 24.5 15 26.6 1.548
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PROCEDURE

In order to study the first phase of the problem of soil desic

cation (that of comparing mechanical consolidation with capillary 

consolidation), it was necessary to run a mechanical consolidation 

test on each of the six major sand-clay mixtures,

A fixed ring consolidometer with a cross-sectional area of 100 sq, 

cm. was used for the tests. The device consisted essentially of a 

porous base plate, a hollow brass ring, a porous plate to cover the 

soil, and a ball and cap for purposes of loading the soil. Drainage 

was permitted at both upper and lower faces during the tests. A thick 

layer of vaseline was placed around the top portion of the fixed ring 

to permit the top porous plate to slide easily as the soil consolidated.

The soil mixtures were made by weighing out predetermined amounts 

of the clay and the three sand fractions. The air dry materials were 

then combined and thoroughly mixed with water. The fluid soil was 

placed, in small portions, on the lower .porous plate with a spatula. . 

The lower porous plate was covered initially with water to prevent the 

forming of any capillary menisci. The ring was filled about 3/4 full; 

the surface was smoothed with a straightedge; the top,porous plate was 

placed on the soil; and the assembly was then flooded with enough 

water to completely submerge the sample and the porous plates. The 

buoyant weight of the top porous plate furnished a seating load of 

.02 psi for all the soil mixtures.

For the first three pressure increases, weights were placed
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directly on the porous plate. Next a steel yoke was assembled which 

fit on the ball and cap, and additional weights were suspended from a 

hanger below. Thus the pressures were increased from 0.02 psi, about 

0.05 feet of water column, to 9.81 psi, 22.6 feet of water column.

Since the material was confined to a constant cross-section, all 

volume changes were measured directly by changes in thickness of the 

soil sample. These changes were measured by an Ames dial which read 

to 0.001 inches. A dial extension post and a pair, of smooth metal 

blocks were used to help measure the sample thickness. The maximum 

measurement error was estimated to be approximately 0.002 inches. This 

would give a maximum error of about 0.3% in the calculated volumes.

After the loads were removed, rebound, if any, was noted and the 

soil sample placed in the oven to dry. With the known weight of the 

soil and the measured volume, the unit dry weights were computed cor

responding to each pressure. These results are tabulated in Table. 

VIII, Appendix A, and are plotted on Figures 13-18 in the following 

chapter.

In performing the capillary tests, the required proportions of 

sand and clay were determined by weight and then thoroughly mixed with 

water. For the larger percentages of clay, the mixtures were allowed 

to stand for at least a half hour to permit complete wetting of the 

particles.

The inside of the capillary cup was coated with a thin layer of 

vaseline to prevent material from clinging to the sides and bottom.
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A piece of cotton was forced into the connecting hole to prevent the 

soil from escaping. Water was then forced up into the plastic stem and 

dry cotton to remove air from the system.

Once the cup was ready for use, the soil was again thoroughly 

mixed, and small portions were placed into the cup on the end of a 

spatula. The cup was tapped against the hand to cause the material!to 

flow to the sides. The cup was filled in four or five increments, with 

light tapping after each addition. ■ In the case of the sand mixtures,. 

it was preferable to rod slightly with the end of the spatula since the 

tapping produced noticeable segregation. In all cases, a thin layer of 

water was kept above the soil mass to prevent trapping air and:also to 

facilitate the flow of material to the sides of the cup. After filling, 

the top of the soil was struck off with a straightedge and the excess 

material removed. The cup was then connected to the U-tube water -mano

meter as illustrated in Figure 8. The glass stem attached to the 

capillary cup was tapered to permit it to slide into the plastic con

nection on the U-tube and seal itself. As the soil pat shrank, water 

was drawn from the manometer through the soil and the capillary pressure 

head was observed by means of the steel tape adjacent to the manometer.

The special screw device shown in Figure 10 was used to measure the 

change in sample height. Ah .  The top of the cup was wiped clean and 

the device fitted in place. The seven screws were then screwed down 

until they just touched the surface of the soil sample. Generally the 

measurement was made by visually watching the screws through the side
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of the plastic cup. On the sand, however, the point of contact was 

obtained by listening for a grating sound. In one case, the test was 

made both ways and the results were identical. Once the screws were

fitted to the surface, calipers were used to measure the distance to the

nearest 0.001 inches, from the screw head to the bottom of the screw 

plate. This distance was subtracted, from the known height of screw and 

the change in height, Ah , recorded. The seven screws represented 

seven equal areas so the Ah 1S were averaged. Thus the change in

volume and the new volume were easily computed since the volume of the

cup was known.

When the pat shrank from the sides of the cup, the change in dia

meter, Ad , was measured using thin metal shims. ,When the soil was 

wet, the shims could be adjusted to fill the space between pat and cup. 

However, when the pat dried out, it would tend to move of slide along 

the bottom of the cup which made accurate determinations of A d  

difficult. It was in this state that discrepancies were found between 

A d  measurements using shims as opposed to using calipers. The 

author feels that, in general, the shims produced results within 0.005 

inches for the wet soil pats as they were drying. It should be noted 

that any error in Ad would almost always indicate a smaller diameter 

change than actually existed. The effect of this would be to indicate 

a smaller unit dry weight than actually existed.

Once a change in height and a change in diameter were known, the 

volume of the soil pat was computed. After the water column broke, the
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sample was air dried, and then oven dried. Volume and weight measure

ments were taken to determine the maximum unit dry weight by capillary 

forces.

Final volumes were determined directly using the screw device and/or 

the calipers. If the calipers were used alone, five measurements were 

made on the height of sample and the five averaged. Initially, final 

volumes were measured using paraffin, but difficulties were encountered 

in coating the soil samples, so the method was abandoned. Finally, 

unit dry weights during shrinkage were calculated and compared with the 

corresponding consolidation test results.

Loose unit weight determinations, desired for both the first and 

second phases of the investigation, were obtained, initially, using a 

standard l/3Q cubic foot compaction mold,. This smaller container was 

used since there was not enough soil material available to run the 

ASTM C29-42-, Loose Unit Weight Determination, test on each soil mix

ture. However, the recommended (ASTM C29-42) l/lO cubic foot con

tainer was used to check two of the mixtures, the zero and the 20 

percent clay. A difference in loose unit weights of about two pcf 

was found using the above two containers. With Professor Scheer 

observing and assisting, the volumes of the containers were rechecked 

and several additional loose unit weight tests were run. The discre

pancy persisted. It was concluded that loose unit weights vary 

significantly with the size of the container. Additional loose unit 

weight tests, using a small shrinkage cup for the container, further
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substantiated this conclusion. Rather than spend the time required to 

investigate this phenomenon further, it was decided to use the shrinkage 

cups directly for loose unit weight determinations. It should be 

pointed out that any of the three different containers could have been 

used to get a "no compaction" condition. However, by using the 

shrinkage cups, one variable was eliminated by making'the loose unit 

weight samples and the shrinkage samples approximately the same size,

A shrinkage cup was selected and its volume rechecked, A tea

spoon was used to place the soil into the cup. The surface was struck 

off and the weight of the soil recorded. Several tests were made and 

the average of these weights (corrected for hygroscopic moisture) 

divided by the volume of the cup, gave the loose unit weights obtained 

using the shrinkage cups. (See Table IV, and Figure 19.)

The writer would like to stress that the selection of the cup 

loose unit weights to define the "no compaction" condition, for purposes 

of future comparisons, was entirely arbitrary. However, it is 

considered to be a logical and satisfactory definition.

The-l/30 cu. ft. mold referred to earlier was also used when run

ning the standard AASHO compaction tests (AASHO Designation T'99) 

which served as the mechanical compaction standard by which capillary 

compaction was gauged. This test is sometimes called the standard 

Proctor test and is the minimum standard test of its type in terms of 

foot-pounds of energy supplied to a soil mass. The procedure for 

running the test is given in manuals on soil testing. The results of 

these tests are shown graphically in Figure 12.
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The data to be compared to the AASHO test results were taken 

from the capillary and the shrinkage cups. The procedure used to pre

pare the shrinkage cup samples was very similar to that used for the 

capillary cups as explained above. However, there was generally no 

layer of water on the bottom of the shrinkage cup, so tapping and rod- 

ding were the only means of removing air bubbles. The shrinkage cups 

were weighed periodically for moisture loss, and after the sample was 

oven-dried its final volume was determined.

It was suspected, after several tests were completed, that the tap 

ping and redding of the sandy mixtures'was, by itself, producing 

considerable compaction and completely overshadowing the capillary 

effects on compaction. Therefore, four tests were run on the sand, 

two of which were heavily tapped and rodded and two tapped and rodded 

very little. A significant difference in unit weight of,four or five 

pounds per cubic foot was observed. Therefore, two additional tests 

were run on the zero, 10 and 20 percent clay mixtures. This time the 

samples were neither rodded nor tapped and the cups were handled as 

little as possible. The densities were 4 to over 10 pcf lower than 

the original tests. The reduction in density was primarily the result 

of less vibratory compaction, but part- of it was due to an increase in . 

the amount of entrapped air.

When the shrinkage samples were weighed initially, the cup was 

generally assumed full, but subsequent measurements showed that it was 

sometimes not quite full. In many cases the first incremental volume



-40-

decrease, in cc, was larger than the corresponding loss' of weight in 

grams, which is physically impossible. Subsequent volume and weight 

increments showed no significant differences so the initial volumes 

were corrected.

The major sand-clay mixtures denoted simply by the percent of clay 

content were as follows: zero, or all sand, 10, 20, 40, 60 and 100.

Shrinkage measurements were occasionally taken for other mixtures, but 

other data for. intermediate mixtures were interpolated from the 

original series.

In summarizing, the general procedure was to place a very fluid 

soil mixture into the capillary or shrinkage cups and permit the sample 

to dry. As the sample shrank, either capillary pressure head or water 

loss was measured at the same time the soil volume was determined. The 

volumes and weights of oven dried samples were used to determine maximum 

capillary compaction. Consolidation tests were run on the sand-clay 

mixtures to indicate the efficiency of mechanical one-dimensional conso

lidation as compared with capillary compaction.

The standard AASHO compaction test was used as a standard of 

mechanical compaction to be compared to capillary shrinkage. Loose 

unit weightswere used as the minimum or zero compaction condition for 

purposes of comparison. Finally shrinkage data already taken were 

used to check the equations for predicting maximum AASHO densities 

and optimum moisture contents.
■)
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ANALYSIS OF DATA

In this chapter are presented the data obtained during the investi

gation which threw light on the three phases of the problems

1. To determine the effectiveness of one-dimensional mechanical 
consolidation compared to shrinkage by capillary pressures,

2. To determine the effectiveness of capillary action as compared 
to the standard AASHO compaction method,

3. To study the equations- for estimating the maximum AASHO 
density and optimum moisture content.

The compacting effects of capillarity and mechanical consolidation 

are shown graphically in Figures 13-18, In most of the figures, indivi

dual sample curves are plotted and an average curve determined for that 

particular group. However, the data plotted so closely together for the 

20 and 60 percent clay mixtures (Figures 14 and 17) that only averages 

are shown for these two mixtures. The numbers in parentheses refer to 

the mixture and sample found in Appendix B, page 81. For example,

(6,8) refers to the 60 percent clay mixture, sample number 8, page .90.

These figures show that the capillary pressure head corresponding 

to the maximum density was never observed for the higher percentages 

of clay. Therefore, the 40, 60, and 100 percent clay diagrams had to 

be extrapolated in order to obtain a pressure head corresponding to 

the point of maximum density, which is arbitrarily defined as hg „

The consolidation data for each individual mixture were also 

plotted on Figures 13-18. The tabulation of these data is found in 

Table VIII, Appendix A. The mechanical consolidation pressures are ex

pressed as pressure heads (feet of water) to permit direct comparisons
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with the capillary heads which are expressed in feet of water.

Figures 15-18 were adequate when comparing densities at equal 

pressures, but they were not of sufficient length to compare pressure 

heads at maximum shrinkage. Therefore, these figures were plotted on
I . '

semi-log paper, as shown in Figure 19, In most cases, the consolida

tion data had to be extrapolated to intersect the maximum density 

point achieved by capillary forces.

Figure 20 shows shrinkage diagrams of the 20 through 100 per

cent clay mixtures in which the changes in volume are based on direct 

volumetric measurements. These curves are from shrinkage cup data only, 

because the capillary cup samples could not be weighed periodically to 

get the water content. Important characteristics of the curves, which 

are discussed in detail beginning on page 66, are as follows: first, 

the initial points plot in a straight line; second, the curves bend 

prior to reaching the standard shrinkage limit; and third, the curves 

indicate continued shrinking to or almost to the oven-dry condition.

Loose unit weight determinations were made for the major soil 

mixtures to serve as an arbitrary base from which the degree of densi- 

fication obtained by consolidation, standard AASHO compaction, and 

capillary shrinkage could be calculated and compared. These data are 

tabulated in Table IV, and plotted against the percentage of clay in 

Figure 21. The cup loose unit weights were subsequently selected to 

be used as the base or lower limit in comparing consolidation versus 

capillary shrinkage. These individual values are plotted as straight 

lines on Figures 13-18.
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O (ZjIZ) - 20%, CLAY 
SERIES, S4MPLE 
IZj APPENDIX B

PERCENT VOLUME CHANGE 
(Cl) 20?» CLAY

PERCENT VOLUME CHANGE 
(b) 40% CLAY

PERCENT VOLUME CHANGE PERCENT VOLUME CHANGE

(c) 60% CLAY (d) 100% CLAY

F IG . 20 Shrinkage Diagrams
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PERCENT

FIG. Zl Loose Unit Weishts and Maximum AASHO Densities
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TABLE IVt LOOSE UNIT !EIGHTS, SHRINKAGE, & AASHO COMPACTION DATA

Unit Dry
Percent Clay

Weights, Pcf
0. 10 20 40 50 60 80 100

l/SO cubic 
foot.cyl„ 87.8 86.2 85.6 82.8 79.4 72.5

Cup-Loose 
Unit Weights 85; 5 84.7 83.3 78.8 74.0 63.0

Maximum AASHO 
Density 105.5 112.3 116.4 118.0 116.7 115.0' 110.2 103.8

Ave. Maximum 
Density - 
Shrinkage & 
Capillary Cups 97.7 103.5 105.6 111.6 104.5 108.6 105.0 102.8

Ave. of Starred 
Cups, Table IX 91.7 96.8 101.0

Ave„.of Starred 
Samples and Ave. 
of total column 
as Percent (%)of 
Maximum AASHO 87.0 86.3 86.9 94.5 89.6 94.5 95:3 99.0

Curve A, Fig. 22, 
as a Percent of 
AASHO. ( Max.) 87 86 87 93 94.5 ' 99

vs*
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AASHO

DESICCATION 
CURVE B /

'DESICCATION 
CURVE A

«3 i (-nizt; (noues IA ,APPENDIX A
UN STA R RED 04 771. TABLE IX

CURVE B -  REPRESENTS AVERAGE 
OF ALL DATA

CURVE A -  USING STARRED DATA
FOR 0 ,  10, $  24% CLAY

PERCENT CLAY

F I G .  2 2  ASSHO Densitv vs. Desiccation Compaction
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P » PERCENT AASHO COMPACTION 
C = PERCENT CLAY

PERCENT CLAY

F I G .  2 3  Desiccation Compaction as Percent op Standard AASHO Compaction
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TABLE V: EFFECTIVENESS OF DESICCATION COMPACTION: Based on Loose
Unit Wts. - Zero Compaction; AASHO Density - 100% Compaction

Percent Clay
O V I l l  M O  U  UJ. U l l

O 10 20 40 60 100
a. Curve A

Density, Pcf 91.7 96.7 101.0 110.0 108.7 102.8
b. AASHO Density 

Pcf 105.5 112.3 116.4 118.0 115.0 103.8
c. Loose Unit 

Weights. Pcf 85.5 84.7 83.3 78.8 74.0 63.0
d. (Row a - Row c 

Pcf
)

6.2 12.0 17.7 31.2 34.7 39.8
e. (Row b - Row c 

Pcf
)
20.0 27.6 33.1 39.2 41.0 40.8

f. d/e, % 
Effective 
Comoaction 31 43.5 53.5 79.5 84.6 97.5

FIG. 24 Effectiveness of Desiccation Compaction
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Figure 22 compares, graphically, the standard AASHG density and 

the density obtained by desiccation shrinkage for the soil mixtures.

The points on Figure 22 represent shrinkage data tabulated in Table IX, 

Appendix A, and summarized in Table IV. Curve B, Figure 22, represents 

an average for the entire data. Curve A shows the effect of no-vibra

tion in preparing the sandy mixtures. The data used to plot the sandy 

portion of curve A are starred in Table IX. Figure 23 depicts the 

shrinkage results as percentages of the standard AASHO density. The 

curve is fitted according to the theory of "least squares." (.Page 94). 

Figure 24 illustrates these same results using the cup loose unit 

weights as a base and computing an effective percent of compaction as 

shown in Table V.

Davidson's and Gardner's equations for predicting the maximum

AASHO density and optimum moisture content were investigated first 
..

because they were considered favorable modifications of the original 

equations. The data necessary to solve these equations are tabulated
y

in Table X, Appendix A. Average results of the data are listed in 

Table VI just below the individual determinations. Figure 25 shows, 

graphically, the comparison between the actual and computed AASHO 

densities. Curve D represents the average of all the shrinkage data, 

whereas. Curve C uses the starred values from the sandy mixtures and 

the re-run data for the clay mixtures. For 40 percent or more clay 

content, curves D and C were considered substantially the same. The 

optimum moisture contents corresponding to curves C and D are plotted 

in Figure 26.



TABLE VI; MAXIMUM AASHO DENSITIES & OPTIMUM MOISTURE CONTENTS BY 
______DAVIDSON'S & GARDNER’S EQUATIONS

Percent Clay
0 10 20 ,40 50 60 80 100

130.0 130.0 128.7 120.5 112.2 105.6. 103.8 92.8
Unit Dry 130.0 131.0 128.9 120.4 112.:! 105.1. 104.0 93.1
Weight, Pcf 130.2 128.1 128.9 120.5 106.9 99.3

127.2 128.3 128.5 120.4. 107.0 99.6
E.q,„._(5) = 121.5-' 128,1 128.0 123,5 11,8.0 96.0

121.7 130.1 127.4 124.2 119.0 97.2
6250K1 123.0 128.2 127.6 124.3 117.9 95.2

SL (b/A - I) +100 125.2 122.7* 126.2 119.73 111.4a 98.5a
R 128.5 120.6* 126.3 122.13 113.0a. 97» 7 a

125.4 126.4 113.03 i
128.1 119.5*
118.5* 12b.0* ..

119.9*

Ave. Total Column 125.3 127.5 126.4 121.7 112.2 110.7 103.9 96.6

Ave. * & a Data 119.2 121.6 119.8 120.9 112.5 98.1
I (est.) (est.)

Max, AASHQ Density 105.5 112.3 116.4 118.0 116.7 115.0 110.2 103.8
8.5 8.2 9.0 .12.3 16.4 16.8 ■ 19.2 28.1
8.4 7.9 9.3 12.2 16.2 16.9 19.3 23.6

Moisture Content 7.9 8.9 9.3 12.2 16.2 21.5Percent of Dry 9.3 8.5 9.0. 12.1 16.4 20.6Weight, 12.7 9.9 9.9 11.5 13.7 25.1
12.6 9.0 9.9 11.2 13.3 24.3Eq. (6) = 12.1 9,8 10.1 11.2 14.7 27.3
12.9 11.8* 10.3 13.Ia 16.8a 21.7aSL (B/A) + K2 8.9 12.7* 10.4 11.8* 15.5a 21.9a
11.5 10.4 13.4a
9.9 9.6*
13.2* 9.1*
12.9*

Ave. of Total 10.8 9.4 9.5 12.0 16.3 16.0 19.2 23.8
Ave. * & 9 Data 13.1 12.2 9.3 12.4 15.3 21.8

20.0AASHQ - Qotimum 14.7 14.3 14.1 14.0
(est.) 
14.3 14.7

(est,) 
16.5

* High percentages of sand - no tapping or redding to remove 
entrapped.air.

a Reruns or checks on original data
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CURVE C

IO O -
O CURVE Dj AVERAGE OF TOTAL DATA 

TABLE Vl

CURVE Cj AVE. OF SELECTED DATAy TABLE Vl

PERCENT CLAY

FIG. 25 Davidson's & Ga*dn6k's Maximum Densities vs. Maximum
AASHO Compaction
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AASHO

CURVE C

AASHO OPTIMUM MOISTURE 
CURVE D> AVE. OP TOTAL DATA, TABLE Vl 
CURVE C, AVE. OF SELECTED DATA 

TABLE Vl

PERCENT CLAY

FIG. 26 Davidson's & Gardner's Optimum Moisture Contents vs
Standard AASHO
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TABLE VII: MAXIMUM AASHO DENSITIES & OPTIMUM MOISTURE CONTENTS BY
ROWAN’S & GRAHAM’S EQUATIONS3

Percent Clay
0 10 20 40 50 60 80 100

Correction Factor 
for Density, Pcf

6250
6500

6250
6500

6250
6500

6250
6208

6250
6123

6250
6031

6250
5956

6250
5863

Ave. * Data 114.5 .116.8 115.0

Ave. Total Column - - - 122.5 114.3 114.5 109.0 103.0

Maximum AASHO 105.5 112.3 116.4
(est.) 

118.0 116.7 115.0
(est.) 
110.2 103.8

Correction Factor, 
Moisture Content +4.0 +3.3 +2.3 +1.6 +1.0 +0.3 -0.3 -1.0

Ave. * Data 17.1 15.5 11.5

Ave. Total Column - 13.6 17.3 16.3 18.9 22.8

(est„) (esto)
AASHO- - Optimum______14.7 14.3 14.1 14.0 14.3 14.7 16.5 20.0

3 The data above were computed from the average values listed in 
■ Table VI by /emitting either Kj or K2 from Davidson’s and 
Gardner's equations.
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AASHO

<g O

a CURVE E, AVE. AND STARRED DATA 
TABLE Vl I

PERCENT CLAV

FIG. 27 Rowan's & GivkHAM1 s Maximum Densities vs. Maximum AASHO
Compact!on
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S5 20

ui 5

PERCENT CLAY

FIG. 28 Rowan 1s & Graham's Optimum Moisture Contents vs.
Standard AASHO
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After noting that "cXmzes C and D predicted densities too high for 

the sandy mixtures and too low for the mixtures of high clay content, 

it Was considered desirable to check the original equations developed 

by Rowan and Graham. Rather than recompute all the data, the average 

values from Table VI were corrected in Table VII by dropping the 

correction factors, K% and Kg. ■ Further, since the starred values 

were considered the best data for the sandy mixtures, these were used 

in conjunction with the correct averages for the other mixtures to 

obtain Curve E in Figures 27 and 28.

The soils compaction-results found in this investigation are 

essentially summarized in Figure 29.
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PERCENT CLAY

F IG . 2 9 Summary of Comfaction Results
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DISCOS SIGN

Phase one of the problem, namely comparison of consolidation with 

capillary compaction, was analyzed in terms of densification efficiency. 

The 40, 60 and 100 percent clay mixtures in Figures 16-18 indicate a 

6 to 15 pef spread between the capillary and consolidation curves. 

Comparing the two curves for each mixture at the point prior to extra

polation, and using the loose unit weights as the zero-compaction level, 

the following results, in terms of percent efficiency were obtained $

Figure 16, (40% clay) ; x iqo = 73,0%

Similarly, the mechanical consolidation was 65.7% as efficient as 

capillary compaction for the 60% mixture, and 61.9% as efficient for 

the 100% clay mixture.

It was pointed out on page 6 that Karl Terzaghi neglected 

friction caused by the sand filters against the containers as well as 

assuming one-dimensional mechanical consolidation and capillary consoli

dation equally efficient In densifying soils. The above efficiency 

results indicate that the latter assumption is highly questionable, and 

the writer theorizes that neglecting friction makes Terzaghi"s compari

son even more questionable. This immediately suggests that the con

solidation pressures will be less efficient in terms of pressures 

required to densify a soil to a given unit dry weight. Figure 19 shows 

this to be true. Both the mechanical consolidation and capillary 

shrinkage curves were extrapolated to the-maximum, average dry density.
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Compared at this point, it appears that it takes roughly between 

5 rt'O, 13 times as much mechanical ,pressure to obtain the same maximum 

density obtained by capillary action. Further, if the reader will 

compare the pressures at the largest recorded mechanical consolidation 

pressure (just prior to extrapolation) he will observe that the ratio 

of pressure heads for equal or given densities is between 4|r and 20.

,The results for the 10% and 20% clay mixtures. Figures 14 and 15, 

were similar to those for the mixtures of higher clay content, but in 

lesser degree of variation; while the 0% clay mixture. Figure 13, 

indicated a higher efficiency for mechanical consolidation. Any 

implications to be drawn from these figures were shown to be over

shadowed by the effect of vibration. It was explained on pages 39 

and 40 that two shrinkage tests were run on the sandy mixtures without 

the prescribed tapping to remove entrapped air,to see what effect it 

would have on the density. It was shown that this no-yibration produced 

densities from four to over ten pcf below the original tests. This in

dicated to the writer that the sandy materials were too susceptible to 

vibration and handling to be used to draw conclusions from the con

solidation results obtained in this investigation.

It was theorized, however, that the sandy mixtures were influenced 

and compacted less by capillary forces than were the mixtures with high 

clay contents. In other words, gravity and - vibration had more effect 

on compaction than did capillary forces for the sand mixtures,

Palit and Joshi investigated a soil with properties similar to 

those of the clay used in this report. They recorded a maximum



~66-.

shrinkage pressure of 0.4 tons per square foot which is approximately 

equivalent to a column of water 13 feet high. This compares favorably 

to 17 feet found by extrapolation. Figure 18, as they are both of the 

same order of magnitude.

On pages 26 and 28, an effort was made to indicate the order of 

accuracy of the instruments used in this investigation. The upper 

linear portions of.the curves in Figure 20 indicate further that the 

instruments used gave consistently accurate results as evidenced by the 

lack of scatter of the plotted data for each individual sample.

From an academic standpoint, Figure 20 illustrates an apparent 

conflict that currently exists in engineering thought. Equation 2 

gives the ASTM definition of the shrinkage limit as that moisture 

content obtained by extending linearly, the curves in Figure 20 to 

intersect the moisture content axis as shown. In contrast, the 

shrinkage limit is defined, semantically, as that moisture content at 

which further shrinkage ceases. The latter definition appears to be 

the more grammatically correct, but the former has received wider appli

cation, particularly with respect to soil classification. Referring ■ 

again to Figure 20, it is seen that, according to the semantic defini

tion, the majority of the samples would have a SL of approximately zero.

Part of the above discrepancy might be explained by differential 

moisture contents between top and bottom of the soil samples due to the 

fact that only the top and sides of the sample were exposed to the 

atmosphere. Assume, for example, that the top of a soil sample had a
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moisture content of 10 percent, and the bottom of the sample, 20 per

cent. For simplicity, assume that the variation in moisture content 

is linear from top to bottom. Thus, the average moisture content would 

be 15 percent. Assuming the shrinkage limit to be 18 percent, it is 

obvious that the lower portion of the sample would still be shrinking 

whereas the upper portion would have ceased to shrink. However, the 

fact that the curves in Figure 20 show continued shrinkage in the low 

moisture content range indicates that the above explanation does not 

account for the entire discrepancy.

In discussing the curved portions of the curves in Figure 20, it 

is recalled that two investigators discovered similar phenomena (pages 

12 and 13). Tempany1s data indicated that his samples kept shrinking 

to some moisture content less than the shrinkage limit. Also, Morgan's 

curve. Figure 4j indicated that a constant soil volume was reached at 

a moisture content less than the shrinkage limit, but greater than 

zero. The results of the present investigation indicate that' the soil 

samples shrink to or nearly to the oven-dry state, which compares more 

favorably with Tempany1s than with Morgan's results.

It was observed that the water column in the manometer always broke 

before shrinkage ceased.■ A check of the data in Appendix B showed that 

the closer the test sample came to complete shrinkage, the less satu

rated the sample was when removed. Obviously, the manometer was 

measuring the capillary head on the sample as the curve was bending as 

shown in Figure 20. The shrinkage data shows further that the water
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columns broke somewhere between three to ten percent volume change, 

with the averages for 40, 60, and 100 mixtures between 5 and 6g%,

Figure 20 indicates that it is in this range that the curves become 

quite steep or vertical. Tempany theorized that the steepening of 

the curves was due to the effects of the intergranular.friction be

coming increasingly apparent. The writer, while agreeing with Tempany, 

further theorizes that once individual particles offer frictional re

sistance, the pore water begins to recede between the larger particles 

and eventually becomes discontinuous. Even if this took place only 

near the surface of the sample, enough air could conceivably enter the 

soil and reach the manometer connection' to break the column of water.

To substantiate this theory, it was observed that capillary heads 

closer to the final volume determination were obtained using capillary 

cups with stems extended inch into the soil than with cups having 

the opening flush with the cup bottom. Further, in the zero and 10% 

clay mixtures, there was no shrinkage laterally and a capillary head 

was observed until 4% saturation was reached.

The results of the second phase of the problem on effective de

siccation compaction are illustrated in Figure 22. Curve B was fitted 

to the averaged points of all the data. Curve A3 considered more re

liable than Curve B, was drawn using the starred values in Table IX9 

Appendix A, which, represents the no-vibration condition discussed on 

page 65. This figure shows that as the clay content increased, 

capillary effects became more’prominent and the two compaction curves,



” 69 "

AASHO and Curve A, approached each other. Figure 23 indicates the 

magnitude of capillary compaction in the conventional manner of percent 

of maximum density. The following linear equation was subsequently 

formulated using the theory of "least squares." (See Appendix Ds 

page 94 .)

P = 0.14 C + 85.7 (9)

where P = capillary compaction expressed as a percent of maximum AASHO 
compaction

C = percent, of clay in the mixtures.

Figure 24 and Table V show the percent effectiveness of compaction 

using the cup loose unit weights as zero compaction.

Phase three of the general problem (page 3 ) was analyzed using the 

data obtained while investigating the first two phases. This data, was 

reworked for use in the equations intended to predict the maximum AASHO 

density and the optimum moisture content. The fact that material re

tained on the #40 sieve was used during the tests might tend to over

shadow any conclusions which might otherwise be drawn from the results. 

However, the percentage of coarse material decreases with increasing 

clay content so its effect will be a minimum in the high percent clay 

mixtures'. Further, Figure 20 shows very little variation in either SL 

or R , shrinkage ratio, for the various mixtures.

It was recommended by Spangler, page 15, that an average of two 

PI determinations be used. This was done only on the 100 percent 

clay mixture. The other mixtures had just one PI determination.
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Davidson1s and Gardner's equations were examined first since the 

available literature indicated that the correction factors, Kj and 

Kg which depended upon the PI of the soil, improved the accuracy of 

the original equations. However, neither Figure 25 nor 26 indicated - 

a satisfactory correlation between computed and actual AASHO densities 

and moisture content.

In Rowan's and Grahani's original equations, and Kg are

absent (Equations 3 and 4). Using these equations. Figures 27 and 28 

were prepared. Figure 29 graphically compares the density equations 

3 and 5 which indicates that for this sand-clay series. Rowan's-and 

Graham's equation gave a better fit to the actual AASHO density curve.

However, neither equation predicted maximum densities consistently 

accurately, nor did either moisture-content equation accurately predict 

the actual' AASHO optimum.
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SUMMARY AND RECOMMENDATIONS

The results of.the consolidometer-capillary investigation indicate 

that mechanical one-dimensional consolidation was about 2/3 as efficient 

as capillary shrinkage for the 40, 60 and 100 percent clay mixtures. 

Indications are that it takes 4 to 10 times more mechanical pressure 

than capillary pressure to compact a soil to a given density. There

fore, Terzaghi's original assumption that two methods of compaction 

produce equivalent results is believed to be highly questionable.

The shrinkage diagrams in Figure 20 were valuable in terms of 

instrument and data verification. The curves also pointed up an 

apparent discrepancy between the semantic definition of shrinkage limit 

and the SL as defined by equation 2, The curves began to bend away 

from the idealized straight line shrinkage diagram at about 5 to 10 

percent volume change.

The results of the desiccation compaction tests indicated that 

capillary forces became more prominent as the percentage of clay in

creased in the mixtures as evidenced by equation 9, page .69. Although 

the actual density may decrease with increasing clay content, capillary 

action will play an increasingly predominent role in terms of effective 

soil compaction.

The results of the AASHO density and moisture prediction equa

tions indicated that the original equations developed by Rowan and 

Graham give better results for the mixtures investigated than the modi

fications submitted by Davidson and Gardner. This investigation was
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so limited in scope that no conclusion was drawn as to which set of 

equations give the best results for a wide range of soils. The writer 

echoes Davidson's and Gardner's conclusion that if precise density data 

are required, the standard AASHO test should be run.

The recommendations are divided into three categories? those per

taining to experimental technique? those directed to the civil engineer

ing profession and those that appear fruitful in terms of future research.

In terms of laboratory technique, it is recommended that:

1. Investigators use materials 100% of which will pass the number 

40 sieve; especially when investigating the AASHO density prediction 

equations. This might also help minimize the effect of vibrations dur

ing handling.

2. A spoon shaped instrument should be used to transfer material 

rather than a spatula or similar flat object, to minimize segregation.

3. A Standard initial "fluid" condition should be established - 

for example, a moisture content 10% greater than the liquid limit - to 

minimize the variables contributing to experimental error.

4. A capillary measuring apparatus should be devised that will 

permit volume, pressure, and.weight determinations to be taken simul

taneously.

Recommendations to the profession are as follows;

I. That some thought be given as to whether the standard method 

for determining the shrinkage limit for sandy soils should be modified.

For the shrinkage limit, the recommended procedure of tapping the cup
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against the hand induces pre-consolidation by vibrations, which over

shadows capillary effects. Both the shrinkage limit and the shrinkage 

ratio of sandy soils will vary with the amount of tapping. For the 

fine grained silty or clayey soils, however, the tapping of the satur-' 

ated sample has a negligible compacting effect,

2. Since several authors appear to be using Terzaghi's assumption 

that mechanical consolidation pressure is the compacting equivalent of

■an equal capillary pressure, and this investigation indicates that 

this assumption is questionable, a revision of theory or assumptions 

may be in order.

3. That the obvious discrepancy between the two current defini

tions of shrinkage limit be given some thought and ultimately corrected. 

The writer proposes the following definitions

The shrinkage limit is defined as the intercept on the 
moisture content axis obtained by extending linearly 
the standard shrinkage diagram or curve. This limit 
can be numerically obtained from the following 
equation:

r-T _ Z ww “ Wo Vw - V0SL-(— — ----- ST"
For future research, the following are recommended:

Io The effect of the initial state of soil compactness on 

capillary pressure heads be investigated.

2. Further study be made in comparing mechanical consolidation 

with capillary shrinkage. It is recommended that a colloidal clay be 

studied for purposes of comparing quantitatively with Terzaghi's results.
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3. Similar studies should be performed on different soil types 

with large spreads in plasticity indices.

4. That the prediction equations be investigated further for a 

wider range of soils.

5. That a field investigation be made to determine to what ex

tent capillary pressures compact soils under field conditions, parti

cularly with respect to backfill work around structures.
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CONCLUSIQNS

1. Mechanical consolidation pressure is not as efficient as

capillary pressure for densifying clayey soils. For the soils studied 
'

it appeared that from 4 to 10 times as much mechanical pressure was re

quired to consolidate a soil to a given density as required by capillary 

forces.

2. Shrinkage compaction by capillary pressures is increasingly 

effective as the clay content of the soil mixture increases. In fact, 

capillary pressures in the lean clay used in this investigation com

pacted this ,soil almost to. the standard AASHO density.

3. The equations developed to predict maximum AASHO density 

and optimum moisture content need more experimental verification and 

possibly some modification. For the soils of this research project, 

the original equations developed by Rowan and Graham gave better re

sults than did the modifications proposed by Davidson and Gardner.

4. The ASTM equation definition of shrinkage limit defines an 

intercept on the moisture content axis of the shrinkage diagram.

According to the word definition, the shrinkage limit is the moisture ^ 

content at which shrinkage ceases. Since the shrinkage diagrams are

not straight lines in the lower portion of the curves, the above two 

definitions appear to be in conflict. This conflict should be 

eliminated.
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APPENDIX A

TABLE VIII: CONSQLIDOMETER DATA

Pressure 0 - Percent Clav 10 Pressure 20
Head, Ft. Vol, -

CC
Density,. 

Pcf CC Pcf
Head, Ft.

' GC Pcf

0.05 200.01 94.8 215.72 102.1 0.05 217.00 100.6
0.7 200.01 94.8 215.72 102.1 0.7 211.65 103.1
1.3 199.50 95.0 215.21 102.3 1.7 210.40 103.8
2.2 199.00 95.2 214.19 102.9 3.0 206.35 105.8
4.2 197.50 96.0 211.17 104.3 6.1 205.84 106.1
10.3 196.22 96.6 210.15 104.8 11.0 204.32 106.8
22.6 195.71 96.8 208.37 105.7 12.8 204.06 107.0
Rebound 195.97 96.7 ■ 208.50 105.6 22.6 201.78' 108.2

Rebound 203.30 107.4

Pressure 
Head, Ft.

40 60 100
CC ■ . PcfCC Pcf . CC Pcf

0.05 203.05 89.6 191.91 83.4 221.03 68,60.7 193.93 93.8 182.81 87.5 207.10 73.2
If 7 189.38 . 96.j . 177.74 .90.1 199.00 76.2
3,0 185.08 98.3 173.68 92.2 195.97 77.4
6.1 181.04 100.5 . 169.11 94.7 188.38 80.5
11.0 177.23 102.7 165.32 96.8 182.05 83.312.8 176.72 103.0 164.31 97.4 180.27 84.122.6 172.92 105.2 159.25 100.5 171.43 88.5Rebound 174.70 104.2 161.27 99.3 176.72 85.8
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TABLE IXs SHRINKAGE DENSITIES

O - Percent Clay 10
Unit Dry AASHO -----------
Wt., Pcf % Maximum Pcf % Max.

103.8 98.1 106.5 94.8
103.2 97.8 107.6 95.9
103.5 98.1 104.3 92.8
100.0 94.8 104.4 93.0
93.3 88.4 104.3 92.8
93.4 88.5 106.6 94.9
94.9 89.9 104.4 92.9
96.2 91.1 98.4* 87.5
101.4 96.1 95.1* 85.6
96.4 91.4
100.7 95.6
91.4* 86.6
92.0* 87.2

20 40

Pcf % Max. Pcf % Max.

107.5 92.3 110.2 93.4
107.8 92.6 110.0 93.2
107.9 92.7 110.3 93.5
108.1 92.9 110.1 93.3
106.7 91.7 113.4 96.2
106.5 91.5 114,4 96.9
106.2 91.3 114.6 97.1
104.8 90.0 109.3a 92.6
104.9 90.1 112.Ia 95.0
104.8 90.0
100.6* 86.4
101.5* 87.2

50 60 80 100
Pcf % Max. Pcf % Max, Pcf % Max, Pcf % Max,

1 0 4 .6 8 9 .6 102.1 8 9 .0 104.9 95.2 9 8 .9 95.2
104.4 8 9 .5 101.5 8 8 .4 105.1 9 5 .4  . 9 9 .1 9 5 .5

103.5 9 0 .1 105.7 104.3
1 0 3 .6 9 0 .2 106.0 102.0
115.1 100.1 102.2 98.4

. 116.3 101.1 1 0 3 .4 99.6
115.0 100.0 101.8 97.5
109 .9a 95.6 104,8a 101.0
107„8a 93,8 1 0 4 .Oa 100.1
llQ.7a 96.3

* O j 10j and 20% clay samples prepared with no tapping to 
remove air bubbles.

a Rerun data - check on original data
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TABLE X: MASTER SHEET OF DATA FOR THE DAVIDSON & GARDNER EQUATIONS

Percent CIav
0 ■ ’ TO 20 40 50 60 70 100

' \ ' /
(A)' % Pass. #4 sieve 100 TOO 100 100 100 100 100 100
(B) % Pass. #40 55 60 64 73 77(est) 82 90(est)l.00

(X) PI ,plasticity NP NP NP 7.4 9(est) 11,,2. "T3(est) 15.:
index

K1 1.04 1.04 O*—I 0.9905 .9797 .9650 .9529 .9381

K2 -4.00 -4.00 -4.00 -1.56 -1.00 -0.30 +0.29 +1.02

Original 23.00 21.51 21.03 19.63 22.60 22.31 20.96 25.05
Shrinkage 23.37 20.93 20.74 19.67 22.29 22.96 21.11 23.65
Samples 23.22 22.80 20.73 19.38 21.71 21.00

Shrinkage 25.30 22.72 19.85 19.59 21.74 21.32
Original' 29.85 22.81 21.42 17.92 17.16 23.81

Limit, Capillary 29.78 21.53 21.07 17.52 16.63 23.31
Samples 28.72 22.75 21.71 17.44 17.26 24.59

!Ll 28.87 26.41 22.40 20.05 20.83 20.74
24.36 27.90 22.53 18.34 19.23 20.87

w% Extra 28.67 22.48 27.35
24.89 21.22
31.34
30.71

20.43

Original 1.658 1.707' 1.722 1.766 I.6755 1.637 1.682 1.584
Shrinkage 1.654 1.725 1.728 1.763 1.6735 1.626 1.684 1,588

Shrinkage Samples 1.659 ' 1.671 1.729 1.7675 1.659 1.694
1.603 1.674 1.732 1.764 1.660 1.698

Ratio, Original 1.495 1.671 1.710 1.819 1.845 1.637
Capillary 1.497 1.708 1.706 1.833 1.863 1.657

R. Samples 1.521 1.673 1.702 1.836 1.843 I.6225
1.541 1.576 I.6795 1.7515 1.728 1.680i • -i I.6255 1.540 1.679 1.796 • 1.761 1.660

Extra 1.545 I.6805 1.572
1.6145 1.612
1.463 1.626
1.476
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APPENDIX B

DATA OF INDIVIDUAL SAMPLES

Zero Percent Clay - O Series (all Sand)

(a) (b) (c) (d) . ^ (e) (f) (g).:.
Miscel. Moisture Time Unit Dry Percent Capillary Percent

C o n t e n t , D a y s  , Pcf .S.at̂  ■,&% Head, Ft. Vol. Change

125.72* 24.2 O 101.3 100
22.2 0.25 . 103.0 .94.3

30.83+ 18.1 0.9 103.0 77.0
I 15.3 1.2 103.1 66.0

11.1 1.9 103.1 47.4
46.55# 3.9 3.1 103.5 16.7

O . - 103.6 . 0
24.7 0 101.1, 100

125.06 22.0 0.25 101.5 90.0
18.2 0.9 102.9 76.9

30.87 -x 15.4 1.2 103.1 • 66.4
11.3 1.9 103.4 48.7

46.35 3.8 3.1 103.4 16.3
0 - 103.2 O
24.8 0 100.9 100

124.31 21.3 0.25 103.5 91.9
17.6 0.9 103.0 74.7

30.78 14.7 1.2 103.1 62.5
10.8 1.9 103.1 46.0

46.10 3.6 3.1 103.3 15.5
0 - 103.1 O
26.,7 O 97.9 100

; 120?92 24:10' 0.2 101.2 97.5
1949' 0.9 ■ 100.0 ■ 7690

■ 32.2 17 V Ii s 1.2 100.1 65.5
4 13.2 1.9 100.2 50.8

44.80 5.3 3.1 100,3 20.2
0 - 99.9 0

* Oven dry weight of sample, gm.
+ Weight of water in the,initial sample, gm.
# Volume of oven dry sample, cc.
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G Series (continued)

S (a) (b) (c) (d) (e) (f) (g)
31.61 0 91.1 100 0

110.5 0.1 93.9 0.49
0.9, 93.4 0.82

34.93 1.2 93.4 1.01
5 1.8 93.7 1.44

40.93 3.1 93.4 1.84
0 93.4 -
32.34 0 90.1 100 0

109.53 0.1 93.1 0.45
0.9 93.3 0.85

6 35.42 1.2 93.6 1.01
40.57 1.9 93.6 1.28

3.1 93.3 1.50
G - 93:0 -
31.37 0 91.2 100 0

111.77 0.1 95.5 0.89
0.9 95.2 1.03

35.06 1.2 93.4 1.35
7 1.8 94.8 1.76

41.40 3.1 1.88
0 - 94.6 -

113.22 29.3 . ■ 0 94.3 100
26.3 0.3 96.6 95.1

8 33.07 18.1 1.3 96.5 65.1
2.6 . 3.0 96.8 9.5

41.93 0 - 96.5 ■ 0
121.25 25.7 0 ' . 99.7 100

22.8 0.3 101.7 93.4
9 31.15 15.3 1.3 Il 62.7

1.8 3.6 Il 7.3
44.91 0 - Il -
115.15 29.4 0 94.2 ' 100 0 ■

10 0.5 96.5 0.53
33.81 3.1 11 1.63

1.2 6.0 If 4.5 1.8942.65 0 - It 0
* 117,94 26,84 0 98.0 100 0
11 0.2 100.0 0.5331.66 w 3.0 Il 1.24

0.72 5.9 11 2.5 1.3443.70 0 - If 0
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O Series (continued)

S (a) (b) (c) (d) (e) (f) (g)
107.44 34.1 0 87.9 100

12 32.0 0.1 89.9 98.0
36.68 21.8 1.0 91.4 69.3

1.7 2.0 91.4 5.5 *
39.79 0 - 91.0 0

33.1 ' 0 89.2 100
107.76 21.5 0.9 92.2 70.0

13 35.64 2.0 2.0 92.2 6.3
39.91 0 - 91.0 0

10% Clay Series

125.47 25.1 0 100.4 100
20.3 0.8 106.1 93.0

I 31.49 17.0 1.8 106.0 77.6
0.9 6.8 106.5 4.4

46.47 0 - 106.5 0
22.5 0 104.7 100

128.92 17.8 0.8 107.5 84.5
2 29.05 14.3 1.8 107.5 68.1

0.6 6.8 107.8 2.9
47.75 0 - 107.6 . 0
120.65 25.2 0 100.2 100

20.3 0.8 104.1 88.6
3 30.38 16.7 1.8 104.0 72.8 )

0.6 6.8 104.3 2.7
44.69 0 - 104.3 0

25.1 0 100.4 100
122.49 19.8 0.8 104.3 85.94 30.69 16.0 1.8 Il 69.4

0.5 6.8 If 2.4
45.37 0 - It 0

25.5 0 99.8 100 0
120.79 0.9 .104.3 0.955 1.8 It 1.2430.82 2.7 Il 1.64

5.7 1.7344.74 6.7 1.78
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10% Clay Series (continued)

S (a) (b) (c) (d) (e> (f) (g)
124.21 24.2 0 101.8 100 0

0.9 105.8 1.02
30.07 1.7 106.3 1.30

6 2.7 106.3 f 1.97
46.00 5.7 106.6 2.02

6.8 Il -
25.7 0 • 99.7 100 0

120.08 0.9 104.1 1.02
7 1.7 104.1 1.34

• 30.89 2.7 104.1 1.96
5.7 104.5 2.00

. 44.47 o .6.8 104.4 r -
112.81 30.1 0 93.0 100

. 1 27.6 0.15 97.0 100
33.92 26.2 0.25 98.4 99 ,

8 19.3 0.9 Il 72.9
41.78 2.6 1.9 Il 9.9

0 - 0
110.60 30.5 0 92.5 100j O 29.11 0.15 93.5 100 -

9 33.68 . 18.5 0.9 96.1 66.3
2.5 1.9 96.1 8.8

40.96 0 - 96.1 0

20%.Clay Series

118.30 25.6 0 99.8 98.1 8.1
18.1 0.7 106.9 85.0 0.76

29.68 14.3 ■ i.i . 107.11 67.6 . • 0.61
8.0 1.7 ' 107.2 37.6 0.56

43.81 1.1 9.6 108.Q 5.5 0
0 - 107.,8' 0 -OS

25.4 0 ■ ■ ' 1 0 0 .0 ■ 99.0
120.91 18.8 , 0,7 . 106.3 87.0

14.8 1.1 Il 68.6
30.64 8.5 1.7 ,11 39.3

1.3 9.0 107.8 6.0
44.78 0 . " - ft "0... Io

 o
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20% Clay Series (continued)

S (a) '(b) (c) (d) (e) (f) (g)
25.9 0 99.3 100.0 8.95

121.73 19.3 0.7 106.1 88.8 1.76
3 15.0 1.1 11 70.3

31.51 9.0 1.7 It 41.5
1.2 9.0 107.8 5.7 0.28

45.09 0 - 108.0 0 0
25.0 0 99.4 100.0 9.48

120.28 18.9 0.7 107.1 93.2 1.44
4 14.7 . 1.1 72.3

30.70 8.5 1.7 41.5
.1.2 9.0 107.8 5.8 0.97

45.55 0 - 108.7 0 0
120.74 25.8 0 99.5 100 0

0.7 105.5 2.31
5 31.14 1.2 105.7 2.43

1.5 9.1 106.6 6.8 -
44.72 0 - 106.7 . 0 -

26.2 0 ' 98.2 100 0
119.28 1.0 106.0 -(broke)

6 31.81 1.2 9 106.2 5.7
44.18 0 - 106.7 0
121.96 25.7 0 ■ 99.7 100 0

0.7 105.3 1.955
7 31.29 1.1 2.335

1.7 3.06
45.17 1.2 9.1 106.0 5.7 -

0 ™ 106.3 0
26.5 0 98.5 91.0 0

120.17 0.6 104.2 1.24
8 1.0 104.7 1.64

29.00 1.5 104.7 2.03
3.5 2.7 105.0 15.7

44.51 0 105.0 0
115.25. , 28.6 0 ■ 95.2 90.2

18.9 0.6 104.8 84.0
9 29.73 7.6 1.7 105.3 34.2

0.9 2.7 104.2 3.8
42.69 0 - 104.2 0
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20% Clay Series (continued)

S (a) (b) (c) . -(d) (e)t ■ ' 1 (f) - (g)
, 26.9 0 ' : 97.6 91.0 0

119.75 0.2 103.2 0.61
0.8 104.9 1.59

29.28 1.8 3.29
10 2.1 M 3.95

44.35 2.8 M 5.37
0 3.8 104.8 0 -

.111.60 25.2 0 94.3 86.2 6.90
21.8 0.15 99.3 84.3 1.40

11 28.13 13.2 1.0 100.6 52.9 0
3.4 2.0 It 13.7

41.37 0 - • M 0 ■' \
116.13 25.1 ■ 0 ■ 94.5 86.2 - 7.55

22.1 0.15 99.0 85.6 2.66
12 29.12 13.5 1.0 101.5 55.0 0

3.6 2.0 It 14.7 —
43.01 0 - ft ' 0 '

40% Clay Series

106.71 32.4 0 ■ 90.2 100.0 23.0
27.7 0.3 96.6 100.0 14.6

34.51 25.8 1.0 99.4 99.7 11.4
25.1 1.2 100,2 99.0 10.4

I 39.52 19.4 2.2 109.0 95.6 1.4
14.6 3.1 109.7 73.2 0.86
11.8 3.5 109.1 58.3 1.4
8.4 4.1 109.8 42.4 0.73
4.2 4.5 110.4 21.5 0.2
o • ■■ ” 110.6 0 0

. 32.2 ' 0 90.3 100.0 22.5
27.9 0.3 96.1 99.8 15.0

110.88 . 25.7 1.0 99.4 99.7 11.1
25.0 1.2 100.4 99.4 9.92 35.72 19.6 2.2 107.7 93.8 2.5
15.0 3.1 108.9 73.8 1.3
12.4 3.5 108.9 61.3 It

41.07 9,0 4.1 108.9 44.5 It
„4.4 4.5 109.7 . 22.2 0.50 - 110.3 6 -
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40% Clay Series (continued)

S (a) (b) (c) (d) (e) (f) (g)
31.9 0 90.4 ■ 99.6 22.2
27,9 0.3 96.4 100.6 14.5

109.55 25.4 1.0 99.7 99.3 10.7
24.7 1.2 100.7 99.0 9.6

■ 34.95 19.3 2.2 108.6 94.5 1.5
3 14.7 3.1 109.5 73.6 0.6

11.9 3.5 109.7 60.1
40.57 8.4 4.1 110.2 . 42.9

4.4 4.5 22.6 0
32.1 0 90.3 100.0 22.7

107.89 27.8 0.3 96.2 99.6 15.0
25.3 1.0 100.0 99.4 10.6

34.61 24.4 1.2 101.5 99.9 8.8
18.8 2.2 107.5 89.8 2.7

4 13.8 3.1 108.4 67.5 1.9
39.96 11.1 3.5 108.7 54.9 1.6

7.9 4.1 109.7 39.8 0.8
4.2 4.5 109.9 21.4 0.5
0 - 110.5 0 0
29.9 0 93.4 100 0

113.29 1.0 103.2 0.385
1.5 104.3 0, 805

33.90 1.9 104.8 1.815
2.3 11 2.445

5 2.9 Il 3.67
41.96 18.6 3.2 109.1 92.0 4.08

4.5- 4.2 113.6 24.9 -
0 - 113.7 "0
29.5 0 94.0 100 . 0

114.21 1.0 103.7 0.345
1.5 105.7 0.885

6 33.69 1.9 1.82
2.9 106.9 2.95

14.3 3.2 « 75 *
42.30 3.6 4.2 114.5 20.7

0 - 114.5 0
29,6 0 93.8 100 0

114.82 1.0 103.0 0.277 1.4 105.7 0.48
33.93 1.9 Il 1.30

17.7 2.9 108.0 85.3 3.1342.53 4.6 4.2 114.5 26.5 -
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40% Clay Series (continued)

s  (a) (b) (c) (d) (e) (f) (g)
30.3 0 91.3 96.4 0

111.48 0.6 101.2 0.49
1.0 103.3 1.28

33.77 1.6 106.1 2.46
8 2.6 107.5 4.85

13.4 2.9 108.2 65.0 5.64
41.29 8.9 3.5 109.6 ■ 45.0 - -

0 - 109.0 0
110.01 29.9 0 92.9 99.0 20.9

22.0 0.6 105.1 -98.5 6.7
9 32.89 11.5 1.6 112.1 61.7 0

2.2 2.6 !I 11.8
40.74 0 - Il 0

50% Clav Series

100.38 40.1 0 80.9 99.7
31.1 0.9 91.4 99.8

I 40.23 22.6 2.0 101.6 92.8
1.9 4.2 104.4 8.3

37.18 0 - 104.6 0
99.17 41.2 0 79.8 98.9

31.7 ‘ 0.9 90.2 98.9
2 40.45 23.4 2.0 100.8 94.0

1.9 4.2 104.2 8.3
36.73 0 - 104.5 0

60% Clay Series

92.02 43.3 0 76.0 96.0 34.3
33.5 0.9 86.6 95.9 17.930.1 1.4 90.6 94.5 12.7I 39.85 26.5 1.9 93.7 89.7 9.023.0 2.3 98.9 88.2 3.2
18.8 2.9 99.4 73.4 2.634.08 11.8 4.0 100,6 47.2 1.40 — 102.0 0
44.2 0 75.3 96.6 34.592.43 33.9 0.9 86.0 95.6 17.830.6 1.4 90.0 95.2 12.640.85 26.7 1.9 93.8 90.8 8.22 23.5 2.3 97.8 87.7 3.819.2 2.9 100.0 75.7 1.534.23 12.4 4.0 100.0 48.8 1.50 ■ 101.3 0
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60% Clgy Series (continued)

S (a) (b) (c) -(d) (e) (f) (g)
43.3 0 76.1 96.5 35.8

91.52 33.4 0.9 86.8 95.7 19.3
. 30.1 1.4 90.7 95.1 14.0

39.69 26.3 1.9 95.5 93.1 8.3
3 23.3 2.3 97.3 86.1 6.4

33.90 18.9 2.9 100.0 74.5 3.5
11.7 4.0 ltil.7 48.4 1.6
0 - 103.3 0 a

43.0 0 76.6 96.7 35.2 '
93.39 32.8 0.9 87.6 96.0 18.3

29.4 1.4 91.7 95.3 12.840.10 25.7 1.9 96.3 92.6 7.5
4 22.2 2.3 100.0 87.8 3.4

34.59 17.6 2.9 100.6 70.6 2.9
10.9 4.0 101.9 45.1 1.50 - 103.4 0
38.4 0 82.9 100 0

100.56 0.7 94.3 ' ■- 0.40
1.7 97.3 1.0938.62 1.9 102.1 • 1.445 2.9 104.5 - >■ ■ -3.28

3.8137.24 18.1 3.7 108.5 87.9
0- 5.0 115.2 038.4 0 82.8 100 0

101.38 0.7 94.3 0.36 • -
6 1.7 97.8 1.13538.91 1.9 102.7 1.52- '

2.9 104.7 3.45"37.55 3.7 105.2 5.06
5.88

19,5 4.7 109.1 ..96,9 „

4. .4 5.9 116.2 26.8I ' 0 - ■ ti : 0 . 3
. 38.7 0 ■ 82.5 100 0 - '
100.50 0.7 '92.9 0.28

1.7 '98.9 1.0857 1.9' 100.8 1.215
38.85 2.9 104.2 2.74

3.7 105.3 4.13/
4.7 106.0 5.37

(continued)

151254 ' ■

V'.
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'60% Clay Series (continued)

S (a) (b) (c) (d) (e). (f) (g)

5.0 105.3 5.77
37.22 21.5 6.0 106.0 98.2 7.10

7 8.0 6.7 115.3 46,5 -

(con't) 0 0
37.7 0 83.5 100 0

102.48 0.6 93.2 0.61
1.0 94.-9 . 1.36

38.61 1.7 98.5 2.39
8 2.6 104.3 3.95

37.96 8.2 2.9 107.1 39.1 -

0 ■ - 108.3 0
39.1 0 81.5 ' 98.8 35.5

100.20 30.6 0.6 91.8 98.5 20.5
39.18 20.0 1.6 105.6 90.7 4.5

9 7 ̂O 2:7 109.5 34.9 0.9
37.11 0 110.5 0 -

49.0 0 73.2 100 0
89.51 0.2 83.2 0.28

1.0 87.3 1.95
43.89 2.0 91.5 3.66

10 3.0 96.0 5.05
19.9 - - - 71 -

32.41 8.5 3.3 97.8 30.8
0 - 98.5 0
35.1 0 82.8 93.5 0

101.24 0.3 91.4 0.2
0.9 96.8 1.2

36.49 1.3 97.8 1.93
11 2.3 103.2 3.66

37.50 11.8 2.9 — 78 4.5
0 - 110.7 0 -

80% Clay Series
87.18 48.5 0 72.9 97.5

43.7 0.2 76.1 97.3
41.26 38.0 . 0.9 81.5 96.0

I 28.3 2.0 92.7 93.5
32.30 7.2 3.0 104.1 31.3

0 - 104.9 0
48.5 . 0 72.9 98.6

88,50 43.6 0.2 76.7 98.5
2 38.2 0.9 81.4 96.4

42.36 28.6 2.0 92.8 94.4
3.2 3.0 105.2 14.6

32.75 0 104.9 0



100% Clay Series

S ( a ) (b) . ( c ) (d) (e) (f) (g)
77.75 61.3 0 62.4 97.6 58.1

51.0 1.0 69.6 9 7 . 1 41.9
43.0 2.0 7 4 . 9 93 32.1

47.62 36.7 3.0 82.6 9 5 . 2 19.7
I 30.1 4.0 90.3 94.1 9 . 6

28.80 14.1 6.8 99.0 54.2 0
0 - 98.8 0 ■ ™

60.0 0 63.0 96.9 57.1
77.90 50.2 1.0 70.0 96.3 41.6

42.2 2.0 76.5 95.0 29.4
46.74 36.4 3.0 82.0 9 3 . 3 20.7

2 30.0 4.0 88.8 90.4 11.5
28.85 13.2 6.8 98.2 50.0 0.9

0 - 9 9 . 1 0 ~

57.5 0 65.3 98.3 61.6
81.18 53.2 0.3 68.6 98.5 53.9

48.1 1.0 72.4 98.0 45.7
3 45.0 1.3 75.1 9 7 . 7 40.5

46,71 39.8 2.0 80.8 99 30.5
37.6 2.3 82.7 98.3 27.4
31.3 3.1 89.7 96.3 - 17.6
25.1 4.0 96.5 91.0 9.25

30.07 14.6 6.1 103.7 63.3 1.7
11.0 - 104.2 48.9 1.2
0 . - 105.3 0 «=»

58.0 0 65.3 9 9 . 1 62.4 ■
80.64 53.1 0.3 68.4 9 8 . 2 ' 55.0

48.0 1.0 72.8 98.6 45.6
4 44.7 1.3 - 76.0 99.0 3 9 . 6

39.4 2.0 81.5 99.7 30.1
46.80 37.6 2.3 84.1 101 26.0

30.8 3.1 91.5 99.1 15.7
29.87 24.3 ,4.0 97.8 90.6 8.4

14.0 6.1 105.1 62.8 0.8
11.1 - 105.9 50.9 BO

0 - 105.9 0
, i.
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100% Clay Series (continued)

S (a) (b) (c) (d) (e) (f) (g)
58.1 0 65.4 100 0

80.30 0.3 75.1 ' 0.465
0.9 78.5 2.31
1.3 81.5 2.755

46.7 2.0 84.0 4.90
2.2 85.3 6.07

5 3.2 86.8 9.46
4.0 88.3 11.19

29.75 6.2 99.0 13.14
0 - 102.2 . 0. ™

57.1 0 66.2 100 0
81.07 0.3 75.6 0.335

0.9 79.3 2.17
6 1.3 84.3 2.68

2.0 87.1 4.-875
46.3 2.2 88.0 6.055

3.2 94.0 7.38
30.03 0 - 103.9 0 -

57.1 0 66.2 100' 0
81.37 0.3 79.0 0.39

0.9 87.7 1.9857 1.3 90.6 2.96
2.0 93.5 4.88

. 46.4 2.2 94.4 5.62
3.2 95.6 8.01

30.14 4.0 97.8 9.63
6.2 99.1 12.70

0 101.2 0
' 78.21 57.8 0 64.7 97.0 62.353.1 0.2 67.9 96.9 54.4

42 .,O 0.9 77.2 96.0 35.88 38.1 1.3 81.4 96.3 ' 28.745.17 29.4 2.0 90.9 93.0 15.410.3 3.2 103.3 44 1.528.97 0 - 104.8 0

44.43

53.6 
42.8
38.7
29.8 
10.7
0

0.2
0.9
1.3
2.0
3.2

67.2
76.0 
80.4
90.1 
102.5 
104.0

98.7 
96.1 
95.0 
95.4
92.8 
45
0

63.0
54.6
36.8
29.2
15.3 
1.328.04
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APPENDIX C

PHYSICAL CHARACTERISTICS CF SHRINKAGE & CAPILLARY CUPS

Cup
No.

ID
-.003"

Ht9In.
±;001"

Const.
*r2(i6.39)

Vol.
CO.

C up.
No.

ID
in.

Ht. 
in.

Const,
in^

Vol.
CO.

I
.

2.004 1.501 51.69 77.59 •20 1.990 1.501 50.95 75.552 2.000 1.497 51.50 .; 77.09 21 : 1.984 1 . 4 8 0 '50.68 75.00
3 2.002 1.500 5 1 . 5 9 77.38 .22 2.007 1.467 51.85 76.06
4 2.000 1.500 51.48 77.22 ■ 23 2.006 1.496 51.82 77.52
■;5 1.995 1.500 51.25 76.88 24 2.004 1.501 51.67 77.56
6 2.001 1.496 51.55 77.12 2 5 2.006 1.471 51.81 76.24
7 2.006 1.505 51.80 7 7 . 9 6 • 26 1.999 1.473 51.43 7 5 . 7 5
S 1.995 1.800 51.20 76.80 A1 1.986 1.495 50.74 75.86
9 1.994 1.469 51.14 75.12 A2 1.987 1.495 50.83 7 5 . 9 910 1.997 1.484 5 1 . 3 2 76.16 A§ 1.991 1.499 51.01 76.46
11 1.997 1.444 51.30 74.08 A4 1.977 1.502 50.31 75.5612 2.003 1.462 51.65 75.51 a5 1.984 1.501 50.68 76.0713 2.002 1.485 5 1 . 5 9 76.61 A6 1.977 1.498 50.31 75.3614 2.000 1.469 51.50, 75.65 B1 1.990 1.502 50.97 76,5615 2.000 1.437 51.50 74.00 , B2 1.990 1.496 50.97 76.25
16 1.999 1.494 51.41 7 6 . 8 1 B3 1.999 1.499 51.43 77.0917 2.000 1.470 51.50 75.70 C2 1 . 9 9 5 1.495 51.24 76.4018 1.995 1.458 51.20 74.64 C3 1.987 1.505 50.83 76.3019 1.988 1.485 50.87 75.55 C4 1 . 9 9 7 1.496 51.32 76,57
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APPENDIX D '

STATISTICAL EVALUATION OF EQUATION 9

Equation 9, page 69, was developed by expressing curve A, Figure 22, 

as a percent of the maximum AASHO density (see last row. Table IV)„

The following data were taken from Table IV and listed for statistical

use below. The standard least square method was used to derive the

equation.

(percent, clay) O to P^ {% AASHO Density) Fl2 cipi
0 0 87 7569 0
10 100 86 7396 '860
20 400 87 7569 1740
40 1600 93 8649 3720
60 3600 94.5 8930 5670

100 10000 99 9801 9900
X C i = 230 XCi2= 15700 XPi  = 546.5 X pi2 = 49914 S c iP1 = 21890

General Equations: P - P = b(C - C)

or P = a + be - where a = P - bC
P = ^ P i = 546.,5 = 91.1 a n = ino. of data -used = 6

n 6
C = X-Ci = 230 = 38.3

n 6

b = = I c iPiW (SCi)(IPi)Zn =
(IPi ) V n

21890 - (546.5)(230)/6 
15700 - (230(230776

942 = 0.14
'6883

.(9 ) 'P = 91.1 + 0.14(C - 38.3) 85.7 + 0.14C .
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