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PREFACE

This monograph presents a method of evaluating quickly and accu-
rately the compaction of cohesive soils used in construction of earth
embankments. In contrast to the time-consuming methods previously
used, the technique presented in this monograph makes it possible to
determine the essential values of moisture and density within an hour
after the field measurements are made on an embankment. With this
method, effective compaction control can be carried out expeditiously
and economically.

In brief, by use of the rapid method, the degree of compaction of
the fill is precisely determined by comparing the density of the embank-
ment with a laboratory standard. This is done by a simple mathematical
device. Also, by this method, moisture control to a satisfactory degree
of precision is achieved.

The theory of the rapid method is descriped in this monograph as
well as step-by-step procedures and results of experiences to date with
the method. Appendixes to the text contain supplementary information
and mathematical derivations.






INTRODUCTION

Effective construction control of cohe-
sive soils requires more than merely meas-
uring the dry density and the water content of
a sample of compacted embankment. These
values must be compared with the laboratory
maximum dry density and the optimum water
content, which are obtained under standard
test procedures. The comparison is made by
compacting specimens of the soil, obtained
from the fill for the density test, at the water
content of the fill and at several other water
contents to determine the laboratory mois-
ture-density curve for that soil.

All operations in this comparative pro-
cedure, except the determination of water
contents needed to convert wet densities to
dry densities, require about one hour, de-
pending on whether the sample requires
screening to remove particles larger than
the maximum size used in the laboratory
tests. Determination of the water content
of a sample by drying to constant weight at
110° C may require up to 24 hours for clayey
soil. Because of the advantages of early
knowledge of the field comparison results,
many methods have been proposed to obtain
results rapidly.

The Proctor needle has been used to ob-
tain the approximate difference between opti-
mum water content and fill water content.® *
Rapid methods of determining water con-
tent values include: The alcohol-burning
method;® the Bouyoucos alcohol method
using a hydrometer; ® and a moisture meter
method using calcium carbide to generate
acetylene in a closed container connected to
a pressure gage.* All of these rapid mois-
ture methods are either approximate or they
give correct values of water content only for
certain kinds of soils. Hence, the standard
oven method must be used in addition, or at
least as a periodic check.

The use of radioactive materials for de-
termination of water content and density has
been under investigation since 1949, Recent
results S show some promise, but difficulties
in calibration and in adapting laboratory-type
instruments for field use preclude adoption of
this method for routine control of compaction
at the present time.

*Numbers refer to publications in List of
References.

If a particular laboratory dry density-
water content curve is assumed to be appli-
cable to the soil being tested, an approximate
dry density of the fill can be obtained from a
graph, by comparing the in-place wet density
with the wet density of the soil compacted in
the laboratory cylinder at fill water con-
tent. ** Another method uses the wet density
at fill water content and the Proctor needle
reading of the soil in the cylinder to choose
one of a set of typical curves from which the
approximate maximum dry density and opti-
mum water content can be found. *** Approx-
imate methods developed on Bureau of Rec-
lamation jobs to facilitate acceptance of
rolled fill are typified by the one used during
construction of the Bureau of Reclamation's
Trenton Dam in Nebragka, involving an esti-
mation of the fill water content. In this
method a complete compaction test was made
by starting with the field sample and adding a
definite amount of moisture or drying to re-
move a definite amount of moisture. The
field moisture was given an assumed value
and the other compaction test moistures were
computed from it. A dry density curve was
plotted, and the field test was evaluated.

In a study concerned with the properties
of compacted cohesive soils, ® these methods
of control were reviewed. It became appar-
ent that exact information on the ratio of dry
density of fill to laboratory dry density at fill
moisture was readily available without know-
ing the water content. In addition, it was
found that by compacting various specimens
in the compaction test procedure and record-
ing the amount of water added to or taken
from the soil as a percentage of fill wet
weight, a wet density curve could be obtained.
This curve could then be converted to wet
density on a fill water content basis, from
which the exact percentage of fill dry density
to laboratory maximum dry density can be
obtained. That percentage criterion for den-
sity control is widely used, and since it can
be determined without drying soil samples,
the major time-consuming operation can be
avoided. This in essence is the purpose of
the rapid method of construction control--to
provide a correct basis for acceptance orre-
jection of compacted fill in the shortest pos-
sible time.

*See Reference 2, page 40.
*See Reference 2, page 42.
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DENSITY  CONTROL

In the Proctor compaction test, samples
of soil containing different amounts of mois-
ture are compacted in a container of known
volume by a specified type and amount of
compactive effort. For each sample the re-
sulting weight of the soil mass divided by the
volume of the container is the wet density.
The dry density is defined as the weight ot
dry solids in the compacted, moist soil mass
divided by the volume of the container. This
implies that the water is contained within the
voids of the soil mass and contributes to the
weight but not to the overall volume of the
mass.

The water content of the soil is ex~
pressed as a percentage or ratio of the dry
weight of the soil which makes it independ-
ent of the state of compactness of the soil
mass. The wet weight of compacted soil in
the container consists of the weight of dry
soil and the weight of water. In terms of
unit weight or density,

Y, =74 * Vg =7d(l + W)

where 7,= wet density of the soil mass
74 = dry density of the soil mass
w = water content

Curves of wet density versus water content
and dry density versus water content are
shown in Figure 1(a). The maximum ordinate
of the dry density versus water content curve
is called the Proctor maximum dry density or
laboratory maximum dry density, 7dm, and

the abscissa where it occurs is called the

optimum water content, ¥ . The value of the

wet density at that point is 74 1+ wo) .
m

Consider a field density test made in soil
containing no gravel. (The procedure in soils
containing gravel is similar, except for the
screening required and the computations nec-
essary to obtain the fill wet density of the
minus No. 4 fraction. These are given in,
for example, the Bureau of Reclamation
Earth Manual. *) The material obtained from
the test hole is protected against evaporation
and is compacted by a standard method in a
cylinder, while at fill water content, Vo, to
what is called a "cylinder" wet density, 7, .

c
*See Reference 1, Designation E-22, page 277.

The ratio of fill wet density, 7wf , (wet weight
of soil extracted from the hole divided by the
volume of the hole) to "'cylinder'' wet density
is identical with the ratio of their dry den-
sities, since both wet densities are at the
same water content:

T Tqa (L +wg) 7

f__£ - £ i
7, = m = 7a ¢ Equation (1)
c c c

where’a £ and 7dc are fill dry density and

"cylinder'" dry density, respectively. The
value of the ratio, ¢, indicatesthe relation
between the compactive effort used on the fill
and the laboratory compactive effort.

The ratio, D, of fill dry density to labo-
ratory maximum dry density, which is the
basis of density control, could be obtained
from wet densities in a similar manner if the
value 74 (1 + wf) could be found, where 7dm

m

is the laboratory maximum dry density. The
value D would be obtained by dividing the fill
wet density by this quantity:

7df(l +we)
Equation (2).

7, (X +w) 7,
a, 2 Ta_

The rapid method is a procedure for obtain-
ing the value 7dm(1 + vf) .

Consider a sample of soil that was taken
from a fill with a water content, ¥p, some-
what less than optimum, and compacted in a
cylinder in a specified manner. If we desig-
nate its resulting ''cylinder" dry density as
7dc, then its "'cylinder' wet density would be:

s 1+ ). This "cylinder" density at fill
¢
water content is shown in Figure 1(a).

For any fill water content, w ) the value
of the ''cylinder'" wet density can be readily
obtained by a compaction test; hence, let us
use this point as the origin of new curves ob-
tained by translating the origin of abscissas
to fill water content as shown in Figure 1(b).
Also, let us use for the abscissa, z, of the
new curves the amount of water added to the
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soil in percentage of fill wet weight. ** This
change in origin is equivalent to considering
the moist soil removed from the fill to be
"dry;'" that is, the water associated with the
soil at fill water content is treated as solid
material. Values of z are in percentage of
"dry' weight by this concept.

By adding water to samples of the moist
soil (all samples are at fill water content to
start with), and by mixing and compacting
them in the usual manner, a wet density ver-
sus z curve--the upper curve in Figure 1(b)--
is obtained. The values of ordinates of this
curve are the same as the wet density curve
in Figure 1(a). However, the abscissas are
values of z rather than of w. The analogy
between Figures 1(a) and 1(b) can be com-
pleted by drawing the converted wet density
curve in Figure 1(b). This is done by divid-
ing each ordinate of the upper curve by
(1 + z). The resulting curve is similar in
shape to the Proctor dry density curve. The
values of the ordinates of the converted wet
density curve are not dry density, however,
but are dry density multiplied by the expres-
sion(l + wf) . 'This can be proved as follows:

The ordinates of the converted wet den-
sity curve were obtained by dividing the wet
densities, 7d(l +w), by(L + z). The value
z is defined as added water in percentage of
fill wet weight. Therefore

st-wfws

ws(l + wf) 1+w,

W =-W

z = Equation (3)

where ws is dry weight of soil.

v -W

1+z=1+ ~Lrw

Equation (4)
1+ Ve 1 +w

£
Hence

7d(l + W) ) 7d(l + W)

1+z

= 74(1 +wp)

1 +w
Equation (5)

Il.+wf

which is the value of each ordinate of the con-
verted wet density curve.

**%The use of z as abscissa is only one of
three possible values, all of which provide
identical results. See Appendix A.

The maximum ordinate of the converted
wet density curve must be 7,4 (1+ wf), be-
m
cause the only variakle in the ordinate of the
curve is 7, ; the expression (1 + w_) is con-
stant for any given density test.

It should be noted that the Proctor curves,
shown in Figure 1(a), cannot be drawn unless
the values of water content are determined,
whereas the curves shown in Figure 1(b) can
be drawn without knowing values of water con-
tent. The values of z used in Figure 1(b) are
merely the ratios of pounds of water added to
pounds of moist soil removed from the fill and
are known.

Hence, the value

7df(l +wo) 7,

D Equation (2)

7q 1+ wf) 74
m m

can be obtained precisely from wet densi-
ties alone by finding the peak point of the
7d(l + Wf)curve. That curve is obtained by
plotting the points:

(1) 74 (@ + W),
[¢]

7q (L +w)
2
@ oy

7d3(l + ws)
S
3
W~ w
etc. It should be noted that z = I+ can be

negative as well as positive.

The determination of the maximum ordi-
nate of the?d( 1+ wf)versus z curve presents
the same problem one encounters in finding
the maximum dry density in a dry density
versus water content curve. In general, the
more points that are plotted, the more accu-
rate is the determination of the peak point of
the converted wet density curve. The mini-
mum number of points needed is three, and if
these are spaced so that the point of maximum
ordinate falls within the range of their ab-
scissas, it is feasible to find the maximum
ordinate graphically. This is done by assum-
ing the portion of the 74 (1 + we) versus z
curve in the vicinity of the maximum point



to be a parabola 7hose axis is parallel to the
74(1 + ;) coordinate axis. The parabola
method of locating the maximum ordinate is
given in Appendix C. Its use is not essential
to the rapid method, but it has been found ad-
vantageous in reducing the number of points
required and it provides a unique value for
the peak point without sketching the curve.

In a further effort to simplify the proce-
dure to obtain D, the coordinate sheet on
which the curve is plotted is provided with a
series of diagonal lines which enables the di-
vision of wet density by the quantity (1 + z)to
be done graphically, so that points of coordi-

nates [z, 74(1 + w.)] can be plotted without
using a slide rule or calculating machine.
Once the maximum ordinate, g ‘% *+ Wf)vis
obtained, either by the parabola method or by
sketching the curve, the value

7df(l +vg) g

D Equation (2)

74 (1 +we) 7y
m m

can also be obtained graphically by using the
diagonal lines as explained later under the
section, Examples.

MOISTURE CONTROL

The location of the peak point of the
7d(l + Wf) versus z curve shows whether the
the soil is at optimum water content (w ), or
is less than or greater than optimum. How-
ever, the exact magnitude of the difference
between optimum water content and fill water
content is unknown. From Equation (3), it
follows that:

LA zm(l + wf)

Equation (6)
where %, is the abscissa of the peak point of
the curve. Forz, =0, Wy = Wa=0 for any
value of . For values of %, other than 0,

the magnitude of Ve is needed to obtain

W= W,
o £

From Equation (5), it follows that:

1 +w

L+w, =
£ l+zm

Equation (7).
Hence, another expression for the difference
between optimum and fill water contents is
obtained by combining Equations (6) and (7):

Z
(o]

Since neither ¥g nor ¥, is known, Equations
(6) and (8) require that either of these values
be estimated in order to obtain the magnitude
of w, .- vwe. However, an error in estimating
¥g or ¥, results in a much smaller error in
the value of ¥y = Wg- For example, in Equa-

tion (8), for z, = +0.02, an error of 0.05 in

W - wf = I_-{-l‘;_m (l + wo) Equation (8).

o . 0.02 _
estimating ¥, is reduced to 100 (0.05) =

0.00098 for LA AY this small error is ac-
ceptable for control purposes.

To avoid the necessity of estimating ¥¢
or W, for each density test, a set of curves
was prepared which automatically estimates
¥, for the coordinates of the peak point of the
converted wet density curve. Figure 1(b)
shows the relation between the peak point of
that curve and the wet density at optimum
water content. The approximate relation be-
tween the latter value and the optimum water
content was determined for 1, 300 soils com-
pacted by the Bureau of Reclamation's stand-
ard of compaction, * and is shown in Fig-
ure 2. %% The relationships of Figures 1(b)
and 2 were combined to obtain the curved
lines shown in Figures 3 and 4.

*The Bureau of Reclamation's standard uses
a 1/20-cubic-foot cylinder, 3 layers, 25
blows per layer of a 5.5-pound hammer
dropped 18 inches. Compactive effort is
12, 375 foot-pounds per cubic foot.

**The specific gravity of the soils in Figure 2
varied from 2.43 to 2. 94; the average was
2.685. Ninety-five percent of the soils had
specific gravities between 2. 52 and 2. 85.
For soils of specific gravity significantly
lower or higher than these values or for
standards of compaction appreciably dif-
ferent in compactive effort than the Bureau
standard, see Appendix B.
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WET DENSITY AT OPTIMUM WATER CONTENT- LBS/FT3

>
»

WET DENSITY vS

OPTIMUM WATER CONTENT
FOR 1300 SAMPLES

0 [ 20 25 30 35 ° 40
OPTIMUM WATER CONTENT, w,, % OF DRY WEIGHT

FIGURE 2 - Wet density versus optimum water content.

45



‘mmutqdo

uey3 SS3T ST US3U0D Id%8M TTTI YOTUM UT oTdwexy - € TNOTL

145

RAPID COMPACTION CONTROL METHOD
NG AN FOR 7.50 LBS  OF MOIST SOIL
g
143
12 NG *\1‘1\ E:t_qy_)p_/_e __________ DATE ._.TToTo .- TEST MO . T==i_..
141 {0,
€3
o \ AR
3 - =
' T A W T
1384 7.47 _|-04 | 7.30 | -27
5l T e 01010 _x
NS £ YR N ;1023 4
| .4 =0. . -3.2
§ 36 [~%e 74z 1 i1 | 7.5 |33 wo-wp- 118 4
ST e T T rer T
FEED) 739 |15 | 7.22 | -3
a \ \ 738 |-1.6 | 721 {-3.9
g™ S e
§ 132 \ \\ 735 | -2.0 ;:/ ¥
-2 ) 4.4
: 130 L \ ;33; 23 7.16 4.5
; 0 Fi § Fill woter content, wr-_A.__.'.5_:_Q ______ %
2 129 X -\ \k_m{ ) Fill dy density of -No.a:_ 110.9 ___#p3
8 12 i % LI Lab. mox. dry density = .. __ ] 109.8 __#,,
o \ \ Ay 127.5 -0 N i ' Cylinder dry density= ... . 1Q7.3__ #,
= (2) ! i N i t tent wp < 16.8 %
= ok | 126.3 " Qe =t === 1gBer == SANANR N J < Optimum water confent, o * --==:%= -
W '] (] .
A Y N NI S NN
g PRI — (I)/ !
S s ‘—f\ \ T | 123 4".& gy T N N \
o al i j .
g 122 - \ ‘ 1 I \‘L N L X
E 121 \ \ ) JG v _\ \\
2 0 LIV e R (3) ‘ N
o
-~ 19 \ \ \ / \ >
AN | 5 NS

5]

nr

e

"s

e

13

e

ino

"
el

AN
N

NN
] &

™
4

[l el / AN
[ N

T

/
//‘k
_/‘//

A
\

\ \
A\
\

T -=g==< 119.8[ ===~ = "= g = &
§ 1 . AN
N\

N

e

/
/
/ 4
7 / NN NS %
/ ] ) ‘/51,%% % Js'* d‘;‘? '}X

'
{
b1
+

-4 3 2 | ] +1 +2 +3 +4 +5 +6
(7-!62?
2-59
Bureau of Reclamation ADDED WATER IN PERCENT OF FILL WET WEIGHT

ALSO Wy-Wg (%) FOR PEAK POINT OF CURVE WHEN CORRECTED AS SHOWN BY CURVED LINES



01

‘ummrydo weyy

1998313 ST qUOIU0D J9%tem TTTI UOTUM utr ordwexg - + TMNHTI

N \x x x TG 'J'45f'.ao RAPID COMPACTION CONTROL METHOD

N N ..-.;&g 0\ SRR ’%& FOR 7.50 LBS OF MOIST SOIL

143 z = N

o2 le\“\ | } \ o“);_,* o‘&l\ “}* rearvre... EXample paTE. . ___: . TEST WO _ T _.

. N N N
141 K-,
|4o\§¥ T\ f’\ \ 140 ORIED o ORIED
o v \K 7\ , weiGHT | % |weienr | %

M SENE| SRR SRS At

138 . -0 . J .
sl | ||| NN RN ree 1-05 | 725 [-28 0278 4
©oeRet | L1 ANAN AN R S e ! ce. 280
2 L N hss CRET ST Y
g a1 ] NS R ams AL
g ’X WWO-W 20.7-0.120.8 % N N\ 738 |16 | 7.2 | 3.9
o 133 LA . 7.37 T-1.7 ;.z(; ::.o
2 o > 5 sRENEAE
o I \ T < [ AN 7.33 | 23 | 7./6 | 4.5
2 o Moximom 1] ] [ . | \ AN
; l30-—¢i)rdma‘f‘ecl\za,9\\lo 8 128.4 / \ Fill water content, wp-..._.'8:9______%
g 29 = gt S Fill dry density of -No.¢:_ 106.6____#3
8 26 T $\ — 3 T N S i i A I Lab. max. dry density:____.109.2 ____ ¥
@27 K |(3)§ v \ *\l N \ \ Cylinder dry density=_._._ 108.8 4,
; 26 \ X’zs'\s T“‘ —\T — i—é_’% T i ;{‘_ ;\_\i Xi‘f“* —Qi\ L N \ Optimum water content wo= . '7.2 ____ %

g . ST 0 T N A

N A0 o P 4 A9 GANAR NANANAT - NN
Z 124 { \7 densitys«125.8 T 07100-2.4+97.6%- -~ es.7? \l \
Z 123 1 \ \L \ €2100~2.0298.0 %=~ | \
4
N T T Ton = == F = — g s o< _
= 2 — 2) \
2oL UL / . N
- ! /[ e )
g e\ \ \€ / & N

ALY 8 N

A 1 e

15

4 Y \

L A

12

8 LN N A I Y I IV 4 e RS

ANV IV LT T/ G G ¥

-4 -3 -2 -1 [} +1 +2 +3 +4 +5 +6

7-i624
(2-59)
Bureau of Reclamation

ADDED WATER IN PERCENT OF FILL WET WEIGHT
ALSO W,-Ws (%) FOR PEAK POINT OF CURVE WHEN CORRECTED AS SHOWN BY CURVED LINES



These lines show the correction value to
be added to %y to give W, ~ Wy. The correc-
tion value shown by the curved lines (to the
nearest 0. 1) closest to the peak point of the
converted wet density curve [Coordinates

A L+ v.)] is added algebraically to
m

z, to give a value for ¥, = W that is suffi-
ciently accurate for control purposes.

EXAMPLES

Figures 3 and 4 are examples of the
rapid compaction control method, using the
forms designed for the Bureau of Reclama-
tion's laboratory compaction standard with
the 1/20-cubic-foot cylinder. By changing
the weights of soil sample and of water added
in proportion to the size of cylinder used,
these forms are suitable for density control
for any compaction standard. In addition,
there are indications that the correction
curves for moisture control which were pre-
pared for the Bureau of Reclamation's com-
paction standard may be satisfactory for
other compaction standards of approximately
the same compactive effort. For example,
the correction curves in Figures 3 and 4 are
believed to be applicable to the compaction
standard used in Mexico 7 and to the stand-
ards of the American Society for Testing Ma-
terials and American Association of State
Highway Officials.® °

In Figures 3 and 4 all lines are black.
However, in the forms used by the Bureau of
Reclamation the lines are in color. These
forms, Forms 7-1624 and 7-1624A, are
shown in this monograph following Appendix
D. The diagonal lines are black, and the
correction curves are light red lines. The
first form includes the normal density range
used in Figures 3 and 4. The second form is
used for low density soils. The following

step-by-step procedure explains the use of
the forms.

Procedure for Rapid Compaction Control

Obtain fill wet density of minus No. 4
fraction. To find:

- Fill dry density
Laboratory maximum dry density

Fill dry density

C-=
Cylinder dry density at fill water content

¥o ~ ¥ in percent; proceed as follows:
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To obtain Point (1). Compact soil at fill
water content into a standard cylinder. Plot
the resulting wet density on the 0 percent
vertical line on Figure 3 or Figure 4.

To obtain Point (2). To 7.50 pounds of
soil at fill water content add 68 cubic centi-
meters (2 percent) water, mix, and compact
into a cylinder to determine wet density.
Find the point on the + 2 percent diagonal
line corresponding to the wet density; pro-
ject vertically to the 0 percent diagonal line,
thence horizontally to plot Point (2) on the
+ 2 percent vertical line. The ordinate of the
plotted point is the wet density divided by
1.02.

To obtain Point (3). If Point (2) is
greater in ordinate than Point (1): To 7.50
pounds of soil at fill water content add 136
cubic centimeters (4 percent) water, mix,
and compact into a cylinder. Find the point
on the + 4 percent diagonal line correspond-
ing to the wet density; project vertically to
the O percent diagonal line, thence horizon-
tally to plot Point (3) on the + 4 percent ver-
tical line. The ordinate of the plotted point
is the wet density divided by 1.0k&.

If Point (2) is smaller in ordinate than
Point (1): Permit 7.50 pounds of soil at fill
water content to dry without loss of soil;
then weigh. * The table on the right-hand
portion of Figure 3 or Figure 4 gives the
percentage of water loss corresponding to
the dried weight. Compact the dried soil
into a cylinder. Find the point on the diag-
onal line (interpolate if necessary) corre-
sponding to the wet density; project verti-
cally to the 0 percent diagonal line, thence
horizontally to plot Point (3) on the vertical
line corresponding to the correct percentage.
The ordinate of the plotted point is the wet

*See alternative method in Appendix D which
eliminates the requirement for drying soils
that are close to optimum water content.



dengity divided by 1 plus the negative per-
centage: [1 + (- 0.02) = 0.98].

Three plotted points are sufficient if both
the left and right points are lower in ordinate
than the center point; if not, a fourth point is
necessary. Find the point of maximum ordi-
nate of the curve by the parabola method,
Appendix C, or by sketching the curve if the
number and locations of the points permit ac-
curacy without use of the parabola method.

Plot the fill wet density of minus No. 4
fraction on the 0 percent vertical line.

To obtain D: Project the maximum ordi-
nate horizontally to the 0 percent diagonal
line, thence vertically to the value of the fill
wet density. D =100 percent plus the inter-
polated percentage given by the diagonal
lines, taking minus signs into account. D is
fill wet density divided by the maximum ordi-
nate of the curve.

To obtain C: Project Point (1) horizon-
tally to the 0 percent diagonal line, thence
vertically to the value of the fill wet density.
C =100 percent plus the interpolated percent-
age given by the diagonal lines, taking minus
signs into account. C is fill wet density di-
vided by the ordinate of Point (1).

To obtain Wo - Wwg: This value is the ab-
scissa of the point of maximum ordinate cor-
rected by adding the value shown in red (the
curved lines) on the chart nearest to the peak
point, interpolating where necessary, and
taking minus signs into account.

Completion of Test for Record Purposes

Dry a sample of minus No. 4 fraction to
constant weight in an oven at 110° C to ob-
tain fill water content, w,. Then:

it

Fill dry density of -
No. &4

Fill wet density of -

No. & + (1 + w,)

Maximum ordinate
+ (1 + wf)

Laboratory maximum =

dry density

Cylinder dry density

Ordinate of Point (1)
+ (1 + wf)

Optimum water content =
wo + (1 + wf) Zy
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Example 1
Figure 3 is an example in which the fill

water content is less than optimum. The test
data are:

Fill wet density =127.5 pounds per cubic foot

Converted
Wet density wet density
in pounds in pounds
per cubic ] per cubic
Point foot in percent foot
(1) 1234 0 123.4
(2) 128.6 2 126.1
(3) 124.6 b 119.8
By the parabola method
o] - 1.6 126.3
then
=127.5 _
D 196.3 = 101.0 percent
127.
C-= 1—2-}‘-% = 103.3 percent

Wy = ¥p = + 1.6 + 0.2 = + 1,8 percent (dry
of optimum)

These values are sufficient to accept or re-
ject the compacted fill according to criteria
established for the work.

After the fill water content has been de-
termined by drying a sample to constant
weight at 110° C, the field density test is
completed for record purposes as follows:

Ve = 15.0 percent

,. - 215

d, " 115 = 110.9 pounds per cubic foot

. 126.3

115 = 109.8 pounds per cubic foot

£
m

,. - 1234

dc 1.15

= 107.3 pounds per cubic foot

w, = 0.15 + (1.15)(0.016) = 0.168 or16.8
percent.



‘Example 2
Figure 4 is an example in which the fill

water content is greater than optimum. The
test data are:

Fill wet density = 125.8 pounds per cubic foot

Converted
Wet density wet density
in pounds in pounds
per cubic Z per cubic
Point foot in percent foot
(1) 128.k4 o 128.4
(2) 124 .2 +2 121.8
(3) 123.7 - 2.3 126.6
By the parabola method
0 - - 0.7 128.9
then
b= %%—g— = 97.6 percent

= %g—ﬁ = 98.0 percent

- W w

= 0'7 -0.1 = - 0.8'
percent (wet).

H

These values are sufficient to accept or re-
ject the compacted fill according to criteria
established for the work.

After the fill water content has been de-
termined by drying a sample to constant
weight at 110° C, the field density test is
completed for record purposes as follows:

we = 18.0 percent

y. =338 _ 14566 pounds per cubic foot
d, 1.18
y, = 128.9 _ 109.2 pounds per cubic foot
a, 1.18
8.4 d bic foot
_ 120.% .8 pounds per cubic
74 1.6 108.8
¢ w, = 0.18 + (1.18)(- 0.007) =
0.172 or 17.2
percent.

USE OF RAPID METHOD BY BUREAU OF RECLAMATION

The rapid method of control described in
this monograph has been used satisfactorily
on about a dozen earth dams since May 1957,
and has been adopted as a designation in the
Earth Manual * for control of all compacted
cohesive soils on Bureau of Reclamation
projects. Prior to initiating the procedure in
the field, it was tested in the Bureau's Earth
Laboratory at Denver, Colorado.

It was found that a mechanical method of
mixing the water with the soil was desirable
to assure uniformity of the resulting water
content and to reduce loss of moisture by
evaporation during the mixing. Figure 5 il-
lustrates and describes the mixer and paddles
used in the laboratory study.!© Paddle
No. 3 was found to be satisfactory for a vari-
ety of silts and clays and was recommended
for use on Bureau projects. Several earth
dam projects are using this mixer and pad-
dle. A mixing time of 1 minute with a paddle
speed of 90 revolutions per minute was satis-
factory.

13

Although the relative humidity of the at-
mosphere in the Denver laboratory was low (2
to 20 percent), at temperatures of 65° F to
75° F, loss of moisture during the mixing of
soil and water was only about 0.1 percent of
dry weight of soil. This small value pre-
cluded the necessity of correcting for loss of
maisture during the test. Additional time and
heat are required to reduce the water content
to obtain a point on the converted wet density
curve that is less than fill water content. On
one of the field projects, a stream of heated
air is passed over the bowl during the mixing
operation to facilitate uniform drying.

Although mechanical mixing is desirable,
it is not a necessary adjunct to the rapid
method of control, which has been used suc-
cessfully with hand-mixing procedures. The
additional time required to obtain uniform
mixes of moist soil and added water by hand
methods may, under certain atmospheric
conditions, permit a significant amount of
evaporation to occur. In that case, another



Bowl Capacity: 3 gallons

Motor: 1/3 HP, 60 cycles, 115 volts, single phase, 3 speed maximum,
1,725 rpm.

Mixing head speeds; 47 rpm, 90 rpm, and 160 rpm.

Paddle No. 1: Blades made from 1/2- by 1/2-inch angle iron sharpened
and shaped.

Paddle No. 2: Modified pastry beater--Blades have been develed and
sharpened.

Paddle No. 3: Blades made from 1- by 1-inch angle iron sharpened
and shaped.

FIGURE 5 ~ Mechanical mixer and paddles used in the laboratory.
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weighing of the final mixture will determine
the magnitude of correction to be applied.
In most cases, loss by evaporation can be
compensated for by adjusting the amount of
water added. As yet, no such adjustment has
been found necessary on the Bureau projects.
The fan-type scale of 25-pound capacity,
reading directly to 0.01 pound, has been
found satisfactory for weighing the soil be-
fore and after mixing.

The parabola method, described in Ap-
pendix C, has been found to be desirable, but
it is not an essential part of the rapid method.
Cases have occurred where the peak point of

the converted wet density curve was found to
coincide with one of the compaction points by
virtue of symmetry. In that connection, it
will be found desirable to modify the step-by-
step procedure given under the section, Ex-
amples, when Points (1) and (2) are of the
same converted wet density. Instead of add-
ing 4 percent of water to obtain Point (3) and
then using the parabola method to obtain the
peak point, it is evidently better to add 1 per-
cent of water (34 cubic centimeters) to 7.5
pounds of moist soil. This will determine the
peak point directly, since the axis of the pa-
rabola is located at z = +0.01.

SUMMARY

The primary purpose of the control
method described in this monograph is to
provide a correct and sound basis for accept-
ance or rejection of compacted fill in the
shortest possible time. As explained, this is
done without requiring the determination of
the values of dry density or of water content.
There appears to be little justification for re~
lying on assumed compaction curves to com-
pare with the fill density when the rapid
method, giving an exact ratio of fill dry den-
sity to laboratory maximum dry density, is
available.

Moisture control is considered essential
in the construction of high earth dams, and it
is the key to effective use of compaction
equipment in all earth embankments. The
rapid method provides moisture control in-
formation in terms of the difference between
optimum water content and fill water content.
Although the value is not precise, it is con-
sidered to be close enough for control pur-
poses. There is no advantage in using the

ratio of fill water content to optimum water
content for moisture control in lieu of the dif-
ference between these values, since both the
ratio and the difference depend on the magni-
tudes of fill water content and of optimum
water content, which are unknown.

An additional advantage of the rapid
method over the approximate methods is that
the data obtained for control purposes in the
rapid method can later be used to obtain the
correct values of dry density and water con-
tent for record purposes. This is accom-
plished by obtaining only one water content--
the fill water content--by drying a sample in
the oven.

In addition to its use in the construction
of earth dams, the method described in this
monograph is believed to be particularly ap-
plicable for control of compaction of highways
and canal embankments, where the compac-
tion characteristics of the soils are likely to
vary along their routes.
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APPENDIX A

Alternative Methods of Obtaining the Value

7y (L +wy)
m
General

For density control the value

A f(l + W) 7df
D= R (e Hade Equation (2)
Tg \L Vel 74
m m

can be obtained from wet densities, provided
12 1+ wf) is found. Under the section,
m

Density Control, of this monograph, a method
of obtaining this value is given in which the
abscissa of the wet density curve and the con-
verted wet density curve is z. There are two
other possible abscissas that can be used to
obtain the same result. These are included
here to make the derivation of (1 + w_)
complete. dm £

Original Development¥*

The wet density corresponding to the max-
imum laboratory dry density is 74 (1 +w),
o
m

where ¥, is optimum water content. This
can be written - =
74 (1 + v wf+wf)

73 (1 +wf) +7g Vo " Vg Ve
m m n

The value of ’a "o is the total weight of
water per cubic foot in the soil mass at max-
imum dry density, and 7dmwf is that portion
of the foregoing weight of water which is at-
tributable to fill water content. Then the
expression 7dmw° - 7dmwf is the weight
of water per cubic foot that must be added
to the soil (which is already at ¥¢) to obtain
the maximum dry density.

The increment of water (above that due
to fill water content) contained in a compacted
specimen can be obtained in the following

*This derivation is given in Reference 6,
page 85.
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manner: A measured quantity of water is
added to a known weight of loose soil at fill
water content and mixed. The mixture is
compacted in a laboratory cylinder by the
standard procedure. The ratio of the wet
weight of soil in the compacted cylinder to
the wet weight of the loose soil mixture,
multiplied by the weight of water added to
the loose soil, gives the required increment
of weight of water.

The wet density point corresponding to
maximum dry density can be obtained by us-
ing "cylinder' wet density (at fill water con-
tent) as a reference point (0,0) in a plot as
shown in Figure 6. The increment of water
(times 20 for a 1/20 -cubic-foot cylinder)
and corresponding increment of wet density
is plotted as a point ‘¥ » yl) on the solid
curve. Other points to determine this curve
are obtained in a similar manner by increas-
ing the amount of water added to specimens
at fill water content. The equation of the
solid curve is y = f(x). If each ordinate of
this curve is reduced by its corresponding
abscissa, the dashed curve Y=f(x)-xis ob-
tained, whose ordinate represents the amount
of additional soil at fill water content above
the amount represented by 'cylinder' wet
density that was compacted in the cylinder as
the result of adding more water. The maxi-
mum point (xm’ Y.) of this curve must cor-
respond to the maximum amount of dry sol-
ids, since the only variable in the equation

for Y is 7d' When Y is a maximum,
dif(x) - x
o« -9
U] o, e,

Hence, the point on they = f(x)curve cor-
responding to maximum dry density is the

one where its slope equals unity. Then

7

w
—_—
7wc +Ym

7, (1 +w,)
dc f

74 (1+w1:) +7d(1 +wf5-7d (l+wf)
¢ m ¢
7dc
—= = R

Equation (9)
7a
'm
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FIGURE 6 - Theory of rapid construction control method.

17



where R = the ratio of cylinder dry density
at fill water content to laboratory maximum
7

d
dry density, but 7-—f =C [Equation (1)]
de
V4 4
4 d
hence, CR = 7—2 P = D.
de ’dn

If, for the first specimen, Yl =Y, - X is
less than 0, then a decrement of water is used
on the next specimen (the soil is mixed to
allow drying to a weight corresponding to
about a 2-percent decrease in weight). This
procedure is continued as necessary to de-
termine a maximum point on the Y curve or a
slope of unity on the y curve.

Method Using Percentage of Wet Weight as
Abscissa

A converted wet density curve of ordi-
nates 7d(l + w_)can be obtained from a wet
density curve by plotting these curves with an

- X -
abscissa t, wheret = W.Thls ab

scissa is added water in percentage oftotal wet
weight of the mixture of moist soil and water,

Wd-wfyd w-wf

t= 7d(l+w)= 1+w

Equation (10)
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+ Wy )
TS T Equation (11).

Hence,

( (1 +wf)
7d 1+ W)(l - t) = 7d(l +w)m =

Vd(l + wf) Equation (12)

and the peak point of the 7d(1 + w,)versus't
curve is 7. (1 + w,.) £
dm b i

Points for the 7d(l + wf) curve can be
obtained by adding specific amounts of water
to 7.50 pounds of moist soil at fill water con-
tent, mixing and compacting. For example:

0.1531

7.50 + 0.15%1 - 0@ =t

and

0.3%12

750 ¥ 0.5125 = 0:0k =t

The resulting wet densities are multiplied by
(1 - t)to obtain points on theyd(l + wf)curve.



APPENDIX B

Derivation of Correction Curves
for Moisture Control

The curved lines shown in Figures 3
and 4 are loci of equal magnitudesof a cor-
rection value, A, which when added to Z,
gives v - w,. Let

o b ¢
A +2z, =w, -V, Equation (13)
then A=W, - W,=- 2,  Substituting for
w, - W, from Equation (8) results in
z
= — i
A= = (wo - z ) Equation (14).

Let the relation represented by the curve in
Figure 2 be written:

v, = f[ydm(l + wo)].

Since

_7dm(l +v) = 7dm(l + wf)(l +z)
v, = f[7dm(l + wf.)(l + zm)].

Substituting for v, in Equation (14), we

obtain z
m
A= -1—5; (f[7dm(l + wf)(l + zm)] - zm]

Equation (15).

Usually the function f£lry (1 + V) (1 +2)]
m

is not known analytically, hence, the
form
Zn
A=l+zm("o'zm)

Equation (14) is used. By assuming values of

coordinates Z, and 7, 1+ w,) the value
m

7dn$l +w )= 76‘;5;1 +w.)(1 + z ) is obtained,

which from Figure 2 provides an approximate
value of W,. Thus every coordinate point on
the graph can be assigned a correction value
A to be applied when the peak point of a con-
verted wet density curve occurs at that coor-
dinate.

Correction curves similar to those shown
in Figures 3 and 4 can be prepared for any
laboratory standard of compaction by first ob-
taining an approximate relation between
73 (1 + wo) and w_ for that compactive effort

m

similar to the relation shown in Figure 2 and

proceeding as in the foregoing. Urnusual soils

with very low or very high specific gravities

may require construction of different correc-

tion curves. However, if the 74 1+ wo)
“m

versus Y, plots are within the range shown by
the points in Figure 2, the correction curves
shown in Figures 3 and 4 can be used.

APPENDIX C

Parabola Method

Given three points on a parabola simi-
lar to they ,(1 + w_) versus z curve, whose
axis is parallel to the y (1 + w_ ) axis. To
find the vertex: d £

Analytical solution. The equation of the
parabola with origin of coordinates at Point
(1) is:

(2 -2)%=-2p(y - y,) Equation (16)
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where 'y = 7d(1 + wf) - 7dc(1 + wf)"and 2p
is the latus rectum. For z =z =0 and
¥y =y, =0, Equation (16) becomes:
2
z
2 _ - : = B
L 2pym from which 2p A . Hence,

Equation (16) can be writien:

2

(z - zm)2=--;7n— (y - ym) Equation (17)
m

from which



2
-2
a Y

m = z(z - 2zm)

By substituting, first, 2* Yz and then Zg» ¥,
for =,y in Equation (17) and then equating,

z_ is found to be:
o 2
(z, - z,) o

2 | Equation (19).

Equation (18).
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Graphical solution. Figure 7 describes
the graphical solution for z and yp.

Tabulated values. Figure 8 (in pocket
inside back cover) gives coordinates of the
peak point of the parabola when Points (1),
(2), and (3) are equally spaced horizontally
in 2 percent increments. It was obtained
from Equations (18) and (19).




Paraboia Method

Graphical solution for vertex, O, of o parabola whose axis is verticol, given three points
A, B, and C. If more than three points are available, use the three closest to optimum.

F o He-axis
v

NG/
W
BJM/O \\

/f \ N

/S AT T T\

AL © H

(<
=

-2 -1 o] +1 +2 +3 +4

. Draw horizontal bose line through the left point, A, oand draw vertical lines through
points B ond C.

2. Draw line DE parallel to AB, point E lies on the vertical line through point G, project
E horizontally to establish point F on the vertical line through B.

3. Draw line DG parallel to AC, point G lies on the vertical line through point C.

4. Line FG intersects the base line at H. Axis of parabola bisects AH; draw the axis.

5. Intersection of line AB with the axis is at J; project J horizontaily to K, which lies on
the vertical line through point B.

6. Line KH intersects the axis at 0, the vertex.

NOTE: If points A, B, and G are equaily spaced horizontally (this is true when 2
points are obtained by adding water or when soil is dried exactly 2 percent ) steps 2 and 3
above are elimingted. Point F coincides with point B and point G is halfway between the base

line ond point C. Hence, point H is obtained by drowing BG ond point O is obtained by steps 5
and 6 as usual. See graph below.

ol B
I J N\
// ] K\ \\
/ ! \ H
A R
\
A\
" \
AAXIS N6
\
\
\
\
C
-1 (o] +| +2 +3 +4

FIGURE T - Graphical solution for peak point of parabols.
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APPENDIX D

Alternative Method to Eliminate Drying
Requirement for Soils Close to Optimum
Water Content

Points (1) and (2) of the converted wet
density curve are obtained in the usual man-
ner as given in the section, Examples.

To obtain Point (3) when Point (2) is
smaller in ordinate than Point (1) but within
3 pounds per cubic foot of that point: In lieu
of drying 7.50 pounds of soil at fill water
content as required in the procedure given
under the section, Examples for the rapid
compaction control method, add 34 cubic
centimeters (1 percent) of water to this
quantity of soil, mix, and compact into a cyl-
inder. Find the point on the +1 percent diag-
onal line corresponding to the wet density,
project vertically to the O percent diagonal
line, thence horizontally to plot Point (3) on
the +1 percent vertical line. The ordinate of
the plotted point is the wet density divided by

1.01.

If Point (3) thus obtained is greater in
ordinate than Point (1), the peak point of the
converted wet density curve can be obtained
graphically by the parabola method. If Point
(3) is smaller in ordinate than Point (1), the
graphical procedure for obtaining the peak
point requires extrapolation which reduces
its accuracy. For this case, calculate
Y1/Y2’ where Y, is the difference in ordi-
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nates of Points (1) and (3), and Y, is the dif-
ference in ordinates of Points (1) and (2).
Figure 9 gives the location of the axis of the
parabola (distance 2%, from the origin) for
ratios Y / Y,. This figure is an enlargement
of a portion of Form 7-1624A which follows
this appendix.

For example, if

Point (1) = 117.6 pounds per cubic foot
Point (2) = 115.1 pounds per cubic foot
Point (3) = 116.8 pounds per cubic foot
Y,=117.6 - 116.8 = 0.8
Y,= 117.6 - 115.1 = 2.5

Y /Y, = 0.8/2.5 = 0.32, from Figure 9,
zm = -0.4 percent.
With the axis of the parabola determined,
the mirror images of Points (1), (2), and (3)
can be plotted as shown by Points (1'), (2'),
and (3') in Figure 10. The peak point of the
parabola, Point (0), is obtained by designating
Point (3') as A, Point (1') as B, and Point (3)
as H and proceeding with the parabola method
construction. The coordinates of the peak
point of the converted wet density curve are:
(-0.4, 117.7).

Tabulated values. Figure 11 (in pocket
inside back cover) gives coordinates of the
peak point of the parabola for this alternative
method. These values can be used in lieu of
the procedure shown in Figures 9 and 10.
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RAPID COMPACTION CONTROL METHOD
FOR 7.50 LBS OF MOIST S0OIL

FEATURE oo e DATE e - TEST NO ..
DRIED | o DRIED
WEIGHT | % |wEiGHT | %
749 | -0.1 7.32_|-2.4
748 |-0.3 | 7.3 |-25 .
747 |04 | 7.30 | -27
= 746_|-05 | 729 |-26 D %
S 745 |-07 | 728 (-9 Tiomemooe ¢
e 744 | -08 | 7.27 | -3. Cc: 9
o 743 | -09 | 7.26 |-3.2|  C TTtTTttTo0f
@ 74z | -1 | 7.25 | -3.3 Wor Wee %
2 741 -1z | 7.24 |35 o 'r
« 7.40 -1.3 7.23 -3.6
w 739 -1.5 7.22 -3.7
o 738 |-1.6 | 7.2 |-3.9
[ 7.37 -1.7 7.20 -4.0
2 7.36 | -1.9 | 7.19 | -4.]
2 7.35 -2.0 7.18 -4.3
g 7.34 | -21 717 | -4.4
> 7.33 -2.3 7.6 -4.5
Fill water content, wp=_______.__________ %
Fill dry density of -No.4=_______.____ #spd
Lab. max. dry density = ________.______ Bperd
Cylinder dry density=__._ . _____ 7

WET DENSITY AND GONVERTED WET DENSITY

n3
12

it

S

o
-4 -3 -2 - 0 +1 +2 +3 +4 +5 +6
7-1624 ADDED WATER IN PERGENT OF FILL WET WEIGHT
(2-59) ALSO Wo-Ws (%) FOR PEAK POINT OF CURVE WHEN CORRECTED AS SHOWN IN RED

Bureau of Reclamation

i

Optimum water content, Wo = . ____



96

96

94

WET DENSITY AND CONVERTED WET DENSITY IN POUNDS PER GUBIC FOOT

93

82

Sl

90

89

88

87

86

85
-4

T-1624A
(2-59)

FEATURE et

+2 +3 +4

ADDED WATER IN PERCENT OF FILL WET WEIGHT
ALSO Wo -W (%) FOR PEAK POINT OF CURVE WHEN CORRECTED AS SHOWN IN RED

+5 +6

RAPID COMPACTION CONTROL METHOD
FOR 750 LBS. OF MOIST SOIL

_______ DATE -iooeeceeeeeee. TEST NO.o .

ALTERNATIVE PROGCEDURE TO ELIMINATE REQUIREMENT FOR
DRYING SOILS THAT ARE CLOSE TO OPTIMUM WATER CONTENT

= L]
40 P
] , KEY
30—t =~ _|Point® : -
I >~ N '
S Y
v R ‘(‘Zrﬁ point a3 ~L | e \
Yo —t Point{2) \
wof ]| \
Ll 0 41 +2
—— 72 - (Zg+1F \
Yo Z%,-(Zpt2)? \
10
\
o |
240 -3.0 -20 -1.0 0 +1.0

ADDED WATER IN PERCENT OF FILL WET WEIGHT FOR PEAK POINT {(Zm)

D=_____.__ %
C=___.___. %
Wy-We=___..%
Fill water contenf, Wg=_._____. %
Fill dry density of -No.4=_.___ #pd
Max. lab. dry densify = __...__. # %43
. . "
Cylinder dry density= ___.... %42
Optimum water confenf, w, = ... %



FIGURE 8 - Tebulation of coordinates of peak point of parabola.
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TABULATION OF GOORDINATES OF PEAK POINT OF PARABOLA .
(ALTERNATIVE METHOD TO ELIMINATE DRYING REQUIREMENT FOR SOILS GLOSE TO OPTIMUM WATER CONTENT)
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FIGURE 11 - Tabulation of coordinates of peak point of parabola for alternative method.
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