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FOREWORD

The purpose of this bulletin is to describe the results of an in-
vestigation covering “The Use and Treatment of Granular Backfill.”
The study was undertaken to determine the causes of settlement,
particularly in bridge and culvert approaches, and to find the most
efficient method or methods of preventing it.

The principal subjects treated in this bulletin, that is, gradation
and consolidation, may seem to the reader so unrelated as to justify -
the writing of two separate papers. However, in the course of the
investigation it was found that to write on the study of gradation of
granular material and say nothing about the consolidation of these
materials would be to leave the job only half done. Likewise, to write
on the subject of consolidation of all granular materials and to make
no mention of gradation would be equally incomplete. Therefore, to
do justice to the study and development of granular backfills and
embankments, a combined report covering both gradation and con-
solidation seemed appropriate.

This investigation is part of an extensive research program con-
cerning the design and construction of pavement foundations which
is being conducted jointly by the Michigan State Highway Depart-
ment, of which Charles M. Ziegler is State Highway Commissioner,
and the Michigan State College Engineering Experiment Station, of
which Dean H. B. Dirks is Director. The gradation study, as well as
consolidation studies of certain materials, was carried out in the State
Highway Testing Laboratory in Ann Arbor under the direction of
G. O. Kerkhoff, Soils Engineer. The major work of consolidation was
performed at the Michigan State Highway Research Laboratory at
Fast Lansing, and on construction projects in the field under the im-
mediate supervision of Gail Blomquist, formerly Physical Research
Engineer in the Highway Department, and the author. The Michigan
State Highway Testing and Research Laboratories are functional units
of the Department’s Testing and Research Division, which is under
the direction of W. W. McLaughlin, Testing and Research Engineer.

The author wishes to express his gratitude to all members of the
Highway Department who assisted him in the study and in particular




to E. A. Finney, Director of the Research Laboratory, for his helpful
suggestions and guidance; to the Mason County Road Commission,
for the loan of hauling and loading equipment; to the Electric Tamper
and Equipment Company of Ludington, Michigan, who cooperated
by furnishing vibratory equipment; and to Warren W. McNicol, then
a senior at Michigan State College, who conducted the laboratory
consolidation studies.




The Use and Treatment of
Granular Backfill

By ROY L. GREENMAN

Settlement of trench backfills, bridge approaches and embankments
has long been an obstacle to the attainment of the smooth-riding high-
way sought by designers, engineers and contractors. Specifications
for the requirements of gradation and compaction have been changed
from time to time in an attempt to eliminate highway irregularities
caused by settlement of the pavement foundation. In spite of all of
these precautions, settlement over trenches, at bridge approaches, and
in large fills. continues to occur., Trench backfills and bridge ap-
proaches have settled to the point of being traffic hazards, and many
dollars are spent each year in patching up these areas.

The Michigan State Highway Department believed, a few years
ago, that the answer to the problem had been found when granular
backfill was required in all places where there was any possibility of
detrimental settlement. However, settlement continued in these areas
throughout the state, not as serious as previously, but still sufficient
to be a menace to the fast dnd heavy traflic of today. Having in mind
the hazards presented to traffic by these conditions, the Michigan State
Highway Department began a comprehensive investigation to deter-
mine the causes of settlement, and to find the material, and the method
or methods for placing it, that would best eliminate settlement.

The investigation embraced a series of individual studies includ-
ing: 1) the drainage characteristics of backfill materials as influenced
by gradation, with the view of establishing proper specifications for
such materials, 2) laboratory consolidation studies on various types
of granular backfill materials involving the use of different types of
compaction methods to determine the most efficient method, and
3) field studies of vibratory methods for consolidation of granular
backfill material under actual construction conditions.

It was found that settlement or shrinkage of granular backfill may
be due to loss of material by filtration, by consolidation of the material,
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or by a combination of both factors. Tt has been definitely established
that any type of granmular material, if placed loose, will undergo o
rearrangement of particles when subjected to traffic vibrations. The
rearrangement of the particles will result in settlement, varying in
amount depending on the material and the amount of granular backfill
in place. The gradation studies covered by the first part of this paper
show that serious settlement can and does result from the loss of base
material and adjacent soil by infiltration and “piping” when backfill
materials are not properly graded. In addition, the consolidation study
brings out the fact that volume changes up to 20 percent can and do
occur in unconsolidated granular fills, The investigation further dis-
closed that certain types of vibratory equipment are readily adaptable
to the consolidation of granular materials and that the cost of placing
granular backfill with vibratory equipment will be less than the cost
of placing it by other common methods. Specification requirements
for backfill material were also developed from the investigation.

This bulletin presents in detail the work covered by the two major
investigations — the gradation study and the consolidation study, the
latter including work both in the laboratory and on actual constrae-
tion projects. :

GRADATION STUDY

The primary purpose of a granular backfill is to provide drainage
for the structure. The granular backfill must then, first of all, function
- as a filter. To do this it must be so graded that: 1) adjacent soil ma-
terial will not infiltrate into the granular backfill, 2) the fines in the
granular backfill will not be displaced by water movement, and 3)
the granular backfill will be permeable.

A comprehensive study of these requirements was made by the
United States Corps of Engineers in the Waterways Experiment Sta-
tion located at Vicksburg, Mississippi. The following formulas were
developed as a result of this study:

1. To insure the prevention of detrimental movement of adjacent
protected soil (subgrade soil or filter layer)--

15% Size of filter material
- 85% Size of adjacent protected soil’

Not greater than 5

2. To prevent movement —

85% Size of filter material
Size of perforation or slot opening’

Greater than 2
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3. To insure a satisfactory permeability —

15% Size of filter material
15% Size of adjacent protected soil’

Greater than 5

These formulas are to be applied, by laboratory test, to each differ-
ent backfill material, each change in subgrade soil, and each type of
outlet having openings of different size.

The investigation covered by this paper includes a study made for
the purpose of establishing a gradation range for granular backfill, a
range to satisfy the formulas above and include most of the natural
gravel and sand deposits in Michigan. The study was made in the
Michigan State Highway Laboratory at Ann Arbor under the super-
vision of G. O. Kerkhoff.

GRADATION TESTS

The studies to determine proper gradation for filter materials were,
as mentioned above, carried on in the Michigan State Highway Lab-
oratory located in Ann Arbor. These studies included mechanical
analyses and filter tests on several different kinds of materials. The
curves for the mechanical analyses and the application of the formulas
for this phase of the study will be found in Appendix A of this bulletin.

The filter tests were made in a glass-faced tank 30 inches long,
13 inches high and 4 inches thick. Two metal cylindrical screens, 1%

inches in diameter having 1/32-inch openings spaced 1/32 inch apart .

were placed 6 inches apart and 3% inches above the bottom of the tank,

Filter Test 1: The first test was made with a coarse gravel ma-
terial having the gradations shown in Table 1.

TasLeE 1—Gradation of grenular materials before and after water flter test 1

Gradation Gradation Gradation
of gravel of sund of material
belore test before test | after 5-hour
Hize of sleve test
Percent Percent TPercent
pussing pasging passing
70 — T4
45 — ab
20 — 25
14 — 16
10 — 15
7 o 13
A 100 12
4 — G
—_ u3 J—
2 — 2
_ iR —
a 9 0
—_ 5 -
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After thorough mixing, this material was placed in the tank. Water
was introduced from above and uniformly distributed by running the
water down a slanting trough with openings in the bottom.

Water and sediment went through the screens into overflow cans
at the rear of the tank. After the water had been running through the
tank for about 20 hours, the sediment that had passed through the
screens and into the overflow cans was dried and weighed. Its dry
weight was 8 grams. Figure 1 shows the material in the tank after
20 howrs of test. : ’

Thirty pounds of sand was then spread over the top of the coarse
aggregate. The sand had the gradation shown in Table 1. The screen
outlets were closed, and water was introduced from above until the
water level was from 1 to 2 inches above the surface of the sand.
The valves at the outlets of the screens were gradually opened until
they were completely open at the end of 8 hours. Sufficient water
was introduced to keep the water level approximately 1% inches
above the sand. The amount of water added decreased somewhat
after several hours. At the end of 5 hours, no movement of material
inside the tank was visible. Fifty-two grams (after drying) of sediment

Fig. 1. Coarse aggregate filter test showing arrangement of particles
after water had passed through sample for 20 hours.
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Pig. 2. Coarse aggregate filter test after sand had been placed on the
surface and water passed through sample 5 hours.

was removed from the overflow cans. The gradation of the material
is given in Table 1. Figure 2 shows the material in the tank at the

end of the test.

Filter Test 2: The second filter test was made with finer material
having the gradation given in Table 2. After mixing, the material was
placed in the tank and covered with water to a depth of about 4 inches.

TasLE 2—Gradation of granular materials before and after water filter test 2

Gradation
of gravel
before test

Gradation
of silty loam
before test

Gradation
of material
after 36-hour

Size of sieve test
Percent Percent Percent
passing passing passing
No. 4.... 70 — 69.1
No. . 57 — 53.4
No. 10 50 — 50.7
No. 20 40 — 40.1
No. 40........ 30 100 24 .4
No. 50..... 25 — 19.0
No. 60... — 99 —
No. 100.. . 20 C— 4.6
No. 140, . — 94 ——
No. 200.........000 00 5 79 1.1
No.270............... — 65 —
056 mml. . L. — 2 —
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Fig. 8. Fine gravel and sand material at start of test.

This depth was maintained as nearly as possible throughout the test.
Figure 3 shows the material in the tank at the beginning of the test.

The water moved through the material rather slowly and at a
gradually diminishing rate with the cylindrical screens running about

Fig. 4. Fine gravel and sand material after 18-hour test.
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half full. The ponding operation was continued for-a period of 18
hours; during this time the water flowed through the outlets at the
rate of 2.08 gallons an hour. At the end of the 18-hour period the tank
was drained and the sediment in the overflow cans dried and weighed.
Only 1.8 grams had passed through the drains. Figure 4 shows the
material at the end of 18 howrs of ponding.

The ponding was continued for 2 hours more. Then 30 pounds of
silty loam was placed in the water above the fine gravel and sand.
The gradation of the silty loam is given in Table 2. The movement
of water through the silty loam and the fine gravel and sand was now .
reduced to 1.52 gallons an hour. After 36 hours of ponding, the water
was moving through at the rate of 0.88 gallon an hour. During the
last few hours of the test, there was no net decrease in the flow, but
some variation. Sediment cans contained 0.3 gram of material after
drying, Figure 5 shows the material in the tank at the end of i/:he
36-hour period. :

Six inches of the fine gravel and sand material, taken just above
the screens and weighing 46 pounds, had the gradation given in
Table 2. A study of this gradation and the gradation at the start of the
test will show that little, if any, of the silt loam material was carried
into the filter material by the action of the water,

Fig. 5. Fine gravel and sand material after 36 hours of ponding.
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TasLe 3—Gradation of granular materials used in water filter test 3

Gradation Gradation

of gravel of fine sand

before test before test

Size of sieve

. Percent Percent

passing passing
IVf;- 100 —
YN gg -
NO. A0, o e e e e s — 100
NO. B0, o e e e e — 93

Filter Test 3: The third filter test was made with 6-A gravel

having the gradation shown in Table 3.

The material was well mixed and placed in the tank and water
introduced. The amount and rate of water passing through the ma-
terial was limited only by the size of the outlet pipes. Figure 6 shows
the 6-A material in the tank before the test was started. After the
water had been run through the tank for a short time, 12% pounds
of the 6-A material was removed and 27% pounds of fine sand was
placed on top of the remaining 6-A material. The gradation of the

sand material is given in Table. 8.

A

Fig. 6. 6-A gravel before test,
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Fig. 7. G6-A aggregate test showing the movement of sand through
coarse backfill materials,

The addition of the fine sand had no apparent effect on the rate
of flow through the tank. Only one valve was opened during the
first part of this test, and the effect can be noted in Fig. 7. Piping
was very evident in the upper left corner of the tank. Water and
sand moved through the 6-A aggregate very rapidly. After the second
valve was opened, the piping effect was accelerated and distortion
of the sand surface was very pronounced, as is shown in Fig. 8. The
water and sand were passing through so rapidly in this test that the
sediment carried through was not recovered. The water was pass-
ing through the outlets at the rate of about 4 gallons a minute.

Fig. 8. 6-A aggregate test showing distortion of sand blanket surface.
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b

Fig. 9. 6-A aggregate and sand mixture before test,

Filter Test 4: Test 4 was made with a mixture consisting of 70
percent 6-A aggregate and 30 percent 2NS sand. The gradation of
the 6-A aggregate and the 2NS sand are given in Table 4.

The two materials were mixed together and placed in the tank.
Some segregation occurred during the placing of this material in
spite of the fact that the utmost care was exercised in this step. The
addition of water caused some additional segregation or consolida-
tion. The segregation or consolidation can be noted in Fig. 9.

After the water was introduced and the head established at sev-
eral inches above the surface of the filter material, 26 pounds of fine

TasLE 4—Gradation of granular materials before and after water filter test 4

Gradation Gradation Gradation Gradation
of 6-A of 2N§ of fine sand of
aguTegate sand material material
Size of sieve before test before test before test after test
Percent Percent Percent Percent
passing passing passing passing
11s”, 100 — 100.0
1", 75 — — 83.8
g7, 40 — — 56.6
No. 4. 0 99.7 — 30.9
No. 8. — 86.7 —
No. 10.. — — — 25.4
No. 16 — 61.9 -— —
No. 20 — — - 17.0
No. 30 — 38.1 —_ —
No. 40 — — 100 8.8
No. 50 -~ 9.6 — —
No. 60 — — 93 3.2
No. 100 — 1.2 —
No, 140 — — 18 0.3
No. 200 — — — 0.2
NO. 270, .. o e — — 5 —
Loss by washing . .. .. ... — 0.6 - —
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sand was placed in the water and spread over the surface of the filter
material. The water level was maintained at approximately 1 inch
above the sand. The gradation of the sand that was added and spread
over the surface of the filter is given in Table 4.

A few minutes after the fine sand was added, the water was How-
ing through the outlets at the rate of 28 gallons an hour. Seven
hours later the flow had decreased to 15.3 gallons an hour. Several
depressions were noted in the surface of the fine sand, and some of
the fine sand that was placed in the water above the filter material
had penetrated down into the sand-gravel mixture several inches.
The test was interrupted at this point, and the material permitted to
drain. Several hours later the test was again started, and the rate of
flow was 14 gallons an hour. Five howrs later the flow had dropped
to 8 gallons an hour. Figure 10 shows the condition of the material
at the end of 48 hours.

The gradation of a sample of the material 6 inches thick taken
from a layer immediately above the outlet screens is given in Table 4.
The sediment collected in the overflow cans was dried and weighed
and amounted to only 0.5 gram after 48 hours. The small amount of
sediment collected indicates that the gradation of the material near
the drains was such that it functioned very well as a filter.

Fig. 10, Note the penetration of the fine sand into the filter material
after 48 hours,




16 MicHiGaN ENGINEERING BULLETIN 107

TaBLE 5—Gradation of slag before test 5

Gradation Gradation
' of slag of sand
before test before test
Hize of sieve
Percent Percent
passing passing
2 100.0 —
9%.0 —
73.0 —
31.0 —
1.8 —
— 100.0
— 99.7
— 99.2
O, 140, o o e e e e — 5.6
Loss by washing . .. .. .. .. oo e 0.8 3.0

Filter Test 5: The fifth and last filter test was made with 6-A
slag having the gradation given in Table 5. Figure 11 shows the
slag aggregate in the tank before beginning the test. The slag was
carefully placed in the tank to prevent segregation, and water was
then introduced until the surface of the slag was covered to a depth
of about 3 inches. Sand having the gradation given in Table 5 was
then spread over the slag.

At first only one valve was opened, and the water moved through
the filter very rapidly, carrying much of the sand down into the slag
and a considerable portion through the outlets. The first valve was

Fig. 11. 6-A slag in tank before test was started.
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Fig. 12. 6-A Slag Filter showing infiltration of sand base.

then closed and the second one opened. The water then moved
through the filter very slowly, indicating that the sand had settled
around the drain so tightly as to be nearly impervious. When the first
valve was again opened, the discharge rate was as great as before.
Figure 12 shows the condition of the slag filter at the end of the test,
as well as the distortion of the surface of the sand layer.

SUMMARY OF GRADATION STUDIES

From a careful study of the foregoing tests and of the properties
and characteristics of the natural deposits of sand and gravel soils
in Michigan, specifications for granular backfill were written. It is
believed that these specifications, which are quoted in the following
paragraphs, will satisfy all requirements for a granular backfill. Neces-
sary materials are readily obtainable in most of the sand and gravel
deposits of Michigan.

The specifications covering the requirements for nearly all gran-
ular backfill materials are at present available as supplementary
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specifications for Porous Backfill, Grade B, and Porous B‘ackﬁﬂ,
Grade C. They are as follows: '

“Aggregate for use as a porous backfill, Grade B, shall
consist of a mixture of pebbles, or broken stone, or slag and
sand conforming to the following grading reguirements:

Size of sieve Percent passing

27 100

17 70-100

W% 45-100

No. 4 20- 70

No. 10 16- 50

No. 40 5- 30
Loss by Washing 0. 5

“Aggregate for use as a porous backiill, Grade C, shall -
consist of a mixture of pebbles, or broken stone, or slag and
sand conforming to the following grading requirements:

Size of sieve Percent passing
17 100
1! 75-100
No. 4 50- 70
No. 10 35- 50
No. 40 20- 30
Loss by Washing 0- 5

“When either Grade B or Grade C porous-backfill mate-
rial is to be used as backfill for underdrains, the upper limits
of the mix will be governed by the size of.the openings in
the underdrain, Fifteen percent of the backfill material shall
be at least twice the size of the openings.”

Grade B material can be found in most of the sand and gravel
deposits in Michigan and will meet all requirements for backfill mate-
rial on approximately 90 percent of the projects.

Grade C material may be found in natural deposits or it may be
necessary to process the material to obtain proper gradation. Grade C
material is specified for use in areas where the adjacent soil is largely
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silt or very fine sand (0.005 to 0.105 mm.). The gradation of the
Grade C material is such that there will be no infiliration of the ad-
jacent fine-grained soils.

The tests described in the foregoing definitely established the im-
portance of proper gradation in granular backfill material. Of equal
importance is the manner in which the backfill material is placed.
The remainder of this paper is devoted to the study of this phase of
gramular backfill treatment.

CONSOLIDATION STUDY

The consolidation studies were divided into four different steps,
as follows:

1. Small-scale laboratory tests of different methods of consolida-
tion with different kinds of materials. The methods of consolidation
used were ponding, vibrating, and tamping. This phase of the study
was made at the Michigan State Highway Department Testing Lab-
oratory at Ann Arbor, Michigan.

2. Tests on a larger scale, using the same methods of consolida-
tion on a wider variety of materials, were next made at the Michigan
State Highway Department Research Laboratory at East Lansing,
Michigan. Consolidation was obtained by vibrating, tamping, and
ponding. The vibrating was done with a bullet-nosed concrete vibra-
tor. The materials were dune sand, natural sand, bank-run gravel,
pea gravel, coarse aggregate, and slag.

3. Consolidation by vibration on large masses of bank-run gravel,
This step was a study of different types of vibratory equipment.

4. Consolidation on actual field projects with different types of
equipment on the granular material available in that particular area.

The studies made at the Ann Arbor Laboratory were primarily on
dune sand and pea gravel chosen for uniformity of gradation, and the
methods of consolidation were by ponding, by vibration, and by tamp-
ing. 'The results of the various tests made with the dune sand will be
tound in detail in Appendix A of this report and are briefly covered
in the following pages. -

The tests on the loose material were designed primarily to deter-
mine the effect of bulking, the percentage: of voids in, the loose ma-
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terial, and the weight per cubic foot of the loose material at different
percentages of moisture content. Approximately 95 tests were made
on dune sand and, of this number, 30 tests were on the material as
loose as it could be placed in the container. Consolidation was ob-
tained by Hooding in 21 tests, by vibration in 9 tests, and by tamping
in 16 tests. _

The density of dune sand loose and dry, with 1 percent or iess
moisture content, was found to be 93.5 pounds per cubic foot. The
average density of 10 samples, having moisture contents varying trom
1.13 percent to 17.6 percent, was found to be 75.63 pounds per cubic
foot. The average moisture content was 8.21 percent. The high
density for this series was 78 pounds per cubic foot, with a moisture
content of 1.13 percent, and the low density was 73.34 pounds per
cubic foot, with a moisture content of 15.6 percent. The average per-
centage of voids for the 10 samples having varying moisture content
was 54.4. ‘ .

With this data, it is reasonable to assume that any loose deposit
of dune sand or sand of similar gradation and specific gravity, will
have a density of approximately 76 pounds per cubic foot and a total
- percentage of voids of about 54.

CONSOLIDATICN OF DUNE SAND

The next step was to determine the most efficient method of con-
solidation for dune sand in the loose state, with varying moisture
content, so as to obtain the greatest weight per cubic foot, thereby
decreasing the total percentage of voids to a minimum.

Inundation: Inundation with water was first used. In this test, the
top of the sample was covered with water as the test progressed.
Five tests of this type were made on sand having an original moisture
content of less than 1 percent. The average density before consolida-
tion by inundation was 94 pounds per cubic foot, and the average total
voids was 43.4 percent. The average density after inundation was 97
pounds per cubic foot and the average total voids 41.6 percent. The
average moisture content of the five samples after ponding and before
any appreciable time for draining had elapsed was 21.5 percent.

The same test was made on six samples of dune sand having an
original moisture content of from 1 to 2 percent. At the start of the
test, the average density was 76 pounds per cubic foot, and the total
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percentage of voids of the material was 54.2. The average moisture
content of the six samples was 1.37 percent,

After ponding was completed, the average density was 88 pounds
per cubic foot, and the total percentage of voids was 47. The average
moisture content before draining was 25.2 percent.

The original moisture content in a dune-sand material apparently
has an appreciable effect on the final density when consolidated by
ponding. It will be noted that in the tests described above the average
density of the material having an original moisture content in excess
of 1 percent amounted to 88 pounds per cubic foot, or 6 pounds per
cubic foot less than the average density of loose, dry material.

Similar tests were then made on the dune-sand material, but the
water was introduced from the bottom of the sample rather than
ponded on the surface. Four tests were made, starting with material
having a moisture content of less than 1 percent. The average density
of the loose material at the start of the test was 93.9 pounds per cubic
foot. The average total percentage of voids was 43.4, and the average
moisture content was 0.156 percent. The average den31ty of the dume
sand used in these four tests, after indirect inundation, was 95.8 pounds
per cubic foot and the average percentage of voids was 42.2. The
average moisture content before draining was 27. 5 percent.

Indirect inundation of the material having an original moisture
content in excess of 1 percent resulted in an average density of 89.7
pounds per cubic foot and an average total voids of 46 percent. The
average density at the start of this test was 74.7 pounds per cubic foot
and the average total percentage of voids was 54.9. The low density
of the loose material was 70 pounds per cubic foot, with a moisture
content of 10.6 percent, and the high density of the loose material was
89.1 pounds per cubic foot, with a moisture content of 1.29 percent.

The moisture content at the beginning of this test again had con-
siderable influence, and the final density of the material having an
original moisture content in excess of 1 percent was less than the
density of the loose, dry material.

Vibration: In the next series of dune-sand tests, consolidation was
obtained by vibration. The apparatus used for this test consisted of
a vibrating platform mounted on springs. The springs deadened much
of the impact imparted by the vibrating motor. The term “mild vibra-
tion” used in the following data indicates the vibration transmitted
to the sample with the springs in operation. The term “extreme vibra-
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tion” indicates the vibration imparted to the sample with the springs
blocked out by wooden inserts between the platform and the vibrat-
ing frame.

Two tests were made with dry dune sand and five tests with dune
sand having a varying moisture content. The density of the first dry
sample after mild vibration for a period of 4 minutes was 100.3 pounds
per cubic foot with total voids of 39.6 percent. The density of the
second test sample after extreme vibration for a period of 4 minutes
was 106.44 pounds per cubic foot with total voids of 35.9 percent.
In the remaining five vibration tests, the average density before vibra-
tion was 71.3 pounds per cubie foot, with total voids of 57 percent.
Three of these tests were run with mild vibration and two with ex-
treme vibration. The average density of the first three samples after
4 minutes of mild vibration was 96.3 pounds per cubic foot, and the
average total voids was 42 percent. The average moisture content of
the three samples tested was 5.36 percent. The average density of the
two samples after extreme vibration was 104.35 pounds per cubic foot.
The average total voids was 37.1 percent, and the average moisture
content was 4.1 percent.

Cone: The cone density test' is a procedure for consolidating sam-
ples of granular material. The results of this method compare very
favorably with the densities obtained by extreme vibration. The test
provides a simple and rapid means of checking density requirements
either in the laboratory or the field.

From the data sheets in Appendix A, it will be noted that 14 tests
were made with dry dune sand and 13 tests with dune sand having
varying moisture contents. The dverage density of the 14 dry sam-
ples was 105.25 pounds per cubic foot. The average total voids was
36.6 percent. '

The results of the 13 tests made on dune sand having a moisture
content varying from 3.5 percent to 13.7 percent, show the average
density to be 104.1 pounds per cubic foot, the total voids, 37.3 percent,
and the average moisture content, 8.4 percent.

AASH.O. Test T-99: The American Asscciation of State Highway
Officials (A.A.S.H.O.) Test for the Compaction and Density of Soils,
Designation: T-99-38, was used for 16 samples of dune sand with
variable moisture content. The average density of the material com-
pacted by this method was 104.3 pounds per cubie foot, the total voids
was 37.16 percent, and the average moisture content was 7.41 percent.

Trhe Cone Density Test is described in Appendix D.
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The low density of the series was 100.5 pounds per cubic foot, with
a moisture content of 1.24 percent, and the high density was 105.9
pounds per cubic foot with a moisture content of 13.02 percent.”
The last three methods of test, i.e., by vibration, by cone and by
tamping, gave the most uniform results and much higher densites.
Of these methods, the one believed to be most applicable to general
construction practice is the method of consolidation by vibration. The
standard A.A.S.H.O. Test T-99 gave results that .compared very favor-
ably with the densities obtained by the vibration and.cone methods.
However, this test is primarily for use on soils of very: fine gradation
and therefore is not, genelaﬂy adaptable to dep051ts of gmnulau ma-
terials, o EE I SR

'CONSOLIDATION OF PEA CRAVEL

The next series of tests was made on pea gravel havmg a gmdatwn
as follows: :

Size of sieve ' ' Percent paséfng
" “ - 100
No. 4 B 20
" No. 10 | 2

The average density of the loose pea gravel was 94.17 pounds per
cubic foot. The average total voids was-41.9 percent, and the average
moisture content was 1.6 pe;cent These averages Welje-based:_;‘o_n
55 tests. ) e - .

Inundation: The average density of the pea gravel after ponding
and drving was 93.3 pounds per cubic foot. The average total per-
centage of voids was 42.4. These averages wore based on only six
tests, but it will be noted that the average density after saturation was
less than the loose dry density, and the percentage of total voids was
higher after ponding than in the loose, dry material. From these tests
it is apparent that ponding or saturation of pea-gravel backfill is inef-
fective in obtaining consolidation.

Cone; The pea gravel was then consolidated by the cone method.
The average results were a density of 107.1 pounds per cubic foot and
a total percentage of voids of 83.96, or an increase in density over the
loose dry weight of 18,7 percent and a decrease in voids of 18.9
percent.




24 MicHaican EncinEsrING BurngTin 107

Vibration: Consolidation by mild vibration resulted in an average
density of 104.28 pounds per cubic foot and a percentage of total voids
averaging 35.7. These tests resulted in an increase in density of 10.7
percent and a decrease in total voids of 14.61 percent.

The value of these tests on pea-gravel material is primarily to
show the consolidation that may take place under traffic vibrations and
loads if it is not properly compacted when placed. However, it should
be kept in mind that from the preceding tests on filtration it was de-
termined that pea gravel, because if its gradation, is not suitable for
use as a granular backfill.

The tests briefly described in the foregoing have conclusively
proved that two factors must be considered in a discussion of granular
backfill. First, the question of gradation has been found to be an
important one. It is true that there might be some cases where grada-
tion of backfill would not be of paramount importance. This would
probably be true in a location where the adjacent soil was clay or
possibly clay loam and there would be little or no danger of infiltra-
tion of the adjacent soil. Under such conditions the gradation of the
backfill material could be much coarser. Even in such an area, how-
ever, a coarse backfill material would need to be used with caution,
for if the grading was opened up too much, the surfacing material
would tend to infiltrate into the coarse backfill and cause irregularities
in the riding surface.

The second factor brought out by the above-mentioned tests was
that, regardless of the gradation of the backfill material, unless it is
compacted in place, consolidation will occur and in time result in
settlement of the slab.

VOLUME CHANGE AND CONSOLIDATION METHODS

With these two factors in mind, the next step in this study was to
determine how much settlement might be expected in a backfill of
selected granular material because of consolidation of that material,
and the most efficient method of consolidating different kinds of gran-
ular backfill materials.

The preliniinary tests for determining how much settlement might
be expected were made with dune-sand material. The first step was
to determine the minimum voids possible in dune sand compacted to
maximum density, This was found to be approximately 30 percent,
Working on this basis and checking the values in the laboratory by
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vibration and tamping, it was found that a 10-foot fill of dune sand
placed loose would have a possible settlement of 29 inches, or approx-
imately 25 percent. When ponded into place, a 10-foot fill of dune
sand would have a possible settlement of 14.4 inches or 12 percent,
and when compacted by tamping or by vibration, its possible settle-
ment would be from 0 to 7.2 inches, depending on the effort exerted
for the consolidation by these methods.

From this point, the study was continued on a larger scale, and for,
this phase the operations were moved to the laboratory at East Lan-
sing. A model was constructed, with one side simulating the back of
an abutment and the opposite side representing the slope of an exca-
vation. The volume of the model was 15.6 cubic feet, and it was so

constructed that the front face could be removed to facilitate unload-
ing and also to provide opportunity for visual inspection of the material
after compaction. The model was so arranged that a set of platform
scales could be rolled under it and the entire model weighed and the
density of the material being tested checked in this manner. '

The purpose of this phase of the study was to substantiate the re-
sults of the preceding tests and to determine:

1. The compactive eff();t required to prevent detrimental settle-
ment in backfills of dune sand, natural sand, bank-run gravel, pea
gravel, coarse aggregate, and slag.

2. The effect of moisture content on compaction of granular ma-
terials by vibration.

3. The relative density that should be specified for granular ma-
terials when used as structure backfill.

4. The most efficient means of obtaining such density.

With these problems in mind, a standard procedure was set up for
making the tests. The plan of procedure was as follows:

1. The material to be tested was placed in the model loose and
the weight per cubic foot was determined. Figure 13 shows the model
filled before consolidation.

2. The material was then consolidated by a bullet-nosed vibrator,
shown in Fig. 14. In this operation, the vibrator was permitted to
penetrate the material and was also operated on the surface. At some
time during each of the tests, the vibrator.was permitted to come in
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Fig. 13. Model filled with coarse aggregate.

contact with the sides and bottom of the model. When this happened,
the entire model was set in vibration, and undoubtedly this had a
definite effect on the test. This point is mentioned here because: of-
difficulties encountered when using this type of vibrator in tests:on-a
larger scale. After vibration, the volume change was measured as
shown in Fig. 15 and the weight per cubic foot determined. Figure 16
shows the stability of the material after compaction.

'

Fig. 14. Bullet-nosed vibrator,




Fig. 15. Checking settlement after consolidation.

Fig. 16. Front face removed showing stability after
compaction,
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3. The material was then removed and again placed in the model
while the vibrator was operated continuously.

4. The next step was to place the material in the model in 4- to 6-
inch layers and tamp each layer with an 8-inch by 8-inch tamper.

Moisture contents and relative densities were recorded on all tests,
and after compaction by vibration or tamping, the material was flooded
for 20 minutes. After a rcasonable length of time the moisture con-

tent was again checked to determine the relative drainability of the
material. _

Detailed records of these tests will be found in Appendix B of this
report. The conclusions arrived at as a result of these tests are briefly
summarized as follows:

1. No material exists that can be placed with no compactive effort
without resultant detrimental settlement.

2. Sand or well-graded bank-run gravel will give the greatest
density with the least compactive effort. Coarser particles will require
greater compactive effort.

3. Moisture content has no appreciable effect on densities of ma-
terials compacted by vibration, but it has a great effect on densities
of those compacted by tamping or inmnndation.

4. Tamping may be used on any granular material, and maximum
densities can be obtained if the material is tamped in layers of 4 to 6
inches or less.

5. Vibration will give results equal to tamping in consolidating
well-graded mixtures or those.in which the particles are round. It
would be advisable to use vibration instead of tamping on these soils
since the same effect can be obtained with less effort,

6. When granular material is to be tamped in place, the moisture
content should be at or near optimuum as determined by A.A.S.H.O.
Test T-99.

The foregoing tests all tended to confirm these conclusions, but
very little information was available to make any recommendations
as to the most efficient method of consolidating the backfill material
in the field. It was definitely determined that consolidation is neces-
sary to prevent settlement. However, the method of hand tamping or
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Fig. 17. Charging bin with road equipment,.

even mechanical tamping was slow and tedious; the use of the bullet-
nosed concrete vibrator was also slow, too slow, it was believed, to
be of practical value on field projects.

FIELD CONSOLIDATION STUDIES AT SCOTTVILLE

The next series of tests was carried on at Scottville, Michigan.
For these tests, a large bin was built, 16 feet long, 10 feet wide, and
§ feet deep. The bin was constructed of 3-inch lumber secured in place
by posts set solidly in the ground. County maintenance equipment was
used to charge the bin and to handle the larger types of vibrating
equipment. Bank-run gravel was the material used in this study.
Figure 17 shows the method of charging the bin with gravel.

The first vibrator units used, bullet-nosed concrete vibrators, were
found to be ineffective in a large mass of soil material. This type of
equipment consolidated a very small area in the vicinity of the vibrat-
ing head and had little or no effect 8 or 10 inches away. Figures 14
and 18 show two different models of the bullet-nosed vibrator.

After determining that the bullet-mosed vibrator is relatively inef-
fective in consolidating granular materials, it was still believed that
some type of penetrating vibrator was desirable. Consequently, the
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Fig. 18. Large bullet-nosed
vibrator.
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vibrators shown in Figs. 19 and 20 were constructed. This type of vi-
brator, if effective, would: permit the placement of material in thick
lifts, However, the operation of these units in the gravel mass pro-
duced much the same effect as that of the bullet-nosed vibrators.
Good consolidation was obtained in the area immediately surrounding
each tine of the unit, but it did not extend to the adjacent tine.

The idea of developing a penetrating type of vibrator was aban-
doned, and efforts were turned to the development of a vibrator that
could be operated on the surface, thereby imparting a force to the
layer of fill similar to that of a heavy, well-worn, caterpillar tread
tractor.

Fig. 19. Penetrating vibrator, Fig. 20, Penetrating vibrator.
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c Fig. 21, Tamper.

Fig. 22. Platform vihrator.
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Figure 21 shows the first equipment of this type that was studied,;
a backfill tamper operated by a 110-volt, 3-phase, 60-cycle AC motor
with a striking member forged integrally with the rotor shaft. Good
densities were obtained with this tamper, but the method was slow
owing to the small size of the tamping plate. It was necessary, of
course, to handle the apparatus entirely by manual labor, and the
layers of material tamped could not exceed 6 inches. ‘

The platform vibrator shown in Fig. 22 was found to be very effec-
tive and, while it also was manually operated, satisfactory densities
over larger areas were obtained more rapidly than with the backfill
tamper first used. The results obtained with this unit encouraged the
construction of a larger platform vibrator, Fig. 23, which would con-
solidate relatively large masses of granular material at a rate that
would cause little, if any, delay to the contractors’ operations. This
‘unit must be handled by power equipment and is not adaptable to
confined areas around structures.

The results with the larger unit were very satisfactory, and as a
modification it was decided to make similar tests using a standard
paving tube vibrator. This unit consists of a vibrator motor, mounted
crosswise at the center of two 8-foot lengths of 23%-inch tubing. Fig-
ure 24 shows this equipment at the top of the fill in the test bin.
The standard tube was found to float on top of the material, and
much of the vibrator effect was lost. 'A piece of 2%-inch by 2%-inch
by %-inch aungle iron was then welded to the front tube as shown

in Fig. 25. "

Fig. 28, Modified platform vibrator.
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Fig. 24. Paving tube vibrator,

Fig. 25, TImproved paving tube vibrator,

When operated at approximately 4,000 vibrations per minute and
pulled down a sloping face of the material at the rate of about 13 feet
a minute, this machine was very effective on relatively large quantities
of material. The addition of the angle iron caused the unit to dig into
the material, as shown in Fig. 26, thereby tending to transmit all
compactive efforts to the granular material,

The results of these studies clearly demonstrated the effectiveness
of the paving tube type of vibrator. The small platform vibrator
seemed to offer greater possibilities for consolidating granular mate-
rials in confined areas, and plans were formulated to continue the study

|
i
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Fig. 26. Paving tube vibrator in operation.

and develop the equipment along the lines indicated. Detailed data
covering these studies will be found in Appendix C.

No further study of the paving tube vibrator was considered neces-
sary, as it had proved very satisfactory for special cases.

Fig. 27. Cut River metal crib.
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CONSOLIDATION OF CRIB FILL (CUT RIVER BRIDGE PROJECT)

The platform vibrator was modified and next tested on a project
near the Cut River Bridge on US-2, west of St. Ignace. The work con-
sisted of the construction of a metal-crib retaining wall. Each crib or
cell was 10 feet by 10 feet by 20 feet deep. The cribs were built up
in sections, and the backfill inside the cribs and in back of the wall was
placed simultaneously with the crib assembly. (See Fig. 27.)

The 10-foot by 10-foot cribs provided an excellent opportunity for
comparing the compaction obtained by the vibrator with that obtained
by the tamping method which the contractor used, and also with the
densities of the loose material as it was shoveled into.the crib.

The platform vibrator as modified for this work is shown in Fig. 28,
Four different types of base plates were used in this study. Two of

Fig. 28. Modified platform
vibrator.

&
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Fig. 29. Platform vibrator with
sheepsfoot base plate.

the base plates are shown in Figs. 29 and 30. The one shown in Fig. 30
was found to be the most effective.

At this time it was noted that the unit as modified had a tendency
to travel under its own power at the rate of about 10 feet per minute.
The material used to fill the crib was a dune sand and was placed
in the cribs in approximately 9-inch lifts. To cover this 10-foot by
10-foot area with the tamper used by the contractor required 15 to
20 minutes to obtain satisfactory density. With the vibrator, equal

Fig. 30. Improved platform
vibrator.
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or greater densities could be obtained over the same area in from
3% to 4 minutes. Detailed results of this study will be found in
Appendix C.

STUDIES WITH THE PLATFORM VIBRATOR

The platform vibrator was also used on two different bridge proj-
ects, one in Grand Traverse County between Kingsley and Traverse
City over the Boardman River and the other on a project south of
Sparta on M-37. For these projects, the vibrator had been remodeled
slightly for convenience in handling. Figure 31 shows two of these
vibrating units,

The area of a sand swrface affected by the vibration of the platform
vibrator had a diameter of approximately 50 feet. This effect was
demonstrated by small cones of sand built up approximately 25 feet
from the unit. When the vibrator was started, the cones of sand imme-
diately started to flatten out. The action was also noted on a reed
tachometer placed at different locations in the area surrounding the
vibrating unit.

The most effective frequency for compacting the granular materials
used in this study was found to be in a range between 2,700 and 4,000
vibrations per minute. There is the possibility of encountering a ma-

Fig. 31, Improved platform
vibrators.
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terial for which the efficient frequency will be outside the range men-
tioned above. A study is being started at this time for the purpose
of developing a method to determine the most efficient frequency for
different materials.

Layers of granular material 3 feet in thickness have heen consoli-
dated satisfactorily with this type of equipment, but consolidation of
layers of this thickness does require a considerable length of time.
In this study, consolidation was found to be most efficient in layers
approximately 12 inches in thickness. '

Usually one pass of the vibrator was sufficient to obtain densities
of 95 percent or higher. Time-density curves indicate that satisfactory
densities, 95 percent, are developed in approximately 13 seconds.
Additional density is obtained rather slowly, but it is believed that
densities equal to 95 percent of the density as determined by the
“cone” method or by the vibrating table are satisfactory and that no
detrimental settlement will ocecur in granular backfills or embank-
ments compacted to this degree.

Density determinations in the field were made by several different
methods including calibrated sand, heavy oil, mold of known volumne
and the rubber-membrane density apparatus. The rubber-membrane
apparatus for determining volume was selected as the most satisfac-
tory for average field conditions.

Additional studies are to be made on the type of equipment de-
veloped during the course of this study and on other types of com-
pacting equipment for the purpose of improving efficiency, if possible.
However, it should be clearly understood that to obtain satistactory
densities and thereby eliminate the present-day settlements in our
backfills and embankments there must necessarily be some sacrifice
in the speed of placing granular materials. While additional studies
may lead to the development of more efficient vibrating equipment,
definite coneclusions have been arrived at as a result of the foregoing
studies. These conclusions are briefly outlined in the following para-
graphs. :

CONCLUSIONS

The gradation of backfill material was found to be an important
factor in any location where there is a possibility of infiltration of ad-
jacent soil, sub-base material, or infiltration of the backfill material into
and through the drainage structure. Where there is no possibility of
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such infiltration, obviously the question of gradation is of less impor-
tance. Backfill around the sub-structures of bridges or culverts in
areas where the adjacent soil is heavy clay, which would have no
water moving through it, would not require gradation control. How-
ever, if a granular sub-base were to be placed over the top of the
backfill material, some precaution should be taken to prevent the in-
filtration of the sub-base fines down into the backfill material.

The question of the necessity of consolidation of granular materials
was definitely answered by this study, as it was found that volume
changes as great as 19 percent could and do occur in granular fills
placed without consolidation. This volume change varies with the type
of material and the method of placement, but it was found that all
granular materials, unless properly consolidated when placed, will
consolidate under traffic and weathering, thereby resulting in settle-
ment of the surface.

The conclusions as to the most efficient means of consolidating
gramular materials may change as data is obtained from additional
studies. However, as a result of this study these conclusions are made:

1. Satisfactory densities can be obtained by hand tamping and
mechanical tamping if the layers are not over 6 inches in thickness,
The method is slow and expensive.

2. Penetrating vibrators, such as bullet-nosed concrete vibrators
and vibrating spears or tines, are not efficient because the vibratory
effect is confined to a very small area adjacent to the vibrating member,

3. The surface-type vibrators such as the modified paving tube
vibrators and the self-propelled platform vibrators, proved to be the
most efficient. The platform-type vibrator was found to give satisfac-
tory densities on layers of material up to 12 inches in thickness. The
paving tube type could be adapted to large unconfined areas, such as
bridge approaches, embankments and granular bases. The platform
type is especially suitable for those areas inaccessible to large equip-
ment. The platform vibrator when used in a “gang” of four or more
units is also adaptable to larger areas.
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APPENDIX A

GRADATION STUDY

GRADATION TEST NO.1
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GRADATION TEST NO. 3
UNITED STATES BUREAU OF SCILS CLASSIFICATION
VERY
FINE  MEDIMIcOARSE] Fin
CLAY siLr FINEL SaND | SAND| SAND GRAVEL GRAVEL
BINDER FINE AGGREGATE COARSE AGGREGATE
SIEVE SIZES 2702000 B0 60 4D 20 1o 4 % 3+ % ot
DIAMETER 1N MILLIMETERS
M om =0 o e 239 3 g 9~ 8 88 g T =
§ 888 5§ § Tif 6 e cd 3§ 22§ F3 3d =49z
108 V. / ©
/i / FANTA
: Rkl A be 7 / /
g
f / / ]
30 20
.’5 / / /
| 2
60 j / / 40 é
! / 5
/7 ok SULAG I =
: H
[¥]
. 4 .Y
40 [
! )l Fy
A I 7
» >
2 ol " - FOUR CURVES/SHOWN ARE 10EAL}go
A EEE AT |1 Ji ] GRADINGS BASEDSON WEYMOUTH'S
> A THEORY OF PAGFTICLE INTERFERENCE.
T i £ A TT T
ot WREC S o) L1
o R mEREI mm——“{_ L] 100
!5 PER CENT SIZE OF FIL.TER MATERIAL - 8,00 - 50'3{,,“,‘,‘“3;_;)
i5 PER CENT SiZE OF BASE MATERIAL ~ 0.%0
15 PER CENT SIZE OF FTER MATERIAL - 8.00_ oo o (insrande)
S5 FER CENT SIZE OF BASE MATERIAL — 0,280
. s
Fig. 36, Gradation Test No. 5,
POROUS BACKFILL GRADE 'BA&C’
UNITED STATES BURCAU OF SOIS CLASSIFICATION
LAY iy VERY | Fme MEDluMicoanse] Five GRAVEL
fhnn | SAND | SAND| SAND IGRAVEL A
BINDER FINE_AGGREGATE COARSE AGGREGATE
SIEVE SIZES 270200140 8O 60 40 20 10 RN
DIAMETER IN MILLIMETERS
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ot 2 88 & 8 23 5% EH 38 §2 0§ wioauodod
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P i e Al NN 5% BASED ON WEYMOUTH'S
_”,\ f,a ﬂg SEE \ \\\ \\\\ RY OF PARTICLE INTERFERENCE.
T 27NN\ I
o= =TI WEiHi | E i E i i 100

Fig, 87. Torous backfill grade B and C.
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DUNE-SAND DENSITY STUDY

Bridgman Sand

Tanrz I-Loose densities with varying moisture conlent

. | . |
Density P H BDrensity 3
Percent o s Percent o Percent St Perceni,
Test moistre Lb'(’g}é} Fed 7 voids [ Pawst moisture LEJ‘E’(({;%FLE yoids
i i
1.. ‘ .09 a3 .50 43,7 I 7 7.40G 74 71 34,0
3., 1.13 78.60 5.0 L 8 11.90 75.63 54.5
3.. 2.37 76.97 A43.9 9 12.2 76.83 54.3
4., 3.50 75.38 ad 6 10 15.6 73,94 35.8
Ao 4. 50 7h.25 54 7 i1 i7.6 ¥H.70 95.8
fi.. | 5,80 74.71 55,4 E
!

TanLe I—FLoose densities and densities after dmtindation. Water introduced from

top only
Daensity : Density l 5 )
e Percent X Percent P Percent natnd’ Pereent
Test moissure | P '("(%‘;,‘}Ft' voids Fesh molsinre |2P (’{(ﬁ.l;,) Fid " eoids
) P .00 93.54 43 .G T 1,99 74.15 85.3
23.75 96 06 43.5 1.6 03.63 43.6
25.60 96,96 43.5 22,58 O8.14 40.¢
26,50 96,34 435
o .12 77,08 2306
2. 0. 00 94 04 43.4 27.70 88.64 46.6
22,12 96 34 43.0
o 0.0 94,97 42 .8
I G.00 93 .54 43.6 23.51 87,04 1.0
23.04 96,34 42.0
0. ... 1,23 5.7 Hd 4
4 .00 93 .54 43,6 24 14 8410 45,1
22,90 96 .34 42.0
11, 1,04 77.06 53.6
i 1.73 75,31 54 .6 23.26 B7, 86 47 .1
26.03 88,493 46.4
6 1.09 76.35 54.0
24.47 88.76 F 16,5 :
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TapLe Il —Loose densities and densities after indirect inundation, Water intro-
duced from sides of model into the sand. A load of 2% pounds per square inch
was maintained on the surface of sand
1
Density . Dengity
e Percent TR Perceng " Percent 3 Percent
st H Lb.jCu, Ft, Y Test : Lb./Cu, Ft edela
moistilre (C[TV} voids moisture (l'f]‘y) ‘Qldb
L e .00 03 5% 43.6 5. .......i 10.64 70.03 57.7
27 .50 B5.88 FE 21,38 88.17 16.0
2 1.35 ] 75.39 54.6 6o 5.30 73.10 56.0
20,05 &% .57 160 25.99 50.60 45.4
B 3.00 I 73.31 55.8 T 7.05 73.10 56.0
27 50 89.02 164 25.13 90 .40 45.5
4 0.00 93. 50 43.6 - T B S 71.50 56.9
10.60 05 .88 42,2 26.37 88 55 16.7
TasLe IV—Dune-sand densities as determined by the cone method*
| ‘
[ Dentsi Nun%her Pensi Number
— Percent ensity ) parcent at s Percent ensity | percent of
Test i inotarure Lb‘(’ifi‘;l;’) Bt " ypicta bg’;}fh Test  |yoisture Lb‘{r%;_‘;)Fb' voids hll?g;.“”
. layer . layer
oo, 0.00 104.1 37.2 i5 15 7.30 102.8 | 38,1 15
2 0,60 104.7 36,0 15 18 7.40 103.3 27 .8 2() |
R .00 104.7 369 i5 17 6,90 1042 | ar.2 5
40000 0,00 1031 37.0 1 18 12,20 103.1 37.9 15
5oLl 000 104.09 36.8 15 19 .80 05.2 | 36.6 )
8 0.00 1063 36.6 15 20 0780 04,7 | 36.8 25
7o 0,00 1052 6.6 i5 2. 8,50 1053 36.6 20
8. .00 105.6 264 20 22! 13,60 106.0 | 36.7 15
g0, 0,60 1063 36.6 20 23 13,70 105.4 | 36.3 20
1000000, G.00 105.7 36.3 25 24 170 i07.0 | Bi.b 25
.0 060 105,90 38,2 25 25" 0700 104.0 § 36.8 i5
ED DU 2.70 01,5 | 8.0 15 26 0.00 i07.0 | 355 20
T D 260 10304 38.3 20 27, 0.00 1071 355 35
L 3.50 1625 37.7 25

Come method desceribed in Appendix D,

TasLe V—Dune sand, densities loose and densities determined by different degrees
of vibration on the vibrating table

. Dansity Type . Density Type
Test | POTCENE i iCu, Fi. of west  §TOrCent by iCu T, of
HASTUTRL T ey vibration set (dry) vibration
— | S S A N -
i,......] 9,00 l 93,70 14 Minutes—DMEld g 5.... ... §.00 93.70 4 Ainutos—Tard
Hog. 00 - 166 .44
| 2 3,00 71,12 4 Minvdes —Mild || 6.0, .00 3.09 71.35 4 Nlinntes—n il
G6 .00 09,01
3 .42 70.49 4 Minufes-—Alid 106,41 4 Minules—IHard
96,593
I Tooeo., .t B2 71.99 | 4 Minutes—Mild
4 760 7477 4 Minutey. —Mild 07.19
I 06,28
f 102.30 4 Minutes-—Hard
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Tasum:VI--Dune-sand densities determined by standards A.A:S.H.O. Test T-99

Dengity 3 Density .
P Percent i Percent . Parcent « Percent
Test moisture Lb'("g;';')b bl voids Test mejsture Ll;,(fg;;&.th. yoids
I.. . 0,38 104.15 37.3 | PR, 1.24 100,45 30.5
2. . 3.00 03 .71 37.5 [ 2,73 103.9 37.4
3. 6.16 103 .46 37.7 F ) 4.66 193.5 37.6
4, . 8. 56 105,46 36.5 12, 6.42 1041 37.3
&L 13,22 J05.38 36.5 L T 8.38 104 .4 37.1
6. . 1L.78 105 .88 36.2 [ S 11,11 165.0 36.7
7.. i5.08 103.83 7.5 J s 13.62 1Ga.y 36.2
8.. £.00 104 .20 37.2 .., ... 13.80 105.3 36.5
ESTIMATCR
SETTLEMENT PER FOOT OF FILL
o g 12" 2"
130 ‘ 25
CENSITY RAMCE FOR
/ccwsuumnon BY VIPRATION
s : -
T 20 &
R 3 V. t
R o z
é g
/ MA X IMUM ik 5 ¥
a 2 MOISTURE 2
- EXPAMNSION AFTER EXPANSION BY t(N- 0 CURVE 0
24 HAS. OF DIRECT DIRECT PONDING. i A{ °
PONDING VOLUME VOLUME tncrEasE 2 % o 2
JNCREASE= Q. 28% =0,31% b= 5 =
MOISTURE= 8.3 % z ; z
DRY WT 1247 Izl it [
L LBS./CU. FT. S soll s 5 &
E 8 r’—- @
EFFECT OF INUNDATING 2NS SAND a 57
AFTER IT HAS BEFN CONSOLIDATED [ °
TG MAXIMUM DENSITY. eo Bt e Py - ey o

PER CENT VOIDS BY VOLUME

Fig. 38. Density characteristics of Michigan State nghway 2NS Sand
Specification.

PEA-GRAVEL DENSITY STUDY

TasLE VII—Loose densities of pea gravel with varying moisture content

3 Density
. Percent Wi Percent

Remarks moisture Lh'{'[((ﬁ,;l,‘) e voids

Average of 1G tests, | 0.0 94. 564 41.7

Average of 11 tests, . 0.0 94,54 41.7

Average of 2 tests, . 0.5 96.29 40.7

Average of 2 tesfa. . a.5 a6, 29 40,7

Average of 10 tests. . 1.0 05.06 41. 4
Maximum Density of 10 tests, | 3.0 u5.71% 41.¢
Average of 4 tests, 1.0 956,71 41.0G

Average of & tesis. . 1.0 95,07 41 .4

Minimum Density of 10 tests. | 1.1 04,43 41.7
{One test . 1.1 G4.45 41.7
Avemge of 9 tests 1.7 @h. 44 41.2

Average of 2 tests, - a5.44 41.2

Average of 2 tesfs 1.9 43,24 42 .5

Oue legt, 2,2 G2, 50 42.0
Avemge of "% tests. | 3.0 G3.08 42,6

Average of 3 tests, | 3.0 G3.08 42 6
Average of 3 tesis. .. .. .. 3.8 40,106 et
Average of B1IESER. .. .. .. e 4.5 9¢.00 43,4
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TapLe VIII-Pea-gravel densities after inundation

Density

- Percent LA Percent e

Test molstiure Lb.(,’((l?;}‘xr.)rt. voids Remarks
1.. 12 .44 95.4 41 .4 Indirect ponding
2.. 12,50 095.5 41.1 Tirect ponding over surface
3., 4. 50 90.0 44 .5 Saturated and drained
4.. . 3.88 80,2 44 .4 Saturated and drained
5. 1.90 93.2 42.5 Saturated and drained

: TasLe IX—Pea-gravel densities after vibration
Density
,« Percent E Peorcent ;
Test Taeisture Lb.,’(?u. t. voids Remurlks
{dry}

i.. 12.38 101.7 37.2 Mild vibration
2.. 12.44 101 .4 37.4 Mild vibration i
3.. 9.70 106.6 34.3 Mild vibration for 3 minuies
4., .07 104.8 35.4 Miid vibrasion for 2 minutes
5.. 10,14 105.2 36,2 Mild vibration for 4 minutes
8., 9.63 104.9 5.3 Mild vibration for 3 minutes
7.. 10.88 103.3 36,3 Mild vibration for 2 minutes

TasrLe X-—Peg-gravel densities determined by the

cone method*

Test

Percent
lnoigture

b —

=

o (Y

Dry
Dry
Dry
i Dry
C. Dry

. Dry

Density 5
Lb./Cu. Ft. Igg?a’zt Remarks
(dry)
106, 2 34.5 All sumples consolidated in
1682 33.3 . three layers with 20 blowsy »
107.7 33.6 layer.
108, 5 34.3
106.8 34,1
147, 1 a4 .0

*T'he Cone method of determining density is described in Appendix T3,




APPENDIX B’

TasLe L-Consolidation tests made in model abutment

Valume-——Cu, Ft.

Percent Density
; : Percent ~ Percent .
Material Ihoisture.” wé ﬁlal'}l?g Lb. (I(?rl;) Ft. voids Remarks
7| Original { Final .
Trume sa1ld. Lo en s e s n.2 { . 93.5 43.7 " Loose .
0.2 100.3 39.6 Mild vibration
0.2 106, 4 35.9 Extended vibration
11.0¢ 105.9 cevvr .ot Tamped-—A A B H.O., T-99
Bankerun gravel.. .. ... ... L0 3.16 106.¢ 27.0 Loose
3.16 5 6 1280 19.2 131.7 Mild vibration of total velume
3.00 ... PR P 131.0 Continuous vibration while filling modt.l
4.69 11078 16 00 14,7 144.3 Extended vibration of total volume
39 | ‘ T 1 Tamped ia 4% layers
Peagravel , ..o 1.66 13.60 2.8 | 117.5 Total volume vibrated
2.77 13.55 12.8 119.1 Tetal volurte vibrated
! 4.20 122.1 .| Tamped in 47 layers
0.76 128, vevev. ... [ Tamped in 4" layers
| I.QD 102.5 35.0 Looze
2.77 103.5 ..v.... L Looge
Na,turalsand“.“_.......A......,.,...‘ £.77 15.6 ‘ 13.00 16.7 108.6 ‘ 31.0 Extended vibration
Eo4yT ‘ . 90.2  L..........| Loose
Coa‘:se&ggregate.“A.....,.,.A....,.,.‘_ 1.0 - 15.6 13.83 13.1 | 122.6 ‘ Extended vibration
[ 1.06 . 1247 fcerene. .. Tamped
‘ 1.06 , ‘ 107.1 ‘ Loose
Fe) 2.5 15.6 13.55 ‘ 13.1 9¢.0 .1 Hxtended vibration
| 4.90 | e 95.5 ‘ .| Tamped in 4" layers
2.50 i ‘ 78.1 .| Loose
1 v I

8y

LOT NILETTOF DNTHIANIONG NVOTHDIW




TanLe 1I-Test data, volume change and densities of different materials placed in the model abutment box

] i i
Gravel surface | . ' Density ‘
o A I Volume L : |
Me(t)?.od %"g‘o{l\f Weight Welfght be;?‘;\;oté)p (Cu, Ft.) Pescent | porcn; | Lb(((fr%) Fr.
Test Material conuoli and of 2 volume | = 70 Remarks
2011~ 1 bo eravel moisture|_ . o
dation grave plep (pounds) change T
(pounds) Y Before | After Before | After -
congoli- | congoli- | Original | Final congoli- | ennsoli- by
dation { dation dation | dation A
| . <
1....] Gravel...,,....| Vibration.| 1,923 425 1,498 4" 6" 11.73 10.00 14.7 3.65 123.0 144 .4 | After consoli- t"{.’
| dation all test -
2,...0 Band. ... .......] Vibration.| 1,932 453 1,477 Full 2.63" 15.60 13.00 16.7 4.77 00,4 108.4  samples were g.’
saturated with g
3....| Peagravel... ., .| Vibration.| 2,6 146 480 1,660 Full ar 15.60 13.55 13.1 2.77 163.9 ; 119.6 | no change in
volume result- -
4....| Coarse aggregate; Vibration.| 2,147 475 1,672 Full 2 15.60 13.35 13.1 1.06 106.1 122.1 | ing. ?.
5....0 Blag...........| Vibration.| 1,685 445 1,250 Full 2" 15.80 12.55 3.1 2,40 78.2 90,0 i
- z
6....| Gravel.........[ Tamped..| 1,980 435 1,356 {........| 538 |........ 1088 L. ... 318 |.....,.] 142.8 =
Too.. 8and.... ..., ...| Tamped..| 1,893 475 1,418 | ... .f 5.007 0., .. 10.80 5.40 124 .8 E
5....! Peagravel......| Tamped.. 2,031 480 1,650 ... ... 875" [L...o...| 1200 |L....... 076 |........| 128.3 '2,
9....| Coarse aggregate| Tamped..| 2,075 475 1,600 | ... 3.00" |00 1270 1.06 124.7 E;)
10....| Slag...........0 Tamped..| 1,659 445 1214 ..ol 3B0C oLl 1210 L] 40 || 956 i’z*
! c
-
S
=
o]
I
0
=
. el
=
£
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APPENDIX C

TasLe 1~ Consolidation of bank-run gravel in a bin with a capacity of approxi-

mately 1,000 cubic feet

Tregeription of

Loose dengity.. .. ... oooo oy,

(Hee

Platform vibrator . ... ... ..,

Piatfornt vibrater (modified),

Tost congoldaiion mettiod
L..
2. Vertical spears or tines on
2-foot Inyers,
3. Paving thabe vibrator i vortd-
cal position,
4. Taving tube vibralor dragged
over the surlace,
3. Sameagfost 4. ..l
6., Same as {ests 4 and 5.
remarks}.
7., Tube vibrafor dragged down
stoping face of 811
8., Tamped. .. ..o v aenn
0.,
10,
il.....| Tited one end of bin to the

top allowing it to flow down
at nutural angle of repose,
Dragged vibrating tube down
through fill material, pushing
sorne ahead of the vibrajor
and eompacting it against the
opposite end of the bin which
simulates the abutment face.

Tiry densities
in Lh. per Cu, Fi,

é-b‘ont_

Remarks

T 1-TFoal.

Rurface depth deplh

107513, .. .. ... 1 10R.5{2)) (1) Average of 7 festr.

{2) Averagoe of 5 fes

1090.2 1081} 1071 Averages ol G tesls,

118.0 112.6 Averages of b tests,

111.5 WA 107.3 10 minuies vibration. Before
modifieation of vibrater.

108.2 1007 ) 1101 20 minutes vibration. Telore
modification of vibrutor,

115.6 113.7 § 1138.5 Vlilbmsor Turied under 2 foot
#11.

116G.4% 113.9 | 1153 Vibrator modified as shown in
Wig, 25.

1172 1113

1082 1103 | 1060 Original platform vibrator,

Average 100.4 aller one pass.

Average 111.8 ufter three passes,

110 1187 | 1165 | Placed a 2-foof ft and vi-
hrated 20 minites. From these
tosts this method appears to he
the most effective und adapi-
able for large volummes of
trackill.
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TasLe [I—Consolidation of sand backfill in metal crib relaining wall

Degeription hoisture Dry
Test of content deusity Temarks
test percent  Lh./Cu. Ft. ,
i.. Laboratery .. . 12.2 J08.L Tamped.
‘g, Nafural gand . 5.6 08,8 Undisturbead.
3....] wield check.. . 5.8 111.3 Prolonged tamping.
4,. Tield check. .. 5.3 105.6 Normal {amping.
5, Field check., . A.8 108.2 Normal taunping.
6. Tield check.. . 6.3 102.3 Normal tamping.
T.. Field check. . . 5.0 105,45 Normal tamping,
8., TField check. . . 5.3 103.8 Normal tamping.
a.. Fietd checlk. . . 4.0 i02.5 Vibrated—3—inch plank buse with metal base plate
. having large corrigations,
10,...] Tiekl check.. . 5.8 09,9 Sume as test 9.
11,0 Teki check. . . 6.8 101.6 Same as test 2 excepd metal base p]’ltL hiad small *
corrugations.
12....} Field check.. . B. 5.6 Bame as test 11,
13....} Field check.. . 5.4 105.5 Vibruted—®Plank basge snd sheepsfoot metal hase.
14,,..| Field check.. . 5.9 103.3 Same as tess 11,
15....| Field check., . 5.1 i02.2 Same ags tost 9,
16....| Field cheek...i 5.7 104.4 | Same ag test 9.
17....! Ficld check.. . 5.7 104,0 Same as test 8 except two passes were made,
18....] Field checlc.. . .8 110.6 3-inch plank removed for remainder of tesis, Base
plate with small corrugations,
19,...] Field check.. . .6 107.4 Same as test 18, Vibrated 4rminutes. Gne pass ad
’ 3800 v.p.m,
20....] Tield check.. . 6.1 104 .8 Same ag test I8, Vibrated 5 minutes af 2400 v.p.m,
21.... Field check., . 8.4 105.3 Same as fogt 18,
22,,..| Field check., . 8.2 114.8 Prolonged vibrating with sheepsfoot hase plate,
23,...] Fieid checl.. . 8.3 101.5 Bame as test 18. Vibraied only 214 minutes.
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Taere [H—Consolidation of Mayfield Bridge backfill

. s LaboratoryiLaboratory Shrinkage
Lot 'r’égf]k,ﬁm clenaity density Flold stockpile Remarks
b /'C?I Eﬁ‘t Lh./Cu, FEALD,/Cu, 7L} density to ol )
N < F e (Inoge ATy} {cone) {perceni)
80.3 86 .8 114.2 105.4 18.1 Tests 1, 2, 3 and 4 were made on
89 .3 96,8 114.2 104.¢ 16.4 & 337 lift and were taken from
89,12 86 .8 114.2 103.0 15.3 depths of (2°-77), (2°-7%), (12"
39,3 96.8 114.2 94.5 5.8 20" and (267-30"). Tesis 5, 6
89.3 96.8 1i4.2 102,06 14.2 and 7 were muade on a 157 Lf
80.3 06.8 114.2 101.7 3.8 and from deptha of (2"-8"), (2"-87)
#0.3 6.8 114.2 104.2 1§.7 and (127207, Tests 8, 9, 10 and
9% .8 163.6 113.6 07.0 8.3 1i were muade on & 367 liff and
98 .8 103.6 113.8 110.4 11.7 from depths of (2"-87), {2"-10"),
98 .8 103.6 113.6 i10.6 12.0 (127-20") and {33"-38"), Testd
98 .8 1403.86 113.8 104.7 6.0 12, 13, 14 and 15 werse made,
98.8 103.8 113.¢ 110.1 11.4 after vibrating a 12" lift, from
98.8 163.6 1i3.8 116.4 17.4 depths of (27-8"), (2'-140"),
a8 .8 103.6 113.6 110,2 11.5 (127-20") and {30"-358"}.
g8 .8 103.6 113.6 104.9 6.2

On this project approximately 6 feet of backfll was placed befure consolidation was started, Three
feet of the fill was placed under water. This type of operation does not result in as good densities as ihe
- densities ohtained when the entire embankment, from the first layer throngh to the top, is consolidated.
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APPENDIX D
THE COMPACTION AND DENSITY OF GRANULAR SOIL

Scope:

1. This density test for granular soil determines the dry weight
per cubic foot under a standard method of compaction.

Apparatus:
2. The apparatus shall consist of the following:

.a) Mold A funnel-shaped mold having a solid bottom in the
large end and equipped with a stopper for the small end. The bottom
shall be so shaped that there will be no sharp corners inside the mold.
The base or large end of the mold shall be approximately 5% inches
in diameter and the small end shall be not less than 2% inches. The
mold shall be approximately 8% inches in height and shall have a
volume of approximately 1,300 cubic centimeters or 0.0459 cubic feet
(Fig. 39).

b) Balances — A balance or scale of 6,000-gram (12-pounds) capac-
ity sensitive to 1.0 gram or 0,01 pound, and a balance sensitive to 0.10
gram.

¢) Drying— Any approved method for drying soil samples.

Procedure:

3. a) A 3,500-gram sample shall be taken from the source of the
material to be used.

b) The sample shall be thoroughly mixed, then compacted in the
mold in three equal layers, each layer receiving 25 blows. The blows
shall be delivered by raising the mold approximately 4 inches and
striking it sharply down on a concrete or heavy timber base. After
the third layer has been placed the blows shall be continued with the
wood stopper reversed and held firmly over the opening. Sand shall
be added at intervals to keep the mold full, and operations continued
until no further consolidation occurs. The compacted soil shall be
carefully leveled off to the top of the mold and weighed.

c) The weight of the compacted sample and mold, in pounds,
minus the weight of the mold, shall then be divided by the volume
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of the mold in cubic feet and the result recorded as the wet weight
in pounds per cubic foot of the compacted soil.

The wet weight per cubic foot can also be obtained by dividing
the weight of the sample in grams by the volume in cubic centimeters
and multiplying by 624,

d) The compacted mass of soil shall be removed from the mold
and a sample of approximately 100 grams taken from the center of
the mass shall be weighed immediately and dried to determine the
moisture content.

Calculations:

4. The moisture content and the dry weight of the soil as com-
pacted shall be caleulated by the following formulas:
A-B .
Percent moisture — -—— X 100
where A is the weight of dish and wet soil,
B is the weight of dish and dry soil, and
C is the weight of the dish

Wet wt. in lhs./cu, ft. X 100
Percent moisture + 100

Dry wt./cu. ft. of compacted soil =

SwoP NOTE:
I8 COMSTRUCTING CONES, THE

PRECISE DIMENSIDNS GIVEN NEED
WOT SE FOLROWED. - 4“{ l
T o i
. ' N - Fd

440 WEW OF STOPFER k{x}J‘g
 STRIKING COLLAR .. SHAPE AND WELD IBGA BOTTOM —23
A 14 G- STRIE ¥Q SIDES OF CONE THEN WELD s
STREUNG BASE COLLAR) AS SHOWN.
l —1BGA CONE ~ WOOD _STQBFER

T
—WELD NLCK TO CONE

-WELD 18 GA, COLLAR
TQ NECH

v ECH
Y 3 T—o__
i k) “ z
f } L _
_# ; L /e A o Pk
i N A
1 \ B . e z
% g o ELDT =
S y
4 i ToF WitW
NECK OF CONE
a
1 fe Frd
51
BOTTOM VIEW
By - —--I

SIDE VIEW AND HALF SECTION A-&

DENSITY, CONE
s ncsr i osg g DENSITY CONE
AMNCE OF CONE.

HOTE:
ALL GAGES US STD
ALL WELDS CONTINUOUS B WATER TIGHT.

Fig. 39. Density cone,
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