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Preface

IN RECENT YEARS, because of retirements and promotions, state
transportation agencies have been gredually losing much of their earth-
work expenence gained during the construction of the Interstate highway
svstem, Recognizing this problem, the TRB Committee on Transporia-
tion Earthworks, in cooperation with the Committees on Soils and Rock
Instrumentation and on Foundations of Bridges and Other Stroctures,
prepared this Guide (o Farthwork Consfruction for field construction
personnel at the project enginger and fechnician level, rather than for
designers. The committee believed that it was betfer (o concentrate on
carthwerk construction then design because ample information on the
desipn of embankments, foundations, and dopes s available in reporis
published by the Transportation Research Board, Nationsl Cooperative
Highway Research Program, and the Federal Highway Administration,
as well as m other povernment publications such as the UL 8. Bureau of
Roads' Eanth Manual and soil mechames textbooks. It i boped that thes
guide will provide vseful information for constrection personnel respansi-
ble for all aspects of embankment and earthwork construction,

This guide is the brainchild of William G. Weber, Ir.. formerly with the
California, Pennsylvania, and Washington State Departments of Trans-
portation, and a long-time member of the TRB Commiltee on Transpor-
tation Earthworks, Weber helieved that with the Interstate highway
swstem essenfially completed, embenkment constrection is now evalving
toward rehabilitation snd upgrading of faclines such as adding more
fanes, widening embonkments, and so forth, Soch reconsiruection wouald
probably slter drainage patterns and systems, Retaining walls and abut-
ments, along with recent developments in embankment stabilization and
reinforcement technigues, would ako mfluence embankment construc-
tion,

Because many embankments today are instrumented to obtain perfor-
mance information and to check design assumptions, fekd personnel need
o be aware of instromentaton in order to avold damage and enhance the
validity of measurements. Finally, environmental factors sach as haz-
ardows and other wasie areas, swelling clays, and winter construction also
necd to be addressed. Unfortunately, Wilbam G, Weber, Ir., died Auogusi
2, 1989, just as the guide was being prepured for publication. Conse-



guently, he never had the opportunity (o review the chapier he wrate—
Chapter 2, History of Embankment Construction—or to see the resuli of
hiz original idea.

The principal author or authors are given at the beginning of each
chapter. Robert I, Holtz was responsible for the technical editing of the
puide, and members of the three TRE committees mentioned earlier
provided technical review of individual chapters. Thomas A. Belany,
Jerome A, DiMaggio, Richard E. Landau, R. G, Lukas, Victor A,
Modeer, Jr., and Walter C, Waidelich critically reviewed the final draft
and made many helpful suggestions. The efforts of all of the suthors and
reviewers are sincerely appreciated.

Robert 0. Holls
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Introduction

Ropert D. HovLtz
Uriiversity of Washingion, Seaifle

This Fuide to Eerthweort Construction haz been prepared to provide
constrocton engimeers and technicins with information on all spects of
earthwork constrnction, Although it s nol intended o be g design man-
wal, it does comtain considerable background on the design concepis thai
are necessary for good earthwork construction. Most of the sections
contain information on specific field problems, and a number of refer.
ences are included 10 provide construction engmears with additional
detailed information.

As usad an this gude, earthwork consists of roadway excavations and
embankments and all associated ems of work such as foundations,
drainage, stabilization and remforcement, environmental faciors, and
instrumentation. Earthwork encompasses all types of materials excovated
oand placed m highway embankments, meluding soil, rock, imtermediate
mauterils, omd other notoral and men-made meterals including wistes.
Adso included in the broad category of earthwork are clearing and grub-
bing, walping, removal of existing structures and obstructions, channel
excavations, preparstion of foundations and cmbankments, disposal of
excavated material, borrow excavation, prepamtion of subgrade, proof
rolling, and placemeni of granulor subbase and base courses, stracture
backfills, and insirumentation,

Uniformity of earthwark throughoul the project is necessary for ade-
quate stability and saisfaciory lonag-term performance. To obtain an
scceptable product, the cwmner or agency is obligated to provide adequate
design and specifications s well a8 competent construction inspeciors.
The contractor must provide proper equipment and construction peo-
cedures for all materials and conditions enconnered during the project.
Construction engineers and inspectors muast work with the contractor
esfablish the most appropriate construction methods and procedures,
consistent with the speciications, in order 10 obtun an acteptable prod-
uct at the leastcost. As noted by Johnson (1964}, a key factor in achieving
these gouls is competent testing and monitofing during construchion, &
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primary responsiibity of the construction inspection team.

The ultimate goal of earthwork construction is to make the final prod-
aet or facility adhers as closely as possible to the desipnes’s intent. The
key to achieving this goal is the knowledpe, expenence, and understand-
mg of all aspects of earthwork constroction that fiedd éngineers and
inspectors bring 1o the projedt. Inorder for a project 1o be successtul, i 15
essential that field personnel recogaize sitwstions in which field conditions
differ in important ways from the design assumptions, and i sech st
tions, resct quickly snd effectively, Tt is hoped that thes porde will facalitate
recognition of these situations and epcourage rapid and effective reaction
by fiekd persoanel.

GENERAL REFERENCES AND BACKGROLUND

A good basic reference on earthwork construction s Section 14 in
Woods's Highway Engineering Hondbook [Gregg 19607, Johnson and
Sallberg (1960) present o detailed discussion of the factors that infloenes
figld compaction, and later they discwss the factors that influence compac-
ton test results (1962), The Proceedings of the ASTM (1964 ) Symposium
on Compaction of Soils contaims much wsefel information, as does
NCHRP Synthesis of Highway Practice 8: Construction of Embankmenis
(Wishls 1971 ) and the Eurth Maneuad (USBR 1974, currently being rewril-
ten), Hilf [1975) has an excelient treaiment of compacted fill. Monahan's
[ 1986) book Constricclion on Cormpacied Fills comiains information partic
ularly wseful for field engineers and inspectors. Earthworks (Homer
1981}, an Institution of Civil Engineers (ICE) construction guide, dis-
cusses eatth-moving and compaction practice, in addition (o equipment
commonly used in the Usited Kingdom. Related Federal Highway Ad-
mimistration publications include those by Konya and Walter (1583 on
blasting, Christopher and Holtz (1985) on geotextiles, and Golder Associ-
ates (1949) on rock slopes.

Textbooks such as thosc written by Taylor (1948), Torzaghi and Peck
[ 1967}, Sowers and Sowers (1979), Holtz and Eovacs (1981}, ond Spangler
und Handy (1982) alto contain useful information on the theory and
methods of compaction, earthwork and compaction equipment, and field
compaction control and specifications.
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History of Embankment
Construction

Witrram G, WEBER, JR.*
Pasco, Washingron

Primitive cvilizations ussd soil toconstruct éarth struciures and embank-
menis for dwellings, religious worship, burials, canals, roads, and forti-
fications. Simple tria-and-error procedures led (o progress in the use of
gall a8 a construction material, and this knowledge, initially passed on
from generation o generation by word of mouth, later became part of the
written regord. One of the earliest of these is in the Dechow-Li, a book on
the enstoms of the Dechou Dynasty, written abowut 300 B.C. in China, It
containg, among other things, instructions for the construction of roads
ind bridges (Speck 19500, According to AASHTO (1950), the oldest road
in the workd, *“The Royal Road™ across southwest Asia and Asia Minaor,
wis used by wheeled wagons im about 300 B.C, One of the oldest
fechnical records of constriction wiing soils is found in the Ten Books on
Architecture compiled during the first century B.C. by the Roman engi-
neer Vitruvius (Granger 1934).

In the mid-1600s, France undertook an extensive public works pro-
gram, incleding constructon of highways, canals, and fortification sys-
tems far the country™s borders. The first engineering school in Europe,
Ecole des Ponts et Chaussées, was established in Paris in 1747, and here
engineers were edocated m the principles of physics, mathematics, and
mechamics as known at the time for the construction of highwiays, bridges,
harbors, canals, and retaining stroctures. The founding of this engineer-
ing school had an important infleence on the scientific development of
civil engineering.

In the carly 18005 in England, Thomas Telford and John MacAdam
were constructing roads based partly on scientific principbes, One princi-
ple was 1o raise the foundation above the surrounding pround so that
water would not soften the subgrade, The embankments were seldom

® Deceased,
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more tham 10 ft high with maximum side slopes of about 3HE1Y. Most of
the roads followed the confours in hilly country, resulting in partial i3l and
cut; droimage blankets were common in these situations,

With the construction of railroads beginning in the 16838, new prob-
lemns developed beciause of the flat grades and long radivs Curves required
and the higher loadings imposed on the subgrades. It was so0n realized
that maodsture in the soil played an imporiant roke in compaction of fills.
When the soll was o0 wet, construction equipment bogged down and
fadlures ocourred, When the 2ol was o0 dry, unanticipated settlements
would oecur during periods of rain,

A stmiple test wis soon devised by construction persoanel 10 gaupe the
proper moistore content in the soil, The soil was formed by hand inio a
wompact ball; then o person would spit on the soil, Tf the moistune soaked
into the soil, 1t was oo dry; if the moisture balled on the soil, it was 100
wet, If the moisture slowly soaked into the soil ball, it had the proper
mioesiure content. Although this test was crude and unscientific, it was
unte effective as a method of mosiure control, and ultimately it led to the
development of the field moisture eguivalent test.

After several disasirous landslides in Sweden, a Roval Commission of
the Swedish St1ate Ratlways was appointed in 1913 to develop procedures
1o avoid future disasters. The report of the Commission in 1922 was an
important milestone in the understanding of soil properties and geo-
technical analyses, Among the most impaortant developments were the
well-known and still commonly used Swedish Circular Arc method fior
determining slope stability, undisturbed soil sampling, and laboratory
shear testing. The prohlems of embankment stability were now on their
way 1o engineering solutions.

In 1925, in his book Erdbaumechonik, Termghi demonstrated the
importance of the water phase in the long-term settlements that occurred
under loadings on clay and developed the theory of consolidation, He also
presented a new view of soils as materials with widely varying properties,

Expansion of the highway system in the United States during the 1920s
gnd the construction of increasingly higher earth dams demanded im-
proved compaction procedores. The Culilormis Division of Highwesys
(Stuntem 1928) used (he Grsl soil compaction test to determine the opli-
mum moisture and maximum density before construction and relative
density duning construction. The Burean of Water Works and Supply of
the city of Los Angeles conducted an extensive study of the effects of soil
compaction on the shear strength and permeability of compacted soils in
earth dams, The results of this study were reported by Proctor {1933),
About the same time and apparently independently of Proctor, Kelso
(1934-1935) was performing experiments on the ol mosture—onit
weight relationships during the construction of Silvan Dam m Aostralis



Histairy T

The relationthips between density, maisture, strength, compressibility,
and other soil properties were fairly well established by the mid-1930s,
and these [actors were intensely studied for venions soil types during the
pext M vedrs,

Construction eguipment used in the haoling and placing of earth for
embankments has ako undergone a similar development, In ancient
times, soil was hauled by humans and animals. With the adwent of
wheeled vehicles, soil was hauled by amimal-drawn carns. Animals were
used to pull the Fresno scraper, which coald load itself, and for compac-
figr, A patent was issued to M, Louis Lemoine of Bordeaux, France, in
1859 for a steamroller. With the development of the gasoline engine inthe
early 19005, gasolipe-driven trucks, loaded with the use of a steam shovel,
game into commonuse, and in 1906, a patent was issued for a horse-drawn
sheepsfont roller, Compaction was commaonly limited to the surface of
embankments, because the pencral fezling was that the fill would settle
anyway

Expansion of the highway system during the 1920s resubed in rapid
development of heavier haeling and compaction equipment. During the
1930, anextensive public works program was undertaken. Tractor-drawn
MCrEpeErs came into commen ke, and new and keavier compaction equip-
ment was developed. The requirement that fills be compacted from the
ground to the surface became geaerally accepted by engineers. Embank-
menis ag high as 50 fl were common in mountainous areas.

In the 1%5ls when the Interstate highway systém was begun, flat grades
aned long radius curves, previously encountered only in railroad construc
tion, became standard, Whereas railroads often had used trestles to cross
vitlleys, highways ssed embankments, and Interstate highway embank-
ments often exceeded 100 ft in beight, Zoned embankments, where
specified materials were employed in different portions of the embank-
ment, came into common use. As the presures on culverts increased,
their design required greater consideration, and foundation soils often
were also of serious concern,

Comstruction of the Interstate highway system caused many changes for
both engineers and contractoss. The movement of large quantities of soil
resulted in rapid advances in construction equipment. The vse of self-
propelled. rubber-tired scrapees capable of carrying 20 to 30 yd” of soil ai
high speeds becume commod, and larger fractons and blades were devel-
oped, Although the Interstate sysiem is now essentially complete, many
probilems remain. Portions of the system are now carrying more traffic
than they were ever desigied for, Upgrading will requine adding more
lanes, which will mean widening exsting embankmenis. Also, other
meiEns may be required 1o increase capacity. Many of the roads feeding
tritliic 1 or receiving traffic from the Interstate will need w be upgraded
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or rebuilt, Safety improvements will also be required, and, of course,
never-ending maintenance will present new challenges.

Environmental factors have become of incregsing concern to engi-
neers. Previously, potential embankment erosion was considered a main-
tenance probiem: today it must be considered in design. Constroction of
sound barriers has become common in urban areas. Retaining walls are
often required where himited right-of-way exists in reconstruction aress,
Frequently, reconstruction will alter drainige patierns and cause other
problems. Imaginative solutions are required, although the basic engi-
neering principles will remain substantially the same.
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Compaction Concepts

RogerT D). HoLTE
University of Washingion, Seatile

Often in highway engineering, the soils at pariicular sections along the
roadway alignment are less than ideal for embankment construction. It
may appear reasonable in such instances 10 simply relocate the facility,
However, considerations other than geotechnical conditions often govern
the bocation of & highway, and the eagineer s forced to desipn for and
constriect o the site at hand. One possibiliny may be to adapt the founda-
tion of the structure to the geotechnical conditions existing at the site, A
aood example of this approach is the use of pike foundations for bridges.
Another possibility is to try to stabilize or improve the properties of the
soils at the site, and depending on the circumstances, this approach often
is the mast 2conomical solution to the problem, Stabilization s usually
mechanical or chernical, but éven thermal and electncal stabilization have
occisiomally been used or considered,

In this chapier, adapted from Holtz and Kevacs (1981, Chapter 3), the
primary concern 1= with mechanical stabilization or densification, also
cilled compaction. Chemical stabilization imvokves the mixing or injecting
of chemical substances into the soil. Portland cement, lime, asphalt,
caleiom ghlonde, sodiom chloride, and paper mill wastes are common
chemical stabilizotion agents { Winterkorn 1975, TRB 1957).

Orthver methods for stabilizing unsuitable foundation soils include de-
wittering, which is the removal or reduction of excess groundwater pres-
sures, and preloading. in which foundation soils are surcharged with a
iemporary overload so d4s o increase the strength and decrease antici=
pated settlement. Details of these and other methods are described in
exthooks on foundation and highway engineering (see also Chapter 6 of
ihiz roide]).

Compaction and stabilization are very important whien soil is used 85 an
engineering material; that is, when the structure ilself is constructed of
soil. Earth dams und highway embankments are typical examples of earth
structures. If soils are dumped or otherwise placed at random in a fill, the
result will be an embankment with low stability and high settlement.
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Before the 19308, highway and railroad fills were usually construeted by
end-dumping soils from wagons or trucks. There was little attempt 1o
commpact or densify the soils, and failures of even moderately high cm-
bankments were common, As noted in Chapter 2, carthworks such as
dams and levess are almost as old as man, but these structures, for
exampie, in ancient Chini or India, were constructed by people carrying
small haskets of soil and dumping them into the embankment, People
walking over the dumped mareriils compacted and thus strengthened
the soils. Even ¢lephants have been used in some countries to compact
soils, but research hos shown ikt they are nol very effective (Meehan
1967).

COMPACTION

As previously mentioned, compaction is the dersification of soils by the
application of mechanical energy. 11 may alo involve modification of
water content and gradation of the soil. Cohesionless soils are efficiently
compacted by vibeation. In the field, hand-operated vibrating plates and
motorized vibratory rollers of various sizes are quite efficient for compact-
ing shallow deposats of sand and gravel soils. Rubber-tired equipment can
also be wsed efficiently to compact sands. Even large free-falling weights
are used to dynamically compact loose granular deposits and fills. Some
of these technigques ore discussed in Chapters 6 and 2, a5 well as by Holiz
(19457,

Fine-grained ansd cohesive soils may be compacted in the laboratory by
falling weights and hammers, by special “kneading™ compactors, and
gven statically. Tn the field, common compaction equipment inclodes
hand-operated tampers, sheepsfoot rollers, rubber-tired rollers, vibra-
tory rollers, and other 1ypes of heavy compaction equipment, Congider-
able compaction ¢an also be abtined by proper routing of the hauling
equipment over the embankmeni during construction {see¢ Chupter 4,
section on Compaction).

The objective of compaction is (o improve the enginecring properiss of
the sail mass; by compaction

¢ Detnmental sefitlements can be reduced or prevented;

* S0l strength can be increased and slope stability improved;

« Bearing capacity of pavement subgrades can be improved; and

* Undesirable volume changes, for example, caosed by frost action,
swelling, and shrinkage, may be controlled,
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THEORY OF COMPACTION

The fundamentals of compaction of coliesive soils were developed by
E. K. Proctor in the early 19305, Proctor published a series of articles in
Engineering News- Record {Proctor 1933} on the principles of compaction,
and in bis honor, the standard laboratory compaetion test thal he devel-
oped s called the Proctor fest,

Proctor noted that compaction i3 a function of fowr variables: (a) dry
dengity, pg; (b water content, w; {¢) compactive effort; and (d) soil type.
Compactive effort isa measure of the mechanical energy applied 1o 5 soil
imass. In the feld, compactive effort is the number of passes or “cover-
gpes" of the roller of a ceriain type and weight on a given volume of soil.
In the laboratory impact compaction test, & hammer is dropped several
times on i soil sarmple in amold. The mass of the hammer, beight of drop,
number of drops, number of laversof sodl, and the volume of the mold are
specified. For example, in the standard Proctor test (also standard
AASHTO T 99 and ASTM D 6598), the mass of the hammer is 5.5 [b and
the height of fall is 1 fi. The soil is placed in three layers into a Vw ft’
mold, and each layer is tamped 25 times. Compactive effert can be
calculated to be 12,375 fi-Ibfift’.

The process of compaction for cohesive soils can best be illusirated by
the Procior fest. Several samples of the same soil, but ai different water
confents, are compacted pecording to the sandard Procior tes! specifics-
tioms given earlier, The total or wed density and the actual water content of
gach compacied saomple are measured. Then the dry density for each
sample can be celoulated from

p total mass or weight, M,
Wei density, p = (3-1)
total volume, V,

wel density, p
Dl'}l' 'lJE!'lHl'I_'r', Pr = ——— e e - {3'2-:'
1 + water content,

When the dry densities of cach sample arg defermined and plotted
versus the water contents for coch sample, then a curve called o compisc-
tien curve for stundard Proctor compaction i obtained { Figure 3-1, Curve
A) Enchdata point on the curve represents a single computction test, and
usually four or five individual tests are required o completely determine
the compaction carve. This curve is unigue for a given sl type, method
of compaction, and (constant ) compactive effor], The peak point of the
curve determines the maximum dry densily pymes a1 @ waler content
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FIGURE 31 Stanclird and maodified compastion curves for Crosty B Gl {Hofe
ungd Eovacs 1981}, (Reprirefed with perruizsion from Preatice Flall, Inc.)

known as the optimum water contént W [alse cafled the optimum
moisture content (OMC)]. Note that the maximum dry density isonly a
maximum for a specific compactive effort and method of compaction.
Thiz does nol necessanly reflect the maximum dry density that can be
obtained in the fisld.

Typical values of maximam dry density for inorganic cohesive soils ars
about 100 to 123 ih/ft with the maximem range from aboot 80 to 150
I/, Typical optimum water contenis are between 10 and 20 percent,
with an outside range of about 3 1o 4l percent. Nate that the compaction
corve, even st high water contents, never actunlly reaches the zero nir
voids eurve. This is truc oven for higher compactive efforts, for example,
Curve B of Figure 3-1, Curve B is the compaction corve ebitained by the
modified Proctor compaction test (AASHTO T 180 and ASTM [ 1557),
This test uses a heavier hammer (10 16£), a greater haight of fall (1,5 1),
und five layers tamped 25 times into a standard Proctor mold. The
compactive effort is 56 250 ft-Tofifi’,

The modified 1est was dm-einpud during Wordd War 11 by the 1, 5,
Army Corpsof Engineers to better represent the compaction required for
airficlds 1o support heavy aircraft. The point i that increasing the com-
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pactive effort tends to merease the maximum dry density, as expected,
bt it alss decrenses the optimum water content. A line drawn throogh
the peak points of several compaction curves for the same sol at different
compactive efforts wall be almost parallel to the zero air vids curve.

Typical compaction curves for different tvpes of soils are shown in
Figure 3-2, Note how sands that are well graded (SW eoils, top curve)
have a kigher dry densiiy than most uniform soils (SP sods, bottom
curve), For clay sails, the maximum dry density tends to decresse as
plasticity increases.

Why do we get compaction curves such as those shown in Figures 3-1
amed 2-27 Starting at low water contents, as the water content increases,

50K TEXTURE AWD PLASTIGITY DATA

Mo Daecriphon Sand SH Omy LL, PL
" Wellgmdedloamy sard B 10 2 18 NP
2 ‘Well-praded ssngy TR i 12 @ NP
3 Med -graded sandy kamn i g & 22 ']
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FIGURE 32 Water content-dry density relntionships for eight soils compacted
scoording 1o the standard Procor method (Tohnson and Sal 15ed); cited by
Holte and Kovacs 1981), (Reprinmed with permission from Preatice Hall, Tnc.)
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the particles develop larger and larger water films around them, which
tend to “lubricate" the particles and make them easier o be moved about
and reoriented into a denser configuratzon. However, eventually a water
contlent is reached at which the density does not increase any further, At
this poini, water starts 1o replace soil particles in the mold, and becouse
the density of water is much lessthan the density of the mineral grains, the
dry density curve starts to tall off, as shown in Figure 3-3. Note that no
matter how much water is added, the soil never becomes completely
glurated by compaction.

Compaction behavior of cohesive soils as descnbed in the preceding
paragraph is typicil for both field and laboratory compaction. The curves
obtained will have differcat shapes and positions on the py versas w plot,
but in general, the response will be similar ta that shown in Figure 34,
where the same 50il is compacted under different conditions. The shapes
of the curves are different because the types or modes of compaction in
the laboretory are different from those in the field. Additional informa-
tion on the propertics of compacted soils can be found in 01l mechanics
textbooks and the references given in Chapiter 1,

(&1 : . ; -
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E: Wik - dier B enrmpatied - Unll weaight
. whan pam-
- T ; paciud d
ar olud Wyl of
= walar added
I toof .
_ A f’fff
SR A ln:mﬂ ul wil '.'-'BH:r't
":':,Q-?',a-‘_,.-_."-"-'""-".-" A4 dus o tha woight of - l
40 et .fif, wohtr added, 0
. {.-’.-__.-;".-".-"..-"'-' - ’
" | | L = ——— ] |
0 i§ 20 23 30 35

Mo conlaal, W pancen

FIGURE 3=} ‘Walcr contenl=density relationship u'u:lml:i.'n.l the increased den-
sty mmltiniﬁmﬁc addition of water and the applied ﬂnmpﬂd:m el Soulas
a gty ciny, LL = 37, 1 = 14, standard Proctor oom; mjncmn {Johrson and
Sallberg 196l cited by Holtz and Kovacs 1981), [ Reprinted with permission from
Preatice Hall, Inc)
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FIGURE %4 Comparmon of feld and Inboratory compsction. (1) Laboratory
slatiy compaction, 2000 pei; (2) modified Protor, {3) standard Procter; (4)
laboritory static compaction, 200 pat; (5] ek compaction , rubber-tired load, six
covernges, (6] field compactien, sheepsioot rodler, six passes,

Nede: Statie compaction frofn top and Bottom of soil sample (Tormbull 1950,
cited by Loambe and Whitman 1969 and Helte and Kovacs 1981), | Reprinted with
peremisiion from Prengice Wall, foc.)

SPECIFICATIONS AND COMPACTION CONTROL

Because the objective of compaction is to stabilize soils and improve their
eaginecring behavior, many inspeciors often forget thet the desired en-
gineering properties of the fill are important, not just s dry density
and water content, Dy density and water content do reflect quite
well the engimeering propertics, and thus they are convenient to wse for
comstruction control, but they sre not the primary objective of compac-
tion

The usual design-construct procedure is as follows. Laboratory tests
are conducted on sumples of the proposed soil matensls to be used to
define the engineering properties required for design. After the embank-
ment is designed, the appropriate compaction specifications are selected,
field eompaction control tesis are specified, and the resulis of these tests
become the standard for controlling the project. Construction control
inspeciors then conduct these tests to ensure that the contractor actually
adheres i the compaction specifications,

The reasons for conducting such tests are outlined in the panel discus-
sion in ASTM (1964, pp. B0-135); comments by Johnson and Sallberg (pp.
101-104) and Turnbull (pp. 104-106; 126-127) are particulatly relovant.
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Specifications

There are basically two types of earthwork specifications: (a) method
specifications, and (h) end-product specifications. With method specifica-
tions, the type and weight of rollers, nomber of passes, lift thickness, and
the like, are completely specified, and the responsibility for the quabity of
the carthwork rests with the owner or agency and owner's or agency's
etgineer. Although method specifications often provide considerable
savings in unit costs for earthwork construction, they require sach a large
investment in preconsiruction enginesning and testing that they are gen-
eralby used for large compaction projects such as earth dams.

End-prodinct specifications are commonly wsed for highwinys and budld-
mng foundanons. A certan relative or percenl compascinn is specified.
Relative or percent compaction i defined a5 the mitio of the field dry
density, pyeca. to the laboratory maximum dry density, e, according to
some specified standard test, for example, the standard Proctor or the
modified Proctor test; or

i i B Tiekd
Helative or percent compaction =
P max

¥ WN(%)  (3-3)

How is relative or percent compaction determined? First, the test site is
selectad. 1i shouk] be representative or tymcal of the compacted hft and
soil material. Typical spocifications call for a new field test for every 1,000
ti 3,000 g,.-dl‘ of &0, of when the snile change significantly, 1t 1% aleo
advisable, if possible, to conduct the held test at lesst ong or two com-
pacted lfte below the already-compacted grownd suelice especially wisen
sheepsfoot rollers ure used, or in granular sods, 10 be sure that loose
materiala near the surface are not includedin the tested volume, Also. it is
necessary b ensure that the materials the contractor has compacted are
peceptable for the particular district or region docording W s slandard
ageney specifications or special provisioms ler the project,

Compaction Control Tests

Field control tests can either be destructive or nondestructive, Destruc-
tive tests involve excaviation and removal of some of the fill material,
whereas pundestructive tests indirectly determine by nuclear means the
density and water conient of the fill.
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The steps required for the common destructive field bests are as follows:

1, Excavate a hole in the compacted Gl at the desired sampling cleva-
tion (the size will depend on the maximum size of material in the fill).
Determine the weight of the excavated material.

2. Determine the water content.

3. Measure the volume of the excavated material. Technigues com-
monly wsed to measure volume include the sand cone apd balloon
methods, or for rock il and large holes, pouring water or oil of known
density into the bole {Figure 3-5). In the sand cone method {AASHTO
T 191; ASTM D 1556), dry sand of known dry density s allowed 1o flow
through a cone-shaped pouring device into the hole. The volume of the
hiole can then easily be determined from the weight of sand in the hole and
its dry density, In the balloon method (AASHTO T 205; ASTM D 2167),
the volume of the excavated material is determined directly by the expan-
sion of a balloon in the hole.

4. Compute the total density. If the iotal weight of the material exca-
vated from the hole and the volume of the hole are knowa, the wet density
can be computed. Because the water content is also- known, the dry
density of the fill can be determined,

5. Compure the field dry density with the Proctor density for that soil
and caleulate relotive or percent compaction (s¢c BEquation 3-3],

There are weveral p!'li_ll.'ll.c my dasocrated with the commuon destructive
feld density test. First, it is difficult and expensive to conduct & sufficient
mamber of vests for a statistical analyss of the compaction test results, The
voduwme of material involved in cach Test is an extremely small percentage
of the total vodume of 11 being controlled (oypically, one part in 100,000
of less). Second, oversize particles (gravel, cobbles, eic.) common in
sonne sof] deposit must be correcily sceounted for, otherwise the labora-
fory test resulis will be fess than those achieved in the Tield.

Oversize corrections are discussed in AASHTO T 224 and in ASTM D
98 and [ 15357, [deally, it is desirable 10 have the complete compaction
curve for cach field test, but this is time-consuming and expensive. Conse-
quently, the [aboratory maximum density may oot be known exactly, It is
ROt uncommaon in highway construction tos 4 seres of laboratory compac-
tion tests to be conducied on representative samples of the sml materials
for the highway, Then, when the field test is conducted, s result iz
compared with the results of one or more of these standard smls from the
project ste, 1f the solls at the site are highly vanable, this is a poor
procedure,

Altermatively, a “family of curves” or a “one-poinl method”
IAASHTO T 272) is often used. In the approach, a family of curves 15
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FIGURE 3-5 Some methods for determining densgty in the fGeld, Note that
Method (c) is suitable for large volumes, only as may be mﬁ;"lfed for rock fill
(Holtz and Kovies 1981}, (Keprinded with permitsion from tice Hall, fnc. )



developed by combining a series of Proctor curves foe the varous soil
Lypes common 10 A large area. One-point Proctor tests are conducted on
the project soils and the results plotted on the family of curves. A Proctar
curve having the enme chape as the other curves ig “fittad” into the fumily
of curves by going through the one-point test results. Then the maximuom
density and optimum moisture for this one-point Proctor curve are deter-
mined, and the percent compaction is then calenlated as usual by Equa-
tion 3-3.

The thied major problem with the common destructive density fest
procediare is that determunntion of the water contemnt takes tme (reveeal
hours or overnight according to AASHTO T 265 and ASTM I 2216].
Time is always of the vtmost valee on a compaction job, and of it takes a
day or even several houwrs before the results are available, several lifis of
fill may hove been placed and compacted over the bad or fxiling test area.
Then the engineer has to require the contractor to tear oul possibly good
il 1y ensure that the relative compaction of the bad 1ift meets contract
specifications. Contractors understandably are hesitant to do this, and vet
how many zones of bad compaction should be allowed in an embuank-
menl? Mone, of course.

Because determination of water content takes the most time, several
methids have been proposed to obtdin it more rapidly. Pan drying or
frg'ing the sample over an open flame has been commonly used, but
hecause it is difficult 0 contred the lemperatare, this method gives poor
results, especially for highly plastic clays,

Alternatively, & calcium carbide gas pressure meter (AASHTO T 217)
can be used. The water in the soil reacts with carbide to produce acetylene
gas; its pressure s proportional to the water content. Burning with
methanol and the aleohol-hydrometer method are also sometimes used,
For these methods, the correlation with standard oven drving is generally
satisfactory for silts and lean clays.

If electricity iz available at the field contral lahoratory, a microwave
oven can be wied 10 rapidly determine the waser content, According to
ASTM [ 4643 { 1989), microwave drying is not intended as a replacement
for convection oven drying, but it can be used as a supplementary method
when rapid results are required. The method appears to be satisfactory
for most soils unless they contain significant amounts of hatkevaite, mica,
montmorillonite, gypsum or other hydrated minerals, highly organic
soils, or maring soils containing dissolved saliz, Small, porous pebbles in
the sol sample may explode when rapadly hested; therefore soil con-
tainers should be covered with heavy paper toweks 1o prevent damapge or
imjuries.

Another method for quickly and efficiently determinmmg the relative
compaction of cohesive soils wat developed in the 155k by the U. 5.
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Bureau of Reclamation (LUSBR 1974 and Hilf [ 1961) [see also Hilf { 1975)
#nd Holtz and Kovacs (1981)]. The procedure makes it possible 10 soou-
rately determine the relative compaction of a fill as well as a close
approximation of the difference between the optimum water content and
the fill water content without sctually oven drying the sample. Experience
has shown that it s possible 10 obtain the values required for control of
construction in abowl 1 he [roan the e the Geld density tesl is pei-
formed.

Other problems with destructive fieid tests are associated with the
determination of the volume of the excavaled malendg. The sad cong
methed [AASHTO T 191, Figure 3-3a), often taken as the standard, is
subject to errors, For example, vibration from nearby equipment will
increase the density of the tand in the hole, making a larger hole volame;
this resulls in a lower beld density, A higher density will result if the
technician stands 100 close to the hole and causes woil to squeeze intooif
during excavation, All of the common volumetric methods are subject to
error if the compacted material is gravel or contains gravel particies.

Any unevenness in the walls of the hole causes significant error in the
balloon methed {AASHTO T 205, Figure 3-5b). 11 the soil is coarse sand
or gravel, aone of the liquid methods works well, unless the hole is very
large and & polyethylene sheet is used (o contain the water or oil {Figure
3-3¢).

Denzity and Water Content by Nuclear Methods

Becauase of the problems with destructive fizld rests, nondestructive den-
sity und water conteny testing using radinactive sotopes has increazed in
popularity during the past few yvears. Nuclear methods (AASHTO T 238
and T 239 ASTM D 2922 and D 3017) bave several advantages over
traditional fechnigues. Tests can be conducted rapidly and results can be
obtained within minutes, Erratic resulis can be easily and quickly double-
checked, Therefore, the contractor and eagincer know the resulis
quickly, and corrective action can be taken before too much additional fill
hias been placed. Because more tests can be condocied, a betier statistical
controd of the fill is provided. An average value of the density and water
content is obiained over a significant volume of fill, and therefore the
natural variability of compacted soils can be considered.
[risadvantages of nuclear methods include the relatively high minial
cost of the equipment and the potential danger 1o field personnel of
expaosure o radiosctivity. Strict radiation safoty standards musi be en-
forced when nuclear devices are used, and only properly trained and
lioensed operators are permifted 0 use nockear density cquipment,
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FIGURE 36 MNucloar density end wates content determination: (a) direct trans-
misgion, (b) backscatter, () air gap (Troxler Electronic Laborataries, Ine.; cted
by Holiz and Kescs 1981}, [ Reprinted with peenmiszion from Preatice Hadll, Ine)
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Teo tvpes of sources or emitters are necessary 10 determine both the
density and the water content. Gamma radiation, s provided by radium
of & radivactive isotope of cesium, s scattered by the soil particles; the
amount of &ater & proportional to the total density of the metenial, The
spacing between the source and the detestor, which 1 wsually a sciotilla-
lion counter or o Ceiger counter, 15 constant, Hydrogen atoms in water
scatter neutrons, and this provides o means wherehy water content can be
determined, Typical reutron sources are amercium-beryllium isotopes.
Calibration agninst compacted materials of known density is necessary,
and for instruments operating on the surface, the presence of an uncon-
tridled wir gap can siguificantly affect the measurements, Filling the gap
with dry sand helps reduce but dogs not eliminate this effect.

Three nuclear technigues are in comman use, The direct transmission
method i3 shown schematically in Figure 3-6a, and the backscatier tech-
mitpuee is sheown i Figure 360, The less common air-gap method {Figure
F6c) is sometimes used when the composition of the near-surface mage-
mals adversely affects the density messurement, For detailed et pro-
cecures, e AASHTO T 238 and 239 and ASTM D 222 and D 3017,
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Earthwork Construction

WaLTER €. WAIDELICH
Federnd Highway Adrvinistration, Washingion, D, €.

This chapter is intended 10 acquaint field engineers and inspectors with
good earthwork constraction procedures and the reasons for developing
them. It 1 not part of the contract documents and should not be used to
supersede project plans, specifications, or special provisions, Fickd per-
sonnel must be thoroughly familiar with the project specitications. Ques-
tions and problems concerming earthwork construction should be refermed
to the project engineer and other staff specialists who are familiar with
good embankment construction and can provide assistance when needed.

Giood construction and materials will look good; and with reasonable
care and effort, and tharough and competent tnspeciion, an acceptisble
product will result.

PRELIMINARY WORK

Before the start of construction, the engineer and the contractor shouwld
review the topography of the project and the contractor’s proposed
crosion control plan for protecting the project from the elements, As the
representative of the owner or agency, itis the engineer's responsibility to
protect the property and fachities adgacent to the project from environ-
mental pollution that originates from the project,

It is to the contractor’s advantage 10 controd surface ranofl so that
dumage o compieted work will be minionzed and present and future
opcrations will not be hindered, The benefits of erosion contral are
snhstantial, From the owner's or agency’s viewpoinl, the adjacent lands
and waterways will not be polluted; from the contractor's viewpoint,
surface water will be prevented From saturating the embankment founda-
tion area, rainwater will ran off rather than onwo the embankment swr-
lace, and operations sech as trench excavation and pipe installstion will be
profected.
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Erosion control operations do not hinder the propress of the project
signiticantly, and if they are performed, the contractor will not be ham-
pered by o rainfall. At the most, some minor repair, such as removal of
emall quantities of mud, may be needed before full prodoction can
proceed. Items designated for temporary erosion control are ususlly in
the contract 1o supplement the permanent features.

Good earthwork is most easily ensured by firm control of operations
garly in the contract when many seemingly more important operations
abso require attention. The amount of time spent closely inspecting the
contragior’s methods at this stage will be well spent because once the
carthwork operation is correctly established, it generally runs smoothly,
Therefore, an waderstanding of the contractors proposed sarthwork
construction plan will permit realistic scheduling of the inspector’s dutics,
This wsually results in smoother and more cfficient inspection that will
require less field testing. Increased production for the contractor results
in fewer delays and fewer problems,

CLEARING AND GRUBBING

Limits of clearing and grubbing are generally noted on the plans. Usually
areas outside the work limits are 1o bee left in their natursl condition unless
otherwise designajed on the plans. In generzl, it & intended that the
ropdway fit into the lzndscape in a pleasing way, Natural features should
be left undisturbed where possible,

Clearing is definad as the removal of all trees, bruch, and so forth, and
iz required in all work arcas. Grubbing is defined aa the remaval of stumps
and roots, It & not always necessary to remove all stumps and root
systems beneath embankments. Trees and brush should be cut off close to
the original ground surface so that the mitial lnyers of fill can be placed
und compacted properly. Specifications should be read carefully to deder-
mine grubbing requirements,

SLOPE DITCHES

The specifications may require that top- or mid-slope ditches be com-
plated bofore removal of materials from the cut. Some contractors prefer
to ignore this delail os it is not a “production” item (such as excavation
and fill placement), balieving that thiey can complate the ditches when-
gver they have extra ime. However, of the diteh work is not done in the
beginning, probiems may arise later that are detrimental to the work, and
expensive corrective procedures may be required.
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Twa problems could ocour if the ditches are not completed beforehand.
First, the ditches are designed 1o eollect surface runofl that otherwise
would Mow down the slope &nd intor the excavation. This water can canse
sericus erosion &5 well a5 problems with cut-slope stability. Second , if the
water is allowesd to flow mto the cut, the matenal to be excavated will
bacome saturated, creating poiential compaction problems when i =
placed in the fill.

By delayving the ditch work, the coniracior will create problems that no
only are costly to correct, but also may delay other operations. Lack of
accesgibility 10 the work area, problems with disposal of the excavated
materials, and improper placement of the ditch lining material, where
required, resull when ditch work = nol perlormed before excavation 1s
started. The enginecr should insist that the contractor perform ditch work
first. See Chapter 5 for additional mformatien on dizinage and eroson
coninol,

EXCAVATION

Because the topsoil at the surfece of earth cuts is uspally unsuitable for use
in compacted earth fills, itis normally stockpiled for later use in landscap-
ing the project. The imits and depths of topsoil removal, where specified,
are usnally included in the plans.

As the excavation progresses it is good practice, depending on the
topography and soil conditions, to keep the portion adjacent to the design
slope at least 2 to 5 ft bower than the general level of the cot until the
bottom isreached. In other words, providing & minimum of 2- 10 5-ft-deep
ditches akang the sides of the excavation uatil the bottom Y pavment line”
i reached helps to drain the section, resulting in a drier, more stable
material for the contractor to excavate, transport, place, and compact.
Because the cuf is draiped, the contractor will also have fewer equipment
mobility problems,

Hecause of the highly vansble properties of naturally occurning geo-
logic deposits, specifications for roadway excavation often consider all soil
and rock as unclassified excavation. This avoids the controversy, for
example. of which bed price should apply to which matenal, or whethera
deposit can be ripped or must be blasied,

ROCK EXCAVATION

I the material to be excirvated is too tough or cemented to be ripped, then
before drilling and blasting operations are begun, the engineer, contrac-
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tor, and owner's o agency’s geotechnical speaalist experienced in blast-
ing should hokd & meering at the project site to discuss all aspects of the
blasting operations and se1 the ground rules for the contractor’s opera-
tions and the hasis for inspection of the work. The blasting specialist can
helpin determining the aspects of the work that need the most nspection,
what to look for, and how it should ook, A good reference on rock
blasting is the FHWA manual (Konya and Walter 1985).

The owner's of agency’s goal in the construction of rock slopes is that
they require a minimum of maintenance and that they be hazard free. The
cotitractor st thorowghly strip (overall removal of wnsound matecial)y or
scale (removal of lnose masses of rock) all rock slopes. If, after stripping
or scaling operations, the engineer believes a hazardous rock slope situa-
tion still exisig, a specialist should be requested o review the rock slope to
determine if & hazardous condition exists and if so, propose solutions to
correct il. For details on design and construction, the FHWA manual on
rock slopes (Golder Associates 198Y) should be consulted.

Some rock cuts will be designed with a hroken rock trench 1o drain the
section, The trench may be formed by extending the presplit or the
production drill holes, or both, that fall within the typical section, or by
drilling supplemental holes as necessary and [ragmenting the rock. The
limits and typical sections should be shown on the plans. Remember that
this ireatment mast have a positive drainage outlet. Therefore, the plans
and field conditions should be examined 1o confirm that positive drainage
is provided.

EMBANKMENT FOUNDATIONS

The embankment foundation provides the base upon which the fill is
constructed, Adter clearing and grobbing, the contractor should prepare
the foundation in accordance with the plans, specifications, standands,
and any special provisions, Preparation of the foundation may reguire
stripping topsoil (particularly for fills less than 10 ft high), removing
ofganic deposits and underwater backfill, compacting the ground surface,
of placing a construction lift (a stable platform for kater construction
setivities), In general, for problems identifisd during dezign, specific
treatments will be shown on the plans o described in the contract doou-
ments. However, site conditions may be different, and some revisions to
the design and construction plans may be required.

Embankment foundations are discussed in detal in Chaprer 6. Con-
struction procedures will depend on how firm or how soft the foundation
is and wheiber the foundation soils reguire special trestment.
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Firm Ground

Mo special oundation work is necessary in sinnations in which the hegghi
of embankment above firm ground is greater than the expecied maximum
depih of frost penefration, The topsoll may be left in place, ewpecially
onder the outer edges of embankments, All embankment layers shoald
ponlorm o compaction specification requirements.

Depending on its natural in situ density, the surface on which the
embankment ar subbase, or both, 18 to B placed may need (o be coms
pacted to provide a stable platform upon which 1o place the subseguent
embankment or subbase materials, or both, Proper compaction of each
lift depends to a large degree on the density and stitiness of the surface
upon which it is placed. If the foundation soil is in a loose sate, the
contractor may have difficalty compacting the initial embankment layers,
unless the foundation is properly prepared und compacted first.

Clearing, grubbing, removal of the topsoil, and other special treat-
ments will be noted on the plans when the embankment height is less than
maximam depth of the expected frost penctration.

Soft Ground

Embankevents that cross low, wet arcas may require an initial stabiliza-
tion layer, which is & thick Uift of granular material, in order to provide
adequate support for construction equipment. Usaally specifications al-
loew thie enginear to permit & working platform up to 3 it thick to be placed
i one Lft o bridge the soft areas, Experience has shown that sand,
gravel, or well-graded blasted or cruzhed rock is excallent for this initial
lift, especially when esed with astabilization geotextile (Christopher and
Hiltz [9ES).

In some cages, how' wet areas are anticipated during desipn, and &
eopsiruction or stabilization lift with select materials is spacified. Com.-
paction of thess initial lifts in 2oft areas should proceed with caution. In
peneral, the use of vibratory rallers should be discouraged, as the vibra-
tirkn mmay cause the undeclying soil to be pumped up inio the granular Gl
Separation peotextiles may be used o sigaificantly reduce the thickness of
this granular stabihzaton laver (Chostopher and Holiz 1983).

Embankments placed on sofl foundation soils may be designed so that
the soft soils can be left in place, Methods of foundation treatment include
the use of preload surcharges, sand, or prefabricated drains to accelerate
the consolidation, stone columns, side berms, and o forth. [See Chapter
6 for a descnption of foundation stabilization technigues and addstonal
references; for example, see NCHRP Synthesis of Highway Practice 147
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(Holtz 1989). | These treatments are often criical and, when required.
will be shown on the plans. They must be constructed strictly scoording 1o
the specificatons, and designess of these tréatments should communicate
their special concerns o the responsible construction personnel.,

Unsuitable Materials

Unsuitable materials, such as peats and organic seils, mine and municipal
wastes. swelling and collapsible soils, and so forth, are not generally
nppropriate for embonkment foundstions and must cither be removed
{undercutting) and replaced or specially treated. Limits and depths of
removal of treatment of unsuitable materials will be shown on the plans;
construction procedures will be detailed in the contract documenis, Foun-
dation treatment methods are discussed in Chapter & and by Holtz (1989)

Lindercutting is the process of exciating below the ugual subgrade cut
limitz to remove unsnitable soils. If these soils are anticipated during
design, the undercut will be shown on the plans, backfill materials will he
specified, and payment guantities provided, Unanticipated subgrade cons
ditions encountered during construction thal need comrective action
should not be overlooked or ignored. The engineer should always be
consulted in these cases.

The materials used o backfill undercuts and their placement require-
ments depend on the reason for the endercut and the wte conditions
encountered when the work is performed. Each cese is different, and
matérials that are good for one case may not be satisfactory for another.

The two primarcy conditions for which undercut and backfill work are
necessary gre o () minimize damage caused by differential frost action,
and (b} provide a stable platform 1o support the pavement {and construc-
tian operations),

In areas of cobd winter weather, frost action, particularly dilferential
frosi heave, is probably the most dangerous situation encountered, As
noted in the section on Frost Action in Embankment Design and Con-
strustion, Chapter &, the conditions necessary for frost action are {a)
prescoce Of water, {b) freczing temperatures, and (¢} frost-susceptible
soils. Water may ba controlled to some degree by side disches and
underdrams, but most frost problems oceur becapse of capillary sction,
which is not helped by drainage. Frost-susceptible subgrade sonls can be
removed and replaced with clean, free-draiming granular materiale that
are less susceptible to frost sction. In this case, undercutting is designed to
specifically reduce or eliminate frost susceptibilicy.

Sometimes problem soils are treated with lime to reduce the effects of
frost heave. Areas that are selected 10 be undercut or lime modified
should not be changed in the field without proper approval. Cold weather
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comsiruction is discussed in Chapter 4; environmental aspects of frost
action are deseribed in Chapter 8.

Instability of natwral subgrade soils s the other reason for corrective
undercutting and backfilhing work. In cuts, the pavement subbase is
generally placed directly on the natural 508 or rock exposed by the
excavation unless the natural soils have insufficient strength or ace highly
compressible. In such cases, the undercut and backfill & designed to
provide a stable platform to support the pavement structure.

Wet, silty soils are responsible for most subgrade stahility problems.
Groundwzter emerging on the floor of the excavation can saturate these
soils and reduce their strength. Construction equipment can cause excess
pore pressures and weaving or pumping (see section on Weaving and
Pumping) of the subgrade, or rerting (s2e section on Rutting), and ma-
chinery vibrations tend to draw water to the surface that further reduces
soil strength. Sometimes conditions get so had that the wet soils have tobe
excavated with & drag hne.

The requirements for the placement and compaction of backfill mate-
rial in undercut areas depend on the condition of the soils at the bortom ol
the excavation. When the bottom is firm, backfill can be placed and
properly compacted sceording 10 the specifications. For soft foundations,
stubnlization layers or geotextiles, or both, probably will be required, as
described carlier in the section on Soft Ground, In any event, for underccut
situgtions, lift thickness and compaction equipment do not necessarily
have to conform to normal compaction specifications. For example, vibra-
tory rollers should be avorded beesuse the vibrations may causs the sitt to
purmp up into the backfill.

Subgrade stahility problems often depend on local water conditions at
the time that the cuf is made. Becawer stability problems are difficalt to
determine during design, the limits for undercut and backfill work are
generally lefi to the engineer to determine in the field, Stability problems
may be reduced insome cases if the cut is allowed to drain afterit has been
gompleted to the original pay lines. A waiting period may allow the
groundwater table to stabilize and the material bencath the subgrade (o
dry out somewhat. Thizmay allow the extent and depth of the undercut to
be reduced, which would result in a significant cost saving. These treat-
ments are critical and they must be constracted strictlly according to the
design. When required, they will be shown on the plans.

Disposal of Excessive or Unsoitable Materials
All excess or unsuitable marerials should be disposed of in the areas

designated on the plans, preferably within the right-of-way, Disposal
outside the project limits may be necessary in some cases. ‘Whenever
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additional disposal areas are needed, special atiention should be given to
their location, method of construction, and final appearance. All disposal
argas, inside or ouiside the right-of-way, should be under the direct
controd of the engineer.

EMBANKMENTS

Usnally, materials that are to be used to construct the embankment are
selected by the contractor and approved by the engineer. Many agencies
have gencral requirements in their standard specifications for the sodl
types that are gcceptable for embankment construction. These require-
ments or any special provision for the project should be strictly adhered 1o
sn that no ensuitable materizls are used,

Suitable marerials, if properly placed and compacred, will make satis-
factory embankments. Water content in the natural state has no bearning
on suitability. However, materials with excessive moisture will require
drying before placement and compaction, or they must be replaced with
miaterials having 4 proper water content, The location of the project will
dictate which approach is appropriate, or perhaps the contractor wall
make the decision. Daring excavation if materials are uncoversd that have
an cxcessive water content, construction personnel should refer to the
contract specifications, If there is=till a question about whether (0 usa the
wel soils, the enpineer should be consulted,

Some man-made materials may be suitable for constructing embank-
ments (see Chapter 9, section on Waste Materials). Excavated pavement
materials are inert and can be used. On the other hand, incinerator ash
and other wastes may contain hazardous substances (see Chapter 8,
section on Hazardous and Objectionable Materials ) that could kach inte
the groundwater if placed in an embankment or cause a dust problem
during construction. The use of waste matenaks and any related environ-
mental regulations should be explamed in the project soils report. which
should be read corefully and made available 1o project personnel.

Sweling soils (see Chapter 9, section on Compaction Problems with
Swelling Clays) are common in some parts of the country and can cause
serious problems, particularly on pavements. Methods of reatment, use,
or digposal of swelling soils will be detailed in the plans or specilications,
Disturbance by excavation and placement in fills may change the stable
environment in which the soils existed before constructon to an unstzble
environment that allows the absorption of moisture. When these soils
absorb moisture, they can swell tremendowsly or exert large, undesirable
swelling pressure if movement is restrained, Methods of treating and
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handling swelling soils are usually recommended by specialists in these
materials.

Frozen soals (see Chapler 8, section on Frost Action in Embankment
Dresign and Construction ) are unaccepiabie for embankment fills because
they are difficult to compact. Constraction opérations should be stopped
whenever frozen materials are brought onto the fill. Cold-weather con-
struction problems are discussed later in this chapter.

When rock is used in embankments, care must be taken to achieve
dense fillts. Otherwise, large voids or cavities may exist within a fill, and
finer maiterials from above can seitke into the woids. Eventually the
sibhase material supporting the pavement is lost and the pavemeni fails,

In constructing a rock fill, the proper sequence of operations is o dump
the rock onto the ift under construction. The material is then pushed by a
bulldozer over the leading edge of the lift, thoroughly wetted, and com-
pacted with heavy equipment, Materials with sizes up to 2 ft may be
placed in lifts up o 3 ftin maximoam teickness. The larger sizes should be
placed near the cuter slopes, and very large (> 1 yd?) bouldess should be
embedded in the slopes, broken down to smaller sices, or wasted. Finer
maberials must be applied o the top of the layver beang compacted to fill
any vobds.

Shales snd other materials that break down during compachion present
special problems; the use of shales in embankments is discussed in Chap-
ter 9, section on Congtruction of Embankments of Shale,

COMPACTION
General

Compaction of a zoil layer is probably the mostimportant aspect of proper
embankment construction, A uniform, densely compacied embankment
will provide a satefactory platform apon which to place the base courses
and pavement. The word “uniform” i impostant i that uniform condi-
tines during comstruction of the embankment will result in uniform behae-
ior of the pavement, assuming that foundation conditions do not enter the
picture, The benefits of good compaction are substantial and the conse-
guences of poor compaction are severe. As noted in Chapter 3. compac-
hion increases bearimg capacity, shope stability, and resistance to frost
action, It alse decreases settlement and permeability. Inadequate com-
paction may result in general and differential subsidence, which caoses
depressions and perhaps premature faiture of the pavement.

The contractor should be encouraged to route his hauling equipment as
evenly as possible over the entire serface of the embankment during fill
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placement. The purpose of this is 10 reduce the total amount of compac-
tive effort required as well as to minimize localized rutting and damage
that might be caused by heavy, repefitive, concentrated tracking by
equipment. Loaded s=lf-propelled scrapers may weigh in excess of 100
tons and may overlosd even a densely compacied embankment. Equip-
ment operators have a natural tendency 10 follow the established track
{path of loast resistance ), and some effort will be required to have them
cover the entire surface. A good contractor will hive a motor grader or
dozer on the cmbankment to keep the surface smooth and o atlow
inoreased speeds over the entite surface. The performance of the em-
bankment under the tires of scrapers will 2lso give a good indication of the
uniformity. and quality of compaction,

Muoistare Control

As discussed in Chapter 3, moistore scts as a lubricant and helps the soil
perticles to move relative to gach other into a denser condition when
compactive cffort is applied. Thus dry soils must have water added
and mised thoroughly throughout the laver being compacted, Adding
water in the cut rather than on the fill mproves mixing and mcreases
aniformity. However, adding water to the locsely deposited fill on the
cxeavation is the vsusl method employed, The choice 15 ordinaniy left to
the contractor.

If a soil is too wet, the compactive effort only increases the pore waler
pressure &nd this tends to keep the particles apart, Lhing & beavier
compector results in o decrease in strength st the same water content (e
section on Weaving or Pumping). Thus, wet sodls must be dried; natural
drying = the most widely uged method, To hasten drving, the soil may be
spread and mixed by the use of disks, harrows, or rotacy tillers, Lime his
abon been osed 1o deyv soil, bt it is expensive; however, it also stabilizes the
soil [TRHB 1987).

Each project should receive from the laboratory a sei of laboraiory
compaction control charts or a family of curves (AASHTO T 272) devel-
oped from standard (AASHTO T 99) or modified (AASHTO T 180}
Proctor values representing the soils being used in the embankment,
These curves are plots of density (or dry unit weight} versus water content
and provide a standard of acceptability for the field tesis,

When field compaction control tests {(Chapter 3) are performed, the
results are compared with the laboratory compaction control chart values
or the family of curves to determine the applicable percent of maximum
density, cilled the relative compaction or sometimes the percent compac-
tion (Equation 3-3), The specifications will give the percent compaction
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reguired, IF this value is not ebtained, addittonal compactive effort or a
change in water content will be regquired to reach the minimum specified
vilue.

The specifications or laboratory compaction control charts will usually
indicate a water content range associated with the maximum required
density or percent compaction. To achieve the proper compaction, the
modsture content can be varied depending on the embankment =oils and
compaction eguipment. However, 10 do this requires specialized testing
and analyses, and field personnel should not attempt such an analysis
without proper training.

Moisture control becomes more critical as the particle size of the
material bemg compacted decreases. Clays are  greatly affecied by
changes in moisture content whereas sands are not. $mall amounts of
fines in granular soils will also affect moisture requirements. Well-graded
materizls will usually exhibit steep, sharp compaction control curves
showing well-defined optimum maisture content (OMC) (Figure 4-2),
Uniform materials, particularly sands, will exhibit flat curves with no
well-defined OMC. These latter matetials may be successfully compacted
at a relatively lurge range of moisture contents, although they may experi-
ence bulking problems at some waier conients.

Weaving or Pomping

Weaving or pumping is an clastic-iype deformation of the soil. When
loaded, the material deforms and as the load is removed, the material
springs back to its orginal position (almost like a waterbed), The con-
struction equipment looks as if it is riding on 8 wave as it travels over the
fill. The sofl will deflect and a wave will be creatcd shead of the wheel, bt
once the equipment moves on, the arca looks the same, although there
may besome eracking of the surface. Wesaving ocours when there §5excess
medsture in the sail that does not have time o drain as the load is appbed,
The load 5 then borpe partly by the sofl structure and parily by ihe pore
water pressure, This gives a temporary elasicily 1o the sod, thus crealing
the weaving or pumping cffect, Note that in this condition the strength of
the sl is substantally reduced.

Trsitially, weaving ts not necessapily damaging 1o the embankment, The
eaniest solutin s o simply stay off the arca and allow the excess pore
witter pressures 10 dissipate naturally, The ol will then tend to regain its
strength, [f the il s weaving under the action of compaction eguipment,
i hghter compactor will produce lower pore water pressures and thus
reduce weaving and pumping. However, repeated loadings will continue
to create cumulative pore pressures and may ultimately result in shear
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failure or ruiting. I & weaving conditiom exists, the engineer should be
called for advice, The engimeer should then explain to the contractor that
continued compaction operations can only worsen the situation.

Rutting

Rutting 15 ¢ surface shear or bearing fallure, As the equipment moves
across the embankment, the loads imposed exceed the shear strength of
the soil, the wheels zink, und deep ruls occur. Rutting desiroys the
previous compaction and makes it impossible to place the pext 1ift o a
uniform thickness. The integrity of the work suffers and the contractor™
operations are hindered, Cotrective measures such as changing the
methed of operation, materials, or loading are wsually the contractor’s
responsibilicy.

COLD WEATHER CONSTRUCTION

It is extremely difficult, wneconomical, and under some crcumstances,
virtually impossible to compact modst or wel soil while freezing tempera-
tures exist and to obtan 1he densities necessary for proper performance of
an embankment,

Experience has shown that, if adequaile densities are not obtained
during construction, significant differential seitlement and sidestope in-
stability will oocur a5 the frozen portions of the embankment thaw.
Depending on the dimensions of the embankment and the location(s) of
the frozen portions, the thawing process may fake several years. The
resuliing poor periormance of the embankment may require sulbstantzal
maintenance expenditures o correct,

Consequently, most agencies lacated in freezing climates and engaged
i garthwork construction do not permit embankment construction dur-
ing the winter months. The only exception is construction using biasted
rock, The specifications of one northeastern state read: “Earthwork
construction operations requiring compaction shall not be performed
from November | through April |, except with written permission of, and
wnder such special conditions and restrictions as may be imposed by the
Regional Director,”

Temperziure has a noticeable effect on soil compaction when the
temperaiure of the aoil is above freezing, Raising soil emperature in-
creaswes the maximum dry density obtained from a given compactive
effort, In contrast, lowering soil temiperature canses the water in the soil
t0 become more viscous, reducing the workability of the soil, and conse-
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gquently, lowering the maximum dry density for & given compactive effort
(Johnson and Sallberg 1962],

Soil temperature becomes critical to the compaction process at approx-
imately 32°F, As the soil temperature falls below 32°F, there is an ime-
mense decrease in the maximum dry density obtained from the applica-
tiomol any given compactive effort. When the watercoating the soil grains
freezes, the three-phase system of sodl grains, water, and air that existed
above 32°F becomes a wo-phase system of soil grains, each coated with
ice and air, This latter system does not oocur at exactly 32°F but an
somewhal lower lemperamires, prohably as a nesult of the heat energy
immprried o the 2oil by the action of the compaction equipment or perhaps
5w result of the pore water chemisiry,

Compaction of s0iis al temperatores bekow freezing was investizated on
i section of Inferstile 47 in Albany, Mew York, by the Bureau of Soil
Mechanics of the New York State Department of Public Works during the
winiler of 1957=15958. The roadway was o an embankment for the entire
lemgth of the project, Construction began in the spring of 1957, and
excellem progress was made during the summer and fall months, In lae
fall the contractor requested permission to continue embankment con-
struction operations during the winter.

Until this time, it was belioved by many, but not all, of the department®s
construction engineers that noncohesive semigranular and clean granular
moterials could be properly compacted ot tempemtures below freezing
with no significant problems, Becouse the only two types of soils to be
compasted were a fine send with a trace of silt (wsed for embankment
construction} ond o sand with some gravel and o trace of silt (used for
trench, bridge, and culvert backfill purposes), permission was granted,
provided that the contractor achieve at all temperatures and at all boca-
tions the dry densities stipulated by the specifications (AASHTO T W9,
standard method). Because the project wes located only a short distance
from the Bureaw of Soil Mechanics laboratory, it offered researchers an
excellent opportunity to stody in detail compaction of these soils at
temperatures below freezing and resolve the controversy concerning
compacting granular soils in freezing temperaiures.

Construction continued into the winter of 1957-1958, The first discov-
ery the bureaw made was that it was essential that the frozen soil exca-
vated from the tast hole be thawed before it was compacted into the
Proctor mold. As embankment construction procecded into December,
the contractor found it inecressingly difficult to schieve the specified
densities and finally ceazed grading operations until spring,

Using the hureau’s frost siudy facilities, the moisture-density relation-
ships for each of the two soil types at T4°F, 3(FF, 20°F, and 10°F ander
both AASHTO T 9% (standard method) and AASHTO T 1803 {maodified
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method) compaction fest procedures were established, The results are
shown in Figure 4-1 for the brown fine sand with a trace of silt and Figure
4.7 for brown sand, some gravel, snd trace of silt. The curves indicate that
an immense increase in compactive effort is required to compact a-soil bt
temperatores below freezing. Ths s particularly true of the finer-groined
soils. Mote that for the brown fine sand with a trace of silt (Figure 4-1],
application of the stunderd compoctive elfort al 74°F achieved a higher
density than application of the modified compactive cffort, which has 4,5
times the enerpy of the standard, ot 30°F,

The curves alse show that et & temperature in the vicinity of 10°F 1o
2FF, dependmg on the soil type, the shape of the moisture-density corve
changes completely, indicating that it may be practically impossible to
properly compect 2 50 8t or below those temperatures with presently
aviilable methads and eguipment.

COMPACTION EQUIPMENT

The compaction equipment that the contractor selects should be deter-
mimned by the type of seils encountered, Certain types of compactors work
better with some types of soils than others, In meny cases, however, the
sontractor will use whatover equipment be already owns or as beased,
Whatever equipment the contractor uses must comply with the specifica-
tion requircments and must be approved by the engincer, Minimum
wheel loads and tire pressurcs for preumatic rollers and minimuwe weight
for steel wheel rollers are specified, whercas For vibratory doem compec-
tors, o spesific frequency range and a minimum dynaniic force arg usually
specified, Length of feet, minimum weight per square inch of cross-
scctional arce of the tamping feet, and operating speed are specified for
sheepalont rollers.

A masimmum B thickness should be specified, depending on the equip-
ment being used or the project soils, or both. [n this way, the inspector
will know in advance the maximum thickness that the controctor wall be
allowed to ploce und compact. The controctor can place thinper [efts if he
chomses,

Poeumatic-tired compactors achieve compaction by the interaction of
{a) wheeal koad, (b) tire size, (¢} tire ply, (d) inflation pressure, and (=) the
kncading action of the rubber tires as they pass over the il Pocumatic-
tired rolien should be ballasted to meet at least the minimum wheel load,

Vibratory drum compactons develop therr compactive effort by vibra-
tiom=, Four machine features must be known m order (o rate vibratory
rollers: (&) unsprung doum weighi, (b) rated dynamic force, (¢) frequency
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at which the rated dynamic force is developed, and (d) drum width, The
contractor or eéguipment suppher should have these data. Vibratory
rollers should operate between 1,100 and 1,50 vpm, and the dynamic
farce at the operating frequency should be ar least 2.5 times the unsprung
dram weight (see the manufacturer's litepnture for the raller). Therefore,
by using the machine datu and the specification requirements, a range of
acceplanle frequencies can be determined

The contractor should be required o provide at least one vibrating reed
tachometer when vibratory rollers are used. This device 2 vsed (o meas-
ure the frequency at which the machine is vibrating. The dynamic force is
proportional 10 the square of the frequency. A reduction in the frequency
will significantly reduce the compactive fiorce. Therefore, the inspector
should monmiior the frequency often.

Compaction of granular sojls is mostly due to the dynamic force created
by a rotating eccentrc weight, Vibratory compactors dramatically lose
their effectiveness when the vibration is shut off because the compaction
is due solely o the static welght of the maching. Satsfaciory compaction
of thick lifis cannet be accomplished in this case,

When sheepsfoot rollers are used, the critenia for job control can be
determined by a test in the ficld, The feet must penetrate into the kbose
lift. If they rde on top, the machine i tod light and the ballast must be
incecased. With succeeding passcs, the fect should “walk cut" of the
layer. The number of passes required for the feet to walk oul of the laver
will then be used o control subsequent layers, I the feet do not walk out,
the machine ix too heavy and is shearing the soils, or the soil 18 100 wet,
The roller should be lightened and a new test should be performed for job
gontrol or the soil should be dried by the methods previousky mentioned.

To be effective, smooth sieel wheel rollers should weigh at least 10 tons
and exert & munimum force of 300 b per hinear mch of width on the
compression roll faces. These data can wsually be obtained by referning Lo
the manufacturer’s specifications for the roller. At least eight passes over
the lift at & maximum speed of 6 see is usually adeguate, These rollers
may be vsed on lifts of B in, or less of compacted thickness,

If the contractor wants fo use equipment thal cannol be placed inte one
of the preceding categories, a job site test should be performed to evalu-
ate the effectiveness of the equipment and determing job control requine-
ments, If such a situation exists, the engineer should be contacted for
WEMSLANCE.

COMPACTION IN CONFINED AREAS

There are two types of compaction: in large aress accessible to full-sized
compactors and in confined areas accessible only to smaller, highly ma-
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neuverahle or hand-operated mechanical compactors, There is no precise
definition of confined arcas; each case shoeld be comsiderad on jte own
merits. For exampie, projects for which the pavement is being widened 2
ft on cither side may be considered to be in aconfined area, even though
the job is 10 mi long, because the subbase material will be placed in a
trench much narrower then the width of conventional embankment com-
praction equiprment,

Compacting material behind a bridge abutment may require high ma-
newverability, which the usual fill compactors do not have. Fipe and
conduit backfill and backfill behind retaining walls and minor structures
are common cases that require confined-area compaction.

Any compaction equipment except hand tampers (unless mechanized)
may be used in confined arcas. Equipment that may not be acceptable in
some sifuations may be acceptable in contined areas. For example, vibra-
tory rollers with small diameter droms end operating st 2 high frequency
shopuddd pod e used Lo com pect large areas, bul ey may be quiie salise-
tory in confined areas. The basc question for a confined-area compactor
is, “Will it do the juh']"'

Material placed within confined areas should be hmited to lifis not
excecding 6 1o 8 in, before compaction. Some equipment may require
evien thinner lifts. The material should then be compacted with a number
of passes sufficient to meet the specification density requirements,

INSFECTION

The feld inspecior has a number of agpects 10 check dunng compaction
operations. There may be different density requirements in different
areas of the fill. Certain types of compaction equipment may work better
with one s0il type than another, However, the comtractor must have
coptrol over hes own operations. I there are (wo ways to perform an
operation, the contractor decides which method to employ. Continuous
indpection can ensure thal the work is performed in accordance with the
specifications.

When specifications reguire certain equipment and methods of opera-
tion, the inspector will be required to verify that the equipment used
complics with the specification requirements. 1f s job site test is required.
the specifics of the test will be determined by the engineer. The inspector
will prubably be required toobserve and measure the results, but it will be
the enginger's responsbility tointerpret them snd determine whether the
contractor has complied with the specifications.

It 15 extremely important that the layer or lift thickness not exceed the
mizximum alkwable thickness. As the hift thicknes increases, the effec-
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teveness of & compactor is reduced sigmificantly because the compactive
stresses at the bottom of the layer are ton low (o ensure proper compac-
100N

From fests using 8 pneumatic-tired roller, it is Known thist stresses are
recheced vy one-half at a depth of 12 or 14 in. The layer thicknesses given
in the specifications should be established so that & desirable minimum
airess level Is exerted at the base of a laver, and together with the
minimum number of passes, will result in proper compaction.

The inspector must also verify the compactive cffort spplied to the hift,
Thus ravelvies checking fo ensure that the compactor apples at least the
minimum number of passes at or below the maximum specified speed.
The initial passes increase the density of the soil considerably. If the
specified minimum number of passes i not applied, then the material at
the bottom of the lift will not be compacted to the desired degree, and
future seitlernent of the layer can be expected.

Verification of the number of passes becomes more significant because
of imitatioes in the amount of density testing and the weadency toward
thicker embankment lifts. The mspector is not going 1o test everything,
but shounld base decisions to test on visusl observations. In an end-result
tvpe of specification (see Chaprer 3, section on Specifications), the type of
equipment and number of passes probably will not be speafied. To
ensure that compactive effort is being obtained. much more density
testing is usually mecessary. Therefore, the inspector must use gond
judgment in such cases.

The stability of the lift under the action of the compactor will usually
dictate the course of getion (o be taken. Corrective sction shouald be taken
when the lift shows significant weaving, pumping, or reiting undee the
action of the compactor (see sections on Weaving and Pumping and
Rutting). This again is a judgment decision on the part of the engncer,
but if 3 machine is merely leaving & tire print, this is not considered to be
significant rutting. However, if the equipment displaces the soil Taterally
outof the wheelpath and leaves a visible rut, then something s wrong and
corrective action must be taken before additional fill layers are placed, In
this case, it does not matier whal the present density is,

The main purpess of inspection of the compacton operations & o
venfy that the embinkment is uniform and dense. A properly placed
embankment will cosure acceptable performance throughout its usclul
life. As a general pule, 8 proper visual inspection of the compaction
operations can ensure thit this result = attained, Once the inspector
knows how the compaction and hauling equipment affects a p:mpcr[:p
compacted layer, the contractor can be allowed to proceed with additional
fill when the minimum specification regurrements fave been met,
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In order 1o become familiar with soil conditions, it will prebably be
necesgary to conduct more density tests at the begimning of the project
and at the time that a new soil iype is encountered. In this way, the
compaction characteristics can be determined for the entirg embankment
Iift rather ihan just at the test location, With the widespread use of the
moisture/density nuclear ganges (see Chaprer 3, section on Density and
Water Content by Nuclear Methods), many more Lests van be conducted
in o shorter me and, thereflore, specification complinnce & more caosily
engsured today than in the past.

Ad deseribed i Chupler 3, sectivn on Specalications wnd Compaction
Control, there ate o number of methods for pecforming field density tests,
such as the sand cons method (AASHTOD T 191%, ballsom method
(AASHTO T 205), and the nuclear gauge (AASHTO T 238). All of these
tesis provide acceptable results. Muclear testing squipment reguires a
special license and may only be used by & licersed operator.

Atthe close of gach day's work, the working surface of the fill should be
crowned, shaped, and rodled with smooth steel wheel or prearmatic-tired
rollers to ensure proper drainage, should it rain overnight. Thus, rainwa-
ter will be directed to the edges of the fill, and unless the rain is intensa
and of long duration, damage to the surface will be fimited to the top few
inches. The next day this wet material may be scraped off to the side o dry
or be allowed to dry in place. Normal construction activities may then
proceed. If, however, a sipnificant rainfall occurs, the water may infilirale
the fill end require extensive corrective action. There will be instznces in
which this 15 unavoideble, but they will be minimized if the preceding
preventive measures are taken.

STRUCTURE BACKFILL

The backfill of structures, pipes, and culverts must be performed cor-
rectly and compacted fo specification requiréments. Improper placement
of backfill material or poor compaction can resall in undesitable settle-
ments and subsidence of the pavement.

Usually, a loose it thickness of & in, and at least the same relative
compaction as specified for the embankment are required. These specifi-
cations, together with the backfill gradation requirements, thorough
inspection, and frequent density testing will penerally ensure satisfactory
results. Because the required degree of compaction is high and the arcas
are confined, the confracior must use small; highly manewverable com-
paction equipment that does not exert high loads on the soil (see section
on Compaction in Confined Areas). It is almost impossble to visually
judge the adequacy of the compaction operations in these areas, and
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much miore frequent densty tess are necessary. See Chapier 7 for addi-
tonal information on structure backfills,

PROOF ROLLING

The specifications may require proof rolling of embankment fills in order
o find areas of poor compaction, and in cuts, areas of the subgrade that
are 50 soft that they will not satisfactorily support the proof roller. Proof
rofling ks done before placement of the subbaze, If the compaction of the
upper embankment layers is not uniform, or if the excavated soil condi-
tions are not uniform and dense, these nonuniformitics will be reflected in
ponr performance and high maintenance of the pavement.

In most jobs, the contractor has had complete control over the con-
struction of the embhankment, and proof rolling will provide a check on
quality control. Because most proof rollers are hatlasred with soal, a
correlation can be determined betwesn height of ballast in the roller box
wnd dafferent gross loads. Anaverage density of 115 pef for the ballzsi will
penerally give satisfactory results,

The proof mller should be operated briefly, and the response of the
embankment under the action of the roller should be watched closely, If
there is consistent lateral displacement of soil oot of the wheelpaths, the
proof roller may be loaded too heavily. Lateral displacement meam
rutting srnd shearng of the soil. Proof relling s not desgned or imtended
o canse the embankment to fml, boi rather 1o poiot oot areas of insde-
quate as well as nonuniform compaction. IF the roller weight is reduced
and congistent rutting still oceurs, the proof roller should be. further
unballasted. This procedure may be followed until the roller does not
conzistently displece the soil.

Omee a final acceptable weight has been determined, thie roller should
muke two complete coverages on the subgrade surface withis the outside
edpes of shoulders (roadway himits), Depressions should be filled with
material similar to the subgrade soil so that uniformity will be main-
tained.

Maujor deficiencies must be corrected; the corrected areanz arz than
recompacted in the normal manner and proof rolled again. All corrected
deficiencies are af the contractor's expense uniil the subgrade surface
shows a sansfactory uniform response to proof rodling. 1t s the earthwork
contractor’s responsibility to provide a suitable foundstion for the pave-
mient structire. Untl this suitable foundation is provided, the earthwork
construction s nel complete, with two exceptions: proof rolling embank-
ments may be eliminated in areas of limited secess or maneuvering space
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when it might damage adjacent construction or when the proof roller may
come within 5 ft of o colvert, pipe, or other condudt.

Because correction of subgrede deficiencies im culs is the owner's
responsibility (see section on Soft Ground ), once an area is undercat and
backfilled by design, proof rolling should not be necessary. For example,
an area ordered by the engineer 10 be undercul and backfilled because
of conditions discovered during construction should ool require proof
rolling.

The proof roller used in cuts is normally loaded o 30 tons gross load
andd has tiresinflated to H0 psic Mote that these conditions may be different
from the ones novmally wed in embankment sections. [t 15 not in the
owner’s interest to overload the roller because this may falsely show more
areas requinng corrective undercut and backhill work,

Two complete pasées are generally satsfactory, The engineer may
require additbonal undercut snd hsckiill work based on the action of the
proot roller on the subgrade. As in embankment sections, proof rolling in
culg is ol intended to destray the subprade, but to pamnt out areas of
inadequate subprade suppor,

TRANSITIONS

As the name implies, fransitions—both longitedingl and transverse—
attempt to provide a pradual change from one subgrade support condition
to another, Sipnificant differences; if they are abrupt, will be adversely
reflected in the finished pavement.

There are two main subgrade condifions in which transitions are neces-
sary: (a) cut to embankment Gl and (b) rock cut to soal cut. Transitions
are generally consirocted with materials, as specified, that contan no
particies that have a maximum dimension greater than 6 in, The intent =
uniformity rather than a material with special properties. Therefore,
specifying a high quality fill material should only be necessary when
conditions warrant, For example, if the soil cut is unstable in a s0dl cut-
rock cut transition, the high quality G materisd shoulkd e continued inmo
the rock cut.

Water m the subgrade may ran along the surfaces of the rock and , unless
it drains, may saturate the soil cul, causing an unstablc condition. The
rock may be naturally fraciured or porous enough to remave any excess
waler. Al times, blasting operations near this rock-soil isterface will
fracture the rock below the required subgrade level and provide an outlet
for the water,

The necessity for longitudinal transitions depends oa conditions ai the
site when the cut is completed: it cannot be determined during design
Therefore, each longitudingl rransition from mock cut 10 40il cut must be
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inspected and evaluated by the enpneer, who will decide whether a
longitudinal transtion should be installed.

BENCHING

When embankments are to be constructed on slopes or where a new fill is
to be placed against an existing embankment, the slopes of the orginal
hillside or existing embankment normally are benched in order to key the
new fill into the existing slope, Benching is usually specified for all
embankments inll:r:mm:ing an existing earth slope that 1s one vertical on
thres horizontal or steeper, either transversely o lngitudinally. Without
benching, the sloping originn ground surface creates & natural plane of
weakness when the embankment fill is builc against i, Benching breaks
up the potential failure plane, thes increasing the stebility of the entire
gystem, The widths of the benches are vanable, depending on the slope
angle, with the height typically held to approsimately 4 £,

SLOPE FROTECTION

Often excavations for carthwork construction intercept the existing
groundwater table, thus interrupting the natural flow of groundwater.
This does not afféct the highway until the groundwater flow emerges on
the cut slope, If the flow & small, there may be oo adverse effects.
However, when the flow is significant and the conditions at the site are
favorable, flowing water can ewuse seepage forces that will in tum cause
the glope 1o shough or fail,

To stabilize slopes under these conditions, a heavy material & placed on
the face of the slope. This materal is heavy enough to hold down the
existing soil even though seepage forces are acting in an outward direc-
Lo, At the same time, it 15 open enough to carry all the water emerging
from the existing soil, A coarse-graded stone, slag, or gravel blanket on
top af a recommended peotextile has proven to be effective in these cases,
The drainage blanket should be designed before comstruction, but
weather conditions during construction will substantially influence the
actual need for such treatment, Chapter 3 comiains additional informanion
on erosion control and drainage.
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