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FOREWORD 
\1\ 
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CHAPTER 1

INTRODUCTION

1-1. Background. Military facilities for the
Army and Air Force have included construction of
buildings and other structures partially below ground
surface. In more recent years, missile launching and
support structures, fallout and blast-protection shel-
ters, and command-control centers have been con-
structed below ground surface. Many of these struc-
tures were constructed using cut-and-cover procedures
and required backfilling within confined areas using
various types of soil.

a. Numerous deficiencies in backfilling operations
occurred in  some of the earlier missile-launch con-
struction programs and caused conditions that jeop-
ardized  the proper functioning of those structures.
Measures to correct deficiencies were both time con-
suming and costly. It was recognized that critical areas
must be delineated and the causes of the deficiencies
be determined and corrected.

b. Measures were taken to alleviate the overall back-
filling problems. These measures were progressive
modification of design and configuration of structures,
more detailed instructions to the construction person-
nel, and close control during construction to ensure
that proper construction practices were being fol-
lowed.

(1) Some of the problem areas were eliminated by
modification of design and configuration of structures
to allow easier placement of backfill and to permit ac-
cess of compaction equipment so that required
densities could beachieved.

(2) Construction personnel were issued more de-
tailed field directives covering some of the particularly
difficult phases of backfill placement.

(3) Inspector training programs were conducted to
point out critical areas and emphasize proper backfill
procedures and the need for continuous surveillance
and close control.

c. The advent of energy efficient structures, partial-
ly embedded below ground level, had increased the use
of backfill. In addition, the ever increasing need for
fuel conservation requires maximum use of all exca-
vated or onsite materials for backfill to reduce fuel
needed for hauling in better materials from offsite.
Thus, innovative planning and design and good con-
struction control using rapid check tests are impera-
tive for all backfill operations.

1-2. Purpose and scope. This manual is for the
guidance of designers, specification writers, and es-
pecially field personnel engaged in designing, plan-
ning, and conducting earthwork operations around
major deep-seated or subsurface structures.

a. The greatest deficiencies in earthwork operations
around deep-seated or subsurface structures occur be-
cause of improper backfilling procedures and inade-
quate construction control during this phase of the
work. Therefore, primary emphasis in this manual is
on backfilling procedures. Design and planning con-
siderations, evaluation and selection of materials, and
other phases of earthwork construction are discussed
where pertinent to successful backfill operations.

b.  Although the information in this manual is pri-
marily applicable to backfilling around large and im-
portant deep-seated or buried structures, it is also ap-
plicable in varying degrees to backfilling operations
around all structures, including conduits.

1-1
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CHAPTER 2

PLANNING AND DESIGN OF STRUCTURES AND
EXCAVATIONS TO ACCOMMODATE BACKFILL OPERATIONS

2-1. General. Many earthwork construction prob-
lems can be eliminated or minimized through proper
design, thorough planning, and recognition of problem
areas effecting backfill operations. Recognition and
consideration must be given in planning to design fea-
tures that will make backfilling operations less diffi-
cult to accomplish. Examples of problem areas and
how forethought in design and planning can help to
eliminate backfill deficiencies are presented in the fol-
lowing paragraphs.

2-2. Effect of excavation and structural
configuration on backfill operations.
Some of the problems encountered in earthwork con-
struction are related to the excavation and the configu-
ration of the structures around which backfill is to be
placed. It is the designer’s responsibility to recognize
these problems and to take the necessary measures to
minimize their impact on the backfill operations.

a. Open zones. An open zone is defined as a backfill
area of sufficient dimensions to permit the operation

of heavy compaction equipment without endangering
the integrity of adjacent structures around which com-
pacted backfill operations are conducted. Figure 2-1
shows examples of open zones. In these zones where
large compaction equipment, can operate, it is general-
ly not too difficult to obtain the desired density if ap-
propriate materials and proper backfill procedures are
used. For areas that can be economically compacted by
heavy equipment, the designer can avoid problems by
including in the design provisions sufficient working
space between structures or between excavation slopes
and structures to permit access by the heavy compac-
tion equipment. Generally, a working space of at least
12 feet between structure walls and excavation slopes
and at least 15 feet between structures is necessary for
heavy equipment to maneuver. In addition to maneu-
vering room, the designer must also consider any ad-
verse loading caused by the operation of heavy equip-
ment too close to structure walls, as discussed in para-
graph 2-3d.

b. Confined zones. Confined zones are defined as
areas where backfill operations are restricted to the
use of small mechanical compaction equipment (fig.
2-2) either because the working room is limited or be-
cause heavy equipment (fig. 2-1) would impose exces-
sive soil pressures that could damage the structure.
Most deficiencies in compacted backfill around subsur-

face structures have occurred in confined zones where
required densities are difficult to achieve because of
restricted working room and relatively low compaction
effort of equipment that is too lightweight. The use of
small equipment to achieve required compaction is
also more expensive than heavy equipment since thin-
ner lifts are required. However, because small compac-
tion equipment can operate in spaces as narrow as 2
feet in width, such equipment is necessary to achieve
the required densities in some areas of most backfill
projects. Therefore, the designer should plan structure
and excavation areas to minimize the use of small com-
paction equipment.

c. Structure configuration. The designer familiar
with backfilling operations can avoid many problems
associated with difficult to reach confined zones,
which are created by structural shapes obstructing the
placement and compaction of backfill, by considering
the impact of structural shape on backfill operations.
In most cases, structural shapes and configurations
that facilitate backfill operations can be used without
significantly affecting the intended use of the struc-
ture.

(1) Curved bottom and wall structures. Areas be-
low the spring line of circular, elliptical, and similar
shaped structures are difficult to compact backfill
against because compaction equipment cannot get un-
der the spring line. If possible, structures should be de-
signed with continuously curved walls and flat floors
such as in an igloo-shaped structure. For structures
where a curved bottom is required to satisfy the in-
tended function, it may be advisable for the designer
to specify that a template shaped like the bottom of
the structure be used to guide the excavation below the
spring line so that uniform foundation support will be
provided.

(2) Complex structures. Complex structures have
variable shaped walls and complex configurations in
plan and number of levels. These structures can also be
simple structures interconnected by access shafts, tun-
nels, and utility conduits. Because of their irregular
shapes and configurations the different types of struc-
tures significantly increase excavation and backfill
problems.

(a) Typical examples of complex structures are
stepped multilevel structures and multichambered
structures with interconnecting corridors (fig. 2-3).
Complex structures are generally more difficult to

2 - 1
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Figure  2- 1. Open backfill zones.

compact backfill around and are more likely to have
settlement problems (para 2-3a). Although the multi-
level step structure (fig. 2-3a) is not particularly diffi-
cult to compact backfill around, at least for the first
level, the compaction of backfill over the offset struc-
ture will generally require the use of small equipment.
Small equipment will also be required for compaction
of backfill around and over the access corridor and be-
tween the two chambers (fig. 2-3b). Where possible,
the design should accommodate intended functions
into structures with uniformly shaped walls and a sim-
ple configuration.

(b) Where structures of complex configurations
are necessary, construction of a three-dimensional
model during the design and planning phases will be
extremely beneficial. From the model, designers can
more easily foresee and eliminate areas in which it
would be difficult to place and compact backfill.

d. Service conduits. Since compaction of backfill is
difficult around pipes and conduits, utility lines should

be grouped together or placed in a single large conduit
where feasible rather than allowed to form a haphaz-
ard maze of pipes and conduits in the backfill. Utility
lines should be run either horizontally or vertically
wherever possible. Plans for horizontally run appur-
tenances, such as utility lines, access tunnels, and
blast-delay tubing, should be coordinated with the ex-
cavation plans so that wherever feasible these appur-
tenances can be supported by undisturbed soils rather
than by compacted backfill.

e. Excavation plans. The excavation plans should be
developed with the backfill operations and the struc-
ture configurations in mind. The excavation and all
completed structures within the excavation should be
conducive to good backfill construction procedures,
and access should be provided to all areas so that com-
paction equipment best suited to the size of the area
can be used. The plans for excavation should also pro-
vide for adequate haul roads and ramps. Positive exca-
vation slopes should be required in all types of soil de-

2-2
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Figure 2-2. Confined backfield zones.

(a) TWO-STORY STRUCTURE

(b) CONNECTING STRUCTURES

Figure 2-3. Complex structures.
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posits to facilitate compaction of backfill against the
slope and to ensure good bond between the backfill and
the excavation slopes. Loose material should be re-
moved from the excavation slopes; in some cases,
benches may be required to provide a firm surface to
compact backfill against.

f. Lines and grades. Care should be exercised in
planning lines and grades for excavation to ensure
that uniform, adequate support is provided at the
foundation level of important structures. Generally,
foundations consisting of part backfill and part undis-
turbed materials do not provide uniform bearing and
should be avoided wherever possible. The foundation
should be overexcavated where necessary, and back-
filled with compacted select material to provide unif-
orm support for the depth required for the particular
structure. Where compacted backfill is required be-
neath a structure, the minimum depth specified should
be at least 18 inches.

g. Thin- walled metal structures. Thin-walled, corru-
gated metal structures are susceptible to deflections of
structural walls when subjected to backfill loads. Ad-
verse deflections can be minimized by planning back-
fill operations so that compacted backfill is brought up
evenly on both sides of the structure to ensure uniform
stress distribution. Temporary surcharge loads applied
to the structure crown may also be required to prevent
vertical distortions and inward deflection at the sides.

2-3. Backfill problem areas. Other features
that have the potential to become problem areas are
discussed in the following paragraphs. These potential
problem areas have to be considered during the plan-
ning and design phases to minimize deficiencies in
structure performance associated with backfill place-
ment and to make backfilling operations less difficult.

a. Settlement and downdrag. In the construction of
underground structures and particularly missile-
launch-site facilities, tolerances to movement are often
considerably less than those in normal construction.
The design engineer must determine and specify allow-
able tolerances in differential settlement and ensure
that differential settlement is minimized and/or ac-
commodated. Settlement analysis procedures are out-
lined in TM 5-818-l/AFM 88-3, Chapter 7. See ap-
pendix A, References.

(1) Critical zones. Critical backfill zones are those
immediately beneath most structures. Consolidation
and swelling characteristics of backfill materials
should be thoroughly investigated so that materials
having unfavorable characteristics will not be used in
those zones. Some settlement can be expected to take
place, but it can be minimized by requiring a higher
than normal compacted density for the backfill. Cohe-
sive backfill compacted at a water content as little as 3

2-4

to 4 percentage points below optimum may result in
large settlements caused by collapse of nonswelling
soil material or heave of swelling materials upon sat-
uration after construction. Compacting cohesive back-
fill material at optimum water content or slightly on
the wet side of optimum generally will reduce the
amount of settlement and swelling that would occur.
The reduction should be confirmed by consolidation
and swell tests on compacted specimens (para 3-2b(4)).

(2) Service conduits. Settlement within the back-
fill around structures will also occur. A proper design
will allow for the estimated settlement as determined
from studies of consolidation characteristics of the
compacted backfill. Where service conduits, access cor-
ridors, and similar facilities connect to the structure
oversize sleeves, flexible connections and other protec-
tive measures, as appropriate, may be used to prevent
damage within the structure.

(3) Differential settlement. Complex structures
are more susceptible to differential settlement because
of the potential for large variations in loads carried by
each component foundation. In the multilevel stepped
structure (fig. 2-3a), the foundation supporting the
lower level offset component must also support the
volume of backfill over that part of the structure.
Measures must be taken to ensure that the proper
functioning of all elements is not hampered by differ-
ential settlement. The increased cost of proper design
and construction where unusual or difficult construc-
tion procedures are required is insignificant when
compared with the cost of the structure. The cost of re-
medial measures to correct deficiencies caused by im-
proper design and construction usually will be greater
than the initial cost required to prevent the deficien-
cies.

(4) Downdrag. In addition to conventional service
loads, cut and cover subsurface structures are suscepti-
ble to downdrag frictional forces between the struc-
ture and the backfill that are caused by settlement of
the backfill material adjacent to and around the struc-
ture. Downdrag loads can be a significant proportion
of the total vertical load acting on the structure and
must be considered in the structure settlement analy-
sis. Structure-backfill friction forces may also generate
significant shear forces along the outer surface of
structures with curve-shaped roofs and walls. The
magnitude of the friction forces depends upon the type
of backfill, roughness of the structure’s surface, and
magnitude of earth pressures acting against the struc-
ture. Techniques for minimizing downdrag friction
forces generally include methods that reduce the struc-
ture surface roughness such as coating the structure’s
outer surface with asphalt or sandwiching a layer of
polyethylene sheeting between the structure’s outer
surface and fiberboard (blackboard) panels. Backfill
settlement and associated downdrag can also be mini-
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Figure 2-4. Excavation subject to bottom heave.

mized by requiring higher backfill densities adjacent
to the structure.

mized by adequate planning and implementation of
groundwater investigations.

b. Groundwater. Groundwater is an important
consideration in planning for construction of subsur-
face structures. If seepage of groundwater into the ex-
cavation is not adequately controlled, backfilling
operations will be extremely difficult. The ground-
water level must be lowered sufficiently (at least 2 to 3
feet for granular soils and as much as 5 to 10 feet for
fine-grained soils below the lowest level of backfilling)
so that a firm foundation for backfill can be estab-
lished. If the level is not lowered, the movement of
hauling or compaction equipment may pump seepage
water through the backfill, or the initial backfill layers
may be difficult to compact because of an unstable
foundation. Since the proper water content of the
backfill is essential for achieving proper compaction,
prevention of groundwater seepage into the excava-
tion during backfilling operations is mandatory.
Figure 3-14 of EM 1110-2-1911  shows a method for
dewatering rock foundations.

(1) The contractor is generally responsible for the
design, installation, and operation of dewatering
equipment. The Corps of Engineers is responsible for
specifying the type of dewatering system and evaluat-
ing the contractor’s proposed dewatering plan. Since
the dual responsibility of the contractor and the Corps
relies on a thorough understanding of groundwater
conditions, inadequate dewatering efforts can be mini-

(2) The possibility of hydraulic heave in cohesive
material must also be investigated to ensure stability
of the excavation floor. Hydraulic heave may occur
where an excavation overlies a confined permeable
stratum below the groundwater table (fig. 2-4). If the
upward hydrostatic pressure acting at the bottom of
the confining layer exceeds the weight of overburden
between the bottom of the excavation and the confin-
ing layer, the bottom of the excavation will rise bodily
even though the design of the dewatering system is
adequate for control of groundwater into the excava-
tion. To prevent heave, the hydrostatic pressure be-
neath the confined stratum must be relieved.

(3) Subsurface structures located in part or wholly
below the groundwater table require permanent pro-
tection against groundwater seepage. The type of pro-
tection may range from simple impermeable barriers
to complex permanent dewatering systems.

(4) Dewatering and groundwater control proce-
dures are described in TM 5-818-5/NACFAC
P-418/AFM 88-5, Chapter 6.

c. Gradation and filter criteria for drainage materi-
als. Groundwater control is often accomplished by
ditches positioned to intercept the flow of groundwa-
ter and filled with permeable granular material. The
water is generally collected in perforated pipes located
at the bottom of the ditch and pumped to a suitable

2-5
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discharge area. Such drainage systems are referred to
as filter drains. The gradation of the granular filter
material is critical for the functioning of the system.
Selection of the proper gradation for the filter materi-
al is dependent upon the gradation of the material that
is being drained. Drainage of silts and clays usually re-
quires a graded filter made up of several layers of
granular material with each layer having specific re-
quirements for maximum grain size and gradation. De-
tails on the design of filter drains are presented in TM
5-818-5/NAVFACP-418/AFM 88-5, Chapter 6.

(1) Selected material. If materials at the jobsite do
not meet the designed filter requirements, select ma-
terial must be purchased from commercial sources and
shipped to the jobsite. Filter material must be stock-
piled according to gradation. For graded filter sys-
tems, the materials must be placed with care to mini-
mize mixing of individual components.

(2) Filter  cloths. Both woven and nonwoven filter
cloths, which have been found satisfactory for use as a
filter media for subsurface drains, are available. When
granular filter materials are not economically
available, a single wrap of filter cloth around a pipe
may be used in lieu of a coarser backfill. When
available granular filter material is too coarse to satis-
fy filter criteria for the protected soil, a single layer of
filter cloth may be used adjacent to the protected soil.
To reduce the chance of clogging, no filter cloth should
be specified with an open area less than 4 percent and
or equivalent opening size (EOS) of less than the No.
100 sieve (0.0059 inch). A cloth with openings as large
as allowable should be specified to permit drainage
and prevent clogging. Additional information on air-
field drainage is contained in TM 5-820-2/AFM 88-5,
Chapter 2.

(3) Other uses. Filter cloth can also provide pro-
tection for excavated slopes and serve as a filter to pre-
vent piping of fine-grained soils. In one project, sand
was not available for backfill behind a wall and coarse
gravel had to be used to collect seepage. The filter
cloth used to protect the excavated slope served as a
filter against piping of the natural silty clay under
seepage gradients out of the excavated slope after the
coarse gravel backfill was placed.

d. Earth pressures. The rationale design of any
structure requires the designer to consider all loads
acting on the structure. In addition to normal earth
pressures associated with the effective pressure dis-
tribution of the backfill materials, subsurface cut-and-
cover structures may also be subjected to surcharge
loads caused by heavy equipment operating close to
the structure and by increased permanent lateral earth
pressures caused by compaction of backfill material
with heavy equipment. Procedures for predicting nor-
mal earth pressures associated with the effective pres-
sure of backfill materials are discussed in TM
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5-818-1/AFM 88-3, Chapter 7, EM 1110-2-2902,
and EM 1110-2-2502.

(1) Exact solutions for surcharge earth pressures
generated by heavy equipment (or other surcharge
loads) do not exist. However, approximations can be
made using appropriate theories of elasticity such as
Boussinesq’s equations for load areas of regular shape
or Newmark’s charts for irregular shaped load areas as
given in NAVFAC DM-7. As a conservative guide,
heavy-equipment surcharge earth pressures may be
minimized by specifying that heavy compaction equip-
ment maintain a horizontal distance from the struc-
ture equivalent to the height of the backfill above the
structure’s foundation.

(2) Compaction-induced earth pressures can cause
a significant increase in the permanent lateral earth
pressures acting on a vertical wall of a structure (fig.
2-5a). This diagram is based on the assumption that
the equipment can operate to within 6 inches of the
wall. Significant reductions in lateral pressures occur
as the closest allowable distance to the wall is in-
creased (fig. 2-5b). For an operating distance 5 feet
from the wall, the induced horizontal earth pressure is
much less than that caused by the backfill. The magni-
tude of the increase in lateral pressure is dependent,
among other factors, on the effective weight of the
compaction equipment and the weight, earth pressure
coefficient, and Poisson’s ratio of the backfill material.
Compaction-induced earth pressures against walls are
also described in TM 5-818-l/AFM 88-3, Chapter 7,
and EM 1110-2-2502.

(3) The designer must evaluate the economics of
the extra cost of structures designed to withstand very
close-in operation of heavy compaction equipment
versus the extra cost associated with obtaining re-
quired compaction of backfill in thin lifts with smaller
compaction equipment. A more economical alternative
might be to specify how close to the walls different
weights of compaction equipment can be operated.

(4) One method of reducing lateral earth pres-
sures behind walls has been to use about 4 feet of un-
compacted granular (sand or gravel) backfill above the
base of the wall. Soil backfill can then be compacted in
layers above the granular backfill. Compression of the
granular material prevents the buildup of excessive
lateral pressures against the wall.

e. Structural  backfill. Structural backfill is defined
as the compacted backfill required over and around a
structure to prevent damage from heavy equipment
operating over or near the structure. This backfill
must be compacted using small compaction equip-
ment, such as mechanical rammers or vibratory-plate
compactors, or intermediate size equipment such as
walk-behind, dual-drum vibratory rollers. The hori-
zontal and vertical distances from the structure for
which structural backfill is required should be deter-
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a. MAXIMUM INDUCED LATERAL PRESSURES

b. EFFECT OF DISTANCE FROM WALL

Figure  2-5. Excess lateral pressure against vertical walls induced by compaction.
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mined from estimates of loads acting on the structure
caused by heavy equipment and on the strength of the
embedded structure members as discussed in d above.
A 2-foot cover over small utility conduits and pipes is
adequate protection where proper bedding procedures
are followed. The minimum cover requirements over
larger diameter (6 inches or greater), rapid and flexible
pipes are presented in appendix II of TM 5-820-
4/AFM 88-5, Chapter 4.

f. Slopes and bracing. Where open excavation is
planned, consideration should be given to the slopes to
which the materials to be encountered can be cut and
remain stable. The stability analysis should include
the strength of the materials, groundwater conditions,
and any surcharge load that may be imposed as the re-
sult of stockpiles being placed or equipment operating
near the crest of the excavation. Slope stability evalua-
tion procedures are described in TM 5-818-1/AFM
88-3, Chapter 7. Shoring and bracing should be used
to support excavation slopes where it is not feasible to
excavate to stable slopes (TM 5-818-l/AFM 88-3,
Chapter 7). Requirements for shoring and bracing
safety are presented in EM 385-l-l.

g. Bedding for curved-bottom structures. Founda-
tions for pipes, conduits, access tunnels, fuel and wa-
ter storage tanks, and other curved-bottom structures
constructed within the backfill are considered critical
zones that require special attention. Any bedding ma-
terial used should be free of stones or other large parti-
cles that would lead to nonuniform bearing. One of the
most important functions of any bedding procedure is
to provide firm support along the full length of the
structure. For areas where it is difficult to perform
field density control tests because of limited working
space, a procedure to ensure that proper compaction is
obtained must be employed. Several methods of ob-
taining adequate bedding are discussed in paragraph
5-1c (2).

h. Cold weather construction. Cold weather can
have a very adverse effect on backfilling operations
and can cause considerable delay. If possible, the proj-
ect should be planned to complete backfilling opera-
tions prior to any extended period of freezing tempera-
tures. The contractor and the resident engineer must
keep up to date with weather data so that the con-
tractor can plan the equipment and construction force
required to meet the construction schedule and to pro-
tect the work already accomplished.

(1) The designer must establish definite limita-
tions and requirements regarding placement of back-
fill when the ambient temperature is below freezing.
Most inorganic soils, particularly silts and lean clays,
containing 3 percent, by weight, or more of particles
finer than 0.02 millimetre in diameter are frost sus-
ceptible. Such soils, when frozen in the presence of an
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available source of water, develop segregated ice in the
form of lenses, layers, veins, or masses commonly, but
not always oriented normal to the direction of heat
loss. The expansion of the soil mass resulting from ice
segregation is called frost heave. Frost heave of soil
under and against structures can cause detrimental ef-
fects, which can be compounded during subsequent
thawing by differential movement, loss of density, and
loss of shear strength. Soils of this type should not be
placed during or immediately prior to freezing
temperatures and must not be placed in critical areas.
Nonfrost susceptible soils should be used at the
finished grade to the depth of frost penetration when
the finished grade serves as a load-bearing surface.

(2) Additives, such as calcium chloride, can be
used to lower the freezing temperature of soil water,
but such additives will ordinarily also change the com-
paction and water content requirements. Therefore,
additives must not be used without prior investigation
to determine their effect on compaction and water con-
tent requirements. Dry sand or sand-gravel mixtures
can be placed satisfactorily when temperatures are be-
low freezing without serious effects.

(3) Protection must be provided for in-place
permanent backfill in critical areas, such as those
around and under structures and embedded items al-
ready placed. To preclude structural damage from pos-
sible frost heave, backfill materials around such struc-
tures should be insulated with a protective covering of
mulch, hay, or straw. In some instances, loose lifts of
soil can be used for insulation. However, rock or sand
is too porous to provide sufficient insulation and too
permeable to resist water penetration. If soil is to be
used as an insulating material, a material completely
foreign to the permanent fill, such as straw or building
paper, should be laid down prior to placement of the
insulation fill so that there will be a marked distinc-
tion between the permanent and the temporary insula-
tion fills. In this way, when the insulation fill is re-
moved, the stripping limits can be readily discerned.

(4) Flooding of the excavation has also been used
successfully to prevent frost penetration of the in-
place permanent backfill. However, consideration
must be given to possible detrimental effects of
saturating in-place backfill and the delay of removing
the water at the beginning of the next construction
season if it freezes into a solid mass of ice.

(5) Concrete walls and floors of completed struc-
tures provide poor insulation for the fill around and
beneath these structures. Therefore, these structures
should be enclosed as much as possible and kept closed
during the winter when construction is halted because
of adverse freezing weather. Reinforcing steel protrud-
ing from a partially completed structure will conduct
cold through the concrete and increase the rate and
depth of frost penetration beneath the structure.



Every effort should be made to schedule construction
so that this condition will be kept to a minimum, and
protection must be required where necessary.

i. Seismic zones. The design considerations for sub-
surface structures subjected to dynamic loads caused
by seismic activity or explosive devices are beyond the
scope of this manual. Design details are provided in
TM 5-818-1/AFM 88-3, Chapter 7, and ER
1110-2-1806. Specific problems relating to backfill
operations are primarily limited to possible potential
for dynamically induced liquefaction. Certain materi-
als are particularly susceptible to liquefaction; these
include saturated gravels, sands, silts, and clayey
sands and gravel. Where these materials are used as
backfill, the potential for liquefaction can be mini-
mized by requiring a high degree of compaction,
particularly in critical areas such as beneath footings
and under the spring line of curved wall structures.
The requirements for materials susceptible to liquefac-
tion are discussed in paragraph 3 - 3d.

2-4. Instrumentation. For important struc-
tures of unique design or for structures where the po-
tential for postconstruction distress exists, instrumen-
tation of the structure should be considered. The in-
strumentation program may include monitoring the
amount and rate of settlement, movement of retaining
walls and other structural elements, development of
stresses within the structure, and development of hy-
drostatic and earth pressures against the structure.
Analysis of the data will furnish a check on design as-
sumptions and indicate what measures must be taken
to relieve or correct undesirable conditions before
distress develops. Information of this nature can also
be of significant value in future design and construc-
tion.

a. Requirements. Specific requirements for instru-
ments are ruggedness, reliability over the projected
service life, and simplicity of construction, installa-
tion, and observation. Other important considerations
in selecting the type of instruments are cost and
availability. Manufacturers of devices considered for
installation should be asked to provide a list of projects
on which their devices have been installed, and previ-
ous users of new equipment should be contacted to as-
certain their operating experiences.

b. Installation and observation of instrumentation.
A rational instrumentation program must use the
proper type of instruments and have the instruments
installed properly at critical locations. Valid readings
often depend on techniques and procedures used in in-
stalling and observing the instrumentation.

(1) Schedules for observations are generally estab-
lished by the design office. Initial observations should
be checked to assure their validity and accuracy, since
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these readings usually form the basis to which subse-
quent observations are related. Observations should be
plotted immediately after each set of readings is taken
and evaluated for reasonableness against previous sets
of readings. In this way, it is often possible to detect
errors in readings and to obtain check readings before
significant changes in field conditions occur.

(2) EM 1110-2-1908 discusses in detail various
types of instrumentation devices; procedures for in-
stallation, observation, and maintenance; collection,
recording, analysis, and reporting of data; and possible
source of error and causes of malfunctions.

2-5. Optimum cost construction. The de-
signer should consider all details of the construction
process to ensure a safe and operational facility at the
lowest possible cost.

a. Energy requirements. The consideration of ener-
gy requirements is important not only for economical
reasons but also for the critical need to conserve ener-
gy wherever possible. It should not be the intent of the
design engineer to unduly restrict the competitive na-
ture of current contractural procedures. Nevertheless,
there are certain alternatives that the designer may
specify that potentially could lead to more energy effi-
cient construction with cost saving being reflected in
bid prices. Some of the possible alternatives that
should be considered are discussed below.

(1) Sources of suitable select backfill material
should be located as close to the project site as possi-
ble. The source may be either a borrow area or a com-
mercial vendor.

(2) Hauling routes to and from the source of back-
fill and the project site should follow the most direct
route.

(3) Only compaction equipment that will compact
the specific backfill to the required density in an effi-
cient manner should be approved for use. For large
projects, the designer may require that the contractor
demonstrate the capabilities of the equipment he in-
tends to use prior to construction.

(4) If possible, material from excavations or with-
in the immediate vicinity of the project site should be
used as backfill, even though such material may be
marginally suitable. The engineering characteristics of
marginal material may be enhanced by the use of addi-
tives (para 3-3d).

(5) The energy requirements for adequate cold
weather protection of construction personnel and
structures can be considerable. For project sites sub-
ject to seasonal cold weather, construction should not,
if possible, be scheduled during extreme cold weather
periods.

b. Value engineering. Potential cost savings may be
realized by encouraging the contractor to participate
in value engineering, whereby the contractor shares
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any project saving derived from realistic cost-saving
suggestions submitted.
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CHAPTER 3

EVALUATION, DESIGN, AND PROCESSING
OF BACKFILL MATERIALS

3-1. General. The evaluation, design, and proper
processing of backfill materials are extremely impor-
tant phases of the preconstruction operations. The
purpose of the evaluation phase is to determine the en-
gineering characteristics of potential backfill materi-
als. The design phase must take into account the engi-
neering characteristics required of the backfill and
specify materials that, when compacted properly, will
have these characteristics. Proper processing of the
backfill material will ensure that desirable engineering.
characteristics will be obtained as the material is
placed.

3-2. Evaluation of backfill materlals.
Evaluation of backfill materials consists of explora-
tion, sampling, and laboratory testing to determine
the engineering characteristics of potential backfill
materials. Detailed instructions for exploration, sam-
pling, laboratory testing, and foundation design are
presented in TM 5-818-1/AFM 88-3, Chapter 7. How-
ever, to emphasize the need for an adequate investiga-
tion, some aspects of planning and investigation that
should be considered are discussed in the following
paragraphs.

a. Field exploration and sampling. Field exploration
and sampling are extremely important to the design of
foundations, selection of backfill, and planning for
construction. A great amount of material will be avail-
able from required excavations, and the investigation
for foundation conditions should include the sampling
and evaluation of these materials for possible use as
backfill. Where an adequate volume of suitable back-
fill cannot be obtained from the construction excava-
tion, the exploration and sampling program must be
expanded to find other sources of suitable material
whether from nearby borrow areas or commercial
sources.

(1) The purpose of the investigation is to delineate
critical conditions and provide detailed information on
the subsurface deposits so that proper design and con-
struction, including backfilling operations, can be ac-
complished with minimum difficulty. Thus careful
planning is required prior to the field exploration and
sampling phase of the investigation. Available geo-
logic and soil data should be studied, and if possible,
preliminary borings should be made. Once a site has
been tentatively selected, orientation of the structure
to the site should be established. The engineer who

plans the detailed field exploration program must
have knowledge of the structure, i.e., its configuration
and foundation requirements for design loads and set-
tlement tolerances. The planning engineer should also
know the type and quantity of backfill required. The
importance of employing qualified field exploration
personnel cannot be overemphasized. The exploration
crews should be supervised in the field by a soils engi-
neer or geologist familiar with the foundation and
backfill requirements so that changes can be made in
the exploration program where necessary to provide
adequate information on subsurface conditions.

(2) The field engineer should also know the loca-
tion of significant features of the structure so that
sampling can be concentrated at these locations. In ad-
dition, he should have an understanding of the engi-
neering characteristics of subsurface soil and rock de-
posits that are important to the design of the structure
and a general knowledge of the testing program so
that the proper type and quantity of samples will be
obtained for testing.

(3) From the samples, the subsurface deposits can
be classified and boring logs prepared. The more con-
tinuous the sampling operation, the more accurate will
be the boring logs. All borings should be logged with
the description of the various strata encountered as
discussed in TM 5-818-1/AFM 88-3, Chapter 7. Accu-
rate logging and correct evaluation of all pertinent in-
formation are essential for a true concept of subsur-
face conditions.

(4) When the exploratory borings at the construc-
tion site have been completed, the samples and logs of
borings should be examined to determine if the materi-
al to be excavated will be satisfactory and in sufficient
quantity to meet backfill requirements. Every effort
should be made to use the excavated materials; how-
ever, if the excavated materials are not satisfactory or
are of insufficient quantity, additional exploration
should be initiated to locate suitable borrow areas. If
borrow areas are not available, convenient commercial
sources of suitable material should be found. Backfill
sources, whether excavation, borrow, or commercial,
should contain several times the required volume of
compacted backfill.

(5) Groundwater studies prior to construction of
subsurface structures are of the utmost importance,
since groundwater control is necessary to provide a
dry excavation in which construction and backfilling
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operations can be properly conducted. Data on ground-
water conditions are also essential for forecasting con-
struction dewatering requirements and stability prob-
lems. Groundwater studies must consist of investiga-
tions to determine: groundwater levels to include any
seasonal variations and artesian conditions; the loca-
tion of any water-bearing strata; and the permeability
and flow characteristics of water-bearing strata. Meth-
ods for investigating groundwater conditions are de-
scribed in TM 5-818-1/AFM 88-3, Chapter 7, and TM
5-818-5/NAVFACP-418/AFM 88-5, Chapter 6.

b. Laboratory testing. The design of any foundation
is dependent on the engineering characteristics of the
supporting media, which may be soil or rock in either
its natural state or as compacted backfill. The labora-
tory testing program will furnish the engineer infor-
mation for planning, designing, and constructing sub
surface structures. Laboratory testing programs usual-
ly follow a general pattern and to some extent can be
standardized, but they should be adapted to particular
problems and soil conditions. Special tests and re-
search should be utilized when necessary to develop
needed information. The testing program should be
well planned with the engineering features of the
structure and backfill in mind; testing should be con-
centrated on samples from areas where significant fea-
tures will be located but should still present a complete
picture of the soil and rock properties. The laboratory
test procedures and equipment are described in TM
5-818-1/AFM 88-3, Chapter 7, EM 1110-2-1906,
and MIL-STD-621.

(1) Identification and classification of soils. The
Unified Soil Classification System used for classifying
soils for military projects (MIL-STD-619 and TM
5-818-1/AFM 88-3, Chap. 7) is a means of identifying
a soil and placing it in a category of distinctive engi-
neering properties. Table 3-1 shows the properties of
soil groups pertinent to backfill and foundations.
Using these characteristics, the engineer can prepare
preliminary designs based on classification and plan
the laboratory testing program intelligently and eco-
nomically.

(a) The Unified Soil Classification System clas-
sifies soils according to their grain-size distribution
and plasticity characteristics and groups them with re-
spect to their engineering behavior. With experience,
the plasticity and gradation properties can be esti-
mated using simple, expedient tests (see table 2-2 and
2-3 of TM 5-818-1/AFM 88-3, Chap. 7 or AFM 89-3,
Chap. 2) and these estimates can be confirmed using
simple laboratory tests. The principal laboratory tests
performed for classification are grain-size analyses
and Atterberg limits.

(b) The engineering properties in table 3-1 are
based on “Standard Proctor” (CE 25) maximum
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density except that the California Bearing Ratio (CBR)
and the subgrade modulus are based on CE 55 maxi-
mum density. This information can be used for initial
design studies. However, for final design of important
structures, laboratory tests are required to determine
actual performance characteristics, such as CE 55
compaction properties, shear strength, permeability,
compressibility, swelling characteristics, and frost sus-
ceptibility where applicable, under expected construc-
tion conditions.

(c) The Unified Soil Classification System is
particularly useful in evaluating, by visual examina-
tion, the suitability of potential borrow materials for
use as compacted backfill. Proficiency in visual clas-
sification can be developed through practice by com-
paring estimated soil properties with results of labora-
tory classification tests.

(2) Compaction testing. Compaction test proce-
dures are described in detail in MIL-STD-621 and
ASTM D 1557 (app. A). It is important that the de-
signer and field inspection personnel understand the
basic principles and fundamentals of soil compaction.
The principles of soil compaction are discussed in ap-
pendix B of this manual.

(a) The purpose of the laboratory compaction
tests are to determine the compaction characteristics
of available backfill materials. Also, anticipated field
density and water content can be approximated in lab
oratory-compacted samples in order that other engi-
neering properties, such as shear strength, compressi-
bility, consolidation, and swelling, can be studied. For
most soils there is an optimum water content at which
a maximum density is obtained with a particular com-
paction effort. A standard five-point compaction curve
relating density and water content (fig. B-1, app. B)
can be developed by the procedures outlined in MIL-
STD-621.

(b) The impact compaction test results normally
constitute the basis on which field compaction control
criteria are developed for inclusion in the specifica-
tions. However, for some cohesionless soils, higher
densities can be obtained by the vibratory compaction
method (commonly referred to as maximum relative
density), described in appendix XII of EM 1110-2-
1906. The required field compaction is generally speci-
fied as a percentage of laboratory maximum dry densi-
ty and referred to as percent CE 55 maximum density.
Water content is an important controlling factor in ob-
taining proper compaction. The required percentage of
maximum dry density and the compaction water con-
tent should be selected on the basis of the engineering
characteristics, such as compression moduli, settle-
ment, and shear strength, desired in the compacted
backfill. It should be noted that these characteristics
could be adversely effected by subsequent increases in
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(3) Shear strength testing. When backfill is to be
placed behind structure walls or bulkheads or as
foundation support for a structure, and when fills are
to be placed with unrestrained slopes, shear. tests
should be performed on representative samples of the
backfill materials compacted to expected field densi-
ties and water contents to estimate as-constructed
shear strengths. The appropriate type of test required
for the conditions to be analyzed is presented in TM
5-818-1/AFM 88-3, Chapter 7. Procedures for shear
strength testing are described in EM 1110-2-1906.

water content after placement. This situation could re-
sult from an increase in the groundwater level after
construction.

(c) Density control of placed backfill in the field
can be facilitated by the use of rapid compaction check
tests (para 7-5c). A direct rapid test is the one-point
impact compaction test. Rapid indirect tests, such as
the Proctor needle penetration for cohesive soils or the
cone resistance load for cohesionless soils, can also be
used when correlations with CE 55 maximum density
have been established.
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(4) Consolidation and swell testing. The rate and
magnitude of consolidation under a given load are in-
fluenced primarily by the density and type of soil and
the conditions of saturation and drainage. Fine-
grained  soils  generally  consolidate  more and  at  a
slower rate than coarse-grained soils. However, poorly
graded, granular soils and granular soils composed of
rounded particles will often consolidate significantly
under load but usually at a relatively fast rate.

(a) The procedure for the consolidation test is
outlined  in EM 1110-2-1906. The information ob-
tained in this test can be used in settlement analyses to
determine the total settlement, the time rate of settle-
ment, and the differential settlement under varying
loading conditions. Consolidation characteristics are
important considerations in selection of backfill mate-
rials. The results of consolidation tests performed on
laboratory compacted specimens of backfill material
can be used in determining the percent compaction to
be required in the specifications.

(b) Swelling characteristics can be determined
by a modified consolidation test procedure. The degree
of swelling and swelling pressure should  be deter-
mined on all backfill and foundation materials sus-
pected of having swelling characteristics. This fact is
particularly important when a considerable overbur-
den load is removed by excavation or when the com-
pacted backfill with swelling tendencies may become
saturated upon removal of the dewatering system and
subsequent rise of the groundwater level. The results
of swelling tests can be used to determine the suitabil-
ity of material as backfill. When it is necessary to use
backfill materials that have a tendency to swell upon
saturation because more suitable materials are un-
available, the placement water content and density
that will minimize swelling can be determined from a
series of tests. TM 5-818-1/AFM 88-3, Chapter 7,
and FHWA-RD-79-51 (app. A) provide further infor-
mation applicable to compacted backfills.

(5) Permeability tests. Permeability tests to deter-
mine the rate of flow of water through a material can
be conducted in the laboratory by procedures described
in EM 1110-2-1906. Permeability characteristics of
fine-grained materials at various densities can also be
determined from consolidation tests.

(a) Permeability characteristics for the design
of permanent drainage systems for structures founded
below the groundwater level must be obtained from
laboratory tests. The tests should be performed on rep-
resentative specimens of backfill materials compacted
in the laboratory to densities expected in the field.

(b) In situ material permeability characteristics
for the design of construction excavation dewatering
systems can also be approximated from laboratory
tests on representative undisturbed samples. Labora-
tory permeability tests on undisturbed samples are
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less expensive than in situ pumping tests performed in
the field; however, laboratory tests are less accurate in
predicting flow characteristics.

(6) Slake durability of shales. Some clay shales
tend to slake when exposed to air and water and must
be protected immediately after they are exposed. The
extent of slaking also governs the manner in which
they are treated as a backfill material (para 3-3c).
Slaking characteristics can be evaluated by laboratory
jar-slake tests or slake-durability tests.

(a) The jar-slake test is qualitative with six de-
scriptive degrees of slaking determined from visual
observation of ovendried samples soaked in tap water
for as long as 24 hours. The jar-slake test is not a
standardized test. One version of the jar-slake test is
discussed in FHWA-RD-78-141. Six suggested values
of the jar-slake index      are listed below:

Behavior

1 Degrades into pile of flakes or mud
2 Breaks rapidly and forms many chips
3 Breaks rapidly and forms few chips
4 Breaks slowly and forms several fractures
5 Breaks slowly and develops few fractures
6 No change

Shales with    values of 1 to 3 should be protected
when occurring in excavated slopes and compacted as
soil if used for backfill.

(b) The slake-durability test is a standardized
test that gives a quantitative description in percent by
weight of material remaining intact at the conclusion
of the test. Details of the test are presented in
FHWA-RD-78-141.

(7) Dynamic tests for special projects. The dynam-
ic analysis of projects subject to seismic or blast in-
duced loading conditions requires special dynamic
tests on both in situ and backfill materials. Tests re-
quired for dynamic analysis include: cyclic triaxial
tests; in situ density measurements; and tests to deter-
mine shear wave velocities, shear modulus, and damp
ing (ER 1110-2-1806).

(8) In situ water content. The in situ water con-
tent, including any seasonal variation, must be deter-
mined prior to construction for materials selected for
use as backfill. Natural in situ water contents will de-
termine the need for wetting or drying the backfill
material before placement to obtain near optimum wa-
ter contents for placement and compaction. ASTM D
2216 discusses the test method for determining water
content.

3-3. Selection of backfill materials. Selec-
tion of backfill materials should be based upon the
engineering properties and compaction characteristics
of the materials available. The results of the field ex-
ploration and laboratory test programs should provide
adequate information for this purpose. The materials



may come from required excavation, adjacent borrow
pits, or commercial sources. In selecting materials to
be used, first consideration should be given to the
maximum use of materials from required excavation.
If the excavated materials are deficient in quality or
quantity, other sources should be considered. Common
backfill having the desired properties may be found in
borrow areas convenient to the site, but it may be nec-
essary to obtain select backfill materials having par-
ticular gradation requirements, such as filter sands
and gravels and pipe or conduit bedding materials
from commercial sources.

a. Primary considerations. Primary considerations
for borrow material sources are suitability and quan-
tity. Accessibility and proximity of the borrow area to
the jobsite should also be considered. The water con-
tents of the borrow area material should be deter-
mined seasonally, and a source of water should be lo-
cated if the natural water contents are considerably
less than the required placement water content. If sev-
eral sources of suitable backfill are available, other fac-
tors to be considered in selecting the borrow materials
are ease of loading and spreading and the means for
adding or reducing water. The need for separating or
mixing soil strata from excavation or borrow sources
should be considered if necessary to provide reason-
ably uniform engineering properties throughout the
compacted backfill.

b. Compaction characteristics. If compaction char-
acteristics of the major portion of the backfill are rela-
tively uniform, problems of controlling placement of
backfill will be significantly reduced since the in-
spector will be able to develop more rapidly the ability
to recognize the adequacy of the compaction proce-
dures. In addition, the frequency of testing for com-
paction control could be reduced. When available back-
fill materials are unusual, test sections of compacted
backfill are sometimes justified to develop placement
procedures and to determine the engineering char-
acteristics to be expected in field-compacted materials.

c. Workability. An important factor in choosing
backfill materials is the workability or ease with which
the soil can be placed and compacted. Material charac-
teristics that effect workability include: the ease of
adjusting water contents in the field by wetting or
aeration; the sensitivity to the compaction water con-
tent with respect to optimum; and the amount of com-
paction effort required to achieve specified densities.

d. Types of backfill material. A discussion of the
many types of backfill and their compaction character-
istics is beyond the scope of this manual since soil
types will vary on each project. However, the compac-
tion characteristics of several rather broad categories
of backfill (table 3-1) are discussed briefly. MIL-
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STD-619 should be studied for more detailed informa-
tion.

(1) Coarse-grained soils. Coarse-grained soils
include gravelly and sandy soils and range from clayey
sands (SC) through the well-graded gravels of gravel-
sand  mixtures (GW) with little or no fines (table 3-l).
They will exhibit slight to no plasticity. All of the well-
graded soils falling in this category have fairly good
compaction characteristics and when adequately com-
pacted provide good backfill and foundation support.

(a) One difficulty that might arise with soils in
this category would be in obtaining good compaction
of the poorly graded sands and gravels. These poorly
graded materials may require saturation with down-
ward drainage and compaction with greater compac-
tion effort to achieve sufficiently high densities. Also,
close control of water content is required where silt is
present in substantial amounts. Coarse-grained mate-
rials compacted to a low relative density are suscepti-
ble upon saturation to liquefaction under dynamic
loads.

(b) For sands and gravelly sands with little or no
fines, good compaction can be achieved in either the
air-dried or saturated condition. Downward drainage
is required to maintain seepage forces in a downward
direction if saturation is used to aid in compaction.
Consideration may be given to the economy of adding
cement to stabilize moist clean sands that are particu-
larly difficult to compact in narrow confined areas.
However, the addition of cement may produce zones
with greater rigidity than untreated adjacent backfill
and form “hard spots” resulting in nonuniform
stresses and deformations in the structure.

(c) Cohesionless materials are well suited for
placement in confined areas adjacent to and around
structures where heavy equipment is not permitted
and beneath and around irregulary shaped structures,
such as tunnels, culverts, utilities, and tanks. Clean,
granular, well-graded materials having a maximum
size of 1 inch with 95 percent passing the No. 4 sieve
and 5 percent or less passing the No. 200 sieve are ex-
cellent for use in these zones. However, a danger exists
of creating zones where seepage water may accumulate
and saturate adjacent cohesive soils resulting in unde-
sirable consolidation or swelling. In such cases, provi-
sions for draining the granular backfill, sealing the
surface, and draining surface water away from the
structure are necessary.

(2) Fine-grained soils of low to medium plasticity.
Inorganic clays (CL) of low to medium plasticity (grav-
elly, sandy, or silty clays and lean clays) and inorganic
silts and very fine sands (ML) of low plasticity (silty or
clayey fine sands and clayey silts) are included in this
category. The inorganic clays are relatively impervious
and can be compacted fairly easily with heavy compac-
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tion equipment to provide a good stable backfill. Soils
in the CL group can be compacted in confined areas to
a fairly high degree of compaction with proper water
content and lift thickness control. The clayey sands of
the SC group and clayey silts of the ML group can be
compacted to fairly high densities, but close control of
water content is essential and sometimes critical, par-
ticularly on the wet side of optimum water content.
Some ML soils, if compacted on the dry side of opti-
mum, may lose considerable strength upon saturation
after compaction. Considerable settlement may occur.
Caution must therefore be exercised in the use of such
soils as backfill, particularly below the groundwater
level. Also, saturated ML soils are likely to be highly
susceptible to liquefaction when dynamically loaded.
Where such soils are used as backfill in seismic prone
areas, laboratory tests should be conducted to deter-
mine their liquefaction potential (see para. 17-5 and
17-6, TM 5-818-1/AFM 88-3, Chap. 7).

(3) Rock. The suitability of rock as backfill mate-
rial is highly dependent upon the gradation and hard-
ness of the rock particles. The quantity of hard rock
excavated at most subsurface structure sites is rela-
tively small, but select cohesionless materials may be
difficult to find or may be expensive. Therefore, exca-
vated hard rock may be specified for crusher process-
ing and used as select cohesionless material.

(4) Shale. Although shale is commonly referred to
as rock, the tendency of some shales to breakdown
under heavy compaction equipment and slake when
exposed to air or water after placement warrants spe-
cial consideration.

(a) Some soft shales break down under heavy
compaction equipment causing the material to have
entirely different properties after compaction than it
had before compaction. This fact should be recognized
before this type of material is used for backfill. Estab-
lishing the proper compaction criteria may require
that the contractor construct a test fill and vary the
water content, lift thickness, and number of coverages
with the equipment proposed for use in the backfill
operation. This type of backfill can be used only in
unrestricted open zones where heavy towed or self-pro-
pelled equipment can operate.

(b) Some shales have a tendency to break down
or slake when exposed to air. Other shales that appear
rock-like when excavated will soften or slake and dete-
riorate upon wetting after placement as rockfill. Alter-
nate cycles of wetting and drying increases the slaking
process. The extent of material breakdown determines
the manner in which it is treated as a backfill material.
If the material completely degrades into constituent
particles or small chips and flakes, it must be treated
as a soil-like material with property characteristics
similar to ML, CL, or CH materials, depending upon
the intact composition of the parent material. Com-

3-6

plete degradation can be facilitated by alternately wet-
ting, drying, and disking the material before compac-
tion A detailed discussion on the treatment of shales
as a fill material is given in FHWA-RD-78-141.

(5) Marginal materials. Marginal materials are
these materials that because of either their poor com-
paction, consolidation, or swelling characteristics
would not normally be used as backfill if sources of
suitable material were available. Material considered
to be marginal include fine-grained soils of high plas-
ticity and expansive clays. The decision to use mar-
ginal materials should be based on economical and
energy conservation considerations to include the cost
of obtaining suitable material whether from a distant
borrow area or commercial sources, possible distress
repair costs caused by use of marginal material, and
the extra costs involved in processing, placing, and
adequately compacting marginal material.

(a) The fine-grained, highly plastic materials
make poor backfill  because of the difficulty  in han-
dling, exercising water-content control, and com-
pacting. The water content of highly plastic fine-
grained  soils is critical to proper compaction and is
very difficult to control in the field by aeration or wet-
ting. Furthermore, such soils are much more compres-
sible than less-plastic and coarse-grained soils; shear
strength and thus earth pressures may fluctuate be-
tween wide limits with changes in water content; and
in cold climates, frost action will occur in fine-grained
soils that are not properly drained. The only soil type
in this category that might be considered suitable as
backfill is inorganic clay (CH). Use of CH soils should
be avoided in confined areas if a high degree of com-
paction is needed to minimize backfill settlement or to
provide a high compression modulus.

(b) The swelling (and shrinking) characteristics
of expansive clay vary with the type of clay mineral
present in the soil, the percentage of that clay mineral,
and the change in water content. The active clay min-
erals include montmorillonite, mixed-layer combina-
tions of montmorillonite and other clay minerals, and
under some conditions  chlorites and vermiculites.
Problems may occur from the rise of groundwater,
seepage, leakage, or elimination of surface evaporation
that may increase or decrease the water content of
compacted soil and lead to the tendency to expand or
shrink. If the swelling pressure developed is greater
than the restraining pressure, heave will occur and
may cause structural distress. Compaction on the wet
side of optimum moisture content will produce lower
magnitudes of swelling and swell pressure. Expansive
clays that exhibit significant volume increases should
not be used as backfill where the potential for struc-
tural damage might exist. Suitability should be based
upon laboratory swell tests (TM 5-818-1/AFM 88-3,
Chapter 7).



(c) Additives, such as hydrated lime, quicklime,
and fly ash, can be mixed with some highly plastic
clays to improve their engineering characteristics and
permit the use of some materials that would otherwise
be unacceptable. Hydrated lime can also be mixed with
some expansive clays to reduce their swelling char-
acteristics (TM 5-818-1/AFM 88-3, Chapter 7). Lab
oratory tests should be performed to determine the
amount of the additive that should be used and the
characteristics of the backfill material as a result of
using the additive. Because of the complexity of soil-
additive systems and the almost complete empirical
nature of the current state of the art, trial mixes must
be varified in the field by test fills.

(6) Commercial by-products. The use of commer-
cial by-products, such as furnace slag or fly ash as
backfill material, may be advantageous where such
products are locally available and where suitable nat-
ural materials cannot be found. Fly ash has been used
as a lightweight backfill behind a 25-foot-high wall
and as an additive to highly plastic clay. The suitabil-
ity of these materials will depend upon the desirable
characteristics of the backfill and the engineering
characteristics of the products.
3-4. Processing of backfill materials. The
construction of subsurface structures often requires
the construction of elements of the structure within or
upon large masses of backfill. The proper functioning
of these elements are often critically affected by ad-
verse behavioral characteristics of the backfill. Be-
havioral characteristics are related to material type,
water content during compaction, gradation, and com-
paction effort. While compaction effort may be easily
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controlled during compaction, it is difficult to control
material type, water content, and gradation of the
material as it is being placed in the backfill; control
criteria must be established prior to placement.

a. Material type. Backfill material should consist of
a homogeneous material of consistent and desirable
characteristics. The field engineer must ensure that
only the approved backfill material is used and that
the material is uniform in nature and free of any
anomalous material such as organic matter or clay
pockets. Stratified material should be mixed prior to
placing to obtain a uniform blend. Excavated material
to be used as backfill should be stockpiled according to
class or type of material.

b. Water content. While water content can be ad-
justed to some extent after placing (but before com-
pacting), it is generally more advantageous to adjust
the water content to optimum compaction conditions
before placing. Adjustment of water content can be ac-
complished by aeriation (disking or turning) or sprin-
kling the material in 12- to 18- inch layers prior to
placing or stockpiling. If the material is stockpiled,
provisions should be made to maintain a constant
moisture content during wet or dry seasons.

c. Ensuring gradation. Some backfill materials con-
sisting of crushed rock, gravel, or sand require limita-
tions on maximum and minimum particle-size or
gradation distributions. Where materials cannot be lo-
cated that meet gradation criteria, it may be advanta-
geous to require processing of available material by
sieving to obtain the desired gradation.
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CHAPTER 4

EARTHWORK: EXCAVATION AND PREPARATION FOR FOUNDATIONS

4-1. Excavation.
a. General. In general, excavation for subsurface

structures will consist of open excavation and shaft
and tunnel excavation. Where excavation to great
depths is required, a variety of soils and rock may be
encountered at a single site. Soils may range through a
wide spectrum of textures and water contents. Rock
encountered may vary from soft rock, very similar to a
firm soil in its excavation requirements, to extremely
hard rock requiring extensive blasting operations for
removal. Groundwater may or may not be present. The
groundwater conditions and the adequacy of ground-
water control measures are important factors in exca-
vation, in maintaining a stable foundation, and in
backfilling operations. The extent to which ground-
water can be controlled also influences the slopes to
which the open excavation can be cut, the bracing re-
quired to support shaft and tunnel excavation, and the
handling of the excavated material.

b. Good construction practices, and problems. A
majority of the problems encountered during excava-
tion are related to groundwater conditions, slope sta-
bility, and adverse weather conditions. Many of the
problems can be anticipated and avoided by precon-
struction planning and by following sound construc-
tion practices.

(1) Groundwater. Probably the greatest source of
problems in excavation operations is groundwater. If
the seepage of groundwater into an excavation is ade-
quately controlled, other problems will generally be
minor and can be easily handled. Several points should
be recognized that, if kept in mind, will help to reduce
problems attributable to groundwater. In some in-
stances, groundwater conditions can be more severe
than indicated by the original field exploration investi-
gation since field explorations provide information
only for selected locations and may not provide a true
picture of the overall conditions.

(a) If groundwater seepage begins to exceed the
capacity of the dewatering system, conditions should
not be expected to improve unless the increased flow is
known to be caused by a short-term condition such as
heavy rain in the area. If seepage into the excavation
becomes excessive, excavation operations should be
halted until the necessary corrective measures are de-
termined and effected. The design and evaluation of
dewatering systems require considerable experience

that the contractor or the contracting office often do
not possess, and the assistance of specialists in this
field should be obtained.

(b) Groundwater without significant seepage
flow can also be a problem since excess hydrostatic
pressures can develop below relatively impervious
strata and cause uplift and subsequent foundation or
slope instability. Excess hydrostatic pressures can also
occur behind sheet pile retaining walls and shoring
and bracing in shaft and tunnel excavations. Visual ob-
servations should be made for indications of trouble,
such as uncontrolled seepage flow, piping of material
from the foundation or slope, development of soft wet
areas, uplift of ground surface, or lateral movements.

(c) Accurate daily records should be kept of the
quantity of water removed by the dewatering system
and of the piezometric levels in the foundation and be-
neath excavation slopes. Separate records should be
kept of the flow pumped by any sump-pump system re-
quired to augment the regular dewatering system to
note any increase of flow into the excavation. Flow-
meters or other measuring devices should be installed
on the discharge of these systems for measurement
purposes (TM 5-818-5/NAVFAC P-418/AFM 88-5,
Chap. 6). These records can be invaluable in evaluating
“Changed Condition” claims submitted by the contrac-
tor. The contractor should be required to have “stand-
by” equipment in case the original equipment breaks
down.

(2) Surface water. Sources of water problems
other than groundwater are surface runoff into the ex-
cavation and snow drifting into the excavation. A pe-
ripheral, surface-drainage system, such as a ditch and
berm, should be required to collect surface water and
divert it from the excavation, In good weather there is
a tendency for the contractor to become lax in main-
taining this system and for the inspection personnel to
become lax in enforcing maintenance. The result can
be a sudden filling of the excavation with water during
a heavy rain and consequent delay in construction. The
surface drainage system must be constantly main-
tained until the backfill is complete. Drifting snow is a
seasonal and regional problem, which can best be con-
trolled by snow fences placed at strategic locations
around the excavation,

(3) Slope integrity. Another area of concern dur-
ing excavation is the integrity of the excavation
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slopes. The slopes may be either unsupported or sup-
ported by shoring and bracing. The lines and grades in-
dicated in the plans should be strictly adhered to. The
contractor may attempt to gain additional working
room in the bottom of the excavation by steepening
the slopes; this change in the plans must not be al-
lowed.

(a) Where shoring and bracing are necessary to
provide a stable excavation, and the plans and specifi-
cations do not provide details of these requirements,
the contractor should be required to submit the plans
in sufficient detail so that they can be easily followed
and their adequacy checked. The first principle of ex-
cavation stabilization, using shoring and bracing, is
that the placing of supports should proceed with exca-
vation. The excavation cut should not be allowed to
yield prior to placing of shoring and bracing since the
lateral pressures to be supported would generally be
considerably greater after yield of the unshored cut
face than if no movement had occurred prior to place-
ment of the shoring. Excavation support systems are
discussed in TM 5-818-1/AFM  88-3, Chapter 7. All
safety requirements for shoring and bracing as con-
tained in EM 385-1-1 should be strictly enforced.

(b) The inspector must be familiar with stockpil-
ing requirements regarding the distance from the
crest of the excavation at which stockpiles can be es-
tablished and heavy equipment operated without en-
dangering the stability of the excavation slopes. He
must also know the maximum height of stockpile or
weight of equipment that can be allowed at this dis-
tance.

(c) Excessive erosion of the excavation slopes
must not be permitted. In areas subject to heavy rain-
fall, it may be necessary to protect excavation slopes
with polyethylene sheeting, straw, silt fences, or by
other means to prevent erosion. Excavation slopes for
large projects that will be exposed for several seasons
should be vegetated and maintained to prevent ero-
sion.

(4) Stockpiling excavated material. Generally,
procedures for stockpiling are left to the discretion of
the contractor. Prior to construction, the contractor
must submit his plans for stockpiling to the contract-
ing officer for approval. In certain cases, such as where
there are different contractors for the excavation and
the backfill phases, it may be necessary to include the
details for stockpiling operations in the specifications.
In either case, it is important that the stockpiling pro-
cedures be conducive to the most advantageous use of
the excavated materials.

(a) As the materials are excavated, they should
be separated into classes of backfill and stockpiled ac-
cordingly. Thus the inspection personnel controlling
the excavation should be qualified to classify the mate-
rial and should be thoroughly familiar with backfill re-
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quirements. Also, as the materials are placed in stock-
piles, water should be added or the materials should be
aerated as required to approximate optimum water
content for compaction. Field laboratory personnel can
assist in determining the extent to which this is neces-
sary. The requirements of shaping the stockpile to
drain and sealing it against the entrance of undesir-
able water by rolling with spreading equipment or
covering with polyethylene sheeting should be en-
forced. This step is particularly important for cohesive
soils that exhibit poor draining characteristics and
tend to remain wet if once saturated by rains. Stock-
piles must be located over an area that is large enough
to permit processing and where they will not interfere
with peripheral drainage around the excavation and
will not overload the slopes of the excavation.

(b) In cases where significant energy and cost
saving can be realized, special stockpiling require-
ments should be implemented. An example would be a
large project consisting of a number of excavation and
backfilling operations. The excavation material from
the first excavation could be stockpiled for use as back-
fill in the last excavation. The material from the inter-
mediate excavations could in turn be immediately used
as backfill for the first, second, etc., phases of the proj-
ect and thereby eliminate double handing of excavated
backfill for all but the first-phase excavation.

(5) Protection of exposed material. If materials
that are exposed in areas, such as walls of a silo shaft,
foundation support, or any other area against which
concrete will be placed, are susceptible to deterioration
or swell when exposed to the weather, they should be
properly protected as soon after exposure as possible.
Depending on the material and protection require-
ments, this protection may be pneumatic concrete, as-
phalt spray, or plastic membrane (TM 5-818-1/AFM
88-33, Chap. 7). In the case of a foundation area, the
contractor is required to underexcavate leaving a cover
for protection, as required, until immediately prior to
placement of the structure foundation. Any frost-sus-
ceptible materials encountered during excavation
should be protected (para 2-3h (3) and (4)) if the exca-
vation is to be left open during an extended period of
freezing weather.

(6) Excavation record. As the excavation pro-
gresses, the project engineer should keep a daily record
of the type of material excavated and the progress
made. This record would be of value if subsequent
claims of “Changed Conditions” are made by the con-
tractor.

4-2. Foundation preparation.
a. General. In this manual, preparation applies to

foundations for backfill as well as those for structures
to be placed in the excavation. Generally, if proper ex-
cavation procedures have been followed, very little ad-



ditional preparation will be required prior to backfill
placement.

b. Good construction practices, and problems. As
mentioned previously, the problems associated with
foundation preparation are greatly reduced by follow-
ing such proper excavation procedures as maintaining
a dry excavation and planning ahead. The principles of
good foundation preparation are simple, but enforcing
the provisions of the specifications concerning the
work is more difficult. Inspection personnel must
recognize the importance of this phase of the work
since, if not properly controlled, problems can result.

(1) It is most important that a stable foundation
be provided. Thus it may be necessary, particularly in
the case of sensitive fine-g-rained materials, to require
that the final excavation for footings be carefully done
with hand tools and that no equipment be allowed to
operate on the final cut surface. To provide a working
platform on which to begin backfill placement on these
sensitive materials, it may be necessary to place an
initial layer of granular material.

(2) If the foundation is to be supported on rock,
the soundness of the exposed rock should be checked
by a slaking test (soaking a piece of the rock in water
to determine the resulting degree of deterioration
(para 3-2b (6)) and visual observation to determine if
the rock is in a solid and unshattered condition. If re-
moval of rock below the foundation level is required,
the space should be filled with concrete. A qualified
geological or soils engineer should inspect the area if it
is suspected that the material will deteriorate or swell
when exposed to the weather. If necessary, the mate-
rials must be protected from exposure using the
methods previously discussed in paragraph 4-1b (5).

(3) Before placement of any structure foundation
is begun, the plans should be rechecked to ensure that
all required utilities and conduits under or adjacent to
the foundation have been placed, so that excavating
under or undermining the foundation to place utilities
and conduits will not become necessary later.

(4) Occasionally, it may be found upon completion
of the excavation that if a structure were placed as
shown on the plans, it would be supported on two ma-
terials with drastically different consolidation charac-
tertistics, such as rock and soil, rock and backfill, or
undisturbed soil and backfill. This situation could oc-
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cur because the predesign subsurface information was
inadequate, because the structure was relocated or re-
oriented by a subsequent change in the plans, because
of an oversight of the design engineer, or because of
the excavation procedures followed by the contractor.
Regardless of the reason, measures such as overexca-
vation and placement of subsequent backfill should be
taken, where possible, and in coordination with the de-
sign office to provide a foundation of uniform materi-
al. Otherwise, the design office should evaluate the
differences in foundation conditions for possible
changes to the structural foundation elements.

(5) Preparing the area to receive the backfill con-
sists of cleaning, leveling, and compacting the bottom
of the excavation if the foundation is in soil. All debris
and foreign material, such as trash, broken concrete
and rock, boulders, and forming lumber, should be re-
moved from the excavation. All holes, depressions,
and trenches should be filled with the same material as
that specified to be placed immediately above such a
depression, unless otherwise designated, and com-
pacted to the density specified for the particular ma-
terial used. If the depression is large enough to accom-
modate heavy compacting equipment, the sides of the
depression should have a positive slope and be flat
enough for proper operation of compaction equipment.
After the area is brought to a generally level condition
by compacting in lifts in accordance with specifica-
tions, the entire area to receive backfill should be sacri-
ficed to the depth specified, the water content ad-
justed if necessary, and the area compacted as speci-
fied. If the foundation is in rock, the area should be
leveled as much as possible and all loose material re-
moved.

(6) All work in the excavation should be accom-
plished in the dry; therefore, the dewatering system
should be operated for the duration of this work.
Under no circumstances should the contractor be al-
lowed to dry an area by dumping a thick layer of dry
material over it to blot the excess water. If soil exists
at the foundation level and becomes saturated, it can-
not be compacted. The saturated soil will have to be re-
moved and replaced or drained sufficiently so that it
can be compacted. Any frozen material in the founda-
tion should be removed before placement of concrete
footings or compacted backfill.
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CHAPTER 5

BACKFILL OPERATIONS

5-1. Placement of backfill.
a. General. Backfill construction is the refilling of

previously excavated space with properly compacted
material. The areas may be quite large, in which case
the backfilling operation will be similar to embank-
ment construction. On the other hand, the areas may
be quite limited, such as confined areas around or be-
tween and beneath concrete or steel structures and
areas in trenches excavated for utility lines. Prior to
construction of the backfill, the inspection personnel
should become thoroughly familiar with the various
classes of backfill to be used. They should be able to
readily identify the materials on sight, know where
the various types of material should be placed, and be
familiar with the compaction characteristics of the soil
types. Compaction characteristics of various soil types
are discussed in appendix B.

b. Good construction practices, and problems. Prob
lems with placement of backfill will vary from one con-
struction project to another. The magnitude of the
problems will depend on the type of materials avail-
able such as backfill, density requirements, and the
configuration of the areas in which compaction is to be
accomplished. Problems should be expected during the
initial stages of backfill compaction unless the con-
tractor is familiar with compaction characteristics of
backfill materials. The inspector can be of great as-
sistance to the contractor during this period by per-
forming frequent water content and density checks.
The information from these checks will show the con-
tractor the effects of the compaction procedures being
used and point out any changes that should be made.

(1) Backfilling procedures. Problems associated
with the compaction of backfill can be minimized by
following good backfilling procedures. Good back-
filling procedures include: processing the material
(para. 3-4) before it is placed in the excavation; plac-
ing the material in a uniformly spread loose lift of the
proper thickness suited to the compaction equipment
and the type of material to be used; applying the neces-
sary compaction effort to obtain the required densi-
ties; and ensuring that these operations are not per-
formed during adverse weather. Proper bond should be
provided between each lift and also between the back-
fill and the sides of the excavation.

(2) Compaction equipment, backfill material, and
zones. The type of compaction equipment used. to

achieve the required densities will usually depend
upon the type of backfill material being compacted
and the type of zone in which the material is placed.

(a) In open zones, coarse-grained soils that ex-
hibit slight plasticity (clayey sands, silty sands, clayey
gravels, and silty gravels) should be compacted with
either sheepsfoot or rubber-tired rollers; close control
of water content is required where silt is present in
substantial amounts. For sands and gravelly sands
with little or no fines, good compaction results are ob-
tained with tractor compaction. Good compaction can
also be achieved in gravels and gravel-sand mixtures
with either a crawler tractor or rubber-tired and steel-
wheeled rollers. The addition of vibration to any of the
means of compaction mentioned above will usually im-
prove the compaction of soils in this category. In con-
fined zones, adequate compaction of cohesionless soils
in either the air-dried or saturated condition can be
achieved by vibratory-plate compactors with a static
weight of at least 100 pounds. If the material is com-
pacted in the saturated condition, good compaction
can be achieved by internal vibration (for example, by
using concrete vibrators). Downward drainage is re-
quired to maintain seepage forces in a downward di-
rection if the placed material is saturated to aid in
compaction.

(b) Inorganic clays, inorganic silts, and very
fine sands of low to medium plasticity are fairly easily
compacted in open zones with sheepsfoot or rubber-
tired rollers in the 15,000-pound and above wheel-load
class. Some inorganic clays can be adequately com-
pacted in confined zones using rammer or impact com-
pactors with a static weight of at least 100 pounds pro-
vided close control of lift thickness and water content
is maintained.

(c) Fine-grained, highly plastic materials,
though not good backfill materials, can best be com-
pacted in open zones with sheepsfoot rollers. Sheeps-
foot rollers leave the surface of the backfill in a rough
condition, which provides an excellent bond between
lifts. In confined areas the best results, which are not
considered good, are obtained with rammer or impact
compactors.

(3) Lift thickness. The loose-lift thickness will de-
pend on the type of backfill material and the compac-
tion equipment to be used.

(a) As a general rule, a loose-lift thickness that
will result in a 6-inch lift when compacted can be al-
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lowed for most sheepsfoot and pneumatic-tired rollers.
Cohesive soils placed inapproximately lo-inch loose
lifts will compact to approximately 6 inches, and cohe-
sionless soils placed in approximately 8-inch base lifts
will compact to 6 inches. Adequate compaction can be
achieved in cohesionless materials of about 12- to 15-
inch loose-lift thickness if heavy vibratory equipment
is used. The addition of vibration to rolling equipment
used for compacting cohesive soils generally has little
effect on the lift thickness that can be compacted, al-
though compaction to the desired density can some-
times be obtained by fewer coverages of the equip-
ment.

(b) In confined zones where clean cohesionless
backfill material is used, a loose-lift thickness of 4 to 6
inches and a vibratory plate or walk-behind, dual-drum
vibratory roller for compaction is recommended.
Where cohesive soils are used as backfill in confined
zones, use of rammer compactors and a loose-lift thick-
ness of not more than 4 inches should be specified. Ex-
perience has shown that “two-by-four” wood rammers,
or single air tampers (commonly referred to as
“powder puffs” or “pogo sticks”) do not produce suffi-
cient compaction.

(4) Density requirements. In open areas of backfill
where structures will not be constructed, compaction
can be less than that required in more critical zones.
Compaction to 90 percent of CE 55 maximum dry
density as obtained by MIL-STD-621 should be ade-
quate in these areas. If structures are to be constructed
on or within the backfill, compaction of cohesionless
soils to within 95 to 100 percent of CE 55 maximum
dry density and of cohesive soils to at least 95 percent
of CE 55 should be required for the full depth of back-
fill beneath these structures. The specified degree of
compaction should be commensurate with the
tolerable amount of settlement, and the compaction
equipment used should be commensurate with the al-
lowable lateral pressure on the structure. Drainage
blankets and filters having special gradation require-
ments should be compacted to within 95 to 100 per-
cent of CE 55 maximum dry density. Table 5-1 gives a
summary of type of compaction equipment, number of
coverages, and lift thickness for the specified degree of
compaction of various soil types (TM 5-818-1/AFM
88-3, Chap. 7).

(5) Cold weather. In areas where freezing
temperatures either hamper or halt construction dur-
ing the winter, certain precautions can and should be
taken to prevent damage from frost penetration and
subsequent thaw. Some of these precautions are pre-
sented below.

(a) Placement of permanent backfill should be
deferred until favorable weather conditions prevail.
However, if placement is an absolute necessity during
freezing temperatures, either dry, cohesionless, non-

5-2

frost-susceptible materials or material containing ad-
ditives, such as calcium chloride, to lower the freezing
temperature of the soil water should be used. Each lift
should be checked for frozen material after compac-
tion and before construction of the next lift is begun.
If frozen material is found, it should be removed; it
should not be disked in place. Additives should not be
used indiscriminately since they will ordinarily change
compaction and water content requirements. Prior
laboratory investigation should be conducted to deter-
mine additive requirements and the effect on the com-
paction characteristics of the backfill material.

(b) Under no circumstances should frozen ma-
terial, from stockpile or borrow pit, be placed in back-
fill that is to be compacted to a specified density.

(c) Prior to halting construction during the
winter, the peripheral surface drainage system should
be checked and reworked where necessary to provide
positive drainage of surface water away from the exca-
vation.

(d) Foundations beneath structures and backfill
around structures should not be allowed to freeze, be-
cause structural damage will invariably develop.
Structures should be enclosed as much as possible and
heated if necessary. Construction should be scheduled
so as to minimize the amount of reinforcing steel pro-
truding from a partially completed structure since
steel will conduct freezing temperatures into the
foundation.

(e) Permanent backfill should be protected from
freezing as discussed in paragraphs 2-3h (3) and (4).
Records should be made of all temporary coverings
that must be removed before backfilling operations are
resumed. A checklist should be maintained to ensure
that all temporary coverings are removed at the begin-
ning of the next construction season.

(f) During freezing weather, records should be
kept of the elevation of all critical structures to which
there is the remotest possibility of damage or move-
ment due to frost heave and subsequent thaw. It is im-
portant that frost-free bench marks be established to
which movement of any structure can be referenced.
Bench marks also should be established on the struc-
tures at strategic locations prior to freezing weather.

(g) At the beginning of the following construc-
tion season and after the temporary insulating cover-
ings are removed, the backfill should be checked for
frozen material and ice lenses, and the density of the
compacted material should be checked carefully before
backfilling operations are resumed. If any backfill has
lost its specified density because of freezing, it should
be removed.

(6) Zones having particular gradation require-
ments. Zones that have particular gradation require-
ments include those needed to conduct and control
seepage, such as drainage blankets, filters, and zones
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Table 5-1.  Summary of Compaction Criteria 
a
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susceptible to frost penetration. Drainage zones are of-
ten extremely important to the satisfactory construc-
tion and subsequent performance of the structure. To
maintain the proper functioning of these zones, care
must be taken to ensure that the material placed has
the correct gradation and is compacted according to
specifications.

c. Special problems. In open zones, compaction of
backfill will not generally present any particular prob-
lems if proper compaction procedures normally associ-
ated with the compaction of soils are exercised and the
materials available for use, such as backfill, are not un-
usually difficult to compact. The majority of the prob-
lems associated with backfill will occur in confined
zones where only small compaction equipment produc-
ing a low compaction effort can be used or where be-
cause of the confined nature of the backfill zone even
small compaction equipment cannot be operated effec-
tively.

(1) Considerable latitude exists in the various
types of small compaction equipment available. Unfor-
tunately, very little reliable information is available on
the capabilities of the various pieces of equipment. De-
pending upon the soil type and working room, it may
be necessary to establish lift thickness and compaction
effort based essentially on trial and error in the field.
For this reason, close control must be maintained
particularly during the initial stages of the backfill un-
til adequate compaction procedures are established.

(2) Circular, elliptical and arched walled struc-
tures are particularly difficult to adequately compact
backfill beneath the under side of haunches because of
limited working space. Generally, the smaller the
structure the more difficult it is to achieve required
densities. Rock, where encountered, must be removed
to a depth of at least 6 inches below the bottom of the
structure and the overdepth backfilled with suitable
material before foundation bedding for the structure is
placed. Some alternate bedding and backfill placement
methods are discussed below.

(a) One method is to bring the backfill to the
planned elevation of the spring line using conventional
heavy compaction equipment and methods. A tem-
plate in the shape of the structure to be bedded is then
used to reexcavate to conform to the bottom contours
of the structure. If the structure is made of corrugated
metal, allowance should be made in the grade for pene-
tration of the corrugation crests into the backfill upon
application of load. Success of this method of bedding
is highly dependent on rigid control of grade during re-
excavation using the template. This procedure is
probably the most applicable where it is necessary to
use a cohesive backfill.

(b) Another method of bedding placement is to
sluice a clean granular backfill material into the bed
after the structure is in place. This method is particu-

5-4

of all instruments and necessary apparatus or struc-
tures (such as trenches and terminal houses) so that
necessary arrangements and a schedule for installa-

larly adapted to areas containing a maze of pipes or
conduits. Adequate downward drainage, generally es-
sential to the success of this method, can be provided
by sump pumps or, if necessary, by pumping from well
points. Sluicing should be accompanied by vibrating to
ensure adequate soil density. Concrete vibrators have
been used successfully for this purpose. This method
should be restricted to areas where conduits or pipes
have been placed by trenching or in an excavation that
provides confining sides. Also, this method should not
be used below the groundwater table in seismic zones,
since achieving densities high enough to assure stabili-
ty in a seismic zone is difficult.

(c) Another method is to place clean, granular
bedding material with pneumatic concrete equipment
under the haunches of pipes, tunnels, and tanks. The
material is placed wet and should have an in-place wa-
ter content of approximately 15 to 18 percent. A noz-
zle pressure of 40 pounds per square inch is required to
obtain proper density. Considerable rebound of materi-
al (as much as 25 percent by volume when placed with
the hose nozzle pointed vertically downward and 50
percent with the nozzle pointed horizontally) occurs at
this pressure. Rebound is the material that bounces off
the surface and falls back in a loose state. However,
the method is very satisfactory if all rebound material
is removed. The material can be effectively removed
from the backfill by dragging the surface in the area
where material is being placed with a flat-end shovel.
Two or three men will be needed for each gunite hose
operated.

(d)  For structures and pipes that can tolerate
little or no settlement, lean grouts containing granular
material and various cementing agents, such as port-
land cement or fly ash, can be used. This grout may be
placed by either method discussed in (b) and (c) above.
However, grouts may develop hard spots (particularly
where the sluice method is used that could cause segre-
gation of the granular material and the cementing
agent), which could generate stress concentrations in
rigid structures such as concrete pipes. Stress concen-
trations may be severe enough to cause structural
distress. If lean grouts are used as backfill around a
rigid structure, the structure must be designed to
withstand any additional stress generated by possible
hard spots.

5-2. Installation of instruments. Installa-
tion of instrumentation devices should be supervised,
if not actually done, by experienced personnel from
within the Corps of Engineers or by firms that special-
ize in instrumentation installation. The resident engi-
neer staff must be familiar with the planned locations



tion can be made with
fice or firm that will

the contractor and with the of-
install the devices. Inspectors

should inspect any instrumentation furnished and in-
stalled by the contractor. Records must be made of the
exact locations and procedures used for installation
and initial observations. Inspectors should ensure that
necessary extensions are added for the apparatus (such
as lead lines and piezometer tubes) installed within the
backfill as the backfill is constructed to higher eleva-
tions. Care must be used in placing and compacting
backfill around instruments that are installed within
or through backfill. Where necessary to prevent
damage to instruments, backfill must be placed
manually and compacted with small compaction equip-
ment such as rammers or vibratory plates.
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5-3. Postconstruction distress. Good backfill
construction practices and control will minimize the
potential for postconstruction distress. Nevertheless,
the possibility of distress occurring is real, and meas-
ures must be taken to correct any problems before they
become so critical as to cause functional problems with
the facility. Therefore, early detection of distress is es-
sential. Some early signs of possible distress in-
clude: settlement or swelling of the backfill around
the structure; sudden or gradual change of instrumen-
tation data; development of cracks in structural walls;
and adverse seepage problems. Detailed construction
records are important for defining potential distress
areas and assessing the mechanisms causing the
distress.
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CHAPTER 6

SPECIFICATION PROVISIONS

6-1. General.
a. The plans and specifications define the project in

detail and show how it is to be constructed. They are
the basis of the contractor’s estimate and of the con-
struction contract itself. The drawings show the physi-
cal characteristics of the structure, and the specifica-
tions cover the quality of materials, workmanship, and
technical requirements. Together they form the guide
and standard of performance that will be required in
the construction of the project. Once the contract is
let, the plans and specifications are binding on both
the Contracting Officer and the contractor and are
changed only by written agreement. For this reason, it
is essential that the contractor and the Contracting Of-
ficer’s representative anticipate and resolve dif-
ferences that may arise in interpreting the intent and
requirements of the specifications. The ease with
which this can be accomplished will depend on the
clarity of the specifications and the background and
experience of the individuals concerned. Understand-
ing of requirements and working coordination can be
improved if unusual requirements are brought to the
attention of prospective bidders and meetings for dis-
cussion are held prior to construction. Situations will
undoubtedly arise that are not covered by the speci-
fications, or conditions may occur that are different
from those anticipated. Close cooperation is required
between the contractor and the inspection personnel in
resolving situations of this nature; if necessary, to be
fair to both parties a change order should be issued.

b. Preparation of contract specifications is easier if
an outline of general requirements is available to the
specification writer. However, it would be virtually im-
possible to prepare a guide specification that antici-
pates all problems that may occur on all projects.
Therefore, contract specifications must be written to
satisfy the specific requirement of each project. Some
alternate specification requirements that might be
considered for some projects are discussed below.

6-2. Excavation. The section of the specifications
dealing with excavation contains information on
drainage, shoring and bracing, removal and stock-
piling, and other items, and refers to the plans for
grade requirements and slope lines to be followed in
excavating overburden soils and rock.

a. Drainage. For some projects the specifications

will require the contractor to submit a plan of his exca-
vation operations to the Contracting Officer for re-
view. The plans and specifications will require that the
excavation and subsequent construction and backfill
be carried out in the dry. To meet this requirement, a
dewatering system based on the results of ground-
water studies may be included in the plans. Also, for
some projects the specifications may require the con-
tractor to submit his plan for controlling groundwater
conditions. The specifications should likewise indicate
the possibility of groundwater conditions being dif-
ferent from those shown in the subsurface investiga-
tion report due to seasonal or unusual variations or in-
sufficient information, since the contractor will be
held responsible for controlling the groundwater flow
into the excavation regardless of the amount. To this
end, the specifications should provide for requiring the
contractor to submit a revised dewatering plan for re-
view where the original dewatering plan is found to be
inadequate.

b. Shoring and bracing. The specifications either
will require the contractor to submit for review his
plans for the shoring and bracing required for excava-
tion or will specify shoring and bracing required by
subsurface and groundwater conditions and details of
the lines and grades of the excavation. In the latter
case, the contractor may be given the option to submit
alternate plans for shoring and bracing for review by
the Contracting Officer. The plans will present the
necessary information for the design of such a system
if the contractor is allowed this option.

c. Stockpiling. Provisions for stockpiling materials
from required excavation according to type of backfill
may or may not be included in the specifications. Gen-
erally, procedures for stockpiling are left to the discre-
tion of the contractor, and a thorough study should be
made to substantiate the need for stockpiling before
such procedures are specified. There are several condi-
tions under which inclusion of stockpiling procedures
in the specifications would be desirable and justified.
Two such conditions are discussed in the following
paragraphs.

(1) Under certain conditions, such as those that
existed in the early stages of missile base construction
where time was an important factor, it may be neces-
sary or desirable to award contracts for the work in
phases. As a result, one contractor may do the excavat-
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ing and another place the backfill. It is probable that
the excavation contractor will have little or no interest
in stockpiling the excavated materials in a manner
conducive to good backfilling procedures. When such a
situation can be foreseen, the specifications should set
forth stockpiling procedures. The justification for such
requirements would be economy and optimum use of
materials available from required excavation as back-
fill.

(2) The specifications will contain provisions for
removing, segregating, and stockpiling or disposing of
material from the excavation and will refer to the
plans for locations of the stockpiles. The subsoil condi-
tions and engineering characteristics requirements
may state that the specifications must be quite defi-
nite concerning segregation and stockpiling proce-
dures so that the excavated materials can be used most
advantageously in the backfill. The specification may
require that water be added to the material or the ma-
terial be aerated as it is stockpiled to approximate opti-
mum water content, that the stockpile be shaped to
drain and be sealed from accumulation of excess wa-
ter, and that the end dumping of material on the stock-
pile be prohibited to prevent segregation of material
size or type along the length of the stockpile.

(3) An alternative to this latter action would be to
specify the various classes of backfill required and
leave the procedure for stockpiling the materials by
type to the discretion of the contractor. In this case,
the contractor should be required to submit a detailed
plan for excavating and stockpiling the material. The
plan should indicate the location of stockpiles for vari-
ous classes of backfill so that the material can be
tested for compliance with the specifications. The con-
tractor may elect to obtain backfill material from bor-
row or commercial sources rather than to separate and
process excavated materials. Then the specifications
should require that stockpiles of the various classes of
needed backfill be established at the construction site
in sufficient quantity and far enough in advance of
their use to allow for the necessary testing for approv-
al unless conditions are such that approval of the sup-
plier’s stockpile or borrow source can be given.

6-3. Foundation preparation. The provisions
for preparation for structures will generally not be
grouped together in the specifications but will appear
throughout the earthwork section of the specifications
under paragraphs on excavation, protection of founda-
tion materials, backfill construction, and concrete
placement. When a structure is to be founded on rock,
the specifications will require that the rock be firm,
unshattered by blasting operations, and not de-
teriorated from exposure to the weather. The contrac-
tor will be required to remove shattered or weathered
rock and to fill the space with concrete.
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a. Specifications for structures founded on soil re-
quire the removal of all loose material and all unsuit-
able material, such as organic clay or silt, below the
foundation grade. When doubt exists as to the suitabil-
ity of the foundation materials, a soils engineer should
inspect the area and his recommendations should be
followed. When removal of rock material below the
planned foundation level is required, the overexcava-
tion will usually require filling with concrete. The
specifications also require dewatering to the extent
that no backfill or structural foundation is placed in
the wet.

b. Specifications for preparation of the soil founda-
tion to receive backfill require removing all debris and
foreign matter, making the area generally level, and
scarifying, moistening, and compacting the founda-
tion to a specified depth, generally 12 inches. Specific
provisions may or may not be given with respect to lev-
eling procedures.

6-4. Backfill operations. The specifications de-
fine the type or types of material to be used for backfill
construction and provide specific instructions as to
where these materials will be used in the backfill, The
percentage of CE 55 maximum dry density to be ob-
tained, determined by a designated standard labora-
tory compaction procedure, will be specified for the
various zones of backfill. The maximum loose-lift
thickness for placement will also be specified. Because
of the shape of the compaction curve (see discussion of
compaction characteristics in Section B-1, app. B), the
degree of compaction specified can be achieved only
within a certain range of water contents for a particu-
lar compaction effort. Though not generally specified
in military construction, the range of water contents is
an important factor affecting compaction.

a. The specifications sometimes stipulate the char-
acteristics and general type of compaction equipment
to be used for each of the various types of backfill.
Sheepsfoot or rubber-tired rollers, rammer or impact
compactors, or other suitable equipment are specified
for fine-grained, plastic materials. Noncohesive, free-
draining materials are specified to be compacted by
saturating the material and operating crawler-type
tractor, surface or internal vibrators, vibratory com-
pactors, or other similar suitable equipment. The
specifications generally will prohibit the use of rock or
rock-soil mixtures as backfill in this type of construc-
tion. However, when the use of backfill containing
rock is permitted, the maximum size of the rock is giv-
en in the specifications along with maximum lift thick-
ness, loading, hauling, dumping, and spreading proce-
dures, type of compaction equipment, and method of
equipment operation. The specifications should pro-
hibit the use of rock or rock-soil mixtures as backfill in
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areas where heavy equipment cannot operate. Rock-
soil mixtures having greater than 8 to 10 percent bind-
er should be prohibited in all areas. In the case of back-
fill containing rock, the density is not generally speci-
fied. Obtaining adequate density is usually achieved
by specifying the compaction procedures. The specifi-
cations may require that these procedures be devel-
oped in field test sections.

b. Specifications may also require specific equip-
ment and procedures to ensure adequate bedding for
round-bottom structures such as tunnels, culverts, con-
duits, and tanks. Procedures normally specified for
placement of bedding for these types of structures are
discussed in paragraph 5-1c (2).

c. The specifications will state when backfill may be
placed against permanent concrete construction with
respect to the time after completion; this time period
is usually from 7 to 14 days. To provide adequate pro-
tection of the structures during backfill construction,
the specifications require that the backfill be built up
symmetrically on all sides and that the area of opera-
tion of heavy equipment adjacent to a structure be lim-
ited. Also, the minimum thickness of compacted mate-
rials to be placed over the structures by small compac-

tion equipment, such as vibratory plate or rammer
type, will be specified before heavy equipment is al-
lowed to operate over the structure. The specifications
require that the surface of the backfill be sloped to
drain at all times when necessary to prevent ponding
of water on the fill. The specifications also provide for
groundwater control, so that all compacted backfill
will be constructed in the dry. Where select, free-
draining, cohesionless soils of high permeability are re-
quired in areas where compaction is critical, the
specifications list gradation requirements. Gradation
requirements are also specified for materials used for
drains and filters.

d. Unusually severe specification requirements may
be necessary for backfill operations in confined areas.
The requirements may include strict backfill material-
type limitation, placement procedures, and compac-
tion equipment.

e. It is not the policy of the Government to inform
the contractor of ways to accomplish the necessary
protection from freezing temperatures. However, to
ensure that adequate protection is provided, it may be
necessary to specify that the contractor submit de-
tailed plans for approval for such protection.
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CHAPTER 7

CONSTRUCTION CONTROL

7-l. General. The heterogeneous nature of soil
makes it the most variable construction material with
which engineers are required to work. Research in soil
mechanics and experience gained recently in con-
structing large earth embankments have provided ad-
ditional knowledge toward understanding and predict-
ing the behavior of a soil as a construction material.
However, only with careful control can engineers en-
sure that backfill construction will satisfactorily fulfill
the intended functions. Both the contractor and the
Government share dual responsibility in achieving a
satisfactory product. The contractor is responsible for
inspection and tests through his quality control sys-
tem. The Government’s responsibility is assuring that
the contractor’s quality control system is achieving the
desired results through its quality acceptance system.

a. Contractor quality control. The contractor is re-
sponsible for all of the activities that are necessary to
ensure that the finished work complies with the plans
and specifications to include quality control require-
ments, supervision, inspection, and testing. The con-
struction contract special provisions explain the qual-
ity control system that the contractor must establish;
the technical provisions specify the construction re-
quirements with the tests, inspections, and submittals
that the contractor must follow to produce acceptable
work.

(1) Prior to construction, the contractor must sub-
mit for approval by the Contracting Officer his plan
for controlling construction quality. The plan must
contain all of the elements outlined in the special pro-
visions and demonstrate a capability for controlling all
of the construction operations specified in the tech-
nical provisions. The plan must include the personnel
(whether contractor’s personnel or outside private
firm) and procedures the contractor intends to use for
controlling quality, instructions and authority he is
giving his personnel, and the report form he will use.
The plan should be coordinated with his project con-
struction schedule.

(2) During construction, the contractor is respon-
sible for exercising day by day construction quality
control in consonance with his accepted control plan.
He must maintain current records of his quality con-
trol operations. Reports of his operations must be sub-
mitted at specified intervals and be in sufficient detail
to identify each specific test.

(3) The prime contractor is responsible for the

quality control of all work including any work by sub
contractors.

b. Corps acceptance control. In contrast to the con-
tractor’s quality control, the Government is responsi-
ble for quality assurance, which includes: the checks,
inspections, and tests of the products that comprise
the construction; the processes used in the work; and
the finished work for the purpose of determining
whether the contractor’s quality control is effective
and he is meeting the requirements of the contract.
These activities are to assure that defective work or
materials are not incorporated in the construction.

c. Coordination between Government and contrac-
tor. The contractor’s quality control does not relieve
the Contracting Officer from his responsibility for
safeguarding the Government’s interest. The quality
assurance inspections and tests made by the Govern-
ment may be carried out at the same time and adjacent
to the contractor’s quality control operations. Quality
control and quality assurance supplement one another
and assist in avoidance of construction deficiencies or
in early detection of such deficiencies when they can
be easily corrected without requiring later costly tear
out and rebuild. The remainder of this chapter discuss-
es the Corps quality assurance activities.

7-2. Corps acceptance control organiza-
tion.

a. General. Difficulties in construction of a com-
pacted backfill can be attributed at least in part to in-
experience of the control personnel in this phase of
construction work or lack of emphasis as to the impor-
tance of proper procedure and control. Since it is es-
sential that policies with regard to control be estab-
lished prior to the initiation of construction, thorough
knowledge of the capabilities of the control organiza-
tion and of the intent of the plans and specifications is
required. Control is achieved by a review of construc-
tion plans and specifications, visual inspection of con-
struction operations and procedures, and physical test-
ing. A well-organized, experienced inspection force can
mean the difference between a good job and a poor
one. A good field inspection organization must be
staffed and organized so that inspection personnel and
laboratory technicians are on the job when and where
they are needed. Thus the organization must have
knowledge of the construction at all times.
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b. Inspection personnel training program. Prior to
construction, the training, guidance, and support re-
quired to ensure that the inspection force is fully com-
petent should be determined. If experience is lacking,
training and supervision become more important and
necessary.

(1) The training program for earthwork inspec-
tion personnel should consist of both classroom and
field instruction. During the classroom sessions, the
specifications should be studied, discussed, and inter-
preted as to the intent of the designer. The critical
areas of compaction should be pointed out as well as
the location of zoned and transitional areas. The in-
spection personnel should be instructed on the various
zones of backfill, types of backfill, density require-
ments, and classification and compaction characteris-
tics for each class of backfill. Inspection personnel
should also be instructed as to approved sources of bor-
row for each type of backfill and borrow pit opera-
tions, such as loading procedures to provide uniform
materials and prewetting to provide uniform moisture.
The various types of backfill should be studied, so in-
spection personnel can recognize and readily identify
these materials. Jar samples may be furnished for
later reference and comparison; preferably these
should be samples of the particular soils on which lab
oratory compaction tests were performed in design
studies. Instructions should be given as to water con-
tent control, lift thickness, and most suitable compac-
tion equipment for each type of backfill. Inspection
personnel should be capable of recommending alter-
nate procedures to achieve the desired results when
the contractor’s procedure is unsuccessful.

(2) Inspection personnel should be made aware of
the importance of their work by explaining the engi-
neering features of the design on which the construc-
tion requirements are based. Every opportunity should
be taken to assemble the inspection force for discus-
sion of construction problems and procedures so that
all can gain knowledge from the experience of others.
Inspection personnel should be kept informed of all de-
cisions and agreements pertinent to their work that
are made at higher levels of administration. They
should be advised of the limits of their authority and
contact with contractor personnel.

(3) Field training of inspection personnel should
include observation of their control techniques and ad-
ditional instruction on elements of fieldwork requiring
correction. Inspection personnel should be instructed
in the telltale signs that give visual indications wheth-
er sufficient compaction is being applied and proper
water content is being maintained (see para 7-5b (4)
and EM 1110-2-1911 for discussion of telltale signs).
They should develop the ability to determine from vis-
ual observations (based on correlations with tests on
the project) that satisfactory compaction is being ob-
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tained so that considerable emphasis can be placed on
such methods as a control procedure rather than rely-
ing on field tests alone.  Inspection personnel should be
capable of selecting locations at which field density
and moisture determinations should be made. To meet
this requirement they must be present almost continu-
ously during compaction operations to observe and
note areas where tests appear to be needed. Laboratory
technicians should be made available to perform tests
so that the inspection personnel will be free to observe
the placement and compaction process on another por-
tion of the backfill. Inspection personnel should be
able to use expedient quick-check field apparatus such
as the Proctor and hand-cone penetrometers (sec. B-3,
app. B) to make a rapid check of the field water con-
tent to supplement acceptance testing and to serve as a
guide in determining areas that should be tested. In-
spection personnel should also be well versed in nor-
mal testing procedures so they can properly supervise
testing or explain the procedure in case they are ques-
tioned by contractor personnel.

(4) It is necessary and important that inspection
personnel ascertain their authority and responsibility
at an early stage in the construction. Their policy
should be one of firmness coupled with practicality.
The quality of the work should not be compromised;
however, unreasonable requirements and restrictions
should not be placed on the contractor in enforcing the
specifications. If the inspection personnel know their
job and are fair and cooperative in dealing with the
contractor, they will gain his or her respect and coop-
eration and be able to efficiently carry out their re-
sponsibilities.

b. Field laboratory facilities. The field laboratory is
used for routine testing of construction materials (such
as gradation, water content, compaction, and Atter-
berg limits tests) and for determining the adequacy of
field compaction. The data obtained from tests per-
formed by inspection personnel serve as a basis for de-
termining and ensuring compliance with the specifica-
tions, for obtaining the maximum benefit from the
materials being used, and for providing a complete rec-
ord of the materials placed in every part of the project.
The size and type of laboratory required are dependent
on the magnitude of the job and the type of structures
being built. Where excavation and backfill construc-
tion are extensive and widespread, the establishment
of a centrally located field laboratory is generally
beneficial. This laboratory in addition to having equip-
ment for on-the-job control will provide a nucleus of
experienced soils engineers or engineering technicians
for general supervision and training of inspection per-
sonnel. Field control laboratories on the sites may be
established as necessary during the excavation and
backfill phases of the construction. They may be set up



in an enclosed space allocated by the project officer or
in mobile testing laboratories, such as pickup trucks
with a camper and equipped with the necessary testing
equipment for performance of field density tests, wa-
ter content tests, and gradation tests. Another possi-
bility is the use of large portable boxes in which equip-
ment is stored. When special problems arise and the
required testing equipment is not available at the site
laboratory, the testing should be performed at the cen-
tral laboratory.

7-3. Excavation control techniques. Con-
trol to obtain a satisfactory excavation is exercised by
enforcement of approved plans, visual observations, a
thorough knowledge of the contractor’s plan of opera-
tion and construction schedule, the dimensions and en-
gineering features of the structure(s) to be placed in
the excavation, and vertical and horizontal control
measurements to ensure that the proper line and grade
requirements are met.

7-4. Foundation preparation control
techniques. The main control technique for ensur-
ing proper foundation preparation is visual inspection.
Prior to backfill placement, all uncompacted fill
should be removed from those portions of the excava-
tion to be backfilled. The items included are road fills,
loose material that has fallen into overexcavated areas
adjacent to foundations, and construction ramps other
than those required for access to the excavation. Iden-
tification of such items will be easier if the inspection
personnel have charted the items on the plans as they
were created, since they are not always easily discerni-
ble by visual inspection. It is desirable to control earth
backfill placed in foundation leveling operations by
water content and density tests. Care should be exer-
cised to ensure that all subdrains required in the foun-
dation are protected by filters and transitional zones
that are adequate to prevent infiltration of fines from
the surrounding backfill that might otherwise clog the
drains and undermine structures.

7-5. Backfill quality acceptance control.
The necessary authority to assure that compacted
backfill is in compliance with the specifications is giv-
en in the specifications. The control consists of in-
specting and testing materials to be used, checking the
amount and uniformity of soil water content, main-
taining the proper thickness of the lifts being placed,
and determining the dry unit weight being obtained by
the compaction process. While control consists of all of
these things, good inspection involves much more.

a. Inspection activities. One of the best inducements
to proper placement and compaction of backfill is the
presence of the inspection personnel when backfill is
being placed. However, to be of value the inspector
must know his job. He should be familiar with all as-
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pects of backfill operation, such as selection and avail-
ability of materials, processing, hauling, compaction,
and inspection procedures. Some of the most common
deficiencies in inspection personnel activities are as
follows:

(1) Failing to enforce specification requirements
for preparation of the area for backfill. Often tempo-
rary fills, the working platform, debris, and other un-
desirable materials are left in the excavation causing
weak areas and resulting in greater consolidation in
the backfill.

(2) Failing to be cognizant of detailed site-adapted
plans for stockpiling and placing backfill at specific lo-
cations. Without knowledge of these plans, inspection
personnel are sometimes forced to make engineering
decisions beyond their capability, such as on-the-site
approval of a new material or mixture of materials,
and stockpile locations.

(3) Allowing processing of backfill material and
adjustment of water content on the fill that should
have been accomplished prior to placement. The re-
sults are the segregation of grain sizes and the nonuni-
form distribution of water content. All major process-
ing, including crushing, raking, mixing, and adjusting
of water content, must be done in the stockpile or bor-
row areas.

(4) Allowing lift thickness that is inconsistent
with equipment capabilities and thicker than that al-
lowed by specifications. Field density determinations
will not necessarily detect this inconsistency.

(5) Allowing construction of backfill slopes that
are too steep to obtain the full effect of compaction
equipment.

(6) Failing to require that the fill be built up uni-
formly in a well-defined pattern. Since the contractor’s
next move cannot be predicted, the inspection person-
nel cannot adequately plan their operations, and it is
difficult to determine which areas of backfill have
been tested and approved when the backfill is built up
in an unorganized manner.

(7) Allowing segregation of coarse-grained, nonco-
hesive materials. This condition is caused by improper
hauling, dumping, and spreading techniques.

(8) Allowing the use of compaction equipment not
suited to material being compacted.

(9) Failing to perform sufficient field density test-
ing in critical areas.

(10) Allowing material that is too wet or too dry
to be compacted.

(11) Failing to require that intermediate backfill
surfaces be shaped to drain during backfilling at other
locations.

b. Inspection requirements. To properly control and
inspect backfill operations, the inspection personnel
must keep informed of the construction schedule at all
times and be at the site where backfill is being placed.
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The inspection personnel must be thoroughly familiar
with every aspect of the earthwork section of the
specifications and know boundary locations for the
various zones of material. They should be able to read-
ily identify the various classes of backfill and know
their compaction characteristics and requirements.
Good inspection personnel will also know the compac-
tion capabilities of various types of equipment and the
materials that each type is best suited to compact.

(1) To maintain adequate control of compaction
operations, a staff of earthwork inspectors and labora-
tory personnel commensurate with the importance of
the work and size of the operation is essential. There
should be at least one inspector at the fill when back-
fill is being placed. His sole duty should be inspection
of earthwork. Although he should be familiar with the
testing procedures and capable of directing testing op-
erations and selecting locations for testing, he should
not be required to perform the tests. Laboratory tech-
nicians should be available for this purpose. A discus-
sion of the methods and procedures for field density
testing of the compacted fill is contained in section
B-3, appendix B.

(2) The specifications should require that neces-
sary processing of backfill materials be performed in
the stockpile or borrow pit. Processing includes raking
or crushing to remove oversize material, mixing to pro-
vide uniformity, and watering or aerating to attain a
water content approximating optimum for compac-
tion. An earthwork inspector is required at the stock-
pile or borrow pit to enforce these provisions. In addi-
tion, this inspector has the duties of classifying the
materials, determining their suitability, and directing
the zone of backfill in which they are to be placed. He
is charged with the responsibility of seeing that the
contractor uses the materials available for backfill in
the most advantageous manner. Generally, the stock-
pile or borrow pit inspector relies upon visual inspec-
tion and experience to exercise control over these oper-
ations. Occasionally, he may require that appropriate
tests be performed to confirm his judgment.

(3) The duties of the backfill inspector consist of
checking the material for suitability as it is placed on
the fill and spread, ensuring that any oversize mate-
rial, roots, or trash found in the material is removed,
checking the thickness of the lift prior to compaction,
checking for uniformity and amount of water content,
observing compaction operations, and directing or
monitoring testing of the compacted material for com-
pliance with density and water content requirements.

(4) There are many techniques and rule-of-thumb
procedures that the earthwork inspector can and must
resort to for assistance in his work. A few of them are
discussed below; others can be ascertained by inspec-
tors meeting together to discuss problems and correc-
tive action.
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(a) The thickness of loose lifts can be checked
easily by probing with a calibrated rod just prior to
compaction. Compaction of lifts too thick for the
equipment will not normally be detected by perform-
ing density tests on the lift, since adequate compaction
may be indicated by a test made in the upper portion
of the lift and the lower portion may still have too low
a density. It is therefore a requisite that lift thickness
be controlled on a loos&thickness basis prior to com-
paction

(b) Checks for proper bond between layers can
be made by digging through a lift after compaction
and using a shovel to check this bond. If the soil can be
separated easily along the plane between lifts, suffi-
cient bond is not being provided. Backfill materials
should not be placed on dried or smooth surfaces, as
bond will be difficult to obtain.

(c) Inspection personnel should be thoroughly
aware of areas where compaction is critical. These
areas are the confined spaces around and adjacent to
structures that are not accessible to the rolling and
spreading equipment. Although the volume of backfill
is usually rather small in these areas, a much higher
frequency of check testing for density is required as
well as a careful check of the quality and water content
of the materials to be placed.

c. Compaction control tests. Compaction tests will
have been performed on representative specimens ob-
tained from exploratory sampling prior to construc-
tion. The selection of suitable backfill material are in
fact generally made based on these and other tests. At
least during the early phases of the backfill operation,
density requirements are based on these and in some
cases additional preconstruction compaction tests.
Conditions may develop that require compaction tests
during backfill operations to establish new density re-
quirements. Generally, these changes are the results of
backfill material deviations. The need for additional
control tests may be ascertained from visual observa-
tion and changes in compaction characteristics during
field compaction. For most backfill materials, quality
acceptance compaction control tests must be per-
formed according to the CE 55 test procedure specified
in MIL-STD-621, the equivalent procedure in ASTM
D 1557, or the two-point test procedure (app B). For
some cohesionless soils where higher maximum dry
densities can be obtained using the vibratory (relative
density) compaction procedure, the specifications may
require the vibratory test procedures as specified in
EM 1110-2-1906 or ASTM D 2049. Field compaction
control and rapid compaction check tests that are used
to supplement the Corps acceptance control tests are
discussed in appendix B.

d. Field moisture-density control techniques. Mois-
ture-density control is the most important phase of



backfill operations. The success of ensuring required
backfill density often determines the functional serv-
ice of the imbedded structure. Good control involves
many techniques. An experienced inspector will not
rely on any one technique but from experience will
base his control on a combination of techniques. Mois-
ture-density control techniques may be grouped into
three categories: rule-of-thumb techniques, and indi-
rect and direct moisture density measurements.

(1) Rule-of-thumb methods. Rule-of-thumb tech-
niques are derived from experience and are based on
visual observations and feel of the material. A rule-of-
thumb for judging if the water content of a fine-
grained, plastic material is near the optimum water
content consists of rolling the material between the
hands until it forms a thread approximately 1/8 inch in
diameter. If the material at this stage tends to crack or
crumble, it is in the proper water content range for
compaction. It will be recognized that this method is
similar to the method of determining the plastic limit
of a soil. The methods are similar because the optimum
water content for compaction of a cohesive soil
roughly approximates the plastic limit of the soil.

(a) Another good indication of whether the
proper water content has been obtained can be deter-
mined by observing the compacting equipment. When
a sheepsfoot roller is being used and the soil sticks to
the roller to any great extent, the material is being
rolled too wet for the equipment being used; at opti-
mum water content it may be expected that a few
clods will be picked up by the roller but a general stick-
ing will not occur. If the compacted fill does not def-
initely spring (noticeable to visual observation) under
hauling and compaction equipment, it is probable that
several lifts of fill have been placed too dry. The roller
should roll evenly over the surface of the backfill if wa-
ter content is uniform throughout the lift and should
not ride higher on some portions of the backfill than
on others. If on the first pass of a rubber-tired roller
the tires sink to a depth equal to or greater than one-
half the tire width, if after several passes the soil is
rutting excessively, or if at any time during rolling the
weaving or undulating (as opposed to normal “spring-
ing” of the surface) of the material is taking place
ahead of the roller, either the tire pressure is too high
or the water content of the material is too high. On the
other hand, if the roller tracks only very slightly or not
at all and leaves the surface hard and stiff after sev-
eral passes, the soil is probably too dry. For most soils
having proper water contents, the roller will track
evenly on the first pass and the wheels will embed 3 to
4 inches. Some penetration should be made into soil at
its proper water content, though the penetration will
decrease as the number of passes increases. After sev-
era1 passes of a sheepsfoot roller, the roller should
start walking out if adequate and efficient compaction
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is being obtained. Walking out means the roller begins
bearing on the soil through its feet only-the drum is
riding a few inches above the soil surface. If the roller
walks out after only a few passes, the soil is probably
too dry; if it does not walk out but continues churning
up the material after the desired number of passes, the
soil is too wet or the foot contact pressure is too high.

(b) A trained inspector will spend some time in
the field laboratory, performing several compaction
tests on each type of backfill material to become famil-
iar with the differences in looks, feel, and behavior
and learning to recognize when they are too dry or too
wet, as well as when they are at optimum water con-
tent.

(2) Indirect methods. Indirect methods of deter-
mining the density and water content involve meas-
urement of the characteristic of the material that has
been previously correlated to the maximum density
and optimum water content. These methods of meas-
uring in-place density and water content can usually
effect a more detailed control of a job than can be ac-
complished by direct methods alone because they can
provide quicker determinations. However, no indirect
method should ever be used without first checking and
calibrating it with results obtained from direct meth-
ods, and periodic checks by direct methods should be
made during construction. Indirect methods include
the use of the nuclear moisture-density meter, the
Proctor penetrometer (often referred to as the “Proc-
tor needle"), the hand cone penetrometer, and in the
hands of an experienced inspector even a shovel.

(a) The nuclear moisture-density method con-
ducted in accordance with ASTM D 2922 (for density
determination) and ASTM D 3017 (for water content
determination) is the only indirect control method
used for the Corps quality acceptance control. The
method provides a relatively rapid means for deter-
mining both moisture content and density. Of the
three methods presented in ASTM D 2922, Method B
- Direct Transmission is the best suited for a com-
pacted lift thickness exceeding approximately 4
inches. The nuclear moisture-density method is dis-
cussed in more detail in section B- 3, appendix B.

(b) Penetrometers, such as the Proctor and hand
cone penetrometers, are useful under certain condi-
tions for approximating density. However, both meth-
ods require careful calibration using soils of known
density and water content and considerable operating
experience. Even then, the results may be questionable
because nonuniform water content (in fine-grained
material) or a small piece of gravel can affect the pene-
tration resistance. Penetrometers, therefore, are not
recommended for general use in compaction control;
however, they can be a very useful tool in supplement-
ing the inspector’s visual observations and providing a
general guide for detecting areas of doubtful compac-
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tion. The procedure using the Proctor penetrometer
for determining the relation between wet density,
penetration resistance, and water content is described
in ASTM D 1558 and in section B-3, appendix B. The
hand cone penetrometer procedure also is discussed in
section B-3.

(c) Many inspectors in the past have had good
success in estimating density by simply observing the
resistance of the compacted soil to penetration by a
spade. This method requires considerable experience
and is useful only in detecting areas that might require
further density tests.

(3) Direct methods. Direct field density deter-
mination consists of volume and weight measurements
to determine the wet density of in-place backfill and
water content measurements to determine in-place wa-
ter contents and dry densities. The three methods used
for the Corps quality acceptance density determina-
tion are: (a) the sand-cone method according to
MIL-STD-621 (Method 106) and ASTM D 1556;
(b) the rubber-balloon method according to ASTM D
2167; and for soft, fine-grained cohesive soils, the
drive-cylinder method according to MIL-STD-621
(Method 102) and ASTM D 2937. In addition to the ap-
proved  methods, a method sometimes employed to
measure densities of coarse-grained cohesionless mate-
rial consists of the large-scale, water-displacement
method. The large-scale, water-displacement method
is discussed in EM 1110-2-1911. The sand cone
method is considered to be the most reliable method
and is recommended as the proof or calibration test for
calibrating other methods such as the nuclear density
method. The direct field density methods are discussed
in section B-3, appendix B.

e. Water content by microwave oven. The biggest
problem associated with both field compaction tests
and in-place density and water content control tests is
the length of time required to determine water con-
tent. Conventional ovendrying methods require from
15 to 16 hours for most fine-grained cohesive soils. In
some cases, such as confined zones, the contractor may
have placed and compacted several layers of backfill
over the layer for which density tests were made be-
fore quality acceptance test data are available. Even
though the contractor places successive layers at his
own risk, a rapid turn around between testing and test
results could prevent costly-tear out and recompact
procedures. Drying specimens in microwave ovens of-
fers a practical means for rapid determination of wa-
ter content for most backfill materials if properly con-
ducted. Times required for drying in a microwave oven
are primarily governed by the mass of water present in
the specimen and the power-load output of the oven.
Therefore, drying time must be calibrated with respect
to water content and oven output. Also, it may not be
possible to successfully dry certain soils containing
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gypsum or highly metallic soils such as iron ore, alu-
minum rich soils, and bauxite. Details of the micro-
wave-oven method used for rapid determination of soil
water content is given in section B-3, appendix B.

f. Frequency and location of quality acceptance
density tests. Acceptance control testing should be
more frequent at the start of backfill placement. After
compaction effort requirements have been firmly es-
tablished and inspection personnel have become famil-
iar with materials behavior and acceptable compaction
procedures, the amount of testing can be reduced.
Many factors influence the frequency and location of
tests. The frequency will be dependent on the type of
material, adequacy of the compaction procedures, and
how critical the backfill being compacted is in relation
to the performance of the structure.

(1) A systematic testing program should be estab-
lished at the beginning of the job. Acceptance control
tests laid out in a predetermined manner are usually
designated as routine control tests and are performed
either at designated locations or at random representa-
tive locations, no matter how smoothly the compaction
operations are being carried out. A routine acceptance
control test should be conducted for at least every 200
cubic yards of compacted backfill material in critical
areas where settlement of backfill may lead to struc-
tural distress and for at least every 500 cubic yards in
open areas not adjacent to structures.

(2) In addition to routine acceptance control tests,
tests should be made in the following areas: where the
inspector has reason to doubt the adequacy of the com-
paction; where the contractor is concentrating fill
operations over relatively small areas; where small
compaction equipment is being used such as in con-
fined areas; and where field instrumentation is in-
stalled, mainly around riser pipes.

g. Errors in field density measurements. Density
and water content measurements determined by any
of the methods discussed above are subject to three
possible sources of errors. The three categories of
possible error sources are human errors, errors asso-
ciated with equipment and method, and errors attrib-
uted to material property behavior.

(1) Human error includes such factors as improper
equipment readings and following improper test pro-
cedures. Human errors are not quantitative. However,
errors of this type may be minimized by utilizing com-
petent testing personnel familiar with testing proce-
dures.

(2) There are two types of possible errors related
to test equipment. One type of error relates to the
sensitivity of the equipment with respect to its capa-
bility to accurately measure the true density or water
content. Sensitivity errors are quantitative only in the
sense that limiting ranges of possible error can be es-
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quire separate analysis for each backfill material type
and compaction effort, complete random selection of
test locations, and a large number of control tests as
compared with the conventional decision method. In
addition, statistical methods include water content
control, which is not normally included in military
specifications.

(2) The theory and details concerning the applica-
tion of statistical methods for compaction control are
well developed. Figure 7-1 shows a sequential inspec-
tion plan example of how the end results of a statis-
tical analysis might be used for the purpose of accep-
tance or rejection. In this example, it was established
by statistical analysis that adequate densities could
probably be obtained with reasonable confidence by a
given compaction effort for desired water contents
ranging from 3 percentage points below to 1 per-
centage point above optimum. It was also established
that a density corresponding to 95 percent of CE 55
maximum dry density was the minimum acceptable
density based on required engineering performance of
the backfill. The sequential inspection plan consists of
examining, in sequence, single tests that are obtained
at random from a segment of the backfill being consid-
ered for acceptance or rejection and, for each test,
making one of three possible decisions: the segment is
acceptable; the segment is unacceptable; and the evi-
dence is not sufficient for either decision without too
great a risk of error as indicated by the retest block in
figure 7-1(a). The reject areas in figure 7-1  indicate
conditions that cannot be corrected by additional roll-
ing. The material must be replaced in thinner lifts and
be within the desired water content range before ade-
quate compaction can be achieved with the compaction
equipment being used. If the retest decision is reached,
an additional test is made at a second random location,
and the same three decisions are reconsidered in light
of this additional information. If the second test falls
below the accept blocks, the segment of backfill repre-
sentative of that test should be rejected; or if compac-
tion procedures that have produced acceptable tests in
the past have not been altered, then the compaction
characteristics of that part of the backfill should be re-
evaluated.

(3) The primary advantage of statistical methods
is that they offer a means of systematically evaluating
acceptance or rejection decisions rather than leaving
such decisions entirely to the judgment of the inspec-
tion personnel. However, if experienced and well
trained inspection personnel are available, this ap-
proach may not be necessary.

tablished. An example of sensitivity error would be the
nuclear density device that is capable of determining
densities only to within 3 to 5 pounds per cubic foot of
true density. The second type of error relates to
constant deviations between measured and true densi-
ty. Constant deviation errors can be corrected by cali-
brating test equipment against known densities.

(3) Material property errors are primarily limited
to density determinations using either the sand-cone
or the rubber-balloon method in sands. When a soil is
physically sampled during the process of conducting
an in-place density measurement using these two
methods, a shearing action of the soil is unavoidable.
Cohesionless soils are sensitive to volume change
during shear, dense sands tend to expand and increase
in volume, and loose sands tend to contract and de-
crease in volume. Errors of this nature cannot be
quantified or detected in the field. However, such
errors can be as high as 6 percent for sand using the
rubber-balloon method for volume measurements.

h. Acceptance or rejection. The inspection person-
nel have the responsibility to accept or reject the back-
fill or any part thereof based on the quality acceptance
control tests. On the surface, this task seems straight-
forward. If a segment of the backfill tested at several
locations for acceptance passes or fails to pass mini-

 mum requirements by a wide margin, then it is gener-
ally safe to assume that the backfill within that seg-
ment either has or has not been adequately compacted
and the acceptance or rejection of that segment can be
made based on the test results. On the other hand, if
the tests indicated insufficient compaction, the size of
the affected area may be questionable; it is possible
that the test(s) represents only a small area and the lift
being tested may be sufficiently compacted elsewhere.
In view of the possible errors associated with control
tests, tests that indicate marginal passage or failure
should be treated with caution. The borderline case re-
quires a close look at several factors: how the result
compares with all previous results on the job, how
much compaction effort was used and did it differ
from previous efforts, how does this particular mate-
rial compare with previously compacted materials, the
importance of the lift location in relation to the entire
structure, and the importance of obtaining the correct
density or water content from the designer’s stand-
point. When all factors have been considered, a deci-
sion is made as to which corrective measures are re-
quired. What makes such decisions so difficult is that
they must be made immediately; time will not permit
the problem to be pondered. Discussion with design
engineers prior to beginning compaction operations
may help in the evaluation of many of these factors.

(1) On jobs requiring large volumes of backfill, it
may be advantageous to base the decision to accept or
reject on statistical methods. Statistical methods re-

i. Construction reports. A record should be main-
tained of construction operations. It is valuable in the
event repairs or modifications of the structure are re-
quired at a later time. A record is necessary in the
event claims are made either by the contractor or the
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a. USE FOR INITIAL TEST OF BACKFILL b. USE FOR RETEST OF BACKFILL
AT RANDOM LOCATION AT RANDOM LOCATION

NOTE: 95=SPECIFIED MINIMUM ACCEPTABLE PERCENT
OF CE 55 MAXIMUM DRY DENSITY

Figure 7-1. Acceptance Rejection Scheme for a Backfill Area.

Contracting Officer that work required or performed portance of their reports and the need for thorough
was not in accordance with the contract. Recorded reporting. Records should be made on every test per-
data are also beneficial in improving knowledge and formed in the laboratory and in the field. All informa-
practices for future work. The basic documents of the tion necessary to clearly define the locations at which
construction record are the plans and specifications, field tests are made should be presented. In the daily
modifications adopted that were considered to come reports, inspection personnel should include informa-
within the terms of the contract, amendments to the tion concerning progress, adequacy of the work per-
contract such as extra work orders or orders for formed, and retesting of areas requiring additional
change, results of tests, and measurements of work work to meet specifications. These daily reports could
performed. The amount of reporting required varies be of vital importance in subsequent actions. It is good
according to the importance and magnitude of the practice for the inspection personnel to keep a daily
earthwork construction phase of the project and the diary in which are recorded the work area, work ac-
degree of available engineering supervision. The forms complished, test results, weather conditions, pertinent
to be used should be carefully planned in advance, and conversations with the contractor, and instructions re-
the inspection personnel should be apprised of the im- ceived and given.
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Place by the Nuclear Methods
Symposium on Nuclear Methods for Measuring Soil Density and Moisture

(June 1960)
Special Procedures for Testing Soil and Rock for Engineering Purposes

(June 1970)
Soil Specimen Preparation for Laboratory Testing (June 1976)
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APPENDIX B

FUNDAMENTALS OF COMPACTION, FIELD COMPACTION TEST METHODS,

AND FIELD MOISTURE-DENSITY TEST METHODS

Section B-1. FUNDAMENTALS OF COMPACTION

B-1. Factors influencing compaction. Soil
compaction is the act of increasing the density (unit
weight) of the soil by manipulation by pressing, ram-
ming, or vibrating the soil particles into a closer state
of contact. The most important factors in soil compac-
tion are type of soil, water content, compaction effort,
and lift thickness. It is the purpose of field inspection
to ensure that the proper water content, lift thickness,
and compaction effort are used for each soil type so
that the desired degree of compaction is obtained.
When the water content, lift thickness, or compaction
effort being used does not produce the desired degree
of compaction, changes may be necessary. The deter-
mination of the necessary changes of these factors to
produce the desired degree of compaction requires
knowledge of the principles governing the compaction
of soils. Therefore, it is important that inspection per-
sonnel have a general understanding of the fundamen-
tals of compaction.

a. General. It has been established through research
and construction experience that there is a maximum
density to which a given soil can be compacted using a
particular compaction effect, For each soil and a given
compaction effort, there is a unique water content,
which is called the optimum water content, that pro-
duces the maximum density. The purpose of the lab
oratory compaction test is to determine the variation
in density of a given soil at different water contents
when compacted at a particular effort or efforts. Nor-
mally, the soil to be used is compacted in the labora-
tory over a range of water contents using the impact-
compaction procedures given in MIL-STD-621A and
ASTM D 1557. The compaction effort used is selected
on the basis of the requirements of the structure. In
foundation or backfill design for most major struc-
tures, the CE 55 (also termed modified) compaction ef-
fort that produces approximately 56,000 foot-pounds
per cubic foot of compacted soil should be used.

(1) For some cohesionless soils, a greater maxi-
mum density can be obtained using vibratory-type
compaction procedures given in EM 1110-2-1906 and
ASTM D 2049 than can be obtained using
MIL-STD-621A or ASTM D 1557 impact-compaction
procedure. Thus, there may be cases where the vibra-

tory compaction method may be more appropriate in
determining the maximum density. The compaction
effort used for design purposes should be the basis for
construction control.

(2) A compaction curve is developed in the impact-
compaction test by plotting densities (dry unit
weights) as ordinates and the corresponding water
contents (as percent of dry soil weight) as abscissas.
For most soils the curve produced is generally para-
bolic in form. Figure B-1 shows a compaction curve.
The water content corresponding to the peak of the
curve is the optimum water content. The dry unit
weight of the soil at the optimum water content is the
maximum dry density. The zero air voids curve repre-
sents the relation between water content and dry den-
sity for 100 percent saturation of the particular mate-
rial tested. Thus, it shows the dry density for a given
water content based on the condition that all the air is
forced out of the voids by the compaction process.

b. Influence of soil type. Compaction characteristics
vary considerably with the type of soil. Figure B-2
shows four compaction curves representing the water
content-density relation for four general soil types for
standard compaction. The maximum dry density for a
uniform sand occurs at about zero water content, al-
though density approaching maximum can be obtained
when the sand is saturated. A very sharp peaked curve
of dry density versus water content is usually obtained
for a silt, and water content is critical to achieving
maximum density. A small change in water content (as
small as 0.5 percentage point) above or below optimum
causes a significant decrease in the density (as much as
2 to 4 pounds per cubic foot) for a given compaction ef-
fort. The compaction curve for a lean clay is not as
sharp as that for the silt, and water content control is
not as critical. Optimum water contents for silts and
lean clays generally range between 15 and 20 percent.
The compaction curve for fat clays is rather flat and
water content is not particularly critical to obtaining
maximum density; a 2 to 3 percentage point change in
water content from optimum for fat clays causes only
a small decrease (1 pound per cubic foot or less) in den-
sity. The maximum dry density, as obtained in labora-
tory compaction tests using MIL-STD-621A and
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Figure B-1. Compaction curve.

Figure B-2. Typical compaction test curves.

ASTM D 1557 or modified compaction effort, depends
on the soil type and varies generally from about 125 to
140 pounds per cubic foot for well-graded, sand-gravel
mixtures to about 90 to 115 pounds per cubic foot for
fat clays. The optimum water content generally ranges
from zero for the sand-gravel mixtures to about 30 per-
cent for the fat clays.

c. Influence of water content. For a given fine-
grained soil and a given compaction effort, the water
content determines the state at which maximum dry
density occurs. At low water contents when the soil is

stiff and hard to compress, low, dry densities and high
values of air content result. As the water content is in-
creased, higher dry densities and lower air content
values are obtained. Increased densities result with an
increase in water content up to optimum water con-
tent. Beyond this point, the water in the voids becomes
excessive, and pore pressures develop under the appli-
cation of the compaction effort to resist a closer pack-
ing; lower dry densities are the result.

d. Influence of compaction effort. For most soils, in-
creasing the energy applied (compaction effort) per
unit volume of soil results in an increase in the maxi-
mum density (unit weight). This greater density occurs
generally at a lower water content. This phenomenon
is evident in both field and laboratory compactions.
Thus, for each compaction effort, there is a unique op-
timum water content and maximum dry density for a
given soil. Figure B-3 shows the effect of variation in
compaction effort on the maximum dry density and
optimum water content for a lean clay (CL). Where
values of maximum dry density and optimum water
content are specified, they should be referenced to the
compaction effort used.

e. Influence of lift thickness. Compaction effort ap-
plied to a soil surface dissipates with depth. Therefore,
it is important that the lift thickness to be compacted
be commensurate with the type of soil and the compac-
tion effort. With proper consideration and control over
factors influencing compaction, most soils can be com-

Figure B-3. Molding water content versus density-lean clay (labora-
tory impact compaction).
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pacted to provide a stable backfill, with the exception
of certain bouldery soils and soils containing signifi-
cant amounts of soluble, soft, or organic materials.

B-2. Mechanics of compaction. The influ-
ence of the water content on compaction is markedly
different on coarse-grained, cohesionless soils and
fine-grained, cohesive soils. As a result, the mechanics
or manipulation of soil grains in the two types of soil
during the compaction process are different. The
mechanics of compaction for the two soil types are dis-
cussed in subsequent paragraphs.

a. Compaction of coarse-grained soils. Compaction
of coarse-grained soils that contain little or no fines
and thus exhibit no plasticity (termed cohesionless
soils) is achieved by causing the individual particles to
move into a closer, more compact arrangement, with
smaller particles filling in voids between larger parti-
cles. The compaction energy overcomes friction at con-
tact points between particles as they move past one an-
other into closer packing.

(1) A loose volume of coarse-grained soil, such as
gravel or sand, contains spaces or “voids” between in-
dividual particles that are filled with air and/or water.
The density that can be obtained in such a soil under a
given amount of compaction effort depends on the
gradation and shapes of the particles and on the water
content. For a well-graded gravel or sand, the range of
particle sizes is sufficient to allow a fairly compact ar-
rangement of particles, with smaller particles filling in
the voids between larger particles. For poorly graded
soil, either of uniform gradation or skip-graded (lack-
ing a specific range of particle sizes), the distribution
of particle sizes limits the density that can be ob-
tained. Segregation of similar size particles in a skip-
graded material tends to occur and prevents the voids
from being greatly reduced. In a uniform soil, point-to-
point contact occurs at very low compaction effort and
low density results; further increase in density can
only be accomplished by crushing the grains. There-
fore, a well-graded, coarse-grained material can gener-
ally be compacted to a greater density under a given
compaction effort than a poorly graded, coarse-
grained soil. The increase in maximum density with in-
crease in compaction effort will be greater for a well-
graded soil than that for a poorly graded soil.

(2) Rounded particle shapes facilitate movement
and sliding of particles, while angular particle shapes
restrict movement and sliding of grains in relation to
one another. For either a well-graded, or a poorly grad-
ed, coarse-grained material, increase in angularily of
grains requires a corresponding increase in compac-
tion effort to obtain a given density. However, a high-
er density can usually be attained with angular soils
because the particle shapes are more conducive to fill-
ing the voids.
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(3) For coarse-grained soils containing only a
small percentage (5 or less) of fine-grained particles,
maximum density is more readily obtained when the
soil is either dry or saturated. For water contents be-
tween these limits, the water in the soil forms menisci
between the particle contacts, which tend to hold the
soil particles together. This resistance to movement of
particles into a more compact structure, termed appar-
ent cohesion or “bulking,” results in lower densities
than those for either a dry or saturated cohesionless
soil under the same compaction effort.

(4) It is to be noted that in the preceding para-
graphs, the discussion has centered around the density
in weight per unit volume of coarse-grained soils with
different gradation characteristics. A more realistic
parameter that is often used is the relative density of
cohesionless coarse-grained soils. Relative density ex-
presses the degree of compactness of a cohesionless
soil with respect to the loosest and the densest condi-
tions of the soil that can be attained by specified
laboratory procedures. A soil in the loosest state would
have a relative density of zero percent and in the dens-
est state, a relative density of 100 percent. The dry
unit weight of a cohesionless soil does not, by itself, re-
veal how loose or how dense the soil is due to the influ-
ence of particle shape and gradation on the density.
Only when viewed against the possible range of varia-
tion, in terms of relative density, can the dry unit
weight be related to the compaction effort used to
place the soil in a backfill or indicate the volume-
change tendency of the soil when subjected to founda-
tion loads.

(5) Most coarse-grained soils can be compacted to
a density such that detrimental additional consolida-
tion will not take place under the prototype loading.
This factor is the first important consideration. An-
other important consideration may be that the com-
pacted soil be sufficiently pervious to provide good
drainage. Proper consideration of these two basic
factors will allow the use of most coarse-grained soils
for backfill purposes.

b. Compaction of fine-grained soils. The mechanics
by which fine-grained soils are compacted is quite com-
plex because capillary pressures, hysteresis, pore air
pressure, pore water pressure, permeability, surface
phenomena, osmotic pressures, and the concepts of ef-
fective stress, shear strength, and compressibility are
involved. Numerous theories have been developed in
an attempt to explain the compaction mechanics. The
current state-of-the-art theories involving effective
stress give satisfactory explanations. The basic con-
cepts of these theories are discussed below.

(1) Fine-grained soils are compacted in a partially
saturated state; therefore, voids or pores contain both
pore air and pore water between the soil particles. Ini-
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tial compaction water contents below optimum result
in initial high pore air pressures and pore water pres-
sures, which reduce shear strength and allow soil
particles to slide over one another displacing the pore
air to form a more dense mass. This process continues
as long as the trapped pore air pressure can escape but
requires increasing amounts of compaction effort to
achieve higher densities since the soil particles carry
increasing amounts of the compaction energy. For a
given compaction effort, enough water may eventually
be added to the soil so that air channels become discon-
tinuous, and the air is trapped. When the air voids be-
come completely discontinuous, the air permeability of
the soil drops to zero; no further densification is possi-
ble because at this condition transient pore air pres-
sures can develop that resist the compaction effort. At
zero permeability the soil has reached its so-called
“optimum water content.” Since zero permeability may

also be established by closer packing of soil particles, it
is evident that lower optimum water contents are pos-
sible at higher compaction efforts.

(2) The addition of water above optimum water
content causes the voids to become completely filled
with trapped pore air and pore water and thereby pre-
vents the soil particles from moving into a more com-
pact arrangement no matter what the compaction ef-
fort. Pore water pressure increases significantly with
increasing water contents and causes increased reduc-
tion in shear strength. This fact is evident in the
laboratory compaction mold when the compaction foot
sinks deeper and deeper into the soil as water content
increases past optimum. The same process occurs in
the field when sheepsfoot rollers sink into the soil un-
til the weight is carried by the drum or excessive rut-
ting with rubber-tired rollers.

Section B-2. FIELD COMPACTION TEST METHODS

B-3. General. Laboratory test data obtained from
laboratory-compacted specimens provide a basis for
design, and it is assumed that the engineering charac-
teristics that will be built into the field-compacted
backfill will be approximately the same as those of the
specimens. Experience has indicated that for most
soils, laboratory densities, water contents, and
strength characteristics can be satisfactorily repro-
duced in a field-compacted backfill.

B-4. Field compaction tests.
a. Compaction control tests. Compaction control of

soils requires comparison of fill water content and dry
density values obtained in field density tests with opti-
mum water content and maximum dry density, or de-
termination of relative density if more appropriate for
the fill materials that are cohesionless. For fine-
grained or coarse-grained soils with appreciable fines,
field results are compared with results of CE 55
laboratory (modified effort) compaction tests per-
formed according to procedures presented in
MIL-STD-621A and ASTM D 1557. For free-draining
cohesionless soils, relative density of the fill material
is determined, if appropriate, using vibratory test pro-
cedures prescribed in EM 1110-2-1906 and ASTM D
2049.

b. Frequency compaction control tests. The per-
formance of a standard laboratory compaction test on
material from each field density test would give the
most accurate relation of the in-place material to opti-
mum water content and maximum density, but this
test is not generally feasible to do because testing
could not keep pace with the rate of fill placement.
However, standard compaction tests should be per-
formed during construction (1) when an insufficient
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number of the compaction curves were developed dur-
ing the design phase, (2) when borrow material is ob-
tained from a new source, and (3) when material simi-
lar to that being placed has not been tested previously.
In any event, laboratory compaction tests should be
performed periodically on each type of fill material
(preferably 1 test for every 10 field density tests) to
check the optimum water content and maximum dry
density values being used for correlation with field
density test results.

c. Quick field compaction tests. In addition to the
standard compaction or relative density tests (para
B-2a), at least four relatively quick compaction test
methods can provide good approximations of maxi-
mum dry density comparable to the standard methods.
The quick compaction methods include: one-point and
two-point compaction methods; the Water and Power
Resource Service (WPRS), formerly U.S. Bureau of
Reclamation (USBR) rapid compaction control
method; and for granular cohesionless material, com-
paction control by gradation. Since only the one-point
and two-point methods are currently accepted by the
Corps of Engineers for compaction control tests, only
these two methods will be discussed in detail. The
USBR and gradation methods are briefly summarized.

(1) One-point compaction method. In the one-
point compaction method, material from the field
density test is allowed to dry with thorough mixing to
obtain a uniform water content on the dry side of esti-
mated optimum, and then compacted using the same
equipment and procedure used in the five-point stand-
ard compaction test. The water content and dry densi-
ty of the compacted sample are then used to estimate
its optimum water content and maximum dry density
as illustrated in figure B-4. The line of optimums is



well defined in the figure, and the compaction curves
are approximately parallel to each other; consequent-
ly, the one-point compaction method could be used
with a relatively high degree of confidence. In figure
B-5, however, the optimums do not define a line, but a
broad band. Also, the compaction curves are not paral-
lel to each other and in several instances cross on the
dry side. To illustrate the error that could result from
using the one-point method, consider the field density
and water content shown by point B in figure B-5.
Point B is close to three compaction curves. Conse-
quently, the correct curve cannot be determined from
the one point. The estimated maximum dry density
and optimum water content could vary from about
92.8 pounds per cubic foot and 26 percent, respective-
ly, to 95.0 pounds per cubic foot and 24 percent, re-
spectively, depending on which curve was used. There-
fore, the one-point method should be used only when
the basic compaction curves define a relatively good
line of optimums.

Figure B-4. Illustration of one-point compaction method.

(2) Two-point compaction test results. In the two-
point test, one sample of material from the location of
the field density test is compacted at the fill water con-
tent if thought to be at or on the dry side of optimum
water content (otherwise, reduced by drying to this
condition) using the same equipment and procedures
used in the five-point compaction test. A second sam-
ple of material is allowed to dry back about 2 to 3 per-
centage points dry of the water content of the first
sample, and then compacted in the same manner. Af-
ter compaction, water contents of the two samples are
determined by ovendrying or other more rapid means
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Figure B-5. Illustration of possible error using one- and two-point
compaction methods.

(para B-8a), and dry densities are computed. The re-
sults are used to identify the appropriate compaction
curve for the material test (fig. B-6). The data shown
in figure B-6 warrant the use of the two-point compac-
tion test since the five-point compaction curves are not
parallel. Using point A only as in the one-point test
method would result in appreciable error as the shape
of the curve would not be defined. The estimated com-
paction curve can be more accurately defined by two
compaction points as shown. Although the two-point
method is more accurate than the one-point method,
neither method would have acceptable accuracy when
applied to the set of compaction curves shown in
figure B-5.

(3) Rapid one-point test for sands. A rapid check
test for compaction of uniform sands (SP to SM) with
less than 10 percent fines (minus No. 200 sieve) is a
modified one-point test. The ovendry sand is com-
pacted in a 4-inch-diameter mold using CE 55 (modi-
fied) effort. Correlation with standard compaction
tests is required to confirm the validity of test results
for different sands used on each project.

(4) USBR rapid compaction control method. De-
tails of this method are described in the USBR Earth
Manual (app A), The test is applicable to fine-grained
(100 percent minus No. 4 sieve) cohesive soils with li-
quid limits less than 50. The method, however, is ap-
plicable to soils containing oversize particles providing
the proper corrections, as stated in EM 1110-2-1911,
Appendix B, are applied. It is a faster method than the
standard compaction test and is often more accurate
than other methods. The method usually requires add-
ing water to or drying back sampled fill material, and
thorough mixing is needed to obtain uniform drying or
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Figure B-6. Illustration of two-point compaction method

distribution of added water. Otherwise, the results
may be erroneous, especially for highly plastic clays.
In tough clays, it is likely to be inaccurate because of
insufficient curing time for the specimens.

(5) Grain-size gradation compaction control meth-
od. This test method developed in 1938 is applicable to
coarse, medium, and fine-grained sands. The method
involves sieve analysis to establish grain-size grada-
tion curves, whose shapes are then correlated with
maximum dry density obtained from the standard
five-point compaction tests or relative density tests.
For a given compaction effort, the maximum dry
density of cohesionless material (sand) is also a func-
tion of particle shape. Thus, the correlation between
grain-size distribution and density would, by necessity,
have to include consideration of particle shape. It is
doubtful that this method would provide test results
more rapidly than the one-point and two-point meth-
ods or the relative density method currently accepted
by the Corps since samples must be dried for sieve
analysis. Therefore, this method is not recommended
for routine compaction control.

d. Possible errors. All tests involving mechanical de-
vices and human judgment are subject to errors that
could affect the results. In order to properly evaluate
test results, the inspector must be familiar with the
possible sources of such errors.

(1) Five-point compaction tests. The following er-
rors can cause inaccurate results:

(a) Aggregations of air-dried soil not completely
reduced to finer particles during processing.

(b) Water not thoroughly absorbed into dried
material because of insufficient mixing and curing
time.

(c) Material reused after compaction.
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(d) Insufficient number of tests to define com-
paction curve accurately.

(e) Improper foundation for mold during com-
paction.

(f) Incorrect volume or weight of compaction
mold.

(g) Incorrect rammer weight and height of fall.
(h) Excessive material extending into the exten-

sion collar at the end of compaction.
(i) Improper or insufficient distribution of

blows over the soil surface.
(j) Tendency to press the head of the rammer

against the specimen before letting the weight fall.
(k) Insufficient drying of sample for water con-

tent determination.
(2) One-point and two-point compaction test. The

possible sources of errors for the one-point and two-
point compaction test are essentially the same as those
for the five-point method discussed in (1) above. In ad-
dition, appreciable inaccuracy in results may occur for
both methods if attempts are made to extrapolate
maximum density and optimum water contents from
nonuniform families of compaction curves (fig. B-5).

B-5. Field compaction and test sections.
For most soils, laboratory densities, water contents,
and strength characteristics can be satisfactorily
reproduced in a field-compacted backfill. However,
during the initial stage of construction frequent
checks of density and water content should be made
for comparison with design requirements and adjust-
ments should be made in the field compaction proce-
dure as necessary to ensure adequate compaction.

a. When a compacted backfill is constructed as
foundation support for critical structures, or when
other requirements, materials, and conditions are un-
usual, the specifications may provide for the construc-
tion of test sections. The test section is used to deter-
mine the best procedures for processing, placing, and
compacting the materials that will produce compacted
backfill having engineering properties compatible
with design requirements. Therefore, construction of a
test section may involve using different types and dif-
ferent weights of compaction equipment, using differ-
ent lift thicknesses, using different amounts of com-
paction applications (different numbers of passes or
coverages), processing materials differently with re-
spect to water content control, and mixing to obtain
improved gradation. A discussion on test sections for
shale materials is presented in Appendix A of
FHWA-RD-78-141 and illustrates a wide variation in
test results, even for very carefully conducted field
tests.

b. By exercising rigid control over the water con-
tent, processing, placement, and compaction proce-
dures, by frequent density sampling, by keeping com-
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not contained in the specifications, the field engineers
and inspection personnel should provide maximum
guidance to the contractor to aid him in establishing
adequate processing, placement, and compaction pro-
cedures. To meet this problem the contractor must be
provided with suggested improvements of equipment
type, if they have not been specified, and procedures
during the initial stages of backfill operations. The es-
tablishment of the procedures and equipment type
that will produce adequate compaction of the backfill
material must be supported by a comprehensive pro-
gram of control testing.

plete records of the procedures and tests, and then by
studying and evaluating these records, a procedure to
use on the job can be established. In addition to water
content and density check tests, undisturbed samples
should be obtained to determine that the shear and
consolidation characteristics are consistent with de-
sign requirements. Once control for field conditions
has been established, the backfill can proceed at a nor-
mal rate. The contractor should be required to adhere
to the established processing, placement, and compac-
tion procedures.

c. If provisions for construction of a test section are

Section B-3. FIELD MOISTURE-DENSITY TEST METHODS

B-6. General. Field density measurements of the
compacted backfill are essential to ensure that backfill
meets the required design densities necessary for the
proper functioning of the structure within that back-
fill. Although water content requirements are not gen-
erally specified in military specifications, the measure-
ment and control of water content is important in ob-
taining required densities. The four density measure-
ment test methods used for the Corps record and con-
tract acceptance enforcement are listed below.

a. The sand-cone method as described in MlL-
STD-621A (Method 106) and ASTM D 1556.

b. The rubber-balloon method as described in ASTM
D 2167.

c. The nuclear moisture-density method as de-
scribed in ASTM D 2922 (for density) and ASTM D
3017 (for water content).

d. The drive-cylinder method as described in
MIL-STD-621A (Method 102) and ASTM D 2937 for
soft, fine-grained cohesive soils. The water-displace-
ment method described in EM 1110-2-1911, although
not currently used for Corps contract enforcement,
may be used for supplementary density testing for
rocky materials. Rapid field methods of determining
or approximating water content-density are also dis-
cussed in the following paragraphs.

B-7. Water content and density test
methods. Field density can be determined by direct
or indirect methods. In the direct methods, the weight
of soil removed from a hole and the volume of the hole
are determined and used to compute the density. In
the indirect methods, a characteristic of the soil, such
as radiation scattering or penetration resistance, is
measured with an instrument such as a nuclear densi-
ty meter or penetrometer, and then a previously deter-
mined relation between density and the characteristic
measured is used to determine the density.

a. Direct methods. The sand-displacement method
is considered to be the most reliable direct method and

should be used as the standard test by which indirect
test results are correlated with density. Other direct
methods are the drive-cylinder method, rubber-balloon
method, and water-displacement method.

(1) Sand-cone method. Procedures and equipment
for the sand-cone method are described in MIL-
STD-621A (Method 106) and ASTM D 1556. The pro-
cedure as described in the references involves prepara-
tion of the ground surface, measurement of an initial
volume for the purpose of correcting for surface ir-
regularities, and measurement of a second volume
after a small hole is dug. The difference in the volumes
is the volume of the hole. The sand used is a standard
sand (Ottawa or other sands having rounded grains
and a uniform gradation) that has been calibrated for
weight versus volume occupied when falling from a
standard, constant height. The weight of sand used is
measured by weighing the sand density cylinder be-
fore and after each volume measurement, and the
volume is determined from the weight versus volume
calibration. The soil removed from the hole is weighed,
the water content determined (MIL-STD-621A), and
the dry weight computed. The wet density and dry
density of the soil are computed by dividing the appro-
priate weights by the computed volume. The sand-cone
method can be used to determine the in-place density
of practically all soils except those containing large
quantities of large gravel sizes.

(2) Drive-cylinder method. Procedures and equip-
ment for the drive cylinder method are described in de-
tail in MIL-STD-621A (Method 102) and ASTM D
2937. The procedure consists of driving a 3-inch-diam-
eter by 3-inch-high sampling tube of known volume
into the soil, excavating the sampling tube and soil,
and trimming off the soil protruding from the ends of
the tube. The weight and water content of the soil are
measured and the dry weight is computed. The wet
density and dry density of the soil are computed by
dividing the appropriate weights by the computed
volume. The drive-cylinder method is limited to moist,
fine-grained cohesive soils.
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(3) Rubber-balloon method. Procedures and equip-
ment for the rubber-balloon method are described in
ASTM D 2167. This method utilizes a rubber balloon
attached to a glass or metal cylinder containing water
and having a scale graduated in cubic feet. An annular
device is seated on the prepared ground surface, and
the balloon apparatus is placed and held down firmly
on the ring. Then water is forced into the balloon
under pressures of 2 to 3 pounds per square inch to ob-
tain an initial volume measurement to correct for
ground surface irregularities. The apparatus is re-
moved, a small hole is dug, and the apparatus is re-
placed on the ring. Water is again pumped into the bal-
loon and causes the balloon to conform to the
boundary of the hole; then the volume is measured.
This volume less the initial volume is the volume of the
hole. The volumeter apparatus is simple and easy to
operate, and the volume measurement can be made di-
rectly and in somewhat less time than that with the
sand-cone volume apparatus. The results obtained are
considered to be as accurate as those obtained from the
sand-cone apparatus. Like the sand-cone method, the
rubber-balloon method can be used to determine the
in-place density of practically all soils except those
containing large quantities of large gravel sizes.

(4) Water-displacement method. Where it is nec-
essary to determine the in-place density for a large
volume of soil, as in coarse-grained soils containing
significant quantities of large gravel sizes, an approx-
imate density can be obtained by excavating a large
hole (several cubic feet) and determining the volume
by lining the hole with thin plastic sheeting and meas-
uring the quantity of water required to fill the hole. A
relatively small sample representative of the material
from the excavation is used for determining the water
content. Using the wet and dry weights of the material
excavated and the measured volume of the hole, the
wet and dry densities of the soil can be determined. Al-
though the procedure is not contained in a Military
Standard, it is about the only means of determining an
approximate density for soils with large sizes of gravel
or rock.

b. Size and preparation of test hole. The size of the
hole and the care used in preparing the test hole for
the sand volume and balloon methods influence the
accuracy of the volume measurement. The proper size
of the hole is not well established; however, the larger
the hole, the less significant small errors in measure-
ment of volume become. The instructions in TM
5-824-2 indicate that a volume of at least 0.05 cubic
foot should be used when testing materials with a
maximum particle size of 1 inch and that larger vol-
umes should be used for larger maximum particle
sizes. ASTM D 1556 suggests certain relations be-
tween particle size and the test hole volume and
weight of water content specimen. It also recommends
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increasing the size of the sample used for water con-
tent determination with increasing maximum particle
size. The relations suggested by the American Society
for Testing and Materials are shown in the following
tabulation:

Minimum test Water content
Maximum particle hole volume sample

size, in. cu ft
0.187 (No. 4) 0.025 100
1/2 0.050 250
1 0.075 500
2 0.100 1,000

For significant quantities of larger particles the vol-
umes above should be doubled. The accuracy of the test
results is influenced by not only the care taken in pre-
paring a test hole but also the degree of recovery of the
excavated material. A hole with irregular surfaces will
cause the volume measurement to be less accurate
than a hole with smooth surfaces. Thus, the inside of
the hole should be kept as free of pockets and sharp
projections as possible. Digging a smooth test hole in
cohesionless coarse-grained material is particularly
difficult. In fine-grained soils without gravel particles,
the hole may be bored with an auger, but hand tools
will be required to smooth the walls and base of the
hole and to recover loose material. For coarser-grained
soils and soils containing a significant amount of grav-
el-size particles, hand tools will generally be required
to excavate the hole to prevent disturbing the material
in the walls and base of the test hole. Should it become
necessary in digging a test hole in highly compacted
material to loosen the material by using a chisel and
hammer, care must be taken not to disturb the soil
around the limits of the hole. All loose particles must
be removed after the final depth has been reached, and
all particles must be recovered. All soil should be
placed in a waterproof container as the soil is taken
from the hole. This measure will prevent loss of water
before the soil can be weighed.

c. Indirect methods. The indirect methods include
use of the nuclear moisture-density apparatus, Proctor
penetrometer, and cone penetrometer. Both the Proc-
tor penetrometer and cone penetrometer methods for
determining the density require very careful calibra-
tion using soils of known density and water content,
and considerable experience in operating the device;
even so, the accuracy of these methods may be subject
to question because of the great influence that nonuni-
formity of water content or a small piece of gravel can
have on the penetration resistance. The Proctor pene-
trometer may also be used to approximate water con-
tent of fine-grained soils.

(1) Nuclear moisture-density method. Procedures
and equipment for the nuclear moisture-density meth-
od are described in ASTM D 2922 (for density) and
ASTM D 3017 (for water content). The three methods
for determining in-place densities described in ASTM



D 2922 are Method A-Backscatter, Method B-Direct
Transmission, and Method C-Air Gap. Of the three
methods, Method B-Direct Transmission is recom-
mended over Method A and Method C because it elim-
inates the effect of vertical density variations.

(a) Modern nuclear-moisture density equipment
incorporates a radioactive source emitting neutrons
and gamma rays and measuring elements (geiger
tubes) or “scalers” into a single, self-contained unit.
The determination of moisture by the nuclear method
is dependent on the modifying of high energy or “fast”
neutrons into low energy or “slow” neutrons (ASTM,
STP No. 293). Any material containing hydrogen will
moderate fast neutrons. Since hydrogen is present pri-
marily in the molecules of free water, the degree of
interaction between the fast neutrons and hydrogen
atoms represents a measure of the water content of the
soil, Density measurements are based on the scattering
of gamma rays by the orbital electrons on the atoms
comprising the soil. Since the scattering is a function
of the electron density, which in turn is approximately
proportional to the density of the soil, it is possible to
correlate the backscatter of the gamma rays with the
soil density.

(b) To obtain a water content or density meas-
urement, the appropriate meter is set in place and the
voltage setting is adjusted to the correct operating
voltage. After the scaler is turned on, a short warmup
period (not exceeding 1 minute) is allowed before the
test count is started. Intimate contact at the interface
between meter and soil is necessary for Method A-
Backscatter because the scattering of the gamma rays
for the density measurement is quite sensitive to even
minute air gaps. The normal counting period is 1
minute, with one or two repeat counts taken as a
check. Calibration curves for both moisture and densi-
ty determinations, once the count rates have been es-
tablished, are furnished by the manufacturers for each
individual unit. In general, the calibration curve for
moisture determination is more reliable than the curve
for density determination. However, it is advisable to
correlate both calibration curves on each type of soil
with which the instrument is to be used. Such a corre-
lation should be accomplished by using current stand-
ard methods for moisture and density determinations
or by calibrating on blocks of material of known mois-
ture and density. Examples of calibration for shale
materials are given in Appendix A of FHWA-
RD-78-141.

(c) For all nuclear-moisture density devices,
separate standards are provided so that the count rate
can be determined on each instrument at any time in
the field. A standard count should be taken three or
four times during a day’s operation. Although adjust-
ments can generally be made on the instruments so
that the count will coincide with the standard count;
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even a slight adjustment is not usually justified. A
more satisfactory procedure is to record the field
measurement in terms of percent of this standard
count rate, which should be within a reasonable per-
centage ( ± 5) of the given reference count. Use of the
percent of standard count, rather than simply the
counts per minute, is recommended for increased accu-
racy. Use of this procedure largely cancels out the
effects of such variables as reduction in source
strength, background count, and changes in sensitivity
of the detector tubes.

(d) The calibration curve for the soil being
tested is entered with the value of the density meter
count rate (taking into consideration the variation
from the standard count) to obtain the wet unit weight
of the soil. Similarly, the moisture meter yields the
weight of water per cubic foot of soil. The unit dry
weight of the soil is simply the wet unit weight ob-
tained by the density meter minus the weight of water
obtained by the moisture meter. By dividing the water
measurement by the dry density, the water content
can be expressed in the more familiar terms of percent-
age of dry weight.

(e) Anyone working with nuclear meters must
recognize that a possibility of exposure to radiation ex-
ists if the safety rules listed by the manufacturer are
not followed. When proper procedures and safety rules
are followed, the radiation hazard is negligible. For
certain instruments, operating personnel must wear a
body radiation film badge and carry a pocket dosim-
eter. These instruments must be ready weekly to en-
sure that the maximum permissible weekly dosage is
less than 100 milliroentgen. Other safety rules deal
with handling the devices and being aware of the built-
in safety devices. The safety precautions mentioned
above may vary or not be applicable for some of the
newer devices being manufactured. Therefore, the
manufacturer’s literature should be carefully studied to
determine appropriate safety requirements.

(f) It is possible, using nuclear-moisture density
apparatus, for one inspector to conduct perhaps 30 wa-
ter content and 30 density tests per 8-hour working
day. The time required per test is only 20 or 25 percent
of that required in direct sampling methods. A large
number of tests with the nuclear meter correlated with
a much smaller number of direct sampling determina-
tions can be of great benefit in ensuring that adequate
compaction of the backfill is being obtained. A simple
statistical analysis of the data can be made, such as a
plot of dry density versus number of tests (ASTM STP
No. 293). The resulting bell-shaped curve is a very use-
ful tool since each day’s results can easily be added to
the plot of previous test results. This procedure can
provide an up-to-date picture of the fill densities being
obtained and can show the effect of changes made in
field compaction procedures.
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(2) Hand cone penetrometer. The hand cone pene-
trometer offers a rapid means of checking density re-
quirement of some compacted backfills. The process
involves the correlation of penetration resistance with
known in-place densities as determined by either the
sand-cone or the rubber-balloon method.

(a) Cone penetration resistance is a measure-
ment of soil bearing capacity. Since bearing capacity is
dependent on shear strength and thus density, the
hand cone penetrometer is an indirect measurement of
density. Because shear strength is a function of any
pore air and pore water pressures that may be gener-
ated by a shearing action of soils containing pore wa-
ter, the method is applicable only to free-draining
materials where pore pressures are dissipated as fast
as they are generated. Penetration resistance can also
be drastically influenced by the obstruction of gravel-
size particles. Therefore, the method is applicable only
to sands with 100 percent passing the U.S. Standard
No. 4 sieve (4.76 mm) and no more than 15 percent
passing the U.S. Standard No. 200 sieve (0.074 mm).

(b) A plot of hand-cone sounding resistance ver-
sus depth of sounding will result in an approximate
linear relationship for homogenous materials of rela-
tively constant density for depths of sounding ranging
from approximately 2 inches to 20 inches depending
on the geometry and size of the cone point and mate-
rial type. Correlations may be made between known
in-place densities and either the angle of inclination
between sounding resistance and depth of penetration
or the sounding resistance at a given depth. The range
of known in-place density must be sufficient to estab-
lish a trend between sounding resistance and density.
Correlations between density and sounding resistance
at a given depth is the simplest correlation since the
angle of inclination does not have to be computed.
Figure B-7 shows a case example of a correlation be-
tween dry density and sounding resistance measured
at 6 inches below the surface. Contract specification
required a minimum acceptable dry density of 104.7
pounds per cubic foot (98 percent of the maximum dry
density according to the compaction method described
in ASTM D 1557). Figure B-7 also indicates that all
soundings with resistances of 110 pounds or more cor-
responded to densities greater than 104.6 pounds per
cubic foot. Therefore, no additional standard density
checks are needed beyond the routine tests. When all
soundings with resistance of 86 pounds and below cor-
respond to densities below 104.6 pounds per cubic
foot, it is evident that sufficient compaction has not
been achieved and additional standard density checks
are definitely needed for an acceptance or rejection
decision. Sounding with resistances between 86 and
110 pounds may or may not need additional density
checks depending on whether the inspector has reason
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to suspect
achieved.

adequate compaction has or has not been

Figure B-7. Correlation between dry density and hand cone resist-
ance at a depth of 6 inches below the surface.

(c) The correlation between sounding resistance
and known in-place dry densities (fig. B-7) is made di-
rectly without knowing water content at each sound-
ing location. Although sounding resistances are af-
fected by water content for the dry, moist, and 1 to 2
percentage points above optimum state, the range of
possible water content in the moist state does not sig-
nificantly affect sounding resistance.

(d) The hand cone penetrometer is ideally suited
for use in confined zones where sand is used as backfill
and where rapid control aids are needed to determine
if adequate compaction has been achieved. With a lit-
tle practice, a hand-cone sounding can be -made in less
than 1 minute.

d. Possible sources of errors. Since the decision to
accept or reject a particular part of a backfill is primar-
ily dependent upon the results of in-place density con-
trol tests, it is important for the inspector to be famil-
iar with the possible sources of errors that might cause
an inaccurate test result. Some of the more likely
sources of errors for the sand-cone, rubber-balloon,
and nuclear moisture-density methods are discussed
below. All tests that are suspected to be in error must
be repeated.

(1) Sand-cone method. The major sources of possi-
ble error are as follows:

(a) The sand-cone method relates the bulk den-
sity of a standard sand to the known weight of the



TM 5-818-4/AFM 88-5, Chap. 5

tion curves may also be induced by differences in the
seating, background count, sample heterogeneity, and
surface texture of the material being tested.

B-8. Rapid field water content control
procedures. In many cases, particularly in con-
fined zones, it is important to rapidly determine the
dry density of a given part of the backfill in order to
prevent the possibility of costly tear out and rebuild
operations. The test procedures for determining dry
densities using the sand-cone and rubber-balloon
methods sometimes require extensive drying times
(depend on material type up to 16 hours) to determine
water content. Alternate techniques for rapidly deter-
mining water content are discussed below.

a. Microwave ovens. Microwave energy may be used
to dry soil rapidly and thus enable quick determination
of water content (ASTM  STP No. 599). However, in
drying soils with microwaves, the only control on the
amount of energy absorbed by the soil is exposure
time; consequently, if soils are left in the oven too
long, severe overheating can occur. This overheating
of the soil can cause bound water, a part of the soil
structure, to be driven off and thus result in signifi-
cant errors in water content measurements. In addi-
tion, continuous heating can result in excessive heat
being generated; certain soils have been observed to
fuse or explode and thereby create hazards to both
equipment and personnel.

(1) Times required for drying in a microwave oven
are primarily governed by the mass of water present
and the power-load output of the oven, as expressed by

same sand occupying an in-place volume of sampled
material. Changes in effective gradation between or
within batches of sand may significantly affect the
test results. This error can be minimized by frequent
calibration of the sand’s bulk density.

(b) Loose sand increases in density when sub-
jected to vibrations. Care must be taken not to jar the
sand container while calibrating bulk density in the
laboratory or during in-place volume measurements in
the field. A common error is to use the sand cone meth-
od for in-place volume measurements adjacent to the
operation of heavy equipment. Heavy equipment can
generate vibrations that densify the sand and result in
erroneously high-volume measurements and low in-
place densities.

(c) Appreciable time intervals between bulk
density determination of the sand and its use in the
field may result in change in the bulk density caused
by a change in the moisture content of the sand.

(2) Rubber-balloon method. The major sources of
possible error are as follows:

(a) New rubber-balloon volumeters should be
calibrated against several known volumes of different
sizes covering the volume range of in-place measure-
ments.

(b) For stiff soils such as clay, it is possible to
trap air between the sides of the sample hole and bal-
loon. This error can be minimized by placing lengths of
small-diameter string over the edge of the hole and
down the inside wall slightly beyond the bottom cen-
ter.

(c) The application of the 2- to 3-pounds-per-
square-inch pressure to extend the balloon into exist-
ing irregularities in the hole will cause a noticeable up-
ward force on the volumeter. Care must be taken to en-
sure that the volumeter remains in intimate contact
with the base plate.

(d) The rubber balloon must be frequently
checked for leaks.

(3) Nuclear moisture-density method. The major
sources of possible error are as follows:

(a) The single consistent source of error is re-
lated to the accuracy of the system. The overall system
accuracy in determining densities is statistical in na-
ture and appears to vary with the equipment used, test
conditions, materials tested, and operators. If proper
procedures are followed, the standard deviations in
terms of accuracy will vary on the order of 3 to 5
pounds per cubic foot for density tests and 0.5 to 1.0
pound of water per cubic foot of material for water
content tests.

(b) Manufacturers furnish calibration curves for
each piece of equipment. Due to the effects of differing
chemical compositions, calibration curves may not be
applicable to materials not represented in establishing
the calibration curve. Apparent variations in calibra-

where
T = time in the microwave oven, seconds
MW

= mass of water present in the soil-water
mixture, grams

w = water content of the specimen
= initial temperature of the soil-water mass,

degree Centigrade
P = power output of the oven, watts

This governing equation indicates that in order to pre-
dict accurately the drying times required, an estimate
of the specimen water content must be made and the
oven power versus load relationship must be estab-
lished by calibration.

(2) The limitation of having to estimate the initial
water content of the specimen is not insurmountable.
Test results indicate that slight overestimations of the
actual water content, i.e., longer drying times, general-
ly result in small differences between conventional
oven and microwave oven water contents. Conversely,
underestimations of water content result in more seri-
ous errors. If an accurate estimate of water content
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cannot be made, experience has shown that close. vis-
ual observation often can be used to determine if soil
overheating is occurring. An alternative approach is to
incrementally dry a duplicate specimen until a con-
stant weight is obtained, calculate the water content,
and input this value into equation (B-1).

(3) The useful power output “P” is determined in
the laboratory by subjecting a mass of distilled water
to microwaves for a given time and then measuring
the rise in temperature induced in the water. Power in
watts is calculated from

where

t =

(B-2)

mass of distilled water in the oven, grams
increase in temperature of the distilled
water, degree Centigrade
time in the oven for calibration, seconds

A plot is then made of power output and oven load
(mass of water in oven) in grams of water as shown in
figure B-8.

Figure B-8. Power Applied by the Oven to Dry Moist Soils.

(4) The water content estimate is used to calculate
the mass of water in the specimen from

(B-3)

where
= mass of the water in the specimen, and

equivalent to oven load in figure B-8,
grams

= wet weight of the specimen, grams
By calculating    (oven load in fig. B-8) from

equation (B-1).
(5) It may not be possible to successfully dry cer-

tain soils in the microwave oven. Gypsum may decom-
pose and dehydrate under microwave excitation. High-
ly metallic soils (iron ore, aluminum rich soils, and
bauxite) have a high affinity for microwave energy and
overheat rapidly after all the free water has been va-
porized. Hence, extreme care is required when drying
these soils. For the same reason, metallic tare cans or
aluminum plates are not permissible as specimen con-
tainers.

(6) Because microwaves are a type of radiation,
normal safety precautions to avoid undue exposure
should be observed.

b. Proctor penetrometer. The Proctor penetration
resistance method in the hands of inspection personnel
experienced in its use provides a rapid expedient check
on whether the field water content is adequate for
proper compaction. However, the method is suitable
only for fine-grained soils because coarse sand or grav-
el may cause erroneously high resistance readings. The
method consists of compacting by the procedure used
for control of a representative sample of soil taken
from the loose lift being placed. The compacted speci-
men is weighed, and the wet unit weight is deter-
mined. The penetration resistance of the compacted
specimen in the mold is then measured with the soil
penetrometer. The moisture content can then be esti-
mated by comparing the penetration resistance of field
compacted specimens with a relation previously estab-
lished in the laboratory between wet unit weight,
penetration resistance, and moisture content. The pro-
cedure requires about 10 minutes and is sufficiently
accurate for most field purposes. The procedure to de-
termine the relation between wet unit weight, penetra-
tion resistance, and moisture content is described in
ASTM D 1558. The relation is generally developed in
conjunction with the compaction test.

equation (B-3) and finding a comparable value of pow-
er from a plot similar to figure B-8 for the particular
oven used, the drying time may be calculated from

c. Other methods. Other methods for determining
water content include drying by hot plate or open
flame, drying by forced hot air and a rapid moisture
test that uses calcium carbonate. In the hot plate
method, a small tin pan and a hot plate, oil burner, or
gas burner (something to furnish fast heat) are used. A
sample of wet soil is weighed, dried by one of the above
mentioned methods, and weighed again to determine
how much water was in the sample. This method is
fast, but care must be taken to ensure that the materi-
al is thoroughly dry. Also, if both organic matter and
bound water are removed, higher water content deter-
minations than those obtained by ovendrying some-
times result. In the forced hot air, a sample is placed in
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a commercially available apparatus containing an elec- weights from 25 to 500 grams. Drying times are esti-
tric heater and blower. Hot air at 150 to 300 degrees mated to vary from 5 minutes for sand to as long as 30
Fahrenheit is blown over and around the sample for a minutes for fat clay. The rapid moisture test and limi-
preset time. A 110- or 230-volt source is required. tations are described in STP 479.
Available sizes of apparatus can accommodate sample
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