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FOREWORD

The Unified Facilities Criteria (UFC) system is prescribed by MIL-STD 3007 and provides
planning, design, construction, sustainment, restoration, and modernization criteria, and applies
to the Military Departments, the Defense Agencies, and the DoD Field Activities in accordance
with USD (AT&L) Memorandum dated 29 May 2002. UFC will be used for all DoD projects and
work for other customers where appropriate. All construction outside of the United States, its
territories, and possessions is also governed by Status of Forces Agreements (SOFA), Host
Nation Funded Construction Agreements (HNFA), and in some instances, Bilateral
Infrastructure Agreements (BIA). Therefore, the acquisition team must ensure compliance with
the most stringent of the UFC, the SOFA, the HNFA, and the BIA, as applicable.

UFC are living documents and will be periodically reviewed, updated, and made available to
users as part of the Services’ responsibility for providing technical criteria for military
construction. Headquarters, U.S. Army Corps of Engineers (HQUSACE), Naval Facilities
Engineering Command (NAVFAC), and Air Force Civil Engineer Center (AFCEC) are
responsible for administration of the UFC system. Technical content of UFC is the responsibility
of the cognizant DoD working group. Defense Agencies should contact the respective DoD
Working Group for document interpretation and improvements. Recommended changes with
supporting rationale may be sent to the respective DoD working group by submitting a Criteria
Change Request (CCR) via the Internet site listed below.

UFC are effective upon issuance and are distributed only in electronic media from the following
source:

¢ Whole Building Design Guide web site https://www.wbdg.org/dod.

Refer to UFC 1-200-01, DoD Building Code, for implementation of new issuances on projects.
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PROLOGUE P. SHEAR STRENGTH FOR GEOTECHNICAL DESIGN
P-1 SCOPE.

The design methods presented in this manual require shear strength parameters for the
soil materials encountered. However, the correct methods to measure or estimate the
shear strength parameters are not explained in detail in the forthcoming chapters. The
purpose of this prologue is to provide the designer with suggestions on how to arrive at
the parameters necessary for successful design and analysis.

The procedures included in this prologue are accepted in mainstream geotechnical
engineering practice. There are more advanced theories of soil behavior that are
reported in various geotechnical publications, but those are more appropriately applied
to designs that are more advanced than those presented in this manual.

This prologue divides soils generally into coarse-grained or granular soils, often called
cohesionless materials; and fine-grained or cohesive materials. These distinctions are
useful in that coarse-grained soils do not develop significant pore pressures during
normal construction loading, while fine-grained soils can show increases in pore
pressures for compressive loads and decreases in pore pressures during reductions in
loads or excavations.

This prologue is organized by first addressing factors that apply to both fine-grained and
coarse-grained soils, and then specifically outlining the methods of arriving at design
shear strength parameters.

P-2 STRENGTH ENVELOPES.
P-2.1 Mohr-Coulomb Failure Criteria.

The limit equilibrium procedures described in this manual, such as pile capacity, bearing
capacity of shallow foundations, and stability of retaining structures, require shear
strength parameters that are defined by Mohr-Coulomb failure criteria. In short, the
Mohr-Coulomb theory relates the shear strength of the soil to the normal stress on the
failure plane. For the case of drained or effective stress strengths, the shear strength is
related to the effective normal stress on the failure plane. For the case of undrained or
total stress strengths, the shear strength is related to the total normal stress on the
failure plane. For saturated soils, there exists a special case whereby the undrained
strength is independent of the stress of the failure plane (¢ = 0 case). Examples of
these three failure envelopes, with the simplifying assumption of a linear envelope, are
shown in Figure P-1.
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(a) Effective Stress Envelope (b) Undrained (Total Stress) Envelope (c) Undrained (Total Stress) Envelope
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Figure P-1 Mohr-Coulomb Failure Envelopes for Effective and Total Stress
Conditions

Shown in Table P-1 are the basic shear strength parameters for these three envelopes
and the general equation used to calculate shear strength (s) as a function of the
normal stress. In geotechnical engineering practice, the prime symbol (') is used to
denote effective stress or drained parameters. In some older references and manuals,
a bar above the parameter is used instead of the prime symbol (e.g., ¢ and ¢ ).
Unfortunately, many papers, manuals, and textbooks are not consistent in clearly
indicating drained or effective stress parameters. The prime symbol is often omitted
even though the shear strength parameters refer to effective stress or drained
parameters, and the reader should be aware of this issue.

The strength equations shown in Table P-1 are simple equations for a line, with the o
and o’ parameters denoting the total and effective stress normal to the failure plane.
For the limit equilibrium analyses presented in this manual, the use of these equations
is often embedded into the derivation of the equilibrium equation and is not readily

apparent.

Table P-1  Effective Stress and Total Stress Shear Strength Parameters and
Associated Equation for Calculating Shear Strength on the Failure Plane

Case A .
(S = degree of saturation) Parameters' Strength Equation

@' = effective stress friction angle s=c'+ o' tan &

i <S< 9,)B
Drained (0 < S < 100%) ¢' = effective stress friction angle

¢ = total stress friction angle

. s=c+ otan
¢ = total stress cohesion ¢

Undrained (S < 100%)

¢ =0 = total stress friction angle

. Sy=c
¢ = total stress cohesion "

Undrained (S = 100%)

A “Drained” is often used synonymously for “effective stress.” “Undrained” is often used synonymously for “total

stress.”
B Effective stress or drained parameters can be used for any degree of saturation, but in conventional practice,

these are used for zero or positive pore water pressures.
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P-2.2 Nonlinear Envelopes.

The envelopes in Figure P-1 are linear, and the equations used to calculate the shear
strength use the intercept (¢’ or ¢) and the slope (tan ¢' or tan ¢) to calculate the shear
strength.” Although strength envelopes for soils are commonly nonlinear, a single value
of intercept and slope may be accurate enough to represent the strength of a soil over a
specific pressure range. Figure P-2 shows a curved envelope, and a linear
representation for the pressure range indicated. For the range of normal stresses
shown, the resulting shear strength calculated from the values of ¢’ and ¢ would be
sufficiently accurate for design analyses. However, for normal stresses less than or
greater than the range of stresses shown, the linear envelope would overpredict the
shear strength. This should be kept in mind when using a design procedure or formula
that requires single values of ¢ and ¢’ (or ¢and ¢). There are many ways to
accommodate nonlinear failure envelopes. Examples of four different methods are

outlined in Duncan et al. (2014).

Linear
— = Non-Linear =

Range of
. Normal _
~ Stresses

Effective Normal Stress, o’

™ %"‘- Shear Stress, 7

Figure P-2 Example Use of a Linear Envelope to Represent a Nonlinear Strength
Envelope for a Specific Range of Stress

P-2.2.1 Two-Parameter Power Function.

The use of a two-parameter power function to model the envelope is one method
available in some limit equilibrium slope stability programs, which are useful for
checking global stability for retaining walls and other structures. Instead of the usual
shear strength parameters of ¢' and ¢’, the alternative parameters ¢ and » can be used

in the equation below:

"The ¢ = 0 envelope experimentally determined for saturated clays using the unconsolidated-undrained
triaxial test may be slightly nonlinear for a large range of cell pressures, but should always be interpreted
as a horizontal linear envelope for saturated fine-grained soils.
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, b
k (P-1)
where:

a and b = power function strength parameters and
P, = atmospheric pressure.

Although less common, the two-parameter power function can also be used to
represent undrained shear strengths. For example, as shown in Figure P-3(a),
undrained strength can be related to the effective consolidation stress as:

G'l con "
s,=ap| = (P-2)

a

where:
sy = undrained shear strength,
a, and b, = power function strength parameters.

(a) Undrained Shear Strength (b) Three-Parameter Power
© »4 Function
GJ - — —
C u -— - A - -
2 -l'g— - - b E - -
) (o)) - s =a P a le a ‘ T.. - ; ;
E g / " uta " -t - / ﬂ'+T
5 9 - 5 - sap[HJap[ ]
'g w yd 5 e £
> |/ e T
F,
0 Effective Normal Stress, ¢’

Effective Consolidation Stress, o’

Figure P-3 Other Types of Power Function — (a) Undrained Shear Strength
and (b) Three-Parameter

P-2.2.2 Three-Parameter Power Function.

Equation A-1 cannot model a shear strength intercept. A three-parameter function is
required for cases where an intercept is warranted. Jiang et al. (2003) suggested the

following form which is plotted in Figure P-3(b):

s=aP, (%+t) (A-3)

a

where:
t = tensile intercept (7) normalized by atmospheric pressure.
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An alternate method with a normalized cohesion intercept outside the parentheses was
given by McGuire and VandenBerge (2017). For practical purposes, the two forms give
equivalent results. A useful summary of nonlinear failure envelopes is found in
VandenBerge et al. (2018).

P-2.2.3 Application of Power Functions in Geotechnical Analysis.

To use a power function in analysis, the computer software must be programmed to
accept the a and b parameters and correctly calculate the shear strength. Further
details for using the power function can be found in VandenBerge et al. (2018).

If the parameters a and b are available, it is possible to estimate ¢’ and ¢’ for a range of
pressures, as shown in Figure P-2 for a curved envelope. Figure P-4 shows an example
for calculating the ¢ and ¢’ shear strength parameters for the normal effective stress
range of 2000 to 4000 psf.
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Solution:

Shear Strength at 2000 psf:

Shear Strength at 4000 psf:

Equivalent Friction Angle:

Equivalent Cohesion Intercept:

Given a nonlinear failure enveloped presented by a power function with « = 0.5 and 5 = 0.8,
Find an equivalent linear envelope for ¢’ between 2000 and 4000 PSF.

s=(o.5)(2116psf)(—) =1011psf

s:(O.S)(2116psf)(—) =1761psf

¢', =tan" (

c'=1011—(2000—0)(

17611011 )
4000 — 2000

16 January 2025
3000 . . .
2500 - Power Function (a=0.5, 5=0.8) i
— — — Linear Envelope (¢'=261 psf, ¢ '=20.6 deg) =
%
£ 2000 | s
?
(4000,1761)
£ 1500 f i
)
©
2 1000 - (2000,1011) 7
)
500 - —
L
0 1 1 1
0 1000 4000 5000 6000
Effective Normal Stress (psf)
Problem:

2000 psf
2116 psf
4000 psf
2116 psf

1761-1011

] =261psf
4000 —2000

Figure P-4 Determining Equivalent Mohr-Coulomb Parameters from Power

Function Parameters

Some analysis methods or software that accommodate power functions may use
parameters with units rather than the normalized parameters presented in Eqn. P-1 and
P-2. The equivalent parameters can be determined by setting the two equations equal
to each other and solving. An example is provided in Figure P-5.
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A. Give a nonlinear failure envelope represented by a power function with « = 0.5 and # = 0.8, find
equivalent parameters with units for the equation:

5= A(O")B

1) Equate the two forms of the power function:

b
- ["—] (o) - a(oY
P

2) It is evident that normalization does not change the exponent:
B=5b

3) Canceling the effective normal stress terms:

A= aPa]_h

4) For this particular example:

4=(0.5)(2116psf)
B=08

—08

=2312psf™”

B. Given a nonlinear failure envelope represented by a three-parameter power function with « = 0.6,
bh=0.9, and r = 0.4, find equivalent parameters with units for the equation:

s :A(U'+T)B

1) Equate the two forms of the power function:

b
“FL(J +t] =ap'"(o+p) = a(o+T)
P

2) Solving for the various parameters results in:
T=tP B=b A=aP"”"
3) For this particular example:
T =(0.4)(2116psf ) =846 psf B=09 4=(0.6)(2116)" =129 pss™’

Figure P-5 Example Conversion between Normalized Parameters and
Parameters with Units
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P-3 SELECTION OF SHEAR STRENGTH PARAMETERS.

The shear strength parameters for different soil types may be measured or estimated
using one or more of the following:

Laboratory tests on disturbed, reconstituted, or compacted test specimens
Laboratory tests on “undisturbed” or intact test specimens

In situ or field tests

Correlations

N

Details regarding these methods can be found in DM-7.1. The selection of shear
strength parameters will be discussed for two general types of deposits:

(1) In situ undisturbed soils. These normally would be natural soils, but also can
include existing fill soils.

(2) Engineered and un-engineered fill materials. The category would include
embankments, dams and levees, retaining wall backfills, dredge materials, etc.

P-3.1 In situ Deposit of Coarse-Grained Soil (Sand to Gravel).

The most common shear strength parameter used for coarse-grained soil is the drained
or effective stress friction angle (¢’ ). Although these materials can have nonlinear
failure envelopes, particularly over a wide range of stresses, a single value of the friction
angle normally is required at a specific depth for design.

The methods for arriving at an effective stress friction angle for in situ deposits of
coarse-grained soils are discussed based on the four methods listed earlier.
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Table P-2  Shear Strength Methods for /n sifu Coarse-Grained Soil
Method Guidance
Rarely Appropriate

Laboratory tests on
disturbed, reconstituted, or
compacted test specimens

For in situ deposits of sands and gravel, laboratory tests on reconstituted test
specimens are rarely useful. Many important field effects, such as aging,
cementation, and OCR, cannot be modeled in laboratory specimens.

Laboratory tests on
“undisturbed” or intact test
specimens

Rarely Appropriate

Intact samples of coarse-grained soils cannot usually be obtained. Although there
are some elaborate methods, such as ground freezing, that can be used, these
methods are rare in practice.

In situ or field tests

Very Appropriate

In situ and field tests are the best approach for determining the in situ friction angle
of coarse-grained soils. These tests include the Standard Penetration Test (SPT),
Cone Penetration Test (CPT), and Becker Hammer Test (BPT).

Equations for calculating ¢' from the SPT blow count and ¢. from the CPT can be
found in Chapter 8 of DM 7-1. Both the SPT and CPT can have testing issues for
materials much coarser than sands. The BPT has been successful in testing
material in very coarse granular soils (Harder and Seed 1986).

Correlations

Often Appropriate

There are many correlations to determine the drained friction angle based on a
variety of parameters, such as classification, gradation, particle shape, etc. A large
collection of these is found in Chapter 8 of DM-7.1.

The correlation developed by Mike Duncan (Duncan et al. 2014) is particularly well-
documented and useful. The input parameters are soil type (SP, SW, or GP),
normal stress on the failure plane, and relative density. This correlation has an
advantage in that the curvature of the strength envelope is considered. A key to
applying this correlation to in situ soils is the estimate of the relative density. The
relative density can be estimated using the SPT or CPT.

P-3.2 Engineered Deposit of Coarse-Grained Soil (Sand to Gravel).

Again, the most common shear strength parameter used for engineered deposits is the
drained or effective stress friction angle (¢). When it is necessary to provide a total
stress friction angle (¢) for an analysis, the effective stress friction angle is commonly
used since these are drained materials. The methods for determining the shear
strength of engineered coarse-grained soils are summarized in Table P-3.
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Table P-3  Shear Strength Methods for Engineered Coarse-Grained Soil

Method

Guidance

Laboratory tests on
disturbed, reconstituted,
or compacted test
specimens

Very Appropriate

Laboratory tests are appropriate for engineered coarse grained soils, provided that
the test specimen has a maximum particle size within the limits set by the ASTM
standards. Examples of triaxial test results conducted on common gravel gradations
can be found in Duncan et al. (2007). Some direct shear test apparatuses are large
enough to test gravel-sized material.

Laboratory test specimens should be compacted to the appropriate dry unit weight
expected for the field compaction or placement method. Unless the soil has a
significant amount of fines (> 15%), the compaction water content for the laboratory
specimens is not critical as long as long as the specified dry unit weight is achieved.
The test specimens should be saturated, and either drained or undrained tests (with
pore pressure measurements) can be conducted.

Laboratory tests should be conducted at a range of stresses similar to those
expected during the operation of the structure. The stresses on the failure planes of
the laboratory specimens should bracket those calculated or estimated for field
conditions.

Laboratory tests on
“undisturbed” or intact test
specimens

Rarely Appropriate
Not applicable for new fills. Existing fills have the same sampling difficulties as
natural coarse-grained soils.

In situ or field tests

Marginally Appropriate

Not applicable for fills, except as used for QA/QC tests on fills. The Dynamic Cone
Penetration Test (DCP) can be used for indicating the density of a fill, but no reliable
correlations exist for the DCP and the effective stress friction angle. If the fill has
been in place for a considerable time, then the methods outlined for in situ deposits
can be followed (see Table ).

Correlations

Often Appropriate

Table and Chapter 8 of DM-7.1 discuss correlations to determine the drained friction
angle. Duncan’s correlation (Duncan et al. 2014) is also useful for compacted
granular soils. It is especially useful for coarse soils that have maximum particle
sizes too large for normal laboratory test apparatuses. The relative density required
for this correlation can be determined from the compaction specifications or the
compaction control testing.

P-3.3 In situ Deposit of Fine-Grained Soil.

For in situ deposits of saturated fine-grained soils, the methods used depend on
whether drained or undrained strengths are appropriate. Undrained strengths are
generally important when the stability for short term conditions is required, particular if
the project loading increases the pore water pressure.

For partially saturated fine-grained soils, undrained strengths are often necessary for
locations above the phreatic surface. The appropriate undrained strength
characterization is a c-¢ envelope.? Often in engineering practice, the soil is

2 |deally, these parameters should be obtained from Unconsolidated-Undrained triaxial tests on intact test

specimens.
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characterized with an s, for an assumed ¢ = 0 condition. This is not ideal, but as long as
the value of s, is interpreted using a conservative method, it should suffice.

Drained strength parameters are appropriate for long-term conditions where the pore
water pressures can be measured, calculated, or estimated with reasonable accuracy.
An example of this would be when increases or decreases in pore water pressure
caused by the project loading have dissipated, and the pore water pressures have
returned to hydrostatic conditions. A second example would be when a steady-state
seepage condition has been achieved, and pore water pressures can be calculated.
Drained strength parameters are often assigned to partially-saturated soils above the
phreatic surface.

The next two sections discuss methods to determine undrained shear strengths and
drained shear strength of fine-grained soils, particularly those which behave in a clay-
like manner and classify as lean clay, fat clay, or elastic silt. Nonplastic and low
plasticity silts behave differently and are discussed in the third section.

P-3.3.1 Undrained Shear Strength - /n sifu Deposit of Fine-Grained Soil.

The design procedures in this manual may require the distribution of undrained strength
versus depth for saturated, fine-grained deposits. This strength is associated with a

¢ =0 strength model. Figure P-6 shows an example stratigraphy and shear strength
distribution. The goal is often to have enough data points to represent the strength
distribution with accuracy. The methods to determine the value of undrained strength
versus depth are summarized in Table P-4.

Undrained Shear Strength

= Sand
L y———
a
/
o
/
I:ZI Trend in s,
\«—  with Depth
Saturated Clay \
Lightly Overconsolidated |\:|
\

Near Top
\

Strength Test \
Results \

L e =

Depth (z)

Sand

Figure P-6 Undrained Strength Distribution Example
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Undrained Shear Strength Methods for /n sifu Fine-Grained Soil

Method

Guidance

Laboratory tests
on disturbed,
reconstituted, or
compacted test
specimens

Marginally Appropriate

The only value of testing disturbed specimens is to determine the undrained strength for
normally consolidated conditions. The soil can be remolded, and the undrained strength can
be measured with a variety of tests. These include the miniature vane shear test, the fall cone
test, UU triaxial tests, and the direct simple shear test. Details of these tests are provided in
Chapter 3 of DM-7.1. These tests, conducted on carefully remolded samples, could provide a
lower bound undrained strength. However, the resulting strengths do not allow the undrained
strength versus depth relationship to be accurately determined for in situ conditions.

Laboratory tests
on “undisturbed”
or intact test
specimens

Very Appropriate

Laboratory tests on intact test specimens is a common method to acquire undrained strengths
for design. The applicable tests are discussed individually below, and discussed in greater
detail in Chapter 3 of DM-7.1.

Laboratory miniature vane shear test (LMVT) — The LMVT can be performed directly on
undisturbed test specimens. The results are most applicable for saturated fine-grained soils
that have undrained strengths less than about 1400 psf. The test is well suited for measuring
the strength of soft soils (s, < 500 psf) where other test methods may have difficulty.

Fall cone tests (FC) — There is not an ASTM specification for a fall cone test, but there are
standards developed in Norway, Germany, and other countries. This test works best on soft
clays.

Unconsolidated-Undrained (UU) triaxial test — UU triaxial tests are probably the most common
test method for determining values of s, for intact test specimens. A range of confining
pressures should be used, and these pressures should bracket the minor total stress at the
sample location. Provided the test specimens are saturated, a horizontal envelope should be
interpreted from the data. Other triaxial tests, such as the Consolidated-Undrained (CU)
triaxial test, have been used in the past, but the resulting values of undrained strength are too
high.

Direct Simple Shear Test (DSS) — The DSS test can be used in a variety of ways for
determining s,. The Bjerrum Method (Bjerrum 1973) is perhaps the most straight forward, in
that the intact test specimens are consolidated to the vertical effective stress (at the time of
sampling). Each test produces one value of undrained shear strength. A more complicated
method to use the DSS test is described by Ladd and DeGroot (2003). This method, referred
to as the SHANSEP method, requires consolidation test results to define the preconsolidation
pressure profile. A relationship between the undrained strength ratio and the
overconsolidation ratio is developed, and used in conjunction with the preconsolidation
pressure profile to plot the undrained strength versus depth.

In situ or field
tests

Very Appropriate

Field tests are very useful in determining the undrained strength versus depth relationship.
For deposits that have undrained strengths less than about 2000 psf, the Vane Shear Test is
probably the best overall test method. The test data should be corrected for strain-rate effects
as indicated in the ASTM specification.

The CPT test is often used to determine undrained strength distributions. A variety of
methods are available to determine the undrained strengths from various CPT parameters,
and these are presented in Chapter 2 and Chapter 8 of DM-7.1. The methods that rely on the
tip resistance (g or ¢:) are the most reliable.

The SPT has been used in the past, but it is considered unreliable. Other in situ test methods
are reported in geotechnical literature, but these are not as useful as the VST and CPT.

Correlations

Sometimes Appropriate

Correlations have limited usefulness for determining the undrained strength distribution vs.
depth. Several correlations are available to determine the undrained strength or undrained
strength ratio for remolded clays or clays in a normally consolidated state, but these have
limited value in practice. Other correlations are available that rely on the preconsolidation
pressure profile, if those data are available. Some methods of interpreting laboratory or field
test data are in essence site-specific correlations. Examples include SHANSEP and the
various methods (N, N, and Nk) for relating CPT data to undrained shear strength.

12
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P-3.3.2 Drained Strength - /n situ Deposit of Fine-Grained Soil.

Three sets of drained strength parameters can be measured for fine-grained soils.
These are shown for direct shear test results in Figure P-7. If the soil is initially
overconsolidated in situ, then an envelope results from plotting the peak strengths. This
is shown as the upper envelope in Figure P-7, with the indicated shear strength
parameters c¢', and ¢,.3 A second strength envelope can be determined if the test
specimens are remolded, loaded to normally consolidated conditions, and then sheared.
This results in the fully softened envelope shown with a friction angle defined as ¢'rs in
Figure P-7. The effective stress cohesion for the fully softened condition is normally
equal to zero, or the fully softened envelope is nonlinear and passes through the origin.
The third envelope is obtained by shearing undisturbed or remolded test specimens to
very high displacements, and this produces the residual strength envelope, with a
drained friction angle of ¢.. The residual strength envelope is expected to pass through
the origin.

A Tests Performed at ¢,

Peak Overconsolidated

~

Figure P-7 Drained Envelopes for Saturated Fine-Grained Soils
(after Castellanos and Brandon 2014)

Shear Stress

Fully Softened

Residual /

Displacement Effective Normal Stress, &’

Different types of projects require one of the three different failure envelopes. The peak
strength envelope is often used for fine-grained soils having a P/ <20 and LL <40 that
are relatively free of fissures. The peak shear strength parameters depend on the
preconsolidation pressure of the test specimens. Figure P-8 shows that one envelope
is appropriate for a fine-grained soil in the normally consolidated condition, but the ¢'
and c¢' of the envelopes for the overconsolidated condition depend on the
preconsolidation pressure.

3 Although the figure shows the stress-displacement relationship for only one test, at least three tests, at
different normal stresses, are required to define any of the three envelopes shown.
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The fully softened strength envelope is used for soils that do contain fissures and have
a PI>20 and LL > 40 (Castellanos et al. 2016). This envelope is particularly appropriate
for stability assessment of in situ fine-grained soils where the stresses have been
reduced due to excavation. The fully softened envelope is also used for clays that are
essentially normally consolidated in situ. The residual strength envelope is used when
there has been large displacement due to a shear failure, and the residual condition has

been achieved.

Table P-5 summarizes methods for determining the drained shear strength of in situ
fine-grained soil deposits.

For Stresses Greater than Preconsolidation
) Stress, Envelope Extends Back Through Origin
g (c’=0) P'ne
—
dp}
g
e High Preconsolidation
n Stress
yun s _
_ -
— r
¢’ |~ oci Low Preconsolidation Stress
C'j
\i i -

Effective Normal Stress, ¢’

Figure P-8 Drained Strength Envelopes for Fine-Grained Soils in the Normally
Consolidated and Overconsolidated Conditions for Different Values of
Preconsolidation Stress (after Duncan et al. 2014)
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Table P-5 Drained Shear Strength Methods for /n situ Fine-Grained Soil

Method Guidance

Often Appropriate

Test specimens prepared in the laboratory are useful for determining fully softened
and residual shear strengths of fine-grained soils. The best test methods for fully
softened strengths are the direct shear test and the consolidated-undrained (CU)
triaxial compression test. The best test method for residual shear strength is the ring
shear test. In both cases, specimens are prepared to a water content at or above the
liquid limit and consolidated to the desired test stresses prior to shearing.

Laboratory tests on
disturbed, reconstituted,
or compacted test
specimens

Often Appropriate

Intact specimens are required to measure peak drained shear strength of fine-
Laboratory tests on grained soil. The best test methods are the direct shear test and the consolidated-
“undisturbed” or intact test | undrained (CU) triaxial compression test. Test specimens should be consolidated to
specimens a range of test stresses, such that the range of effective normal stresses on the
failure plane at failure brackets the range of normal stresses anticipated in the
analysis.

Rarely Appropriate

Field tests are not useful for drained strength of fine-grained soils. Accurate
measurement of drained strength requires knowledge of pore pressure during
shearing, which cannot be determined accurately by in situ test methods.
Sometimes Appropriate

Correlations are not useful for peak drained shear strength of fine-grained soll
because of the dependence of the shear strength on the preconsolidation stress.
Correlations Chapter 8 of DM-7.1 presents many correlations between index properties (e.g., LL,
PI, clay fraction) the fully softened and residual shear strength. These correlations
are useful for preliminary analysis, for checking laboratory test results, and for limited
design for conditions with limited consequences of failure.

In situ or field tests

P-3.3.3 In situ Deposit of Nonplastic or Low Plasticity Silt.

Silt deposits with low plasticity (i.e., PI <10 and LL < 50) require different types of
characterization than clayey fine-grained soils. These silts are very dilatant and easily
disturbed, which makes them extremely hard to sample and test in the laboratory.
Compared to clays with similar liquid limit, the silts tend to be stronger and much less
compressible (Brandon et al. 2006). Consolidation tests on low plasticity silts are
difficult to interpret and show little effect of preconsolidation, likely due to sampling
disturbance.

If it can be determined, the coefficient of consolidation can be used to determine how
the silt will behave when loaded. Silts with lower ¢, (1 to 10 ft?/day) will retain excess
pore pressures for significant time periods and behave in an undrained manner. Silts
with higher values of ¢, (greater than 100 ft?/day) will dissipate excess pore pressures
quickly and will behave mostly in a drained manner. Low plasticity silts typically have
effective stress friction angles in the range of 35 to 40 degrees with little to no cohesion
intercept (Duncan et al. 2014). This indicates that low plasticity silts are relatively
competent soils, provided confining stress is maintained. Guidance for determining
appropriate shear strength parameters for low plasticity silt is provided in Table P-6.
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Table P-6  Strength Methods for /n sifu Nonplastic and Low Plasticity Silt

Method Guidance

Often Appropriate

Undrained - Undrained strengths can be measured using CU triaxial compression
tests. Dilative tendency during shear can create large negative excess pore
pressures. In order to prevent cavitation, back pressures must be significantly higher
than required for saturation. The failure criterion will have a large effect on the
undrained shear strength. The point where excess pore pressure is zero (i.e., Ar=0)
is recommended.

Laboratory tests on
disturbed, reconstituted,
or compacted test

specimens
Drained — Drained strengths can be measured using CU triaxial compression tests.
The effects of disturbance are less pronounced on the drained strength. In addition,
the failure criterion has less impact on the measured ¢'.
Marginally Appropriate
Laboratory tests on While such tests can be performed in theory, high-quality, undisturbed specimens of
“undisturbed” or intact test | low plasticity silt are extremely difficult to obtain. UU triaxial compression tests are
specimens not advised because disturbance creates substantial scatter. See the previous row
for further guidance.
Rarely Appropriate

Because of their intermediate values of ¢, it is difficult to determine whether low
plasticity silts behave in a drained, undrained, or intermediate state during in situ
testing. This makes the field test results difficult to interpret with respect to shear
strength. Correlations developed for sand and clay have been shown to be
unreliable for low plasticity silt.

In situ or field tests

Marginally Appropriate

Published correlations are not available for low plasticity silts. However, typical
values of undrained ratio (USR = s, / ¢,c) can sometimes be used to estimate the

. undrained shear strength. Assuming zero excess pore pressure at failure and ¢' = 0,
Correlations the USR for various failure modes can be calculated as:

e ICU triaxial compression: USR = sin ¢'/ (1 — sin ¢')

e ACU triaxial compression: USR = sin ¢'

e DSS: USR =sin ¢'— 0.5 sin? ¢’

P-3.4 Engineered Deposit of Fine-Grained Soil.

Fine-grained soils are used as engineered fill in many different scenarios, including
embankments, dams and levees, and seepage barriers. In many ways, the
considerations for shear strength are similar to those for in situ deposits of fine-grained
soil. The primary cases where undrained shear strength is required for fine-grained
engineered fill are end-of-construction (EOC), rapid drawdown (RDD), and seismic
analysis. Drained shear strengths are used for long-term conditions with peak strengths
being appropriate for compacted fine-grained soils with P/ <20 and LL <40. For soils
with higher LL or PI, fully softened shear strengths should be considered for compacted
slopes (Kayyal and Wright 1991) and retaining walls (Wright 2005). Methods for
determining both undrained and drained shear strength of fine-grained engineered
deposits are summarized in Table P-7 and Table P-8.
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Table P-7 Undrained Shear Strength Methods for Engineered Fine-Grained Soil
Method Guidance
Very Appropriate

Laboratory tests on
disturbed, reconstituted,
or compacted test
specimens

Undrained shear strength can be measured on specimens compacted to match the field
compaction conditions. Alternatively, the 15-point method (see Chapter 2) can be used
to evaluate the variation in shear strength parameters across the compaction plane.

End-of-Construction - At least three UU triaxial compression tests should be performed
for each combination of water content and compacted dry unit weight. The results can
be interpreted as c—¢ envelopes for each compaction state. The variation in c and ¢
can be plotted with the Proctor curves to evaluate appropriate compaction
specifications.

RDD and Seismic — These design scenarios require undrained strength of compacted
soils after consolidation to a long-term condition. For this reason, these undrained
strengths are measured using CU triaxial compression tests. Test specimens must be
saturated prior to consolidation. The amount of swelling allowed during saturation has
a substantial impact on the measured undrained strength. Interpretation of the test
data for such conditions is specific to the analysis method.

Laboratory tests on
“undisturbed” or intact
test specimens

Often Appropriate

Although relatively uncommon in practice, intact specimens may be obtained from a
fine-grained engineered fill during or after construction. These specimens can be
tested using the test methods described in Table P-4 especially the UU triaxial
compression test, to determine EOC shear strength parameters.

In situ or field tests

Rarely Appropriate
Not applicable except possibly as QA/QC during construction of the fill.

Correlations

Marginally Appropriate

Published correlations are not useful for compacted fine-grained fill. 1t may be possible
to develop regional or soil-specific correlations between undrained strength and relative
compaction. The 15-point is an example of a material specific correlation. Other
correlations may be useful for non-engineered fine-grained fills, especially those placed
in a normally consolidated state, such as some types of dredge spoils or mine tailings.

Table P-8 Drained Shear Strength Methods for Engineered Fine-Grained Soil
Method Guidance
Very Appropriate

Laboratory tests on
disturbed, reconstituted,
or compacted test
specimens

Compacted specimens can be tested to determine the peak drained shear strength.
The direct shear test and CU triaxial compression test are best suited for this purpose.
Test specimens must be saturated and allowed to reach equilibrium at a range of
consolidation stresses. The drained shear strength parameters for compacted fine-
grained soils tend to be relatively insensitive to the compaction state. If needed, the
fully softened and residual strength of compacted fine-grained soil can be determined
as described in Table P-5.

Laboratory tests on
“undisturbed” or intact
test specimens

Often Appropriate

Although relatively uncommon in practice, intact specimens may be obtained from a
fine-grained engineered fill during or after construction. These specimens can be
tested using direct shear or CU triaxial compression tests to determine drained shear
strength parameters.

In situ or field tests

Rarely Appropriate
Not applicable for compacted fine-grained soils.

Correlations

Sometimes Appropriate

Correlations are not useful for the peak drained shear strength of compacted fine-
grained soil. As noted in Table P-5, correlations can be used in some situations to
estimate the fully softened and residual shear strength parameters.
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P-4 NOTATION.
Variable Definition
a Power function strength parameter defining the steepness of the curve
A Power function strength parameter for three-parameter function
Ay Skempton’s pore pressure parameter at failure
ay Power function strength parameter
b Power function strength parameter defining the amount of curvature
B Power function strength parameter for three-parameter function
b, Power function strength parameter
c Total stress or undrained cohesion intercept
c' Drained or effective stress cohesion intercept
C Effective stress or drained cohesion intercept
c'y Peak drained or effective stress cohesion intercept
cy Coefficient of consolidation
N., Ni, N Bearing capacity factors for cone penetration interpretation of undrained strength
ge Cone penetrometer tip resistance
s Shear strength
S Degree of saturation
Su Undrained shear strength for ¢ = 0 envelope
t Tensile intercept normalized by atmospheric pressure
T Tensile strength or attraction
USR Undrained strength ratio
@ Total stress or undrained friction angle
¢ Effective stress or drained friction angle
gz Effective stress or drained friction angle
i Equivalent friction angle
I'rs Fully softened friction angle
Drained or effective stress friction angle for portion of strength envelope where the specimen is
¢'oc overconsolidated at failure

18




UFC 3-220-20
16 January 2025

Variable Definition

@ Peak drained or effective stress friction angle
&r Residual friction angle

o Total normal stress

o' Effective normal stress

oo Vertical consolidation stress

O '1.con Major effective consolidation stress
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CHAPTER 1.GEOTECHNICAL DESIGN IN PROBLEM SOILS AND SPECIALTY
CONSTRUCTION METHODS

1-1 INTRODUCTION.

Most of the design techniques that will be described in the next six chapters will
generically characterize soils as sand or coarse-grained (often called “cohesionless”) or
as clay or fine-grained (often called “cohesive”). This is a useful expedient in that the
two soil groups represent the endpoints of common soil behavior. Sands are most often
drained under normal types of loading, and the strength parameters can be represented
as a linear envelope with a slope equal to the effective stress friction angle, ¢’ (with ¢’ =
0), or a curved or non-linear envelope represented by a power function or other
equation. Clays* can be undrained in the short term and drained in the long term;
therefore, both types of strength parameters (drained and undrained) are needed for the
various types of design methods presented. Sands are often considered to be relatively
incompressible and/or the compression occurs quickly. Clays are considered to be
much more compressible, and the compression occurs more slowly for an extended
time period.

Separating the soils into two major groups, sands and clays, is very useful since these
are the recognized endpoints for both drained vs. undrained behavior as well as
relatively incompressible vs. compressible behavior. However, there are soils that fit
within these two groups that can exhibit special problems. In addition, there are other
soils with specific names, such as loess, that can be problematic for the design methods
presented.

This section is organized by listing the different soils that are identified as being
problematic in the upcoming chapters and, in general, geotechnical engineering
practice.

1-2 TYPES OF PROBLEM SOILS.

The following sections describe problematic soil conditions that can affect the design of
excavations, earthwork, retaining walls, and foundations. Tables are included at the
conclusions of Chapters 2 through 6, which map some of these problem soil conditions
to the particular contents of each chapter. For example, the tables in Section 2-7
describe how problem soil conditions relate to sloped and supported excavations.

4 In geotechnical engineering nomenclature, clay normally refers to inorganic or mineral clays. Clays with
an appreciable organic content are referred to specifically as organic clays.
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1-2.1 Stiff Fissured Clays.

Stiff fissured clay is both a general and specific term. Specifically, stiff fissured clays
have an unconfined compressive strength greater than or equal to 2000 psf and contain
fissures that are often attributed to unloading from very high stresses. According to
ASTM D2488 (ASTM 2023), the criterion for fissures is “breaks along definite planes of
fracture with little resistance to fracturing.” Generally, the term stiff fissured clays most
often refers to heavily overconsolidated clays that contain fissures, with examples being
London brown clay (U.K.), Beaumont clay (Texas), and Pierre shale (North Dakota and
South Dakota). According to Skempton (1964), stiff fissured clays often have a liquidity
index near zero. The problematic soils generally often have liquid limit values greater
than 40 and plasticity indices greater than 20 (Castellanos and Brandon 2016).

The main issue with stiff fissured clays is that the long-term mobilized shear strength in
the field is often less than the peak shear strength measured using laboratory tests.
This reduction in strength or softening results from unloading, weathering, and water
ingress through the fissures. Softening is likely an artifact of progressive failure,
whereby the peak shear strength is not fully mobilized on the failure surface at the same
point in time. These mechanisms take time to occur, and failures in stiff-fissured clays
can occur many years after a cut, excavation, or unloading has taken place. Because
of these factors, the fully softened shear strength is normally used for drained or
effective stress analyses for long-term conditions.

The fully softened shear strength is appropriate for drained or effective stress analyses
of long-term conditions in stiff fissured clays where the strength is expected to decrease
over time (Skempton 1970). The fully softened strength is empirically equal to the
normally consolidated peak strength measured for remolded test specimens. Detailed
information about measuring the fully softened strength and other engineering aspects
of stiff fissured clays can be found in Castellanos et al. (2016) and Castellanos and
Brandon (2017).

1-2.2 Stiff Desiccated Clays.

Stiff desiccated clays exhibit many of the same characteristics as stiff fissured clays.
These are often fat clays (CH) that are normally located near the ground surface, and
contain cracks or fissures that can be several feet deep. Aubeny and Lytton (2003)
recorded desiccation cracks up to 8 feet deep, but these cracks are typically 3 to 4 ft
deep. These soils are often heavily overconsolidated due to the negative pore water
pressures caused by desiccation. The cracks or fissures can allow water to seep into
the soil and can cause softening. Fissures also can be problematic for excavations.

Fully softened shear strengths are normally appropriate for these soils for long-term
conditions if they classify as CH soils. For stiff desiccated clays having LL <40 and
PI <20 (CL soils), the peak strength may be applicable for long-term conditions.
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1-2.3 Loess.

Loess is a fine-grained soil deposited by wind. These soils are often silt-sized and have
little to no plasticity. They often may be slightly cemented by calcium carbonate.
Cycles of deposition and plant growth result in vertical root casts, and these features
impact the behavior of these soils. Loess soils can be very erodible in slopes that are
non-vertical, but vertical slopes can often be stable for many years. Another issue with
loess deposits is that they can be very collapsible when inundated. Large irreversible
settlements can occur when these soils are flooded. More information on loess can be
found in Section 5-6.3.

1-2.4 Sensitive or Quick Clays.

Sensitivity (S)) is defined as the peak undrained shear strength divided by the remolded
undrained shear strength. The remolded shear strength is best measured using field or
laboratory vane shear tests, or laboratory fall cone tests. For soils with low values of
sensitivity, soil samples can be remolded by hand kneading and formed into cylindrical
specimens. The resulting specimens can be tested to determine the remolded
undrained shear strength. Sensitivity values as high as 1000 have been measured
(Terzaghi et al. 1996). Soils that have sensitivity values greater than 4 are considered
to be very sensitive soils. Soils with sensitivities greater than 16 are considered to be
quick clays. Quick clays are found in Scandinavia and parts of Canada and are formed
by fresh water leaching of salt within the clays’ structure. Sensitive soils can be formed
by other means, such as clays formed from volcanic ash as the parent material, or other
depositional or post-depositional factors that create a metastable structure. Sensitive
soils are most often fine-grained materials. Table 1-1 shows general sensitivity
categories. Chapter 1 of DM 7.1 contains an additional discussion of sensitive clays.

Table 1-1  Sensitivity categories (after Rosenqvist 1953)

Sensitivity Category Sensitivity, S,
Insensitive ~1.0
Slightly Sensitive 1-2
Medium Sensitive 2-4

Very Sensitive 4-8
Slightly Quick 8-16
Medium Quick 16-32
Very Quick 32-64
Extra Quick >64

Some sensitive clays may be overconsolidated, and these can be especially

problematic. These deposits can have a high undisturbed strength and can support
imposed loads without significant settlement due to their preconsolidation. Loss of
strength can occur on disturbance, but it will be less dramatic than with quick clays.
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These soils will exhibit unrealistically low Standard Penetration Test (SPT) N values due
to the sensitivity of the clay.

1-2.5 Residual Silts and Clays.

Residual soils are formed by physical and chemical weathering of parent rocks in-place
or from weathering of volcanic ash deposits. Residual soils can be found in many
different areas, such as the piedmont regions of Virginia, North Carolina, South
Carolina, and Georgia; and in wet tropical environments. The term residual soil covers
a wide range of materials, ranging from clay-sized soils to sandy soils. Soils containing
the relic features of the parent rock, often called saprolites, can have even larger
particle sizes. An excellent reference on residual soils is Geotechnical Engineering in
Residual Soils by L. Wesley (2010).

Residual soils are more heterogeneous than alluvial soils and other soils that have been
formed by sedimentary processes. Therefore, stress history does not have the same
impact on strength and compressibility (Wesley 2010). One of the main problems
regarding geotechnical engineering in residual soils is that correlations developed for
sedimentary soils, which are commonplace in engineering practice, do not necessarily
apply to residual soils. Considerable engineering judgment is required for efficient
design in residual soils.

1-2.6 Laterites.

Laterites are a category of residual soils formed by weathering of igneous parent
materials, often in tropical climates. In many cases, laterites can be strongly cemented
or can contain aggregates of clay ranging in size from sand to gravel. In geotechnical
engineering nomenclature, the term /aterite is not strictly defined, and it has been
applied to a range of soils, both strongly cemented and not cemented (Wesley 2010).
Laterites may be poor materials for the support of foundations or embankments,
particularly if loaded cyclically or exposed to flowing groundwater (McCarthy 2007).

1-2.7 Talus.

Talus is a loose deposit of rock debris located at the base of a cliff. Talus is a colluvial
material deposited by gravity. Depending on the location with respect to the cliff and the
slope of the deposit, the global stability of a talus deposit may be low.

1-2.8 Loose Sands.

Sand, in general, is not considered to be a problematic soil. However, loose sands can
exhibit significant compression when loaded and can liquefy in the event of seismic
loading. Fine loose sands are also prone to erosion or scour. Loose sands can be
defined as sand-sized soils having a relative density less than 40% and an SPT blow
count less than 10 blows/ft (Duncan et al. 2014).
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Blast vibrations and equipment loading may cause settlement of loose sands.
Settlement and global stability of loose sands may be evaluated using the methods of
Chapters 5 and 7 of DM 7.1 for static loading conditions.

One behavioral condition that is unique to loose sands and non-plastic silts is static
liquefaction. This can occur when excavations are made in loose contractive sand
deposits that were formed by sluicing, such as for tailings or dams. An increase in
stress by application of additional load can also cause static liquefaction. Saturated
loose sands can fail catastrophically by liquefying under undrained loading if the in situ
stress exceeds the yield shear strength as deformation occurs (Olson 2002). The yield
shear strength is typically reached at very low strains, often less than 1%.

1-2.9 Soft Clays.

Soft clays have undrained strengths in the range of 500 psf to 1000 psf. Clays with
undrained strengths less than 500 psf are termed very soft. Soft clays are most often
normally consolidated or slightly overconsolidated. Soft clays often have liquidity
indices near one.

1-2.10 Glacial Till.

Glacial tills can contain a range of particle sizes from clay size (0.002 mm) to boulders.
In most cases, glacial tills are an excellent construction material. However, tills that
contain large amounts of silt-sized and sand-sized materials can be prone to erosion,
particularly if they are not protected by a graded filter.

1-2.11 Organic Soils.

Organic soils have been the bane of conventional geotechnical engineering practice for
many years. Specifications for earth fills often state that 0% organics are allowed. This
strict specification is neither practical nor enforceable. There are a variety of types of
organic soils, and these differ in the amount and type of problems they can cause in
geotechnical projects.

Organic clays, as defined by ASTM D2487, are fine-grained soils with Atterberg limits
plotting above the A-line and having a ratio of the oven-dried liquid limit to the not-dried
liquid limit less than or equal to 0.75. These have the group symbol of OH if the liquid
limit (not-dried) is greater than 50, and they have the group name of organic clay. OH
soils are considered to have “sufficient organic content to influence the soil properties.”
If the liquid limit is less than 50, the group symbol is OL, but the group name remains
organic clay.

Organic silts are defined similarly, but the Atterberg limits plot below the A-line. The
same criterion regarding the ratio of the oven-dried to not-dried liquid limit also applies.
An organic silt has the same group symbol of OH as an organic clay if the not-dried
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liquid limit is greater than 50. Organic silts that have a liquid limit less than 50 have a
group symbol of OL, and the group name is still organic silt.

Peats, represented by the group symbol PT, are described in ASTM D2487 as “primarily
organic matter, dark in color, and organic odor.” This classification is not based on
Atterberg limits, and peats are described as having a texture from fibrous to amorphous.
Muskeg is a peat soil that is found in parts of Alaska and Western Canada (Sowers
1989).

Peats are further classified based on the measured organic content, as described in
ASTM D4427 (Standard Classification of Peat Samples by Laboratory Testing). Peats
have an ash content less than 25%, as determined by ASTM D2974, which means true
peats have at least 75% organic material.®> Peats are also differentiated by the fiber
content, acidity, and absorbency. More information about the classification and
engineering behavior of organic soils can be found in VandenBerge et al. (2017) and
Sleep et al. (2009).

One of the main issues with organic soils, and particularly with peats, is that they are
very compressible. Organic soils can have very high in situ moisture contents —
sometimes in excess of 1000% for peats. This results in very low unit weights and
correspondingly low in situ effective stresses. A peat can be normally consolidated, and
since the effective stresses are very low, the equilibrium void ratio can be very high —
often greater than 4. If the effective stress is increased due to a geotechnical project
loading, large settlements can occur. Preloading a site can help to alleviate extreme
settlement magnitudes.

Organic soils can also decompose over time. If organics are incorporated into a fill
material, the decomposition of the organics may result in settlement over time; however,
there is some debate regarding the amount of decomposition possible in an anaerobic
environment. Even so, there are strict limits normally placed on the organic content of
structural fills, with a limit of 0% to 10% often being specified.

Although peats are very compressible, research conducted on fibrous peats show that
other engineering parameters are often within the range of other soil deposits (Edil and
Wang 2000; Landva and La Rochelle 1983; and Landva et al. 1983). Listed below are
general facts about fibrous peats:

e Peats have a high strain to failure for both drained and undrained loading.
e Peats develop high pore pressures during undrained loading, with 4 values at
failure greater than 0.5 and often equal to 1.0.

5 Other groups and organizations have their own definitions of peat, which often differ from ASTM D4427
in the required ash content.
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e Ky values of fibrous peats are around 0.3.

e Peats normally have a ¢’ close to zero and a high value of ¢'. Values reported in
the literature for ¢’ range from about 40 degrees to 65 degrees.

e Peats are not weak per se. The undrained strength ratios of peats reported in the
literature range from about 0.4 to 1.5, with Edil and Wang (2000) reporting an
average value of 0.59. The reason that peats are often considered to be weak is
that, owing to the very low unit weight, the effective stresses within peat deposits
are very low. If a peat deposit is overlain by a mineral soil, the undrained shear
strength can be much higher than that of a normally consolidated clay.

e Peats have a high permeability (103 cm/sec) in a normally consolidated condition
at low effective stresses. If a peat is consolidated by placing a fill on top of it, the
permeability drastically decreases during consolidation.

e Vane shear tests have often been used to measure the undrained shear strength
of peat.

e The shear strength of peat is highly anisotropic since the fibers are usually
horizontally oriented.

1-2.12 Expansive Soils.

Certain types of fine-grained soils can expand when given access to water. The
pressure developed from expansion can be large enough to cause significant damage
to geotechnical structures. There are five related factors that influence the swell
potential of fine-grained soils (Bursey et al. 2006):

1) Clays at low initial degrees of saturation expand more than clays at higher
degrees of saturation.

2) The swell potential increases with increasing soil unit weight.

3) Clays with very active soil minerals (smectite and montmorillonite) expand more
than soils with less active clay minerals (kaolinite and illite).

4) Soils with higher plasticity expand more than soils with lower plasticity.

5) Clays with a flocculated structure swell more than clays with a dispersed
structure.

The International Building Code (IBC) provides threshold guidelines to determine if a
soil has a potential swelling problem. Soils are deemed not expansive if the plasticity
index is less than 15, less than 10% passes the No. 200 mesh sieve, or less than 5% of
the soil is finer than 0.005 mm. If a soil is considered to be potentially expansive, two
ASTM test procedures are available to assess the swell potential:

1) ASTM D4546 “Standard Test Methods for One-dimensional Swell or Settlement
Potential of Cohesive Soil” and

2) ASTM D4829 “Standard Test Method for Expansion Index of Soil.”
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In addition, the conventional one-dimensional consolidation test (ASTM D2435) can be
used to measure the swell pressure of soils. The swell pressure is the applied stress
that prevents volume change when the test specimen is inundated. Also, many
correlations are available to estimate the swell potential of soils, and these can be found
in Chapter 8 of DM 7.1.

Expansive soils can be a problem because the volume change characteristics can be
reversible. Soils that expand significantly when wetted can also shrink considerably
when dried. Shrink-swell issues in fine-grained soils often occur over the range of depth
corresponding to seasonal moisture content variation.

1-2.13 Expansive Shale.

Many types of shales can also expand when provided with access to water. Since
shale usually contains clay minerals, the same basic factors that influence the swell
potential of soils apply to shales, particularly if the shale is excavated and used for a
structural fill.

Pyritic shales pose a particularly severe problem if they are exposed during excavation.
The problems can be more severe than just ground heave since the byproducts of
oxidation of pyritic shales (gypsum and sulfuric acid) can cause degradation of steel and
concrete. Issues with pyritic shales are documented in the southeastern and mid-
Atlantic states as well as in Canada, the United Kingdom, and many other countries.
Bryant et al. (2003) summarize many case histories of issues with pyritic shales.

Engineers developing sites which have Devonian age shales in the stratigraphy should
be aware of the problems with pyritic shales. Problematic shales are normally dark gray
to black (Bryant et al. 2003), and certain types of fossils are prevalent in these shales,
which can serve to identify their age. Pyrite crystals may be visible in pyritic shales.
Chemical tests can be conducted to identify the total sulfur present in shales to identify
ones that are of concern.

1-2.14 Collapsible Soils.

Some soils can exhibit large compressive volume changes upon wetting. Types of soils
that can exhibit this behavior are loess, alluvial flood plain deposits, colluvial deposits,
residual soils, volcanic tuff, and lean clays and silts compacted dry of optimum (Brandon
et al. 1990, Xanthakos et al. 1994).

Geotechnical laboratory tests are available to determine the amount of compression
due to wetting (hydrocompression or hydrocompaction). Basic test procedures are
outlined in Brandon et al. (1990). The test procedure given in ASTM D4546 (Standard
Test Method for One-Dimensional Swell or Collapse of Soil) can be used for measuring
the collapse potential of compacted soils.
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The collapse potential of compacted soils can sometimes be controlled by careful
selection of the compaction specifications. The collapse potential can be reduced by
compacting the soils wet of optimum at modest values of relative compaction.
However, there are trade-offs in controlling collapse with compaction specifications,
because other properties, such as strength and stiffness, might be compromised.

The collapse potential of natural in situ soils can be difficult to address. In some cases,
berms have been constructed around portions of the site, and the site is flooded so that
the soil is forced to collapse prior to development. In other cases, soil improvement
methods, such as dynamic compaction, can be used to densify the soil and to reduce
the amount of future collapse. Further discussion of collapse in the context of shallow
foundations is provided in Section 5-6.3.

1-2.15 Dispersive Soils.

Some fine-grained soils are prone to dispersion or deflocculation when subjected to
flowing water having a particular chemistry. These types of soils are termed dispersive
soils and are normally clay or silt soils. Dispersive soils can erode quickly due to
separation of the particles, and some dam failures have been attributed to erosion of
dispersive soils (Sherard 1986).

Owing to the engineering importance of dispersive soils in earth dams and canals,
several tests have been developed to identify these soils:

1) ASTM D4221 “Standard Test Method for Dispersive Characteristics of Clay Soill
by Double Hydrometer,”

2) ASTM D4647 “Standard Test Methods for Identification and Classification of
Dispersive Clay Soils by the Pinhole Test,”

3) ASTM D6572 “Standard Test Methods for Determining Dispersive Characteristics
of Clayey Soils by the Crumb Test,” and

4) ASTM D4542 “Standard Test Method for Pore Water Extraction and
Determination of the Soluble Salt Content of Soils by Refractometer.”

Interpreting the results of these tests requires engineering judgment. The results of the
tests are very general, in that soils can be considered dispersive, slightly dispersive, or
non-dispersive (ASTM D4647). As an example, if twenty specimens are tested at a site,
and two are considered to be dispersive, judgment is required to determine if dispersion
is a problem or not. Dispersive soils are also discussed in Section 3-6.6.

1-2.16 Dredged Soils.

Dredged soils are excavated or pumped materials that are obtained from below a water
surface. A main source of dredged soils comes from the maintenance of navigable
waterways and harbors. The US Army Corps of Engineers maintains over 25,000 miles
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of waterways and over 400 ports, and they are responsible for the excavation of the
bulk of dredged materials in the US (ERDC 2001). Environmental dredging is another
category of dredging, and it is used to remove contaminated sediments from waterways
and harbors. The US Navy and Coast Guard also direct dredging projects as well as
local, state, and other federal government organizations.

In some cases, dredged materials can be used for engineering projects, such as land
reclamation, or if properly sorted, construction materials. Dredging can also be used for
excavation around infrastructure projects, such as bridge abutments and pier locations.
There are many different types of dredges including mechanical, hydraulic, and
pneumatic dredges. In many cases, the dredged soils are mixed with water so that they
can be pumped to the location of disposal.

The dredged soils can be deposited at onshore placement facilities (confined disposal
facilities) or in nearshore or open water areas. For onshore deposition, the dredged
materials need to be dewatered to transition from a slurried consistency to a semi-solid
soil consistency. The slurried dredge materials are normally deposited within an area
surrounded by containment dikes. Over time, the soil particles settle out and the
supernatant is drained from the surface. The remaining soil materials are remolded and
have very high water contents, very low densities, and very low shear strengths. The
character of the dredged materials depends on the source, and the grain sizes can vary
considerably from clay to gravel size. Shear strengths of dredged soils can be
increased by the installation of wick drains and preloading the site.

Owing to their experience with dredging and dredged soils, the US Army Corps of
Engineers has an impressive research portfolio on many aspects of dredging. They
have investigated factors that influence the dredgeability of soils, construction of
containment dikes, and properties of dredged soils.

Conventional geotechnical laboratory and field test equipment can be used with
dredged soils; however, the very low shear strengths mean that test interpretation is at
the lower end of normal calibrations. CPTs can be used in dredged soils, but it is
necessary to maximize the sensitivity of the cone tip by using a low-capacity cone or
cones having larger tip areas. Special penetrometers have been developed for very
soft soils. Vane shear tests have also been used with good results in fine-grained
dredged deposits.

It is difficult to sample dredged soils, but successful sampling is possible with fixed-
piston samplers. When samples are obtained, trimming triaxial test specimens may be
challenging owing to the very low shear strengths. Laboratory miniature vane shear
tests (ASTM D4648) or fall cone tests might be better alternatives for measuring
undrained shear strengths. For drained strength parameters, trimming direct shear test
specimens is often easier than triaxial specimens.

30



UFC 3-220-20
16 January 2025

1-2.17 Low Plasticity and Nonplastic Silts.

Silts can be characterized by their Atterberg limits or by their size. Soils that plot under
the A-line with LL > 50 have the group symbol MH and the group name elastic silt®.
These soils are ordinarily not problematic and can be treated in the same manner as
clay. Soils that plot under the A-line, with an LL <50 and a P/ <4, have the group
symbol ML and a group name of silt. Soils that have a grain size ranging from 0.002
mm to 0.075 mm are considered to be silt-sized.

Problematic silts are those that have very low plasticity (P/ <4 and LL < 25), particularly
silts that are nonplastic. According to ASTM D4318, a soil is considered to be
nonplastic, if it is not possible (1) to roll out a plastic limit thread or (2) to maintain the
cut groove in the liquid limit test for more than 25 blows. Low plasticity and nonplastic
silts can be difficult to deal with in engineering projects because of the following issues
(Brandon et al. 2006):

1) Unconsolidated-Undrained (UU) triaxial tests conducted on saturated silts often
exhibit substantial scatter.

2) Correlations developed for clay soils (CL and CH) may not apply to silts. These
include correlations for interpreting the results of in situ tests.

3) The consolidation compression curve often does not exhibit a clear
preconsolidation pressure.

Many of the problems with these silts may be due to the fact that their grain size, and
corresponding permeability, give them behavioral characteristics that are unlike clays
and sands. Whereas many in situ tests in clays are considered to be undrained, these
tests might be partially drained in silt. Silts may cavitate during undrained loading owing
to their dilative tendencies (Skempton and Golder 1948). Also, the lack of significant
plasticity may prevent their behavior from being greatly influenced by the
preconsolidation pressure.

Most of the problems with low plasticity and nonplastic silts occur when trying to
characterize the undrained strength. If the undrained strength is characterized using
Consolidated-Undrained triaxial tests, the issue with scatter in UU triaxial tests can be
avoided. The undrained strength can also be estimated based on drained shear
strength parameters combined with an assumed pore pressure at failure that is greater
than or equal to zero to avoid relying on negative pore water pressures for undrained
strength (Duncan et al. 2014).

6 While these soils are called elastic silts, there is nothing indicative in their behavior which provides the
expectation that these soils behave elastically in a classic sense (e.g., no volume change under
application of shear stress or significant recoverable strain).
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1-2.18 Municipal Solid Waste.

Municipal solid waste (MSW) is generated in huge quantities throughout the US.
Research into the geotechnical properties began in earnest in the early 1990s in
response to new EPA regulations. Knowledge of the properties is important for several
reasons:

1) The engineering properties of the MSW can factor into the design of the landfill,
particularly the stability of landfill interior slopes and cover system.

2) After landfills are closed, light site development is often planned for the site.
Facilities such as public parks and golf courses have been constructed on top of
closed landfills.

3) MSW deposits exist in unengineered landfills that predate current regulations.
Development at old landfill sites can occur both with and without initial knowledge
of the presence of the existing MSW.

It is not possible to definitively state the properties of MSW since the engineering
properties depend on a wide array of factors. The composition of the waste stream can
vary for different geographical areas as well as for different seasons of the year. In
addition, as the MSW decomposes, the properties change over time (Reddy et al.
2011); therefore, it is only possible to give ranges of properties.

Measuring the shear strength of MSW is difficult since the size of the material is larger
than can be accommodated by most shear testing apparatuses that were designed for
soils. Also, obtaining a representative sample of material that is so heterogeneous is
very difficult. Some researchers have resorted to manufacturing “synthetic” test
specimens of MSW to obtain repeatable test specimens for property measurement
(Dixon et al. 2008; Reddy et al. 2009; Reddy et al. 2011). Other research programs
have tried to back-calculate the strength parameters from failed slopes in landfills (Eid
et al. 2000; Bray et al. 2008).

The use of in situ tests to characterize MSW is not recommended since penetration of
the landfill material can be difficult, and no reliable correlations exist regarding
interpretation of the tests. These factors are compounded with the fact that the pore
fluid may be leachate with unknown properties instead of water.

Bray et al. (2009) suggested using an effective stress cohesion intercept of 300 psf and
a drained friction angle of 36 degrees at a normal stress of 2000 psf with the friction
angle decreasing by 5 degrees for each tenfold increase in normal stress. Other
references cite strength parameters considerably smaller (Reddy et al. 2009). Pandey
and Tiwari (2015) report published values of ¢’ ranging from 0 to 1000 psf and friction
angles (¢') ranging from 27 to 41 degrees for MSW.

32



UFC 3-220-20
16 January 2025

It is an easier task to measure the compressibility of MSW. One-dimensional
consolidometers can be constructed to test large specimens of MSW. Although it isn’t
possible to test “undisturbed” specimens, reconstituted specimens can be formed that
are within the range of densities found in landfills. Pandy and Tiwari (2015) summarize
the results of consolidation tests for specimen diameters up to 20 inches, and strain-
based compression ratios (Cs) from 0.16 to 0.35 were measured, with most results
falling between 0.25 and 0.30.

In summary, MSW can be a very difficult material to deal with using conventional
geotechnical engineering tools. It is very heterogeneous, and it isn’t practically possible
to take undisturbed samples. Disturbed samples can be taken, normally by excavation
as opposed to rotary borings, but it can be hazardous owing to the constituents in the
waste. Conventional laboratory test apparatuses are ill-suited for testing MSW, and in
situ tests are of little value. Accurate and reliable correlations are not available for
MSW; therefore, a great deal of engineering judgment is required when dealing with this
material.

1-3 SPECIALTY GEOTECHNICAL CONSTRUCTION METHODS.

Geotechnical construction methods are constantly being updated, refined, and newly
developed. Many innovative specialty contractors are engaged in geotechnical
construction, and new and inventive construction methods are introduced every year.
Some of the specialty construction methods make use of existing equipment while
others employ complex custom equipment.

There are many valuable resources available that provide important details about
specialty geotechnical construction methods. In November 2012, GeoTechTools was
launched and now can be accessed through the ASCE Geo-Institute web page
(https://www.geoinstitute.org/geotechtools/). GeoTechTools was created with funding
from the Strategic Highway Research Project 2 (SHRP2), administered by the
Transportation Research Board in conjunction with the Federal Highway Administration
(FHWA) and the American Association of State Transportation and Highway Officials
(AASHTO). Details can be found in the Ground Modifications Methods Reference
Manual - Volumes 1 and 2 (FHWA 2017). These references are commonly referred to
as the FHWA Geotechnical Engineering Circular No. 13 (GEC 13).

The website provides detailed information about many geotechnical technologies.
Some of these have been incorporated into civil engineering construction for many
years, such as excavation and replacement and conventional compaction. Others are
less common in typical construction, such as intelligent compaction, or are current
topics of research, such as bio-treatment of soils. Table 1-2 lists the various
technologies that are addressed. Although the development of the manuals and
website was focused on transportation projects, the technologies described have direct
applications to the topics covered in this manual.
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List of Technologies Included in GeoTechTools and GEC 13.

Aggregate Columns

Beneficial Reuse of Waste Materials

Bio-Treatment for Subgrade Stabilization

Blast Densification

Bulk-Infill Grouting

Chemical Grouting/Injection Systems

Chemical Stabilization of Subgrades and Bases

Column-Supported Embankments

Combined Soil Stabilization with Vertical Columns

Compaction Grouting

Continuous Flight Auger Piles

Dynamic Compaction

Deep Mixing Methods

Drilled/Grouted and Hollow Bar Soil Nailing

Electro-Osmosis

Excavation and Replacement

Fiber Reinforcement in Pavement Systems

Geocell Confinement in Pavement Systems

Geosynthetic Reinforced Construction Platforms

Geosynthetic Reinforced Embankments

Geosynthetic Reinforcement in Pavement Systems

Geosynthetic Separation in Pavement Systems

Geosynthetics in Pavement Drainage

Geotextile Encased Columns

High-Energy Impact Rollers

Hydraulic Fill with Geocomposite and Vacuum Consolidation

Injected Lightweight Foam Fill

Intelligent Compaction

Jet Grouting

Lightweight Fill

Mass Mixing Methods

Mechanical Stabilization of Subgrades and Bases

Mechanically Stabilized Earth Wall System

Micropiles

Onsite Use of Recycled Pavement Materials

Partial Encapsulation

Prefabricated Vertical Drains and Fill Preloading

Rapid Impact Compaction

Reinforced Soil Slopes

Sand Compaction Piles

Screw-in Soil Nailing

Shoot-in Soil Nailing

Shored Mechanically Stabilized Earth Wall System

Traditional Compaction

Vacuum Preloading with and without Prefabricated
Vertical Drains (PVDs)

Vibro-Concrete Columns

Vibrocompaction

Many of these technologies can be broadly classified as ground modification
techniques. The basic goals of applying these techniques is to (1) increase the soill
shear strength and bearing capacity, (2) increase the soil dry unit weight, (3) increase or
decrease soil permeability and/or drainage, (4) increase soil stiffness or control volume
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change, (5) accelerate consolidation of fine-grained soils, (6) decrease loads applied to
structures, (7) increase earthquake stability of soils, and (8) transfer stresses from less
competent layers to more competent layers (FHWA 2017). Table 1-3 shows the types

of technologies associated with the different improvement goals.

Table 1-3  Technologies Used to Address Basic Goals of Soil Improvement
(after FHWA 2017)
Function Technologies

Increase shear strength and bearing capacity

Vibro-Compaction
Dynamic Compaction
Compaction Grouting
Mixing Methods

PVDs

Stone Columns

Rammed Aggregate Piers
Chemical Stabilization
Mechanical Stabilization

Increase soil dry unit weight

Vibro-Compaction
Dynamic Compaction
Blasting Compaction
Compaction Grouting
Mixing Methods
PVDs

Decrease permeability

Bulk-infill Grouting
Chemical Grouting
Jet Grouting

Deep Mixing Methods

Control deformations
(settlement, heave, distortions)

Column Supported Embankments
Reinforced Load Transfer Platforms
Non-Compressible Columns
Mixing Methods
Vibro-Compaction

Dynamic Compaction

Stone Columns

Rammed Aggregate Piers
Chemical Stabilization
Mechanical Stabilization
Encapsulation

Increase drainage

PVDs

Aggregate Columns
Geotextile Encased Columns
Electro-Osmosis
Geosynthetic Drains

Accelerate consolidation

PVDs
Aggregate Columns
Geotextile Encased Columns

Decrease imposed loads

Granular Fills (Wood Fiber; Blast Furnace Slag; Fly Ash;
Boiler Slag; Expanded Shale, Clay, and Slate; Tire Shreds)
Compressive Strength Fills (Geofoam, Foamed Concrete)
Geosynthetic Reinforcement

Increase resistance to liquefaction

Aggregate Columns
Dynamic Compaction
Deep Mixing

Jet Grouting
Vibro-compaction

Transfer embankment loads to more competent
layers

Column Supported Embankments
Reinforced Soil Load Transfer Platforms
Compressible and Non-Compressible Columns
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Certain technologies are applicable to a broad range of soil types while others are best
suited for specific soil types. Table 1-4 presents various soil types and ground
conditions paired with the general types of technologies that apply.

Table 1-4  Soil Types and Foundation Conditions for Different Technologies
(after FHWA 2017).
Soil Types and Foundation Conditions Applicable Technologies
All soil types, in particular weak soils that cannot support surface loads | Non-compressible columns
All soil types, except very soft soils; low undrained shear strength Compressible columns
Clays, silts, loose silty sands, and uncompacted fill Aggregate columns
Lightweight fills: geofoam, foamed concrete,
Broad applicability; no geologic or geometric limitations wood fiber, blast furnace slag, fly ash, boiler
slag, expanded shale, tire shreds
% Wide range of soil types, including weakly cemented rock-fill materials | Chemical (permeation) grouting
8 Coarse-grained soils, collapsible soils, and unsaturated fine-grained
soils (may be used to fill voids in sinkholes or abandoned mine shafts Compaction aroutin
and can arrest settlement under a structure and lift foundations that P 9 9
have settled).
Suitable in large range of soils, particularly those that can be stabilized S
. : . Deep soil mixing
with cement, lime, slag, or other binders
Wide range of soil types and groundwater conditions Jet grouting
. Prefabricated vertical drains, with and without
Compressible saturated clays . e
preloading for accelerated consolidation
> Soft soil foundations, with no limitation on depth of soft soils Reinforced embankments
O | soft compressible clay, peats, and organic soils where settlement and | Column supported embankments and reinforced
global stability are concerns soil load transfer platform
Peat, soft clay, dredged soil, soft silt, sludges, and contaminated soils Mass soil mixing
Loose pervious and semi-pervious soils with fines contents less than . .
w | 15%: . Al . . Dynamic compaction (DC)
) o; materials containing large voids, spoils, and waste areas
C
®©
i Coarse-grained soils; clean sands with less than 15% silts and/or less . .
o Vibro-compaction
than 2% clay
x Steepjsmed terrain, soils subject to instability, and poor foundation Reinforced soil walls
g | conditions
14
= | Firm foundation soils Reinforced soil slopes
9]
» | Fractured rock Rock fissure grouting
()]
5 Dense to very dense granular soils with apparent cohesion, weathered
& | rock, stiff to hard fine-grained soils, engineered fill, residual soils, and Soil nail walls
glacial till
1-3.1 GeoTechTools Website Interactive Selection System.

The GeoTechTools website allows a user to interactively select between various
technologies for four basic screening categories. The application categories are (1)
construction over unstable soils, (2) construction over stable or stabilized soils, (3)
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geotechnical pavement components, and (4) working platforms. These four categories
are shown graphically in Figure 1-1.

2 __;-Embankment--_ X\ u & -Embankfnerjt-_
P P o
AT AT ATANAS
R R R R Il e K
N N NN NN NS AN
Solutions at or below grade Solutions ahove grade
(1) Construction over unstable soils (2) Construction over stable or stabilized soils
. PR ___ GrowdSuface
S Pa;z?eent " j \E .Un§ta.ble.Soi.Is. :\ ;
e g i < .\. .\. \ < i —
e 1 /\\\//\\/Sta/blﬁ o/r\L/lns/te/bIe/&\‘,gils/\\\/\\\/
Solutions for geotechnical pavement . )
components and working platforms Working Platform Solutions
(3) Geotechnical pavement components (4) Working platforms

Figure 1-1 Interactive Selection Categories for GeoTechTools Website

All of these categories have applications to the design elements presented in this
manual. If category No. 1 is selected, the user has a choice of various unstable ground
conditions, such as (a) wet and weak fine-grained soils, (b) unsaturated loose granular
soils, (c) saturated loose granular soils, (d) voids — sinkholes and abandoned mines,
and (e) problem soils and sites. If (a) wet and weak fine-grained soils are selected, the
user is prompted to indicate the depth below the ground surface where treatment is
required, and various treatment options are suggested based on the depth selection.
For this example, if a treatment depth of 10 to 30 ft is selected, the following treatment
technologies are offered:

e Aggregate columns e Jet grouting

e Column-supported embankments Lightweight fill

e Combined soil stabilization with vertical Mass mixing methods
columns

Continuous flight auger piles

Deep mixing methods

Electro-osmosis

Geosynthetic reinforced embankments
Geotextile encased columns

Micropiles

Prefabricated vertical drains and fill
Sand compaction piles

Vacuum preloading
Vibrocompaction
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Selecting one of the suggested technologies connects the user with both general and
detailed information about the choice. There is a brief overview, a fact sheet,
photographs of the technology, case histories, design guidance, QA/QC information,
cost information, example specifications, and references for further study are provided.

1-3.2 Geotechnical Site Technology Examples.

In the following pages, examples of several popular geotechnical site technologies are
presented. Figure 1-2 through Figure 1-16 summarize the benefits of the procedure
and the basic construction process. Advantages and disadvantages are presented,
along with the site conditions that are most favorable for the specific technology. The
key design parameters are listed, and other alternative technologies are included. More
information on most of the technologies can be found in FHWA (2017) or in the other
references provided in each figure.
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Aggregate Columns 100 1" 05" 4 10 40 100 200 _ Sieve No.
tEB > Vibro Stone Columns ~
- 80 F : "
Controlling Engineering Principles et o R §
Aggregate columns: % 40 Vibro Compaction 2]
e Create a pier element by using compacted | &
S 20¢
aggreQate’ ) ) @ GRAVEL SAND \ . ST
+ |ncrease bearing capacity, g o ' ; S —
| th il sh t th 100 10 1 0.1 0.01 0.001
* Increase the soil shear strength, Grain Size (mm)
* Increase the consolidation rate, Typical application and failure modes
¢ Increase liquefaction resistance, and yp PP
¢ Reduce settlement. A&B)

Basic Construction Process

Aggregate Columns can be installed by vibro-
replacement, vibro-displacement, or the
replacement method. The installation
includes:

Form holes in the soil either by excavation
or vibratory method,

Backfill with gravel or crushed rock, and
Compact the backfill either by ramming or
vibratory methods.

A) Lateral spreading — wide embankment load
B) General circular failure
C) Punch failure of short columns - homogeneous
soft soils
D) Bulging failure — small group
(after FHWA 2017)

COMPARATIVE INFORMATION

Advantages
e Potentially economical

alternative to deep
foundations

Can be quicker than site
pre-loading on time-
critical projects

Can reduce dynamic
settlement to an
acceptable level in
seismic areas

compared
methods

Disadvantages
Not a solution for all soft

soil problems

Dense overburden,
boulders, cobbles, or
other obstructions may
require pre-drilling
Cost can be high when

Preferred Applications

Soft organic clays, loose
silt and sand
Embankments over highly
compressible soil

Bridge approach fills
Bridge abutment and
foundation support
Liquefaction mitigation

to other

KEY DESIGN PARAMETERS DESIGN GUIDANCE COULD ALSO CONSIDER
¢ Soil shear strength and o FHWA (2017) - + Sand compaction piles
compressibility Chapter 5 e Prefabricated vertical drains
s Aggregate column friction e DM71- ¢ Deep and mass mixing
angle and modulus Chapter 5 e Jetted grout columns

Figure 1-2 Summary of Key Elements of Aggregate Columns
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Bulk Infill Grouting

Controlling Engineering Principles

Bulk infill grouting:

e Uses a large quantity of cement-based
grout to fill subsurface voids and

e Provides remediation for sinkholes.

Basic Construction Process

The process of bulk infill grouting includes

¢ |dentifying subsurface voids such as
mines, karst topography, etc.,

* Boring a hole from ground surface to the

BORE HOLE
TO THE
SURFACE

INJECTION PIPE

L b

GROUT

SODIUM SILICATE

PIPE PIPE

MINE ROOF ]

SODIUM SILICATE
MINEFLOCR[ 7 7]
(after FHWA 2017)
Angle of

Influence

floor of the void,

¢ Adding a grout bag and starting to inject

grout into the void,

e Leaving a sodium silicate blanket over the

grout, and
e Removing the grout bag.

Typical Proposed
application Structure
and
construction ~ Grout
process hole
(after Ryan 1983) Roof of Mine

COMPARATIVE INFORMATION

Advantages
e Low cost per unit volume

when using cheap fillers

e Minimum disturbance

e Strength of grout can be
fit to the in situ condition

o Essentially yields full roof
contact

e Grout can penetrate all
voids with low risk of
grout flowing, washing
away, or settling

Disadvantages

o Little control where the

grout goes

Difficult to obtain

sufficient knowledge of

the voids position, shape,

and infilling

e Cannot provide
consistent reliable
support in commen karst
conditions

Preferred Applications

e Can be used in karst
topography, chalk
deposits, and salt
deposits

Embankments over
unstable soils
Abandoned or old mines
Repairing of scour
problems under bridges

KEY DESIGN PARAMETERS

DESIGN GUIDANCE

COULD ALSO CONSIDER:

e Grout mix proportions
e Knowledge of subsurface
voids

e FHWA (2017) -
Chapter 8

Drilled shafts

Other forms of grouting
Deep dynamic compaction
Excavation and replacement

Figure 1-3 Summary of Key Elements of Bulk Infill Grouting
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Blast Densification

Controlling Engineering Principles

Blast densification:

e Uses a detonation to induce liquefaction,

e Consolidates the soil to a denser and
more stable configuration,

¢ Reduces long-term settlement, and

e Improves the foundation soil strength.

Basic Construction Process

Blast densification can be successfully done

by using either pre-drilled or jetted holes. The

process includes:

¢ Placing charges in a grid pattern of holes
and

o Detonating charges with delays to
enhance cyclic loading while also
minimizing peak acceleration.

Contour Trenches

o L 1) ] -]

Drain Wells
dK -] -] o

-3 -] o

L4
..‘ o o o o
Blasting Holes
o Q o o o

Compacted
Soils

\Nater

Uncompacted
SOIIs 7

Uncompacted
Soils

I
0 ) e o g e

//////ﬂ

Flooded Zone
// Nonslumpmg So|| //

(after Mitchell 1981)

Typical application
and construction process

COMPARATIVE INFORMATION

Advantages

Disadvantages

e Ability to treat deep soils )

» Rapid
¢ |nexpensive .
¢ Successful under a

variety of climate and .

environmental extremes

Lack of validated .

theoretical design

Improvement may be

time dependent

Limits on how much

densification can occur

+ Difficult to place large .
charges at great depths .

e Oversized charges may

cause cratering, slope

failure, or vibration-

related damages

Preferred Applications

Best suited for clean
sands and silty sands
with relative densities
less than 50% to 60%
and maximum clay
content of 5% to 10%
Embankment foundations
Liquefaction mitigation

KEY DESIGN PARAMETERS

DESIGN GUIDANCE

COULD ALSO CONSIDER:

e Layer depth e FHWA (2017) — ¢ Dynamic compaction
¢ Charge spacing Chapter 4 * Vibro-compaction

¢ Relative density of soil ¢ Narin and Mitchell

e Clay content (1994, 1995)

Figure 1-4 Summary of Key Elements of Blast Densification
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2100 1" 05" 4 10 40 100 200 Sieve No.
Chemical Grouting T Fe—Permeation Grouﬁnggﬁ ‘ >
= £ x
_‘S‘ 80 £ d’
i H : : . o 5 o Chemical Grouting—e Displ g ]
Controlling Engineering Principles s O Ciing. s Partouate | Groung |
Chemical grouting: &40t N > |Soil Fraciure Grouting. _
e Uses grouts with no suspended particles, | E 20+ Jet Grouiing Compensation RoiT | .
. . . [&] E
* Bonds soil particles together and fills B b SRAVEL | | .SANR ~ SILT
voids, 100 10 1 0.1 0.01 0.001
e Can increase soil strength for Grain Size (mm)
construction, and
¢ Can create a seal to limit water intrusion
into a subsurface area.
Typical
application
Basic Construction Process and
Chemical grouting can be accomplished by: construction
e Injecting the grout through a manchette or process T
packing system and i
e Filling discrete flow paths with an
expansive and/or flexible material using
simple drill and injection principles. (Courtesy of Keller)

COMPARATIVE INFORMATION

Advantages Disadvantages Preferred Applications

¢ Chemical grouts can be o Experienced contractors e Soils with permeability as
used in soils with finer are needed low as 10™* cm/s and fines
pores than particulate e Time-consuming process contents less than about
grouts e Some chemical grouts 20%

+ Computer menitoring of break down over time, ¢ Embankment over
grouting shows real-time reducing capacity to unstable soils
analysis of censtruction improve the soil and e Stabilization of pavement
process releasing toxic material working platforms

into the soil

e Expensive

KEY DESIGN PARAMETERS DESIGN GUIDANCE COULD ALSO CONSIDER:

+ Fines content and e FHWA (2017) - e Jet grouting
permeability of soil Chapter 8
e Grout proportions o USACE (1997)

Figure 1-5 Summary of Key Elements of Chemical Grouting
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Column Supported Embankments H Y}ﬂ) HU T I I i I
Controlling Engineering Principles A)géiileacgirtow B) Pile Group Extent
Column supported embankments: paey
o Use vertical columns to transfer the load | bbb P 2

of the embankment through a soft H H H H H H

compressible layer down to a firm C) Vertical Load N

foundation layer and Shedding D) Lateral Sliding
¢ Can use a load transfer platform to Typical

transfer the load to the columns and
maintain acceptable deformation.

Basic Construction Process

Column supported embankments can use a

variety of column types and installation

methods. General installation includes:

¢ Construction of columns,

¢ Placement of load transfer platform and
geosynthetic reinforcement, and

¢ Construction of embankment.

== il

E) Overall Stability

application and
failure modes

Embankment
Load Transfer Geosynthetic
Platform Reinforcment
L 2

Soft Compressible Soil

| (|
INNRR H H H H
Firm Foundation

(after FHWA 2017)

H Column (typ.)
|

COMPARATIVE INFORMATION

Advantages

Disadvantages

Preferred Applications

e Accelerates construction .
compared to conventional

methods .
e Reduces total and
differential settlement .

e Protects adjacent
facilities from distress

e Can use a wide variety of
columns to accommodate
different site conditions

Can have a higher cost .

than other technologies
Lack of standard design
procedures

Lack of knowledge about
technology benefits,
design procedures, and
construction techniques

Soft soil underlain by
stiffer soil or bedrock
Embankment stabilization
Roadway widening
Bridge approach fill
stabilization

+ Bridge abutment and
other foundation support

KEY DESIGN PARAMETERS

DESIGN GUIDANCE

COULD ALSO CONSIDER:

Embankment height
Allowable settlement
Geosynthetic strength
Foundation soil strength and
compressibility

FHWA (2017) —
Chapter 6

Prefabricated vertical drains
Lightweight fill

Staged construction
Excavation and replacement

Figure 1-6 Summary of Key Elements of Column Supported Embankments
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Compaction Grouting

Controlling Engineering Principles

Compaction grouting:

e Displaces soil with low mability grout,

e Compacts surrcunding soil, and

e Strengthens and stiffens soil by
densification of the soil itself rather than
through the strength of the grout.

Basic Construction Process

Compaction grouting is accomplished by:

o Driving or drilling the grout casing to the
desired depth and location,

e Pumping the grout until the design
termination criteria have been reached,
and

e Forming grout bulbs every 1 to 3 feet

depending on the application of the (Courtesy of Keller)

project.

Typical application
and construction process

COMPARATIVE INFORMATION

Advantages Disadvantages

e Effectiveness has been e Grout rheology requires
well-proven in practice further investigation

e Can be implemented in « Can cause a build-up of
areas of restricted vertical excess pore pressure in
room fine-grained soil

o Directly treats the area « QA/QC procedures need
that needs improvement further development

e Can be installed under ¢ Design methodology is
existing structures not well defined

Preferred Applications

Silts and well-graded
sands have greater
success than clays and
poorly-graded sands and
gravels

Embankment foundations
Working platforms
Correction of differential
settlement

Settlement controls over
tunnels or sinkholes

KEY DESIGN PARAMETERS DESIGN GUIDANCE

COULD ALSO CONSIDER:

o Depthand areaofsoiltobe |e FHWA (2017) -
modified Chapter 8
¢« Grout mix proportions

Jet grouting

Deep mixing

Deep dynamic compaction
Micropiles

Figure 1-7 Summary of Key Elements of Compaction Grouting
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Dynamic Compaction

Controlling Engineering Principles
Dynamic compaction:

which compact the soil,

liquefaction,
Increases bearing capacity, and
Reduces settlement.

Basic Construction Process

Dynamic compaction can be accomplished

by:

systematic pattern,

improve the deeper soil, and

Uses cranes to drop tampers onto the soil

Increases the soil’s resistance to

Dropping a tamper by a crane in a
Using a first phase with high-energy to

Following with a second phase of lower-
energy to improve the upper layers of soil.

Typical application

and construction process

/ ‘

(Courtesy of Keller)

COMPARATIVE INFORMATION

Advantages

Disadvantages

e Suitable for many types .
of soils

Low cost for large area
improvement

Ability to measure
improvement
Non-specialty contractors
Simple equipment
Produces relatively
uniform compressibility
Not weather dependent

Vibrations can travel far
Lateral ground
displacement can occur
Mobilization costs
Limited effective
treatment depth

Some safety concerns
Ineffective in fine-grained
soils

Preferred Applications
Loose pervious and semi-
pervious soils with fines
contents less than 15%
Densification of loose
deposits

Collapse of large voids
and collapse-susceptible
soils

Embankments over
compressible coarse-
grained soils

KEY DESIGN PARAMETERS

DESIGN GUIDANCE

COULD ALSO CONSIDER:

e Soil type
Required depth of

compaction

FHWA (2017) —
Chapter 4

Deep foundation systems
Sand compaction columns
Vibrocompaction

Blast densification

Figure 1-8 Summary of Key Elements of Dynamic Compaction
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Deep Mixing Method Embankment

Controlling Engineering Principles

|

[ 1]

R NN

.. . / v
The deep mixing method: % ’ Q Deep-Mixed
e Creates soil-cement zones that have the 1L é L Q Elements
improved properties, Bearing Stratum
e Increases strength, and (after FHWA 2017)

o Decreases compressibility.

Basic Construction Process
Deep mixing can be completed using either

water-binder slurry or dry power binder, which Typical

is based on the type of soil that exists on the application

site. The process includes: and

¢ Inserting the soil mixing equipment construction
(either vertical axis, horizontal axis, or process

chainsaw-like),
¢ Delivering the binder, and
e Mixing of soil and binder.

|

(Courtesy of Keller)

COMPARATIVE INFORMATION

Advantages Disadvantages
e Economical on large ¢ Mobilization and unit cost
projects may be higher than other
e Less noise and vibrations technologies
compared to other e Obstructions can interfere
technologies with penetration of mixing
e High production capacity equipment
¢ Relatively easy ¢ The wet method requires
installation procedures heavy equipment that
may be too heavy for
softer soils
¢ Can be slower than other
methods

Preferred Applications

Wide range of applicable
soils

Can be used above water
or below water
Embankments

Retaining walls
Abutments

Bridge piers

KEY DESIGN PARAMETERS DESIGN GUIDANCE COULD ALSO CONSIDER:

e Soil-cement shear strength |e FHWA (2017) — .
and modulus Chapter 7 .
L

Prefabricated vertical drains
Dynamic compaction

Piles, aggregate columns, or
vibro-concrete columns

Figure 1-9 Summary of Key Elements of the Deep Mixing Method
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Mass Mixing Method

Controlling Engineering Principles

The mass mixing method:

¢ Creates soil-cement zones that have
improved properties,

¢ |ncreases shear strength, and

¢ Limits settlement.

Basic Construction Process

Mass mixing can be completed using either

water-binder slurry or dry power binder mixed

with the existing soil. The process includes:

* Dividing the treatment area into
overlapping blocks prior to treatment,

¢ Mixing the soil and binder using an
excavator-mounting mixing tool, and

o Topping the scil-cement with a preload
after mixing to induce consolidaticn of the
treated soil while curing occurs.

Mass Mixing
Platform

Embankment

Peat |
Soft Clay

(after FHWA 2017)

Typical
application
and
construction
process

(Courtesy of Keller)

COMPARATIVE INFORMATION

Advantages
s Can be done rapidly .

¢ Can stabilize peat and .
other soft sails, and can
treat contaminated soils

¢ |ess expensive than
deep mixing on a unit
volume basis

¢ Can stabilize large blocks
of sail

¢ Lower environmental
impacts compared to
other technologies

Disadvantages
Limited treatment depth o

Cannot easily penetrate
dense or stiff soils
Cost-effectiveness is
dependent on accuracy of
the measurement of
binder quality

Organic soils may require
higher binder content or
specific binder types

Preferred Applications

Soft clay, dredged soil,
sludges, contaminated
soils, and soft silts
Embankments over highly
compressible saoil

Tanks

Stabilizing excavations
Land reclamation
Contaminant fixation

KEY DESIGN PARAMETERS

DESIGN GUIDANCE

COULD ALSO CONSIDER:

¢ Soil-cement shear strength .
and modulus
¢ Organic content

FHWA (2017) — .
Chapter 7 .

Prefabricated vertical drains
Column-supported
embankments

e Deep mixing methods

Figure 1-10 Summary of Key Elements of the Mass Mixing Method
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Pre-Fabricated Vertical Drains

Controlling Engineering Principles

Pre-fabricated vertical drains (PVDs):
Create a shorter drainage path for
consolidation,

Increase the consolidation rate,
Increase rate of strength gain, and
Can be combined with surcharging or
preloading.

Basic Construction Process

PVDs can be installed by static, vibratory,
jetting, or combined methods. PVD installation
includes:

Threading PVD material into mandrel,
Attaching an anchor to bottom of mandrel,
Inserting the mandrel and PVD into the

/
7

Surcharge

Drainage
Blanket

Firm Soil

(after FHWA 2017)

Typical
application
and
construction
process

ground,
Withdrawing the mandrel, and

Cutting off and anchoring the PVD.

(Courtesy
of Keller)

COM

PARATIVE INFORMATION

Advantages
¢ Economical method

Very fast installation
Permanent drainage path
Minimal soil removal or
displacement

Simple QA/QC
Adaptable equipment
Water typically not
required (unless jetted)

Disadvantages

Equipment must be taller
than PVD depth

PVD material degrades in
sunlight

Soil improvement limited
by size of added load or
surcharge

Less appropriate for soils
with significant secondary
compressicn

Can weaken stiff clays

Preferred Applications
Saturated normally
consolidated or lightly
overconsolidated silt
Embankments over highly
compressible soil

Tank foundations
Reduction of pile negative
skin friction

Liguefaction mitigation
Land reclamation

KEY DESIGN PARAMETERS

DESIGN GUIDANCE

COULD ALSO CONSIDER:

e Compressible layer thickness
Coefficients of consolidation,

¢, and ¢y,

FHWA (2017) —
Chapter 2
DM 7.1 -
Chapter 5

Aggregate columns
Geotextile encased columns

Figure 1-11 Summary of Key Elements of Pre-Fabricated Vertical Drains
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Sand Compaction Piles Motor Vibrator

Controlling Engineering Principles \@
Sand compaction piles:

Create a drainage pathway for clay soils,
Increase the bearing capacity,

Prevent stability failures,

Reduce settlement,

Accelerate consolidation, and

Increase liguefaction resistance.

After Tanimoto (1973)

Basic Construction Process

Sand compaction piles are installed either in

loose sand or soft clay. Installation of sand

compaction piles includes:

e Driving pipe through soil using vibratory or
nonvibratory means,

o Backfilling the pipe with sand, and

* Densifying the surrounding soil by
repeated penetration and extraction of the

Typical application
and construction process

pipe.
COMPARATIVE INFORMATION

Advantages Disadvantages Preferred Applications

¢ Rapid construction, less ¢ Not commonly used in ¢ Wide range of soils, from
risk of intrusion of soil into the United States soft clays to sandy soils
the pile compared to e Smearing effects when e Embankments over
stone columns constructed in clay unstable soils

e Fully-supported hole e Greater replacement
during construction ratios are necessary
prevents collapse compared to other

¢ Liguefaction prevention columns

Vibration and noise
during construction

e Sand can be costly and
availability limited

¢ Settlement reduction

KEY DESIGN PARAMETERS DESIGN GUIDANCE COULD ALSO CONSIDER:

e  Type of soil e Aboshi, H. (1991) + Vibrocompaction
e Sand backfill properties e Barksdale, R.D.  Stone columns
(1987) e Aggregate piers
e Kitazume, M. (2005) (e Vibroconcrete columns

Figure 1-12 Summary of Key Elements of Sand Compaction Piles
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Soil Nail Walls

Controlling Engineering Principles

Soil nail walls:
e Reinforce existing soil,

e Provide tensile resistance, and
¢ Require temporary stability during

installation.

Basic Construction Process

The soil nail wall is a top-down constructed
retaining system. Installation includes:

Excavating an initial lift,
Drilling a nail hole,

Repeating for additional nails,
Placing initial facing,
Installing drainage,

Placing final facing.

Installing and grouting the nail,

Constructing subsequent levels, and

Typical application
and construction process

(Courtesy of Keller)

COMPARATIVE INFORMATION

Advantages

Disadvantages

e Relatively fast installation e
e Good for temporary walls
¢ More cost effective in

remote locations due to

availability of smaller .
equipment

e Perform well during
seismic events o

e Can withstand large
deformations

e Easily monitored and
tested

Not well-suited in areas
with large amounts of
groundwater seeping into
the excavation
Permanent soil nail walls
require permanent
underground easements
If projects have strict wall
movement criteria,
additional measures may
be required

Preferred Applications

Soil that can stand
unsupported temporarily
Ground conditions that
remain stable without
collapse until grouted
Tunnel portals
Roadway cuts

Shored Mechanically
Stabilized Earth (SMSE)
walls

Basement walls

KEY DESIGN PARAMETERS

DESIGN GUIDANCE

COULD ALSO CONSIDER:

e Soil strength
¢ Ground water table

e FHWA (2017) —
Chapter 5

Cantilever wall

Gravity wall

MSE wall

Counterfort concrete wall

Figure 1-13 Summary of Key Elements of Soil Nail Walls
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Vacuum Preloading
Controlling Engineering Principles Peripheral
Vacuum preloading: Vacuum trench
Impermeable

¢ Increases effective stress in foundation
soils through reduction in pore pressures,

s Improves saturated soils by consolidation,
and

e Can be combined with prefabricated
vertical drains.

Basic Construction Process

The steps for vacuum preloading include:

¢ Covering soil site with an airtight
membrane,

e Using dual venturi and vacuum pumps to
create a vacuum over the site which will
create and maintain the loads, and

¢ Maintaining the water table at the base of
the granular platform through a
combination of dewatering and vacuum
action.

\—\membrane/
N
N

(after Fernandes, 2020)

Typical application
and construction process

COMPARATIVE INFORMATION

Advantages

Disadvantages

Preferred Applications

e Fill not required .

Maintenance of vacuum .

Compressible soft,

Staged loading is not
required

No heavy equipment
Environmentally friendly
Established design
methods and QC/QA
requirements

Cheaper and faster
compared to surcharge
loading

pressure is difficult

May cause cracks in
surrounding soils
Vacuum pressure is
limited to 1 atm

Inward lateral movements
from vacuum preloading
can cause damage to
adjacent structures

uniform clays

Sites with shallow ground
water table

Embankment over
unstable soil

Stabilization of working
platforms

KEY DESIGN PARAMETERS DESIGN GUIDANCE COULD ALSO CONSIDER:
o Compressible layer thickness |« FHWA (2017) — Deep foundation elements
e Coefficients of consolidation, Chapter 2 Prefabricated vertical drains

¢, and ¢,

Stone columns
Grouting

Figure 1-14 Summary of Key Elements of Vacuum Preloading
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Typical application
and construction process

Vibro-Compaction

Controlling Engineering Principles

Vibro-compaction:

e Uses a probe and vibrator to densify the
surrounding soll,

e Increases the soil's resistance to
liguefaction,

e Increases bearing capacity, and

¢ Increases shear strength.

Basic Construction Process

Vibro-compaction can be accomplished by:
e Using a vibrator and probe to rearrange
the soil particles into a denser state

following the grid layout,

¢ |nserting the probe in phase one using a
high frequency, and

* Densifying the soil in phase two using a
low frequency.

(Courtesy of Keller)

COMPARATIVE INFORMATION

Disadvantages Preferred Applications

Advantages

¢ Economical and fast .

method for deep
foundations
e [Effective above and
below the water table
e Many case histories in
United States

Only effective for coarse- o

grained (cohesionless)
soils

Maximum depth is about
165 feet

Noise and vibrations
Contractor experience is
critical

Quality control should be
monitored carefully

Coarse-grained
cohesionless soils

Tunnels

Liquefaction mitigation
Compaction of potential
cavities

* Foundation soils beneath
proposed structures

KEY DESIGN PARAMETERS

DESIGN GUIDANCE

COULD ALSO CONSIDER:

e I|nitial and final relative
density
e Grain size distribution

e FHWA (2017) —
Chapter 4

Sand compaction piles
Deep dynamic compaction
Aggregate columns
Vibro-concrete columns

Figure 1-15 Summary of Key Elements of Vibro-Compaction
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Vibro-Concrete Columns

Controlling Engineering Principles

Vibro-concrete columns:

Create columns similar to aggregate
columns with concrete in place of
aggregate,

Increase the bearing capacity, and

Can be combined with column-supported
embankments to reduce total and
differential settlement.

Basic Construction Process

The vibro-concrete column installation
includes:

Using a vibrator to penetrate scil to
specified depth,

Pumping concrete to fill the void while the
vibrator is being extracted, and
Repenetrating with the vibrator during
extraction to create bulbs at top and
bottom of the columns.

Typical application
and construction process

(Courtesy of Keller)

COMPARATIVE INFORMATION

Advantages

Disadvantages

Reduces total, o Lack of well-established o Best used in soft clays or
differential, and seismic design procedure peat with low undrained
settlements e More expensive than shear strength

Greater column stiffness aggregate columns ¢ Embankments over

compared to aggregate
columns

Quick construction
Environmentally friendly
(no spoils)

Preferred Applications

unstable soils

KEY DESIGN PARAMETERS DESIGN GUIDANCE

COULD ALSO CONSIDER:

Compressible layer thickness |« FHWA (2017) —
Strength of bearing layer Chapter 5

Aggregate columns
Prefabricated vertical drains
Driven piles
Vibrocompaction

Figure 1-16 Summary of Key Elements of Vibro-Concrete Columns
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14 NOTATION.

Variable Definition

A Skempton’s pore pressure parameter for change in shear stress

c' Drained or effective stress cohesion intercept

Ce Modified compression index (in terms of strain)

ch Coefficient of consolidation in the horizontal direction

cy Coefficient of consolidation in the vertical direction

Ky Lateral earth pressure coefficient for at-rest conditions

LL Liquid limit

N Standard penetration test blow count (uncorrected)

PI Plasticity index

S Sensitivity

¢ Drained or effective stress friction angle
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CHAPTER 2.EXCAVATIONS
21 INTRODUCTION.

This chapter covers the methods of evaluating the stability of shallow and deep
excavations. There are two basic types of excavations: 1) open cut excavations where
stability is achieved by providing stable side slopes and 2) braced excavations where
vertical or sloped sides are supported laterally by internal or external structural
elements. The topics in this chapter include:

Open cut excavations,
Trenching,

Deep excavation systems,
Rock excavation, and
Groundwater control.

O O O O O

The primary site conditions controlling the selection and design of an excavation system
include soil and rock type and stratigraphy, soil and rock strength and consolidation
parameters, and groundwater conditions. These can be identified using methods
described in Chapters 2 and 3 of DM 7.1 and FHWA (2017) Additional considerations
include the required excavation depth, side and bottom stability, construction
procedures, excavation support system stability, and vertical and lateral movements of
adjacent areas and existing structures.

2-2 OPEN CUT EXCAVATIONS.
2-21 Sloped Excavations.

The methods described in Chapter 7 of DM 7.1 may be used to evaluate the stability of
sloped excavations in soils and rocks. In clay soils, instability typically involves side
slopes but may also include soils below the base of the excavation. Clay soils that
increase in shear strength with depth typically exhibit failures that occur on the side
slopes. For clay soils that exhibit relatively constant shear strength with depth, the
failure may extend into the base of the excavation. In coarse-grained soils, instability
usually does not extend significantly below the base of the excavation, provided
seepage is controlled. In rock, stability is often controlled by adversely orientated
planes of weaknesses such as joints, foliation planes, or faults.

In some problem soils, and in rocks with adversely orientated geologic planes of
weaknesses, special considerations are needed when evaluating stability of open cut
excavations as discussed in Section 2-7. In any soil, the stability of excavated slopes
may decrease with time, saturation, and disturbance. Some soils may not conform to
common shear strength correlations used in design. For example, the properties of
residual soil, which cover about half of Earth’s land mass, are difficult to relate to stress
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history. Local knowledge may be helpful when determining the analysis approach in
these problem soils.

Slope stability can be improved by reducing the driving forces that cause instability.
The top of a slope can be lowered, or the slope angle can be reduced, if an adequate
factor of safety against instability is not achieved. Surcharge loading from equipment
and/or stockpiles should be kept away from the top of an excavation when these
negatively impact stability.

2-2.2 Vertical Excavations.
2-2.21 Clay Soils.

Many cuts in clays will stand with vertical slopes for a period of time before failure
occurs. The maximum depth of a vertical cut in clay, or critical depth, (H..) is defined
as:

Hcrit =— (2-1 )
where:

s, = undrained shear strength and
7: = total or moist unit weight of the clay.

However, changes in the shear strength of the clay with time and stress release
resulting from the excavation can lead to progressive deterioration in stability. The
Occupational Safety and Health Administration (OSHA) requires all excavations be
sloped and trenches supported if greater than 5 ft in depth (OSHA 2020).

2-2.2.2 Rock.

Excavations in rock can be made vertical without support (rock bolts or tieback anchors)
depending on the rock quality, lack of adversely oriented joints and faults, and sufficient
mobilized shear strength along structural features to provide a stable condition. The
stability of rock slopes is also covered in Chapter 7 of DM 7.1.

2-2.3 Other Design Considerations for Open Cut Excavations.

Dewatering may be required to allow construction without water in the excavation.”
Dewatering increases effective stress and can cause settlement under nearby
structures. It may be necessary to consider installation of a low permeability cutoff
trench, filled with soil-bentonite or soil-cement-bentonite mixtures, between the

7 Sometimes referred to as “in the dry.”
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excavation and nearby structures. Dewatering in an area of carbonate rocks may cause
sinkhole development. Additional discussion about dewatering can be found in Section
2-6 and Unified Facilities Criteria (UFC) UFS 3-220-05 (DoD 2004). Perimeter drains
should be used around an excavation to prevent surface water from flowing into the
excavation and causing erosion.

The excavation and surrounding area should be monitored during excavation. Bottom
heave, slope movement, and settlement of areas beyond the slope should be carefully
observed and monitored. Monitoring can be accomplished by conventional survey
techniques, heave points, and piezometers (see DM 7.1, Chapter 2). Piezometers can
be used to investigate excess pore pressures below an excavation and the potential for
piping or heaving.

Structures near excavated slopes may need to be underpinned. Underpinning (Section
2-4.4) should be considered when the bearing elevation of the foundations is higher
than the bottom of the excavation and influenced by critical failure surfaces for the
slope.

The effect of vibrations from blasting, pile driving, and heavy equipment movements on
settlement or damage to adjacent structures should also be considered. Prior to any
activity that may cause damage due to vibrations, a preconstruction survey with
photographs should be performed. In addition, a test blast program should be required
before any blasting. During construction, vibration monitoring is critical. The impact of
vibrations on rock with adversely oriented rock structure should also be evaluated. See
Section 2-5.3 for additional discussion of blasting.

2-3 TRENCHING.
2-31 Site Exploration.

Individual trenching projects frequently extend over long distances. An exploration
program should be performed to define the soil and groundwater conditions over the full
extent of the project so that the design of the shoring system can be adjusted to
accommodate varying subsurface conditions.

2-3.2 Trench Stability.

Excavation support for trenches is regulated by OSHA (2020). Principal factors
influencing trench stability are the lateral earth pressures (see Chapter 4) on the wall
support system, bottom heave, and the pressure and erosive effects of infiltrating
groundwater (see Chapter 6 of DM 7.1). Additional external factors which influence
trench stability include:

o Surface surcharge loads,
o Vibration loads,
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o Groundwater seepage, and
o Surface water flow.

2-3.21 Surface Surcharge Loads.

Surface loads may be present adjacent to a trench and cause loading on the trench
support system. The effects of surface loads should be considered if the load is
between the edge of the excavation and the intersection of the ground surface with the
possible failure plane. Section 4-4.2 provides additional guidance on earth pressures
caused by surface loading.

2-3.2.2 Vibration Loads.

The effects of vibrating machinery, blasting, other dynamic loads, and earthquakes in
the vicinity of the excavation must be considered. The effects of vibrations are
cumulative over periods of time and can be particularly dangerous in soft clays which
amplify vibrations. In addition, vibrations from earthquakes or blasting can cause loose
contractive sands and silts to fail as brittle materials at low strains. Once disturbed,
these materials flow, which can result in catastrophic damage. Excavations in these
types of soil are very problematic. While dense coarse-grained soils are also brittle and
fail at low strains, they do not flow and are not problematic for excavations. If blasting is
required in a trench, the size of the charge should be as small as possible, and the
effect of vibrations on settlement of or damage to adjacent structures must be
considered.

2-3.23 Groundwater Seepage.

Groundwater seepage at the bottom of an excavation can result in bottom heave.
Bottom heave refers to upward movement of the base of the excavation caused by a
high upward gradient that exceeds the critical gradient of the soil. This is also referred
to as a quick condition. Heaving or quick soils lose all or most of their shear strength
because the effective stress approaches zero. Bottom heave can occur in coarse-
grained soils that are improperly dewatered.

In addition to heave, seepage can result in internal erosion, which is the movement of
soil particles from within the soil structure. Fine sands and silts are most susceptible to
internal erosion. Prediction methods and design for internal erosion are discussed in
Chapter 6 of DM 7.1.

2-3.24 Surface Water Flow.

Uncontrolled surface water can enter the retained soil, increase the water content, and
potentially result in saturation. Saturation greatly increases loads on the wall support
system and may reduce the shear strength of the soil. Site drainage should be
designed to divert surface water away from trenches. This is especially important for
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the zone between the edge of the excavation and the intersection of a possible failure
plane with the ground surface.

2-3.3 Support Systems.

OSHA (2020) requires protective measures for any trench greater than 5 feet deep,
except in stable rock. Protective measures are also required for some excavations at
any point less than 5 feet deep where there is evidence of a potential cave-in as
determined by a competent person. OSHA (2020) describes a competent person as
someone capable of identifying hazards or unsafe working conditions who possesses
authority to take corrective measures.®

Shoring and sheeting plans should be certified by a registered professional engineer.
For trenches greater than 20 feet deep, a licensed professional engineer must approve
the design (OSHA 2020).

The commonly used excavation support systems discussed in the following sections
include trench shields, hydraulic shoring, timber shoring, and steel shoring. Cross
braces or trench jacks shall be placed in true horizontal position; spaced vertically; and
secured to prevent sliding, falling, or kickouts.

2-3.31 OSHA Soil Types.

OSHA (2020) defines Soil Types A, B, and C for the design of trenches as summarized
in Table 2-1. Appendix A of the OSHA manual provides definitions of terms used in
defining these soil types. OSHA'’s definitions do not conform to the Unified Soil
Classification System (ASTM D2487).

2-3.3.2 Trench Shield.

A trench shield is a rigid prefabricated steel support system used in lieu of other types of
shoring, which extends from the bottom of the excavation to the ground surface. The
trench shield is placed within a wider excavation with vertical walls and protects the
enclosed space from trench collapse. Piping systems or other structures are
constructed within the shield, which is pulled ahead, as trenching and construction
proceed. Figure 2-1(a) illustrates a trench shield. This system is useful in most soils
with the exception of very dense or hard soils. The trench shield must extend to the
ground surface of vertical excavations. Where part of the excavation is sloped, the
trench shield extends 18 inches above the toe of the slope as shown in Figure 2-1(b).

8 See OSHA (2020) Paragraph 652(a)(1)(ii) for the legal definition of competent person.
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The trench shield must be designed for the full height of the excavation including the
sloped portion above the trench shield.

Table 2-1  Soil Types (after OSHA CFR Part 1926, Subpart P, Appendix A)

Estimated Soil

Soil Soil CUnconflm_ed Classification . .
L. ompressive Exclusions or Inclusions
Type | Description (USCS)
Strength (tsf) (ASTM D2487)
Type A cannot be:
gg g(l‘: '\(g: e Fissured,
A Cohesive® >1.5 ir;clud'ing ’ e Previously disturbed,

¢ Dipping into excavation at a slope > 4H:1V

cemented soils
e Subject to vibration from traffic

CH, CL, SC, Include soil that categorizes as Type A but is fissured,

Cohesive 0510 <15 GC, OH previously disturbed, or subject to vibrations.
B ML, OL, SM,
Granular Exclude soils from Type B that have | that di
hesionless? -- SW, SP, GM, Exclude soils from Type at have layers that dip
o GwW, GP into the excavation at a slope > 4H:1V.
Cohesive <0.5 CH, CL, SC,
GC, OH . .
c ML OL_SM :ndUdGihsot”dt'ha‘t i;ategorlzei.s as 'tl'ypei\ Aor E’:lau:\r;as
,» OL, S, > 4H-
Grapular _ SW. SP, GM, ayers that dip into excavation at a slope :
cohesionless GW GP

OSHA Defintions:

A “Cohesive soil means clay (fine grained soil), or soil with a high clay content, which has cohesive strength.
Cohesive soil does not crumble, can be excavated with vertical side slopes, and is plastic when moist. Cohesive
soil is hard to break up when dry, and exhibits significant cohesion when submerged. Cohesive soils include
clayey silt, sandy clay, silty clay, clay and organic clay.”

B “Granular soil means gravel, sand, or silt (coarse grained soil) with little or no clay content. Granular soil has no
cohesive strength. Some moist granular soils exhibit apparent cohesion. Granular soil cannot be molded when
moist and crumble easily when dry.”

(a) (b) Soil Type
A
Strut B
c
L 20" Max.
Sidewall =5 18" Min. i
Knife Edge —4

Figure 2-1 Trench Shield; a) Typical Trench Shield, b) Maximum Slopes for
Various Soil Types Defined by OSHA (after OSHA Technical Manual)
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Excavation depths of up to 20 feet are permitted by OSHA (2020) using manufactured
trench shields designed in accordance with OSHA standards. These shields should be
used in accordance with the manufacturer's specifications, recommendations, tabulated
data, and limitations. Shield systems must not be subjected to loads exceeding those
which the system was designed to withstand.

Excavations up to 2 feet below the shield are permitted when the shield is designed to
resist the forces for the full depth of the trench. This type of excavation is only permitted
when there is no indication of loss of soil from behind or below the bottom of the shield.
When designing for an excavation below the bottom of the shield, consideration must be
given to the potential for internal erosion or heaving. During use, the excavation should
be observed for evidence of these problem conditions. Surcharge loading, vibrations, or
loads from adjacent structures also must be considered.

2-3.3.3 Hydraulic Shoring.

Hydraulic shoring consists of aluminum hydraulic cylinder braces and heavy plywood
(Finform) sheets. It has gained popularity over timber shoring, because it is less costly
and does not require workers to enter a trench to construct the shoring. Table 2-2 and
Table 2-3 provide hydraulic shoring requirements from OSHA (2020). Figure 2-2
illustrates typical applications of hydraulic shoring (OSHA 2020).

Hydraulic shoring can typically be used to a depth of about 25 feet with trench widths up
to 12 feet. The trench width can be increased with cylinder extensions referred to as
steel tube oversleeves. Hydraulic shoring design guidelines are found in OSHA (2020)
Appendix D, Item (g).

Table 2-2  Aluminum Hydraulic Shoring - Soil Types A and B, No Walers

(after OSHA 2020 Appendix D, Tables D-1.1 and D-1.2)

OSHA Depth of . Hy.draulic Cylinder Spacing and Diameter
Soil Trench, H Maximum Maximum Cylinder Diameter for Trench Width, B (ft)
Type (fA Horl_zontal Ver_tlcal <8 8<B<12 12<B<15
Spacing, (ft) | Spacing (ft) = =
5<H<10 8 4
A 10<H<15 8 4 2in. 2inB 3in.
15<H<20 7 4
5<H<10 8 4
B 10<H<15 6.5 4 2in. 2inB 3in.
15<H<20 5.5 4
Notes:
A Design trench with depths greater than 20 feet using manufacturers’ tabulated data, and refer to Code of
Federal Regulations (CFR) Part 1926, Subpart P 652(c)(2) and 652(c)(3).
B At this width, 2-inch diameter cylinders shall have structural steel tube oversleeves (3.5x3.5x0.1875 in), or
structural oversleeves of manufacturers’ specification, extending the full, collapsed length.
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Table 2-3  Aluminum Hydraulic Shoring — Soil Types B and C with Wales
(after OSHA 2020 Appendix D, Tables D-1.3 and D-1.4)

Wales Hydraulic Cylinder Spacing and Diameter for . .
— Trench Width, B (ft) Timber Uprights
£ £ B<8 8<B<12 12<B <15 (in. x. in.)
=~ @ ] ] ]

OSHA | Depthof | 2 . s b s o .
Soil Trench, | 5 | 3 E £ E SO | S0
Type H (ft)A a| & | =€ |8 - | B —-E | B @ So| 5o

»n = ST | = - A ST = 2 NT| NT
3| § /68|32 | 62|88 | 88|32 | @ |528|5°
= = N o c N o c N o c T T o| Xo
Tt 3} s ®© =~ S ® = s ®© =~ = - ®© - ©
o @ 0o | >¢c oo | >c o a > c o] o | E¥a
> (%] ITn | O | T | O=| Tn o= (7] NN | oD
3.5 8.0 2 8 28 8 3
5t0 <10 4 7.0 9.0 2 9 28 9 3 -- -- 3x12
14.0 | 12.0 3 12 3 12 3
3.5 6.0 2 6 28 6 3
B 10to<15 | 4 7.0 8.0 3 8 3 8 3 - 3x12 -
14.0 | 10.0 3 10 3 10 3
3.5 5.5 2 5.5 28 5.5 3
15t0<20 | 4 7.0 6.0 3 6 3 6 3 3x12 -- --
14.0 9.0 3 9 3 9 3
3.5 6.0 2 6.0 28 6.0 3
5to0 <10 4 7.0 6.5 2 6.5 28 6.5 3 3x12 -- --
14.0 | 10.0 3 10.0 3 10.0 3
3.5 4.0 2 4.0 2B 4.0 3
Cc 10to<15 | 4 7.0 5.5 3 5.5 3 5.5 3 3x12 - --
14.0 8.0 3 8.0 3 8.0 3
3.5 3.5 2 3.5 28 3.5 3
15t0<20 | 4 7.0 5.0 3 5.0 3 5.0 3 3x12 -- --
14.0 6.0 3 6.0 3 6.0 3
Notes:
A Design trench with depths greater than 20 feet using manufacturers’ tabulated data, and refer to CFR Part
1926, Subpart P 652(c)(2) and 652(c)(3).

B At this width, 2-inch diameter cylinders shall have structural steel tube oversleeves (3.5x3.5x0.1875) or

structural oversleeves of manufacturers’ specification, extending the full, collapsed length.

€ 0.C. stands for on center spacing.
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Figure 2-2 Hydraulic Shoring - a) Spot Bracing, b) Plywood, c) Stacked, and
d) Waler System (after OSHA Technical Manual 2020)

2-3.3.4 Timber Shoring.

Timber shoring uses a temporary structure made of wood to support a trench. The four
types of timber shoring are illustrated in Figure 2-3. The systems use vertical uprights
or horizontal timbers against the soil, which are supported by a system of wales and
cross-braces. Skeleton shoring does not use continuous upright members and is
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applicable when running soils® are not expected. It can be used to depths up to 20 feet.
Close (tight) shoring uses continuous upright timbers to support the soil and is useful
where seepage and cave-ins are expected. Box shoring uses horizontal timbers to
support the soil. Box shoring is applicable to trenching in any soil and is only limited in
depth by the structural strength and size of the timber. Telescopic shoring is used for
very deep trenches and consists of nested trenches that decrease in width as the trench
depth increases.

Timbers used for shoring must be sound and free from large or loose knots. Timber
shoring must be designed and installed to the bottom of the excavation. Braces and
uprights for timber shoring must be installed at the same time as the excavation.
Braces and diagonal shores of timber should not be subjected to compressive stresses
in excess of the allowable compressive stress. The allowable compressive stress will
vary by species of wood. Additional information on the structural properties of timber
can be found in Section 6-7.1.1.3 as well as the Wood Handbook (USDA 2010). The
allowable compressive stress will decrease as the slenderness of the shoring member
increases. The ratio of length to least width is typically limited to 50 or less.

Figure 2-3 Timber Shoring: a) Skeleton; b) Close (tight); c) Box; d) Telescoping
(after OSHA Technical Manual 2020)

Table 2-4 summarizes the OSHA (2020) minimum requirements for trench shoring. The
data in the table are for nominal size timber with spacing measured center to center. A
maximum of two feet of soil surcharge adjacent to the trench and a maximum
equipment surcharge of 20,000 Ib are assumed in the design. The region adjacent to
the trench is defined as a horizontal distance on each side of the trench equal to its
depth. OSHA (2020) indicates that tight sheeting, such as tongue and groove timber at
least three inches thick or steel sheet piling, must be used when submerged conditions
are encountered to resist the lateral water pressure and to reduce loss of fines behind

9 Running soils have no ability to hold a vertical face and will flow or cave into the excavation if
unsupported. Clean, dry coarse-grained soils are an example. Seepage can also result in running soil.
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the sheeting. Table 2-4 does not cover the case of submerged conditions. A licensed
professional engineer must approve the design for trenches greater than 20 ft deep,
submerged conditions, and other conditions as noted in Table 2-4.

Table 2-4  Minimum Requirements for Timber Trench Shoring

(after OSHA 2020)
Size (Nominal) and Spacing of MembersB¢.P
. Cross Brace Spacing and Size Upl:ight_Size
E Brace Size of Members (in x in) for Wales (in x in)
o h o S
g8 = Spacing (ft) Specified Trench Width: Maximum Allowable
Fl 2 < = | Horizontal Spacing,
5| & s x £ (ft)
2 = £ T | S4ft | s6ft | <oft | <12t ) <15ft < B 2
| e | ¥ | € e | £2| (0=0SHAClose
2] 2 o o N o Q Spacing)
o| ~ T > n >0 pacing
<6 4x4 4x6@6
5 to <8 A 4x4 4x4 4x4 6 4x6 None - 4x8@8
10 <10 4x6@5
<10A 4x6 4x6 4x6 6x6 6x6 8x8 4 4x6@6
<6 4x4 4x4 4x4 None - 4x10@6
10 to <8 4x6 4x6 4x6 6x8 4x6@4
Al 45 [<10n ] ¢ 66 | 66 | 66 66 | 66 g8 4 4x8@5
<12A 8x10 4x6@4,4x10@6
<6 6x6 6x8 3x6@0
15t0 | <8” 6x6 8x8 3x6@0, 4x12@4
20 [=10p | 4 | 86 | 6x6 | 6x6 op |80 | * 3x6@0
<12A 6x8 8x12 3x6@0, 4x12@4
510 <6 4x6 6x6 6x8 3x12 @3, 4x12@5
10 <8 5 4x6 4x6 6x6 6x6 8x8 5 3x8@2, 4x8@4
<10 6x8 8x10 4x8@3
10to <6 6x6 6x6 6x6 6x8 6x8 8x8
B <8 5 6x8 8x10 5 3x6@0, 4x10@2
15 <10~ 6x8 6x8 88 8x8 8x8 10x12
<6 6x8 8x10
1%0 <gh | 5 | €@ | 68 | 6 o | B8 [10x12] 5 4x6@0
<107 8x8 8x8 8x8 12x12
5 to <6 6x6 6x6 8x8
10 <8 5 6x6 6x6 8x8 8x8 10x10 5 3x6@0
<10 8x8 10x12
C | 10to <6 6x8 6x8 6x8 10x10
15 [ <8 | ° [ 88 | 88 | 8x8 | >® | & oyra| ° 4x6@0
1230 <6 5 8x8 8x8 8x8 8x10 | 8x10 | 10x12 5 4x6@0
Refer to OSHA (2020) Appendix C, Tables C-2.1 through C-2.3 for more information. Notes:
A A licensed professional engineer must approve the design in accordance with CFR Part 1926 Subpart P
Excavations Paragraph 926.652(c) for combinations of depth, soil type, and spacing not listed.
B Member sizing considers effective horizontal stress calculated as follows where H = depth of trench:
Soil Type A: ¢’y = (25xH)+72 psf; Soil Type B: o, = (45xH)+72 psf; and Soil Type C: ¢, = (80xH)+72 psf.
An assumed 2 ft surcharge is accounted for by the added 72 psf.
€ Timber is Douglas fir or equivalent with a bending strength = 1,500 psi.
D Manufactured members of equivalent strength may be substituted for wood.
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2-3.3.5 Steel Shoring.

Steel sheeting and bracing can be used in lieu of hydraulic or timber shoring. Structural
members should be designed to safely withstand water and lateral earth pressures.
Steel sheeting with timber wales and struts have also been used.

2-4 DEEP EXCAVATION SYSTEMS.

The discussion of deep excavation support systems includes consideration of the
factors that influence wall design and selection, design against basal heave, prediction
of the movement of walls and the adjacent soil and structures, and construction.
Further information can be found in FHWA (2008) and Clough and O’Rourke (1990).
Detailed discussion of earth pressures is included in Chapter 4.

241 Types of Wall and Support Systems.

Deep excavation support systems are sometimes required to facilitate the construction
of structures below ground. Design of these support systems must consider how much
they will move during construction and how this movement will impact surrounding
structures and the project to be built within the excavation. Movements of deep
excavation walls are a function of many variables including:

Soil type, strength, compressibility, permeability, and earth pressures;
Groundwater level and changes in the groundwater level during construction;
Depth and shape of excavation;

Type and stiffness of wall;

Type and stiffness of support system;

Method of construction of the wall;

Adjacent building and surcharge loads; and

Length of time the deep excavation support system is in place.

O O O O 0 O O O

Experience with deep excavations indicates three major types of movement during
construction of braced and tied-back deep excavation walls (Clough and O’Rourke
1990). The first stage of movement occurs when the wall is unsupported or in the
cantilever condition as shown in Figure 2-4(a). In this first stage, the largest movements
occur near the top of the wall. As the excavation moves downward, the upper part of
the wall is supported, reducing further movement. However, additional lateral and
vertical movement can occur as the resistance of the support system is mobilized.
Movement can also occur before the additional supports are installed, and basal
movement can occur as shown in Figure 2-4(b). Clough and O’Rourke described this
movement as deep inward movement. The cumulative movement is shown in Figure
2-4(c).

Variation occurs in the magnitude of movement because of differences in wall stiffness,
depth of excavation without support installation, and soil conditions. Clough and
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O’Rourke note that in sands and stiff to hard clays, cantilever movement typically
dominates, and settlement behind the wall has a triangular distribution. In soft to
medium clays, deep inward movement dominates, and settlement behind the wall takes
on a trapezoidal distribution.

The major types of deep excavation wall systems include sheet piling, combined sheet
piling with H-piles or pipe piles (See Figure 2-5), soldier piles (H-piles) and lagging,
concrete diaphragms, secant and tangent pile walls, and deep soil mixing. The factors
involved in the selection of a wall type are summarized in Table 2-5.

Support systems, shown in Figure 2-6, may be internal to the excavation, such as
rakers, cross lot struts, or braces. External support systems include prestressed tieback
anchors and soil nails. Berms can be added to any support system to help reinforce the
toe of the wall. Berms used for temporary support must consider the movement
required to achieve passive resistance. A berm constructed from stiff or dense soil is
more effective compared to a loose berm because passive pressure is developed with
less movement. A low factor of safety against basal heave may allow the berm to move
with the soil and provide minimal passive resistance. Table 2-6 summarizes project
conditions that influence the selection of a support system.

Horizontal Horizontal Horizontal
Displacement Displacement Displacement
—— ——H ——+—
= ’f’ E)écavati(t)n W > L = =
sr—\| Triangular HPPOR . }Shaded areas are — \_
bounds on ¥ incremental Trapezoidal
settlement 7 movements bounds on
T\ e\ settlement
Potential toe
movement if wall not
A/—Wall keyed into stiff
| underlying soil
a) Cantilever Movement b) Deep Inward Movement ¢) Cumulative Movement

Figure 2-4 Typical Profiles of Movement for Braced and Tieback Anchor Walls
(after Clough and O’Rourke 1990)

Single H-King Pile Double H-King Pile Pipe Pile
Sheet Pile Wall Combination Sheet Pile Wall Combination Sheet Pile Wall Combination
T2 3 2 5 « S ]
[P

Figure 2-5 Examples of Combined Sheet Piling Cross Sections
(after DeepEX Combined Sheet Pile Walls Software 2021)
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Types of Walls and Factors Involved with Selection

Wall Type

Relative
Stiffness
and Cost

Factors Involved with Selection

Steel Sheet
Piling

Flexible

Low Cost

Simple, rapid construction.

Essentially impervious but leakage may occur if interlocks separate.

Materials are easily handled and can be reused.

Easy to modify length by welding.

Interlocks may separate during hard driving.

Use of vibratory hammers may cause settlement.

Every fourth or fifth sheet may be driven deeper to achieve improved bearing and
passive resistance.

Basal heave factor of safety, Fsu , greater than 2 required in soft to medium clay.

Soldier Pile
(H-pile) and
Lagging

Flexible

Low Cost

Simple, rapid construction.

Permits drainage of groundwater.

Piles can be driven, or preaugered and backfilled with lean concrete.

Lean concrete compressive strength of 300 psi is usually adequate.

Lagging is usually wood although precast concrete is used for permanent installations.
Backfilling behind lagging helps transfer soil load to H-piles and prevents loss of soil.

Combined
Sheet
Piling

Inter-
mediate
Flexibility
and Cost

Types of Combined Sheet Piling (See Figure 2-5) include:

o Single king pile (H-pile) with sheet piling,

o Double king pile (H-pile) with sheet piling, and

o Pipe pile with sheet piling.

Essentially impervious but leakage may occur if interlocks separate.

King piles can be driven or drilled deeper than sheet piling to achieve bearing or
greater passive resistance.

Use of vibratory hammers may cause settlement.

Complicated construction techniques required.

Can reduce potential for basal heave.

Secant Pile

Stiff

Inter-
mediate
Cost

Tangent
Pile

Surface guide required to properly align piles.

Drilled piles constructed with about 3 inches of overlap.

Essentially impervious, but leakage may occur at overlap of piles if out of alignment.
Piles may be constructed from lean concrete with compressive strength of about 300 psi
or structural concrete if foundation bearing unit.

Secondary, unreinforced piles constructed first.

Primary, reinforced piles constructed second.

Vertical tolerances may be difficult to achieve for deep piles

Lean concrete can be shaped to provide anchor bearing with H-pile reinforcement.
Requires significant area for equipment.

Can reduce potential for basal heave.

Piles constructed adjacent to each other without overlap.
Groundwater leakage likely between piles.
See Secant Piles for other factors.

Deep Soil
Mix

Stiff

Inter-
mediate
Cost

Consist of overlapped soil cement columns.

Essentially impervious.

Soil-cement compressive strength of 100 to 150 psi is usually adequate. In situ
strengths usually less than laboratory strengths of soil-grout mixture.

Reinforcing (H-piles or cages) installed in alternating columns before slurry sets.

Soil cement can be shaved off in excavation if needed to provide anchor or brace
bearing with H-pile reinforement.

Not compatible in soils with cobbles and boulders.

Requires significant area for equipment.

Reduces potential for basal heave.

Concrete
Diaphragm

Very Stiff

High
Cost

Impervious - use when part of permanent structure and when dewatering of adjacent
soils must be avoided.

Constructed in panels with reinforcing cages.

Requires significant area for equipment.

Reduces potential for basal heave.
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Figure 2-6 Examples of Support Systems
(after USACE 1983b and FHWA 2015)
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Table 2-6  Factors Influencing the Selection of Support Systems

Requirement Lends ltself to Use of: Comments

e Tieback anchors may be required to
eliminate internal interference with
construction.

e Tieback anchors costlier than rakers.

e  Soil nails are not prestressed.

e Soil slopes combine with soldier pile (H-
pile) and lagging or sheet pile wall.
Rakers.

Soil nails.

Low Cost

e  Concrete diaphragm walls are
impervious.

Avoid Dewatering | ¢  Sheet piling, combined sheet piling,

secant, and soil mixing walls are

essentially impervious.

e Soldier pile and lagging walls are
pervious.

Minimize e High prestress on tieback anchors, e Analvze for basal heave

movement struts, or rakers. Y )

Wide Excavation . e Tieback anchors preferred but costlier
> 65 ft e Tieback anchors or rakers. than rakers

Narrow e Tieback anchors may be required for

e Cross lot bracing.

Excavation < 65 ft better interior access.

2-4.2 Site Considerations for Deep Excavations.
2-4.21 Influence of Soil Type.

The type of soil supported by a deep excavation will influence the selection of an
appropriate type of wall and support system. Table 2-7 provides a guide for this
selection process based on soil type.

The soil type will also control the earth pressures and forces on deep excavation
systems, which are discussed in detail in Chapter 4. Earth pressures depend on wall
movement relative to the soil. When little to no movement occurs, the earth pressure
condition is referred to as at-rest. The stress state in the soil approaches an active
condition at locations where the wall moves away from the soil. This occurs behind the
wall system above the base of the excavation. The stress state in the soil approaches a
passive condition at locations where the wall moves toward the soil. This occurs on an
embedded portion of the wall system below the base of the excavation. Different
amounts of wall movement must occur to fully mobilize active and passive pressures.
The movement required to mobilize active pressure is much lower than that required for
passive pressure. Restricting wall movement in the passive case greatly reduces the
mobilized passive earth pressure, but this is necessary in most design cases due to
movement limitations.

Actual earth pressures depend on wall deformation, and this in turn depends on several
factors including stiffness of wall and support system, stability of the base of the
excavation, and depth of excavation. These factors are discussed in more detail in
Sections 2-4.3 and 2-4.4.

70



UFC 3-220-20

16 January 2025
Table 2-7  Influence of Soil Conditions on Selection of Deep Excavation Wall
and Support Systems
Appropriate Wall and Support Type

2 g o

© O o | =

g Bl |2 5
Soil © 2l 2| & S E S | comments
Type A s ||| X| &l 2|l &

o o ([P I SIS | 5| 2|3

&= 9| = |3 = n| P

& =|a| o |a|T| L -

Sc || x| L& ol w8

"o gl | 2|8 S| a5 |t

= TS| | 8 S|

S8 213/8|8|8(5|8 %

So|ln|vw|O0|lw|o|o| £

High wall stiffness (concrete diaphragm)
preferred to reduce movements and basal

Deep h
Soft to ceave. .
Medium v ViV V|V IV |V Tieback anchors may not be suitable due to low

strength of clay.

Clays Soil nails not suitable due to lack of
prestressing.
Soil nails may not be suitable in sands.
Stiff to Increased soil stiffness reduces lateral
Hard movements.
Clays A A A A A A I Higher at-rest earth pressure coefficient, Ko, has
and potential to increase earth pressure at
Sands excavation and cause increased lateral
movements.
gzﬂzz Shee_t piling gnd combined sheet piling difficult
Gravel’s to drive and interlocks may separate.
and ’ v ViV vi]iv |V Soil nails may nqt be suitable in sands.
Clayey Increased soil stiffness reduces lateral
Sands movements.
. . Chisels or hydromills may be needed to
Soils with .
Boulders/ excayate for_ concrete dle_lphragm wall.
Residual v v VvV Soldier (H-pile) and lagging, secant and tangent
Floaters piles but may require rock coring.
Vertical alignment of piles may be difficult
2-4.2.2 Influence of Groundwater.

Groundwater conditions must be evaluated during the selection and design of a deep
excavation. Some walls are impervious and prevent seepage through the wall. Where
water is retained, water pressures on the wall may be greater than earth pressure.
Excess pore pressures at the base of an excavation can result in heave, loss of passive
resistance, seepage, and internal erosion. Particle erosion can also occur between
open pile interlocks, lagging, and gaps in tangent pile walls.

In some cases, the soil adjacent to and below an excavation can be dewatered to
improve stability and reduce wall loads. Some walls are not watertight and will allow
water to seep into the excavation. The adjacent water level will drop provided the water
is removed from the excavation. Dewatering will tend to cause settlement that may be
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detrimental to adjacent infrastructure. Water levels adjacent to excavations should be
monitored before and during construction to confirm design assumptions. The selected
wall type must be compatible with the observed groundwater conditions.

243 Wall and Excavation Stability.

The deep excavation wall and supports must be designed to carry the forces from the
earth and water pressures. Chapter 4 provides detail on the methods used to
determine these forces so that the structural design of the wall can be completed.
Those designs should also include the effects of thermal expansion and contraction on
internal bracing, as well as the effects of frost penetration on tiebacks and struts. In
addition, wall settlement, global stability, and basal heave must be considered.

2-4.31 Wall Settlement.

Earth pressure forces and inclined support system forces have vertical components that
can cause settlement of deep excavation wall systems. Wall settlement can cause
destressing of tiebacks and stressing of internal bracing systems. Wall settlement must
be considered and controlled, because wall design methods typically assume no vertical
movement or settlement of the wall.

With the exception of sheet piling or combined sheet piling, the wall system should be
driven, drilled, or excavated to a suitable bearing layer to avoid excessive wall
settlement. For sheet piling or combined sheet piling, settlement can be reduced by
driving or drilling sufficient sheet piles (e.g., every 5" pile) to a suitable bearing stratum.
If a bearing stratum is not present, estimates of wall movement should be made using
the methods of Chapter 6, and efforts should be made to reduce the vertical component
of the support system forces.

2-4.3.2 Global Stability.

Deep excavation design should consider the possibility of deep seated stability below
the wall and behind any ground anchors. The stability analyses should consider surface
loads from surcharges or adjacent buildings. If there are any berms or slopes in the
system, these must also be considered. The stability analyses should be performed
using the methods described in Chapter 7 of DM 7.1.

Excavations in rock below the wall may require rock bolting at the toe if bedding or
adversely oriented joints dip into excavation or the rock surface slopes into excavation.

2433 Basal Instability or Heave.

Basal heave is the tendency of the bottom of an excavation to move upward because of
the weight of the soil adjacent to the excavation. Basal heave in deep excavations is
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usually only an issue where the width of excavation (B) is greater than depth (H). Itis
primarily a concern for soft to medium clays that extend to significant depth.

A method for calculating basal instability of braced excavations in coarse-grained soils
is provided in Figure 2-7(a). Basal instability is less common in coarse-grained soils
than clays.

For clays, the method used to calculate the factor of safety against basal heave (Fzy)
depends on the relative wall flexibility. Flexible walls (e.g., sheet piling) will deform with
the soil, and the portion of the wall that penetrates below the base of the excavation is
ignored. Stiff walls (e.g., concrete diaphragm) prevent the soil from deflecting toward
the base of the excavation. The soil must flow beneath the wall and up towards the
base of the excavation for heave to occur. Thus, for stiff walls, the wall penetration
below the base is considered. A factor of safety of at least 1.5 should be used against
basal heave failure as discussed by Mana and Clough (1981). The normalized wall
stiffness, K.ai, as defined by Mana and Clough (1981) can be found as:

El
7h'

t

Kwall = (2_2)

where:

E =Young’'s modulus of wall,

I = second moment of the area of the wall section (/= ¢/ 12 for wall thickness ¢),
7 = total unit weight of the retained soil, and

h = vertical spacing of the support system braces or anchors.

The normalized wall stiffness is greatly influenced by the spacing of the support system,
because this variable is raised to the fourth power. A secondary consideration is the
movement required to mobilize the support system. Ground anchors and internal
bracing can be prestressed to reduce mobilization movement. In contrast, soil nails
require movement to develop support forces.

The calculation of basal heave for clays is shown in Figure 2-7(b) and (c). For flexible
walls, the driving force is the weight of the soil extending a distance, B;, beyond the
excavation plus the surcharge loading. The resisting force is developed along the sides
of the block of soil defined by B; and in the soil below the excavation.°

0 This definition of Fgy differs from that proposed by Terzaghi (1943) and used by Mana and Clough
(1981). The two definitions give similar results for Fzz < 1.5. Terzaghi (1943) subtracted the strength
above the base from the net driving force, which can lead to unreasonably high factors of safety for
narrow excavations.
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For very stiff walls, the shear resistance in the clay along the inside of the wall may be
included. An adhesion factor () between the wall and clay is multiplied by the
undrained strength of the clay in this layer. Very stiff walls are much more effective at
reducing lateral movement and basal heave than flexible walls, producing the higher
factors of safety against basal heave.
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(a) Cut in Cohesionless Soil

Sheeting or Soldier Beams and Boards

Stability is independent of H and B, but varies with y, ¢ and
seepage condition.

. }/1 v
le—5—»] Factor of Safety:  F, =2N, [—] K tang'
o e R VAAS g
=_V_ :T v, ' N, = bearing capacity factor for soil below excavation (Chap. 5)
il K, = active earth pressure coefficient (see Chap. 4)
i P—>< :T Pitang’; Groundwater conditions:
8 P |T If groundwater is at a depth of (B) or more below base of cut:
[ — I y; and y, are moist unit weights
7 TRK L;I_ - If groundwater is static at base of cut:
ya > = 7; = moist unit weight, y. = submerged unit weight.
If seepage is moving upward to base of cut:
y, = saturated unit weight — uplift pressure / unit length
(b) Cut in Clay — Flexible Wall
__:|<_ _>|:__ Ignore sheeting below base of cut.
Sty G Py Factor of Safety: F, _ 75,8 St
" N yH-B +q-B
s.» = average s, below the base of the excavation
H 4 b s s,» = average s, above the base of the excavation
g = Surface surcharge
l t t
T ' ' D, If the base is unstable, a force, P' 5, acts on the buried
' .
' » length:
B,=0.78 : : Pl S g 7
A D;>047B: P, =07(H(y,-B-14-5 )-7-s,-B)

1.4
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B

D, < 047B: P', =1.5D, [H [y, ——s

(c) Cut in Clay — Very Stiff Wall
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s,5 = average s, below the base of the excavation
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« = adhesion between the clay and the wall
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Figure 2-7 Methods for Calculating Factor of Safety Against Basal Instability or
Heave (after Wong and Goh 2002)
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Flexible walls, such as sheet piling, tend to have normalized wall stiffness in the range
of K. = 10 to 50. Stiffer concrete diaphragm walls often have normalized wall stiffness
greater than 100. Soldier piles and wood lagging walls are stiffer than sheet piling walls
but are likely to deflect similar to a sheet piling wall. Secant piles, tangent piles, deep
soil mix and combined sheet piling walls are not as stiff as concrete diaphragm walls
below the base of an excavation. These walls may deflect more than a concrete
diaphragm wall but the soil must move around them and up to the excavation. The
actual factor of safety against basal heave for walls of intermediate stiffness may lie
between the values calculated using the equations found in Figure 2-7(b) and (c), and
judgment is required to select the appropriate method to calculate Fp.

244 Ground Movements Adjacent to Deep Excavations.

Prediction of wall movement is an important part of the design of deep excavation
systems. This section presents procedures to estimate (1) the anticipated maximum
horizontal or lateral movements and the maximum settlement immediately behind the
excavation support wall, (2) the profile of movement with distance from the wall, and (3)
methods to predict damage to structures adjacent to excavations.

Observations of settlement behind sheet piling walls and soldier pile (H-pile) and
lagging walls in the mid-20t" century suggested the trends shown in Figure 2-8 (Peck
1969). The settlement (or) and distance from the wall () are both normalized by the
depth of excavation (H). The movements shown in Figure 2-8 were state of the practice
in the late 1960s and can occur today with poor construction workmanship or by
lowering the groundwater during construction, which may increase the load on the wall.
Peck separated typical movements into three zones of interest based on soil type and
basal stability: '

o Zone | —Sand and hard clays (limited soft clay): Fzy > 2,
o Zone Il — Soft clays below excavation: 1 < Fzy <2, and
o Zone lll — Soft clays to significant depth below excavation: Fzy ~ 1.

" Peck (1969) used the stability number. Factor of safety is used here for consistency.
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Distance from Excavation / Excavation Depth
Figure 2-8 Zones of Soil Settlement Behind Excavation Walls (after Peck 1969)

Control of movements has improved in deep excavations. New methods of support and
new walls have been introduced since Peck developed Figure 2-8. Clough and
O’Rourke (1990) updated Peck’s approach and attempted to screen projects to remove
movements that were not primarily related to the excavation support processes
(O’'Rourke 1981, Mana and Clough 1981, Clough et al. 1989). This section presents the
subject in the following categories:

e Maximum movements of excavation support walls in stiff clays, sands and
residual’? soils;

e Profiles of movements beyond excavation support walls in stiff to hard clays and
sands; and

e Maximum movements of excavation support walls and profiles of movements
beyond excavation support walls in soft to medium clays.

Typical values of settlement and horizontal movement at the wall are summarized in
Table 2-8. The values are presented as a percentage of the excavation depth (H). The
lateral extent of movement is also summarized as a ratio compared to H. More detailed
discussion of each soil category is provided in the following sections.

2 In this context, the term residual soils refer to Piedmont and Blue Ridge Physiographic Province soils
derived from weathering of underlying rock which typically are silty to clayey sand and sandy silt.

77



UFC 3-220-20
16 January 2025

Table 2-8  Typical Settlement and Horizontal Movement Relative to Height
(after Clough and O’Rourke 1990)

Calculated Horizontal, dun/ H Lateral Extent
. Factor of Settlement, . .
Soil Category . Stiff Flexible of Movement,
Safety Against Ovm | H Kour > 200 Ko < 50 d/H
Basal Heave wall wall
. . 0.15% average o
Stiff to Hard Clays High 0.3% max. 0.2% 3
. 0.15% average o
Sand High 0.3% max. 0.2% 3
About 1 09 1% > 3%
Soft to Medium Clay About 1.5 ° 0.3% to 0.5% 0.8% t0 1.7% 1.5t02
Greater than 2 1% 0.2% 0.8%
2-4.41 Movements in Stiff Clays, Sands, and Residual Soils.

Based on case histories of walls in these soils, the maximum horizontal (lateral)
movement (du») and the maximum settlement (i) vary approximately linearly with
excavation depth as shown in Figure 2-9 (Clough and O’'Rourke 1990). This suggests
that the retained soil masses behave approximately as an elastic material. The
maximum settlement is presented in Figure 2-9(a) and indicates that the average oy
was about 0.15%-H and ranged up to about 0.5%-H. Figure 2-9(b) presents the
maximum lateral movement and indicates that the average du» was about 0.2%-H and
also ranged up to about 0.5%-H.

The points with very large movements likely relate to factors other than the support
system, such as lowered groundwater or poor construction practices. Some of these
points would plot in Zones Il and IIl of Figure 2-8 at &/H =0. The ground movements
below the 0.5%£H lines can be attributed to movement of the support system and not
extraneous factors.

Two important concepts are illustrated in Figure 2-9. The horizontal movement data is
more scattered than the settlement data. In addition, there are no significant differences
in the data for different types of wall construction (e.g., sheet piling, soldier pile (H-pile)
and lagging, diaphragm, drilled piers, deep soil mix).

Clough and O’Rourke (1990) used finite element analyses to confirm the the o, =
0.2%-H trend line indicated by the data in Figure 2-9(b). The effects of soil modulus (Ej),
normalized wall stiffness (K.a), support spacing (%), and coefficient of lateral earth
pressure (Ky) on wall movements were also studied. Ky accounts for the higher
horizonal earth pressures found in overconsolidated soils. The finite element analyses,
which considered the elastic nature of these relatively stiff soils, found that:

e FE,and Ky generally had a greater impact on wall éu, than wall stiffness,
e Higher E; and lower Ky, yielded lower ou», and
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e Lower E; and higher Ky, yielded higher dgn.

In these cases, the soil was stiff enough to minimize the influence of wall stiffness.
Figure 2-9 can be used to estimate ou» and oy, Of new excavation support systems in
stiff clays, sands, and residual soils.

=~ | 2% _ fe T
= (a) (1.2%H) = )
= £ (1.33/311)
=200 | = 200
S (5-12/DH) ° e
“E‘ (2.0%H) -E‘
S 50| @ TN Y (§30%H)
- - .
g [6.0%m K E 069%H) B
@] o 4
= =
100 | ™ 100}
= =
8 ©
b= i)
L 50 ® 50}
s %
= =
0 - 0
0 10 20 30 40
Depth of Excavation, # (m) Depth of Excavation, # (m)
e Soldier Pile & Lagging or Sheet Piles ¢} Diaphragm, Soil Nail, Drilled Pier, & Soil Cement

Figure 2-9 Observed Maximum Movements for Stiff Clays, Residual Soils and
Sands: (a) Vertical and (b) Horizontal (after Clough and O’Rourke 1990)

Clough and O’Rourke (1990) separated the case history data for stiff and hard clay soils
from the sands and residual soils and analyzed the profiles for settlement and horizontal
movement of these soils. The next two sections present the profiles of settlement and
horizontal movement extending various distances behind the excavation support walls
for stiff to hard clays and for sands.

2-4411 Profiles of Movement in Stiff to Hard Clays

Figure 2-10 summarizes case histories for stiff to hard clays. The wall and bracing
systems include soldier piles and lagging with tieback anchors, concrete diaphragm
walls with tieback anchors, concrete diaphragm walls with cross lot struts, drilled shaft
walls and tieback anchors, and walls with with internal raker braces. For more
information on specific data points, see Clough and O’Rourke (1990).

Settlements: Figure 2-10 indicates that oy, ranged from 0% to 0.3%:-H and averaged
about 0.15%-H. This average maximum settlement is consistent with Figure 2-9(a). The
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settlement decreased from the wall to negligible values at d/H = 3.0 where d is the
distance from the face of the excavation support wall. A few of the cases experienced
heave due to stress relief experienced by the stiff to very hard clays surrounding the
deep excavations. The dimensionless settlement profile (Figure 2-10(c)) may be used
to estimate the vertical movement pattern adjacent to an excavation in stiff to hard clay.

Horizontal Movements: Two categories of horizontal movement are shown in Figure
2-10(b). Support system with high horizontal stiffness reduce movement, resulting in a
oum Of about 0.3%:-H. An average value of oun = 0.2%-H is appropriate for most
estimates, which similar to the typical trend shown in Figure 2-9(b). Support systems
with low horizontal stiffness allow increased movement, and the maximum lateral
movement is up to 0.8%-H. Similar to the settlement profile, a triangular horizontal
movement profile can be used to estimate the horizontal movement with 6y decreasing
to a negligible value at d/H = 3.0.

Very stiff to hard clays and shales may have high in situ K, in the range of 2 to 3. The
value of Ky can be estimated from the overconsolidation ratio and friction angle (see
Equation 4-2). Excavations in these materials may induce lateral stress relief and large
lateral movement. Anchors in these materials may move with the soil if not installed
beyond the zone of movement, which can conservatively be assumed to extend up from
the base of the excavation at an angle of 45° from horizontal.

d/’H
3 4 £ 0 1 2 3
: S 00
—_ L N T ~. 02 Settlement and
= > o horizontal movement
; - 0.4 envelope
N © 06
= < 0.8
~
1.0
%o} .
(a) Measured settlements (c) Recommended movement profile
d/H
0 1 2 3 4 d = distance from excavation
00—~ e H = max. excavation depth
- —
go2 - ~ o, = settlement
; 0.4 g Zone for High Horizontal é,,, = max. settlement
~ - Stifiness of Support & ,, = horizontal movement
S 06| ° .
~© ~~ " Zone for Low Horizontal S, = Max. horizontal movement
0.8 Stiffness of Support

(b) Measured horizontal movements

Figure 2-10 Movements Adjacent to Excavations in Stiff to Very Stiff Clays —
(a) Measured Settlement, (b) Measured Horizontal Movement, and (c)
Recommended Movement Profile (after Clough and O’Rourke 1990)
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2-4.41.2 Profiles of Movement in Sands

Figure 2-11 summarizes case histories for subsurface profiles consisting of sand or
sand and gravel with limited clay layers (Clough and O’Rourke 1990). Groundwater
was either lowered, or recharged to reduce settlement, but did not vary during
construction. The wall systems include both flexible and stiff walls, including soldier
piles and lagging with cross lot struts or tieback anchors, sheet piling with tieback
anchors, and concrete diaphragm walls with cross lot struts.

d/H d/H
0.0 05 1.0 1.5 20 25 3.0 00 05 10 15 20 25 30
0.00 » ‘ ‘ £ 00 . ‘ :
o
s 0® Hatfield .
=X atfie =
< g}g :’ A O Bergshamra 04
= A - ¥ 7th&GSts 5
L 020 mo A G StTest Site s 06 Settlement or
Y 405 ~ B 8th &GSt < o8 horizontal movement
' o/ O OCC Bldg. ~ profile
0.30 € Charter Sta. w 1.0
(a) Measured settlements (b) Recommended profile
Notation:

o, = Settlement, §,,, = Max. Settlement, &, = Horizontal Movement, ¢, = Max. Horiz. Movement
H = Max. Excavation Depth, d = Distance from excavation

Figure 2-11 Movements Adjacent to Excavations in Sand - (a) Measured
Settlement and (b) Recommended Dimensionless Movement Profiles
(after Clough and O’Rourke 1990)

Settlements: The maximum settlement tends to be less than 0.3%:-H in sand and
decreases to a negligible value at d/H=2.0. In the majority of cases, the range of oy
was about 0.1%:-H to 0.2%-H and averaged about 0.15%H, which may be used to
estimate the maximum settlement. The dimensionless settlement profile in Figure
2-11(b) may be used to estimate the vertical movement pattern adjacent to an
excavation in sand.

Horizontal Movements: Clough and O’Rourke (1990) do not give specific
recommendations for horizontal movement in excavations made in sand. For sand, the
average value of oy = 0.2%-H can be used from Figure 2-9(b). Horizontal movements
are expected to decrease to negligible values at d/H = 2.0 with a horizontal movement
profile similar to the settlement profile in Figure 2-11(b).

2442 Movements in Soft to Medium Clays.

Figure 2-12 summarizes case histories of wall movements in soft to medium clays
(Mana and Clough 1981, Clough et al. 1989, Clough and O’Rourke 1990). The types of

81



UFC 3-220-20
16 January 2025

wall and bracing systems were sheet piling with cross lot struts, soldier piles and
lagging with cross lot struts, and concrete diaphragm walls with cross lot struts. On
some projects, berms and rakers were used as full or supplemental support. The Peck
(1969) zones are included on Figure 2-12(a) for reference.

Settlements: The maximum settlements are limited to about 2%-H and have a
trapezoidal profile behind the wall as shown in Figure 2-12(a). The trapezoidal profile
extends at oy = 2%:-H from the wall to d/H = 0.75 and then slopes up to 6y = 0.0 at d/H =
1.5 where settlements decreased to negligible values. In most cases, the settlement
was less than 1%-H. When reasonable care is used during constuction and the factor of
safety against basal heave is about 2, dv» = 1%-H may be assumed. This is true for
either flexible or stiff excavation support walls, provided large cantilever movements are
limited. When excavation support walls are flexible and the factor of safety against
basal heave is less than 1.5, 6, = 2%-H is a reasonable assumption.

The settlements are normalized by 6y, in Figure 2-12(b). The settlements fall within a
trapezoidal region that extends to zero at d/H of about 1.5 or can conservatively be
extended to d/H = 2 as proposed by Clough and O’Rourke.

d/H d/H
0.0 050751.0 15 2.0 25 3.0 0.0 0.50.75 1.0 15 2.0 25 3.0
0.0 - — : 0.0 : — > :
. o & | . e { Po e ./'
* . .7 o
0.5 0.2 ol o ':'/ /
= ' | LY
= 10 L5 04T e o a /&@,-0‘85‘,”,[21}
= Zones 1, 1, & 111 = 0 |- % T/ H
~ 15 after Peck (1969) o C s
(/OH . . . .'f.| -
. 0.8 R R .
2.0 . o L4 d
¢ s %ee 5 ", O, ==0,,|1.5——
m . 1.0 etagdim 2o/ 3 H
25l
Max. Transition
Settlement Zone
(a) Measured settlements (b) Normalized settlements

Figure 2-12 Settlement Adjacent to Excavations in Soft to Medium Clays - (a)
Measured Settlement and (b) Normalized Settlements with Recommended
Settlement Profile (after Clough and O’Rourke 1990)

Horizontal Movements: The case history data of du» / H for soft to medium clays are
plotted against normalized wall stiffness in Figure 2-13 for sheet piling and slurry
concrete diaphragm walls. The overall wall stability increased as the basal factor of
safety is increased as shown in Figure 2-13. For soft to medium clays, horizontal
movements are highly dependent on the factor of safety against basal heave. The stiff
diaphragm walls generally had a factor of safety greater than 2. The more flexible sheet
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piling walls had a factor of safety generally less than 1.5 except where the subsurface
conditions were favorable to a stable base.

30 \ ! ' L ! ' ! ! LA |
Sheet pile walls, )
h=35m 1 mthick slurry walls, h=3.5m
[
25 \ -
h

20 L Factor of safety © |

: against basal heave from FEA

1.5

Max. Lateral Movement / Excavation Depth (%)

1.0% .
4
0.5 i
v
v
<
0.0 S— EE—
10 1000 10000
. . 4
Normalized Wall Stiffness, (£1) / [y, (havg) ]
Case Study data: Factor of o 09-11 v 14-20 Note: Solid points are
safety against basal heave o 11-14 <& >20 slurry walls.

Figure 2-13 Maximum Horizontal Wall Deflection for Soft to Medium Clays
(after Clough et al. 1989 and Clough and O’Rourke 1990)

Figure 2-13 also presents the results of finite element analyses by Clough and
O’Rourke (1990), which match the case history data well. The finite element curves can
be used to select du, / H based on normalized wall stiffness and factor of safety against
basal heave for excavations in soft to medium clays. Note that the normalized wall
stiffness is greatly influenced by spacing of the bracing or anchors (% ). The range of
normalized wall stiffness used in the finite element analyses are shown at the top of the
Figure 2-13 where the bracing was set at # = 3.5 m or about 12 feet, which is a typical
design spacing.

The profile of horizontal movements for soft clays is likely similar to that observed for
settlements. Thus, a dimensionless horizontal movement profile similar to that shown in
Figure 2-12 for settlement may be assumed for soft to medium clays.
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2443 Prediction of Damage to Adjacent Structures.

The movements of braced or anchored deep excavation support systems should be
evaluated to determine if adjacent structures supported by shallow foundations require
underpinning. The distance of existing structures from the excavation support system
should be compared to the movement profiles in Figure 2-10 to Figure 2-12. Tolerance
of structures to movement is discussed in Chapter 5 of DM 7.1. Other factors that
influence the need for underpinning include:

o Lowering groundwater by dewatering may cause soil consolidation and
settlement.

o Soldier piles and lagging, sheet piling, and tangent piles all leak to various
degrees, and this will lower groundwater.

o Leaks in the excavation support system can also cause loss of fines, piping,
and settlement if not properly filtered.

The predicted angular distortion, g, and the horizontal strain, &, across the building can
be used to assess damage potential. Angular distortion is the differential vertical
movement between two points divided by distance separating the points:

Sy =0y
= —l 2'3
B 7 (2-3)
where:
ovi, oy = estimated settlements at two points, i and j, on the building and
dp = distance separating the points (likely the width of the building).
Similary, the horizontal strain (&) between two points is:
0,,—0,
g, I — (2-4)
db

where:
omi, omj = estimated settlements at two points on the building and
dp = distance separating the points (likely the width of the building).

In most cases, S and ¢, will be measured across the whole building width. In this case,
the movements would be estimated at the front and back of the building (compared to
the excavation), and d, would equal the building width. The movements may be
estimated from 6y, oum, and the movement profile behind the wall, which are found
using the methods in Sections 2-4.4.1 and 2-4.4.2.

For stiff to hard clays and sands, the movements can be estimated as:

@:@(%_¢j (2-5)
dO
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where:

o = desired horizontal (om) or vertical (o)) movement at the point of interest,
om = maximum horizontal (dou») or vertical movement (dy,) at the wall,

d; = distance from wall to a point of interest and

do = 3H for stiff to hard clays, and 2H for sand.

For soft to medium clays, movements can be estimated as:

o, for0<d <0.75H

0, = —d
s 1.5H —d,
0.75H

2-6),
j for 0.75H <d, <1.5H (2-6)

A method to evaluate the severity of damage from excavations to adjacent structures
based on g and &, is presented in Figure 2-14 (Clough and O’'Rourke 1990). Figure
2-14 maps damage categories for masonry load-bearing wall structures to predicted
values of horizontal strain and angular distortion (Boscardin and Cording 1989). The
damage categories are negligible, very slight, slight, moderate to severe, and severe to
very severe. This damage mapping is based on theoretical structural response to
deformation, field observations of building damage, and measurement of building
horizontal and vertical displacements. When g = 0, the boundaries for the categories
are nearly horizontal and represent horizontal tensile strains that equal the critical
tensile strains. When &, = 0, the boundaries are inclined at about 45° and represent
diagonal tensile strains that equal the critical tensile strains.

The estimated ratio of horizontal to vertical movements at the edge of the excavation
may be estimated from Jou» and ov. These ratios are expected to be uniform from the
wall to a distance of d=0.5 H. Ratios of oun / dvin are superimposed for stiff soil types in
Figure 2-14(a) and for soft to medium clays in Figure 2-14(b) (Clough and O’'Rourke
1990, O'Rourke 1981). The ratios are based on the data analyzed in Figure 2-10 to
Figure 2-13. In sands and stiff to hard clays, damage typically is bounded by the
moderate to severe level, and construction controls can diminish the severity of
movement. In soft to medium clays, damage typically is bounded by severe to very
severe level, and insufficiently stiff bracing can result in additional movement.

If estimated movements are too large as indicated by Figure 2-14 for the existing
structure to tolerate, underpinning will be required. Underpinning methods are described
in FHWA (1978). Since underpinning may be required for adjacent buildings when
considering deep excavation support systems, underpinning methods are discussed in
Table 2-9. Example problems considering the topic of deep excavation support
systems are presented in Figure 2-15 for stiff to hard clay and in Figure 2-16 for soft to
medium clay.
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Figure 2-14 Range of Deformations Typical of Excavations in Various Soils
Relative to Building Damage Potential (after Clough and O’Rourke 1990)
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Table 2-9 Some Common Methods of Underpinning

Type of

Underpinning Comments

Micropiles are often the method of choice.
Small diameter (3- to 10-inch) piles installed through footings.
Connection to footing is made by high strength grout.

Micropiles

Piles are jacked into position in sections within a shored pit using footing as reaction.
When in final position, wedges are installed, jacks removed, and head of pile encased in
concrete.

Piles (H-piles, e Piles may be driven on both sides of footing with beams placed across piles and a plate
open-ended pipe added under footing.

piles) Space between footing and plate is then dry packed.

A footing bracket can be welded to piles if access is available only on one side of footing.
Piles can also be placed in an auger hole and moved into position under footing.

Piles are load tested to greater than anticipated load.

Elements are screwed into position.

Helical Piers A bracket is placed under footing and connected to pier.

Pits are an old and effective procedure, may be expensive if depth is too great.
Concrete is placed in pit, and a dry pack sand and cement mixture is used to assure
contact with base of footing.

Underpinning Pits
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PROBLEM STATEMENT Bldg.
e . - . 60ft  15ft| 30ft
¢ Tolerable angular distortion is 0.005 for existing 3-story building - i i >
s« Excavation support will be H-piles with wood lagging and A B
prestressed anchors with stiffness = 70 30 ft Planned Stiff to Hard
¢  Factor of safety against basal heave is found to be Excavation Clay
greater than 2 3% =127 pcf

¢ Good construction practices are anticipated
* Groundwater is deeper than the excavation

(1) Estimate horizontal and vertical movements at front and back of building.
(2) Determine if underpinning is required.

Horizontal anc{ Vertical Movements 5” _ 0.002(30]?) —0.06 fi = 0.72in
e From Fig. 2-10: &, = 0.2%H and oy, = 0.15%H ”‘

3, =0.0015(30 fi) = 0.045 ft = 0.54 in

¥

e Settlement and horizontal movement at front (A): 5 0.83.5 =0 83(0 7 in) —0.60in
. v = 0. . =0.

(@/H = 15/30 = 0.5) o
From Fig. 2-10: 6/ Gy = 0/ G = 0.83 8,y =0.50-8, =0.50(0.72in)=0.36in
o Settlement and horizontal movement at back (B): . ,
(/H = 45/30 = 1.5) 5,,=0.83-6, =0.83(0.54in)=0.45in
From Fig. 2-10: &/ Gvw = Su/ Sum = 0.50 8,=050-5, =0.50(0.54in)=0.27in
Is Underpinning Required?
» Estimate Angular Distortion, B = O O _ 045-0.27in 0.0005
d, (30 fA)(12in/ ft)
8, —0 0.60-0.36i
¢ Estimate Horizontal Strain, &, g, =M= " _ 0.0007
d, 360in

Conclusion: Plotting & and S on Fig. 2-14 indicates that the damage potential is Very Slight. The ratio of horizontal
to vertical deflection is 1.33, which places the deflection within the stiff to hard clay zone on Fig. 2-14(a).
Underpinning is not required because of the predicted damage, and the angular distortion is less than the tolerable
level.

Figure 2-15 Estimation of Movements and Evaluation of Underpinning
Requirements Adjacent to an Excavation Supported by a Deep Excavation
Support System - Stiff to Hard Clay
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Problem Statement Bldg.
Tolerable angular distortion is 0.005 for existing 3-story building - 60 f =1-§- ﬂ= - 30 ft >
Support will be H-piles with wood lagging and prestressed A B
anchors with wall stiffness of 70 30 ft Planned Soft to
Good construction practices are anticipated Excavation Medium Clay
« Groundwater is deeper than the excavation s, = 730 psf
1) Estimate factor of safety against basal heave = 12
2) Estimate horizontal and vertical movements at front and back of building.
3) Determine if underpinning is required.
Factor of Safety Against Basal Heave
* No surcharge and adhesion of 0.6 i )
e Use approach in Figure 2-7 P 5.7(730 psf ) (42 1) + (730 psf ) (30 f1) 196700 -
s B,=07B=42ft,d=151t B T o , , B o
C leriio (127 pef )(30 f1) (42 f1) 160000

Horizontal and Vertical Movements

* From Fig. 2-12, use 6, = 2%H for Zone 11 _ N .
(1<F<2) ; 3, =0.02(30 f1) = 0.6t

8y =0.011(30 1) =0.33fi

e From Fig. 2-13, use &, = 1.1%H for F=1.2 and
wall stiffness of 70.

s Vertical and horizontal movement at front (A) 6, =100, = 1.0(0.6 fr) =0.6 fi
(&I = 15/30 = 0.5):
From Fig. 2-12: 6v-/ &y, = 8/ S = 1.0 8,5 =0.08, =0.0(0.6 fi)=0 fi
. z;;liazltg,%% r;oql.zg;?tal movement at back (B) 5, =105, = 1'0(0'33 ff) —033 #
From Fig. 2-12: 6/ 8, = &/ S = 0.0 8y =0.08, =0.0(0.33 fi)=0 fi
Is Underpinning Required?

S,,—5, 0.6-00f

«  Estimate Angular Distortion, 2 B, = —— = (.02 > limit of 0.005
d, 30 fi
d,, —0 022 ft
¢ Estimate Horizontal Strain, g, g =—"2—% = f_ 0.0073
d, 30 fi

Conclusion: If &, and /f are plotted on Fig. 2-14, the damage potential is Severe to Very Severe. Underpinning is
required because of the predicted damage and because the angular distortion exceeds the tolerable level.

Figure 2-16 Estimation of Movements and Evaluation of Underpinning
Requirements Adjacent to an Excavation Supported by a Deep Excavation
Support System - Soft to Medium Clay

2-4.5 Construction Considerations.

Construction procedures can have an impact on deep excavation support system
movements. Table 2-10 lists many of the construction considerations for various wall
and support system features. FHWA (2008) provides additional guidance.
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Table 2-10 Construction Considerations for Deep Excavation Support Systems

Wall or
Support
System
Element

Construction Considerations and Comments

Sheet Pile

The ball end of the sheets should lead when driving to reduce interlock separation.

Hard driving can be overcome by using spud piles, preaugering, or using a different type of wall.
Interlock separation is the greatest cause of seepage and piping of sail.

Lowering the groundwater by pumping or seepage through the sheeting can cause settlement.
When sheets are removed, care must be used to not remove soil which could cause settlement.
Coat sheets in bitumen in plastic clays.

Vibratory hammers can cause settlement in loose to medium sands.

Soldier
Piles
(H-Piles)
and
Lagging

Driven piles can cause:

o Noise and vibration.

o Settlement behind wall - consider single acting hammers.

o Alignment concerns due to obstructions - use heavy section and pile points for hard driving.
o Piles should only be removed if soil remains in place.

Predrilled holes for piles:

o Reduce noise and vibration.

o Use percussion or rotary drill to fracture boulders and rock.

o Provide for precise location of piles.

o  Backfill with lean concrete so that it can be shaved for tiebacks or internal bracing.
Lagging:

o Most of earth pressure arches to soldier piles.

Usually placed behind front flange of soldier pile.

Over-excavation should be backfilled with soil for intimate contact.

Lagging is typically 3 inches thick, unless a very deep excavation.

Soft clay or loose sand below water table can exert stress on lagging.

Straw or geotextile is used between lagging to prevent ground loss from drainage of
groundwater.

o Lowering the groundwater by pumping or seepage through lagging can cause settlement.
o Lagging should be removed after construction if above the water table.

O O O O O

Combined
Sheet Pile

Special interlocks required between sheet piles and king piles can cause problems if not properly
aligned.

Vertical alignment of piles is critical.

Comments on sheet piling and soldier piles placed in predrilled holes are also applicable.

Secant
and
Tangent
Piles

A reinforced concrete guide wall (3 to 5 ft deep) is required for proper wall alignment and to

provide stability at the top of the trench.

Concrete piles are constructed using slurry, continuous hollow stem augers, or open hole.

o Concrete should have a slump of 7 to 8 inches.

o For slurry and open holes, concrete is tremied to bottom of pile under positive concrete head
(8 to 10 ft).

o For hollow stem augers, concrete is pumped to the bottom in the auger as the auger is
withdrawn.

o Open holes require test piles to verify holes will remain open at desired diameter.

Reinforcing cages or H-beams installed in primary piles for reinforcement.

Alternating piles constructed to avoid damaging fresh concrete.

Secant pile wall requires unreinforced piles to be constructed with lean concrete so that

alternating piles can be cut into concrete.

Vertical tolerances can be an issue when hard drilling or cobbles or boulders are present.

Tangent piles are drilled adjacent and have the potential for more leakage of groundwater.

Grouting may be required between tangent piles to prevent leaks if vertical alignment cannot be

maintained.

Deep Soil
Mixing

Wall relies on use of in situ soil as a construction material thus cobbles, boulders, and
obstructions must be removed and replaced with suitable soil.

Monitoring of equipment and operational procedures required.

o Revolutions of mixing paddles per unit volume of in situ soil.

o Grout injection rate varies with soil type encountered.

Test columns are required.

Extraneous material (water, debris, or spoil material) is not allowed to enter production columns.
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Wall or
Support
System
Element

Construction Considerations and Comments

Concrete
Diaphragm

e Areinforced concrete guide wall (3 to 5 ft deep) is required for proper wall alignment and to
provide stability at the top of the trench.
e Alternating panels are constructed to avoid damaging concrete.
e Excavation is typically made in three steps (a.k.a., bites): left, right, and middle.
e Trench stability during excavation is maintained by a bentonite-water slurry and arching to the
end points of each panel.
e The slurry should be:
o Kept above the groundwater level and perhaps part way up the guide wall.
o Checked for design properties (new and returned slurry).
e Hard soils or boulders can be broken by chisels or percussion tools.
A hydromill, or similar device, should be used to remove rock.
Potential problem soils are:
o Clean sands and gravels — consider higher bentonite concentration and fine sand to plug
pore space.
o Very soft clays (s, < 500 psf) — squeezing and surface settlement can occur. Test panels
required to evaluate.
o  Stiff fissured clays — overbreak and collapse can occur. Test panels required to evaluate.
e Stop ends should be placed to define the ends of the panel.
e The trench must be checked for verticality and required dimensions before lowering the
reinforcing cage.
¢ Concrete should:
o Have a slump of 7 to 8 inches.
o Placed by tremie to the bottom of the trench with a positive head of concrete (8 to 10 ft).

Internal
Bracing

Prestress to about 50% of the anticipated load to avoid overstressing if load increases.
Temperature changes can cause strain, and stresses in bracing should be monitored.
Movement of deep excavation walls should be monitored throughout construction.
Excavation below support level should not be allowed.

Slow construction can allow clays to creep.

Tieback
Anchors

Stiff to hard clays and medium to dense granular soils and rock are preferred.

Soft clays may not suitable, and loose coarse-grained soils may be a concern.

¢ Inclined anchors cause a vertical component of load on the wall. Significant vertical movement
will cause a reduction in anchor stress and wall movement.

e Each anchor should be tested to beyond its anchor load (usually 115% to 125% and then locked
off at 75% to 100% of design load).

e  Slow construction can allow clays to creep.

2-5
2-5.1

ROCK EXCAVATIONS.

Preliminary Considerations.

Rock excavation planning and design must be based on detailed field investigations
including: 1) review of available data for the site, 2) geological mapping of any exposed
rock, and 3) test borings sufficient to define the stratigraphy. To the extent possible,
infrastructure constructed in rock should be oriented favorably with the geological
structure. For example, tunnels should be aligned with axis perpendicular to the strike of
faults or major fracture zones. Downslope dip of discontinuities into open excavations
should be avoided.

In general, factors that must be considered in planning, designing, and constructing a
rock excavation are as follows:
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o Presence and orientation of faults, folds, fractures, and previous sliding
surfaces;

In situ stresses;

Groundwater conditions;

Nature of material filling joints;

Depth and slope of cut surfaces;

Direction of potential sliding surfaces;

Dynamic loading;

Design life of cut as compared to weathering or deterioration rate of rock face;
Rippability and/or the need for blasting; and

Effect of excavation and/or blasting on adjacent structures.

O 0O O 0O O 0O O O O

The influence of most of these factors on excavations in rock is similar to that of
excavations in soil.

More information on the description, classification, and testing of rock can be found in
Chapters 1 to 3 of DM 7.1. In addition, DM 7.1 contains pertinent discussion of stress
distributions (Chapter 4), seepage and drainage (Chapter 6), and rock slope stability
(Chapter 7).

2-5.2 Assessment of Rock Excavation Methods.

Rock excavation can be accomplished by excavators, rippers, hoe rams, and blasting.
The following paragraphs discuss how to evaluate which of these methods are most
appropriate.

2-5.21 Rock Excavatability Based on Rock Test Sections.

The field observation of a rock test section is helpful during the design phase of a
project. Various types of equipment, such as excavators, rippers, and hoe rams, can be
tested to evaluate which type of equipment would be most effective during construction.
The size and shape of the area to be excavated is a significant factor in estimating the
ability to rip rock. This exploration technique will provide valuable data on the depth
that can be ripped or excavated with each type of equipment and will also define where
and at what depth blasting will be required.

2-5.2.2 Rock Excavatability Based on Correlations with GSI.

The excavatability of rock by various methods can be related to Geologic Strength Index
(GSI) (Hoek et al. 1992, Marinos and Hoek 2000). The GSI is assigned based on the
rock mass structure and the surface condition as shown by the numbered contours in
Figure 2-17. Tsiambaos and Saroglou (2010) split sedimentary and metamorphic rock
masses ranging from blocky to disintegrated into two groups by point load strength
index (Iy50)). The region corresponding to the rock’s structure and surface conditions

92



UFC 3-220-20
16 January 2025

can be determined. The shaded areas indicate different levels of excavatability.
Digging means the rock can be excavated with power excavators. Ripping indicates
excavation with D8 and D9 type tractors. Hammer (and blasting) means that breaking
with a hoe or hydraulic ram will likely be required. Blasting indicates the need for

blasting.

a) Lysey < 31 tsf (3 MPa)

b) L5y > 31 tsf (3 MPa)

GEOLOGICAL STRENGTH
INDEX FOR JOINTED ROCKS

SURFACE CONDITIONS
Decreasing surface quality ————»

Use lithology, structure, and surface
conditions to estimate an average GSI
from the provided contours.

« Use of a range of GSI is most
appropriate

« Do not use for structurally controlled
conditions, i.e., weak planar features

* In some rocks, the presence of water
will cause surface deterioration and a
shift to the right.
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STRUCTURE

INTACT OR MASSIVE — intact rock
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¢« Use of a range of GSI is most
appropriate
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« In some rocks, the presence of water
will cause surface deterioration and a
shift to the right.
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formed by three intersecting
discontinuity sets

VERY BLOCKY — interlocked, partially
disturbed mass with multi-faceted
angular blocks formed by 4 or more
Joint sets

king of rock pieces

BLOCKY / DISTURBED / SEAMY —
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Figure 2-17 Excavatability of Rock Masses: a) I,sg < 31 tsf (3 MPa) and
b) Iis0 > 31 tsf (3 MPa) (after Tsiambaos and Saroglou 2010)

2-5.2.3

Rippability Based on Correlations with Compression Wave Velocity.

Ripping of rock materials is governed by many factors: 1) rock mass lithology including
strata, fracture condition, and orientation; 2) rock weathering; 3) rock strength; and 4)
rock ripper equipment size and condition. Rock rippability can be assessed from field
observation and correlations with the GSI as discussed above or by using correlations
with seismic wave velocity.

The most common rock rippability correlation is based on compression wave velocity, or
P-wave velocity, obtained from seismic refraction studies. The velocity is based on the
fracture condition of the rock. Figure 2-18 illustrates example charts for the
performance of rippers mounted on medium (Caterpillar D-8 tractor), heavy (D-9
tractor), and very heavy-duty (D-11 tractor) tractors related to seismic compression

93



UFC 3-220-20
16 January 2025

wave velocity of various rock materials (Caterpillar 2000). These types of charts are
available from equipment manufacturers.

2-5.3 Blasting.

Once it has been determined that blasting is required, a pre-blasting survey should be
performed. As a minimum, this should include: 1) examination of the site, 2) detailed
examination and a photographic record of adjacent structures, and 3) establishment of
horizontal and vertical survey control points.

2-5.3.1 Blasting Design.

Design of blasting for a project can be estimated by considering the maximum particle
velocity. The peak (or maximum) particle velocity (PPV) is the longitudinal velocity of a
particle in the direction of the wave that is generated by blasting. The major concern in
blasting is the influence of the blasting on adjacent structures. PPV is an accepted
criterion for evaluating the potential for structural damage induced by blasting vibration.
The critical level of the particle velocity depends on the rock properties, the nature of the
overburden, the frequency characteristics of the structure, and the capability of the
structure to withstand dynamic stresses.

The effects of a blast on a structure can be evaluated by the scaled distance (USBM
1971, Oriard 1987). The scaled distance (SD) is the true distance from the charge to
the structure corrected by the weight of the charge and can be calculated as:

SD = % (2-7)

where:

D = true distance from charge to structure (ft),

W = weight of charge (Ib), and

S =0.33 for near field structures (i.e., <20 ft from charge) or 0.5 further from charge.

The scaled distance is not correct dimensionally and requires use of the indicated units.

Using SD, the PPV can be estimated using:
PPV =K -SD™'*° (2-8)

where:
K = confinement factor (lower bound = 20, upper bound = 242, average = 150).

The values of K are empirical and require the use of the indicated units. K may be
calculated from blast data as follows:
_ PPV

(2-9)
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Seismic Compression Wave Velocity (1000 ft/sec)
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Figure 2-18 Ripper Performance: a) Medium Tractor, b) Heavy-Duty Tractor, and
c) Very Heavy Tractors (after Caterpillar 2000)
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Figure 2-19 can then be used to estimate potential damage to structures based on the
estimated PPV. Human response to vibrations is given in Figure 2-20.

2-5.3.2 Monitoring Blasting.

During construction, vibration monitoring stations should be established, and monitoring
should be performed. Detailed records should be kept of charge weight, location of
blast point, distance from blast point to existing structures, delays, and response as
indicated by vibration monitoring. For safety, small charges should be used initially to
establish a site-specific relationship between charge weight, distance, and peak particle
velocity along with the associated structural response.
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Figure 2-19 Blast Effects Scale (after Konya and Walter 2006)
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Class 20— 524.29in/s

Class 1, 0.001 in/s
Class 2, 0.002 in/s
Class 3, 0.004 in/s
Class 4, 0.008 in/s
Class 5, 0.016 in/s
Class 6, 0.032 in/s
Class 7, 0.064 in/s
_Class 8, 0.128 in/s
_Class 9, 0.256 in/s
_Class 10, 0.512in/s
_Class 11, 1.024 in/s
_Class 12, 2.048 in/s
-Class 13, 4.096 in/s
_Class 14, 8.192 in/s
—Class 15, 16.38 in/s
_Class 18, 32.77 in/s
-Class 17, 65.54 in/s
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_Class 19, 262.1infs
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Garbage Disposal |
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Door Slams |
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Daily Environmental Change |

Riding in Automobile |

Figure 2-20 Human Response to Vibrations (after Konya and Walter 2006)
2-6 GROUNDWATER CONTROL.
2-6.1 Preliminary Considerations.

Excavations below the groundwater table require groundwater control. This typically
consists of controlling seepage into the excavation and controlling excess pore water
pressures below the bottom of the excavation. Sumps, wellpoints, and deep wells are
most commonly used to lower groundwater in excavations. Figure 2-21 illustrates
applicable limits of these dewatering methods for different soil gradations.

Slurry cutoff walls (soil-bentonite or cement-soil-bentonite), concrete diaphragm walls,
secant pile walls, and deep soil mix walls are the most effective walls for reducing
seepage into an excavation. Concrete diaphragm walls may become part of the final
structure. Sheet piling is often considered impervious but seepage occurs through the
interlocks. If interlocks split due to hard driving, the rate of seepage can increase
greatly. Special waterstops are available.
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Figure 2-21 Limits of Dewatering Methods Applicable to different Soils
(after Keller Moretrench American Corporation 1954)
2-6.2 Permeability of Sheet Piling.

The permeability of sheet pile walls, which occurs only through the interlocks, is usually
expressed in terms of the inverse specific resistance, p, explained in European
Standard EN 12063 (1999) which is defined as follows:

_ 7

P Ap

(2-10)

where:

q = discharge or flow rate per unit height along the interlock,
7 = unit weight of water, and

Ap = differential pressure.

Seepage can be reduced by maintaining tension in the interlocks and/or by sealing the
joints. Test sections have been performed on sheet piling sealed with various bitumen
and swelling fillers (Sellmeijer et al. 1995). These tests indicate that p ranges from
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about 10-® cm/sec for unsealed joints to about 10-° cm/sec for sealed joints without
tension in the joint. Bitumen sealants are slightly less effective than swelling sealants.
Tests on vinyl sheet piling indicate p ranging from 10-° cm/sec for unsealed joints in
tension to about 10-'° cm/sec for sealed joints.

If pis known or assumed, Equation 2-10 can be rearranged to calculate the flow rate
per unit length of interlock. This allows the flow rate through a section of sheet piling to
be calculated. An example problem for leakage through sheet piling is shown in Figure
2-22.

Problem Regquirements

_________ v
: . Perimeter of Excavation = 800 ft
Excavation . Estimated Specific Resistance of Untreated Sheet Pile Joints,
30 ft Silty Sand »=1x107 emi/s = 2x107° ftymin
Sheet Piling . Estimated Specific Resistance of Joints Treated with Bitumen
i sealant, 2= 1x107 cm/s = 2x107 ft/min

«  Width of Sheet Piling is 1.8 ft
«  Maximum Allowable inflow is 20 gal/min

Medium Stiff Silty Clay Find leakage into the excavation with and without sealant.

ired?
Cross-Section of Excavation Is the sealant required?

+  Calculate the number of interlocks, &, around the 800 fi .
perimeter of the excavation N = — =444 piles
1.8 1t/ pile
*  Average pressure difference (at midheight} Ap = (] 5 ﬁ)(62.4 psf) =936 psf
Solution Without Interlock Sealant A 4 (936 psf ﬁ;
*  Calculate discharge per unit height along the g = il 2%107 — 0P =0.03——
interlock 7., min \ 62.4 pef min- ft
i i al
s Calculate the total flow into the excavation @ =q-H-N=| 0.03 f (30 ﬁ)(444) = 400f— = 3000g—
min- f{ min min
Solution with Inter.lock Sealant. . o Ap A 936 psf ) ﬂ'{
»  Calculate discharge per interlock per unit length g=—""-"=2x10" —| ————— | =3x10" ——
of wall 7., min \ 62.4 pcf min- fi

ﬁ,\

min- ff

. ) -6 ; i gal
«  Calculate the total flow into the excavaton O =q-H -N=| 3x10 (30jf)(444) =004—=03—

min min

Conclusion: Without the sealant, the inflow is too high. Sealant is required.

Figure 2-22 Example Problem for Flow into an Excavation Through Sheet Piling
2-6.3 Methods of Controlling Groundwater.

Table 2-11 lists methods of controlling groundwater, their applicability, and limitations.
The methods represent groundwater lowering techniques including sumps, wellpoints,
deep wells, and jet-eductor wells. Cutoff walls include sheet piling, slurry walls,
concrete diaphragm walls, secant pile walls, and mix-in-place walls.
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Table 2-11 Methods of Groundwater Control
Method Suitable Soils Use Comments
Sands and Shallow localized e Pumping from perforated drum or casing.
Sumps . Geotextile should be used to prevent
P gravels dewatering P
movement of fines.
. . Open excavations ° E.as.y to install .
Wellpoint Systems Sands, silty including pioe e Limited to about 18 ft lift.
with Suction Pumps | sands, and silts trencheg PP o  Multi-stage wells at 15 ft vertical intervals
required to dewater greater depth.
Sands. silt e No limitation of depth of drawdown.
Deep Wells with sands ’andysiItS' Deep excavations e Design of screen openings and filter pack
Submersible Pumps ’ ’ P required.
fractured rock . .
e Can be sited clear of excavation area.
Sands. silt In limited space and | ¢  No limitation of depth of drawdown.
Jet-eductor Wells sands ,andysilts when well point e Design complex.
’ systems not possible | ¢  Low efficiency.
e Hard driving and boulders can cause
interlock failure.
All soils excent e Can be recovered.
dense sand a[;d Unrestricted use o Hot rolled sheets have lower permeability.
Sheet Pile Cutoff gravel, glacial except for hard e Decrease interlock leakage with bitumen,
Walls il ané boulder driving conditions; water swelling filler, or bentonite.
solls can be permanent e Sealable joint sheet piling is available.
e  With proper sealing of interlocks, can be as
effective as slurry trench, concrete
diaphragm, secant piles, and deep soil mix.
Slurry Trench Cutoff S;g;/zlagg’d o Needs to be keyed into less permeable
Wallg gobbles and Unrestricted stratum to reduce seepage.
boulderé e Can be keyed into rock.
Concrete Diaphragm | Silt, sand, Basement, ¢ :?:ti;t?obigiggdslenéoa:eZS permeable
Cutoff and gravel, cobbles, | excavation support, Can be keved int i ge.
Foundation Wall and boulders and shafts an be keyed Into rock.
Consider bearing and settlement.
o Needs to be keyed into less permeable
Secant and Tangent | Silt, sand, Basement, R (S:t;?]t%rg Ii: r:gl:ﬁfos:oefffffk
Pile Cutoff and gravel and excavation support, Consid by . d sett ’ ¢
Foundation Walls cobbles and shafts ® onsiaer .earlng and settiement. .
Tangent piles leak more because piles do
not overlap.
. . o Needs to be keyed into less permeable
Mix-In-Place Walls ?::(?Ss ::1'3'3”,[3 Ezgas\;}a;'f?sn support stratum to reduce seepage.
’ e Consider bearing and settlement.
;rrﬁrizolr;%m/ brine e  Better for large areas of long duration.
refrigerant e Takes long time to develop.
9 All types of Formation of ice in
Freezing: saturated soils | voids prevents water | 4  Better for small areas of short duration
Liquid ngi’t.ro en and rock movement where quick freezing is required.
re?rigerant 9 e Expensive and requires strict site controls.
e  Some ground heave will occur.
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Figure 2-23 shows details of a wellpoint system and a deep well with a submersible
pump. Figure 2-24 illustrates an example of a two stage well point system and a
dewatering system using deep wells.

Design procedures related to seepage analysis and dewatering control are included in
Chapter 6 of DM 7.1. Other good references include Mansur and Kaufman (1961) and
Cedergren (1997).
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(a) Details of Well Point System (b) Details of Deep Well with Submersible Pump

Figure 2-23 Methods of Construction Dewatering a) Details of Wellpoint System
and b) Details of Deep Well with Submersible Pump (after Mazurkiewicz 1980)
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Figure 2-24 Methods of Construction Dewatering a) Two Stage Well Point System
(after Mazurkiewicz 1980) and b) Combined Well Point and Deep Well System
(after USACE 1983a)
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PROBLEM SOILS AND EXCAVATIONS.

Chapter 1 provides a summary of many types of problem soil conditions that can affect
the design of foundations and earth structures. Table 2-12 and Table 2-13 summarize
important conditions for the design of excavations in problem soils.

Table 2-12 Problem Soil Considerations for Sloped Open Cut Excavations

(after Clough and Davidson 1977)

Soil Type

Primary Considerations for Slope Design

Fissured Stiff
Highly Plastic
Clays and Soft
Shales

e Field shear resistance may be less than laboratory tests.
e  First time slope failures may occur progressively due to:
o Stress relief,
o Anincrease in void ratio,
o Softening due to surface water seeping into fissures, and
o Variation of displacements along the failure surface.
e Fully softened drained shear strength should be used for analysis of first-time slides.
See Chapter 3 of DM 7.1 for testing procedures.
¢ Residual shear strength should be used when previous failure surfaces are present.
e Residual friction angles of shale may be as low as 7 to 12 degrees.

o Depth of softening and reduced strength is related to the depth of desiccation cracking.

ﬁ?&ge;;ggtaiéed e Desiccation cracks have been reported up to 8 ft deep.

Clays o Fully softened drained strengths should be used to analyze the stability of these soils
which typically have shallow failure surfaces.

Loess and e Potential for collapse/erosion of relatively dry mat.erial upon wetting.

Other e Loess slopes are mo_re.stat?le when cut near vertical.

Collapsible o To prevent infiltration, and '

Soils o Benches may be used for high slopes.

e See Chapter 1 of DM 7.1.

Sensitive Clays

e Considerable loss of strength can occur upon remolding.

e  Estimate sensitivity from unconfined compression tests, or alternatively, field or
laboratory vane tests.

e Marine clays can have a high sensitivity because of structure (flocculated) and leaching
of salts by freshwater (clay deposits uplifted or sea level lowering during past geologic
history).

e  AlLiquidity Index > 1 (w> LL) is an indication of a sensitive clay.

See Section 1-2.4 for further description of sensitive clays.

Residual Soils

Significant local variations in properties should be expected.

Variation occurs due to the weathering profile which is developed from parent rock.
The properties of these soils are unrelated to stress history.

Few reliable correlations are available.

e Talus is characterized by a loose aggregation of rock that accumulates at the base of
rock cliffs.

Talus e Stable slopes are commonly 1-1/4 to 1-3/4 horizontal to 1 vertical.

e Instability is associated with abundance of water.

e May settle under blasting vibration.

¢ When saturated under earthquake loading, may liquify and lose strength.
Loose Sands s S L .

e  Static liquefaction is also possible in loose contractive sands.

e Prone to erosion and piping.

Rock with Weak
Planes

e Planar or wedge failures on discontinuities dippin toward excavation and daylighting on
the slope.
e Toppling of slabs of rock that dip steeply into the excavation face
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Table 2-13 Problem Soil Considerations for Deep, Supported Excavations
Soil Type Primary Considerations for Deep, Supported Excavation Design
e Basal heave
Soft Clays e Large wall movements

e High apparent earth pressures

Fissured Stiff
Highly Plastic

Clays and Soft

e May need to consider the effects of softening for permanent or semi-permanent structures
e High earth pressures should be anticipated depending on the Ky value before excavation.
e  Water should be diverted away from the soil retained by thet support system.

Shales

Loess and

Other e Metastable structure of the soil can collapse under loading, especially wetting.
Collapsible e Lower earth pressures should be expected because of the structure of the soil.
Soils

Sensitive Clays

Areas susceptible to vibration may cause sensitive clays to lose strength.

Sensitivity above 4 should be given special consideration.

Impervious walls are suggested.

Keep shear stresses below the peak undrained shear strength throughout the sensitive soil.
Use high Fpy or consider numerical analysis.

Residual and
Lateritic Soils

e  Most of these soils will behave similar to stiff clays.
e Lateritic soils may have higher permeability.

Loose Sands

e May require extensive dewatering system if saturated.
e Internal erosion of particles through the wall or at the base may be a concern.

Glacial Till e Boulders may complicate some types of excavation and wall systems.
Organic Soils, e Low undrained shear strength may be present.
Peat, and e Passive resistance will be low because of low unit weight.
Muskeg e  Wall settlement may be a concern.
2-8 NOTATION.
Variable Definition
B Excavation or trench width
B; Width of zone adjacent to excavation in clay that contributes to basal instability
B Width of surcharge adjacent to excavation
D Embedded depth of wall below base of excavation
d d; Distance from excavation to a point of interest
do Typical distance from excavation at which no movement occurs
dy Distance separating two points on a structure for calculation of distortion or strain
E Young’s modulus
E; Elastic modulus of soil
Fay Factor of safety against basal heave
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Variable Definition
GSI Geological strength index
h, havg Vertical spacing of support system braces or anchors
H Excavation depth
H_ir Critical vertical excavation depth in clay for undrained conditions
I Second moment of inertia
Lyso) Point load strength index of rock
K Confinement factor for blasting calculations
Ky Lateral earth pressure coefficient for active conditions
Ky Lateral earth pressure coefficient for at-rest conditions
Koati Normalized wall stiffness
N Number of interlocks in a sheet pile retaining wall
Ny Bearing capacity factor
Py Active earth pressure force
Py Unbalanced earth force on embedded section of excavation retaining wall
PPV Peak particle velocity
Discharge or flow rate of water per unit height along a sheet pile interlock
0 Total water flow into an excavation
Spacing of structural elements for combined sheet pile walls
SD Scaled distance for blasting calculations
Su Undrained shear strength
Sub Undrained shear strength below base of excavation
Sud Undrained shear strength along embedded section of wall
Suh Undrained shear strength above base of excavation
114 Weight of blasting charge
w Gravimetric water content
a Adhesion factor between fine-grained soil and retaining structure
B Angular distortion of a structure caused by differential movement
Su, Smi, Oum | Horizontal movement of the ground adjacent to an excavation; m indicates maximum
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Variable Definition
Ap Differential water pressure between the excavation and retained soil for sheet pile seepage
ov, vi, dvm Vertical movement of the ground adjacent to an excavation; m indicates maximum
& Horizontal strain of a structure caused by differential movement
VN Moist or total unit weight
I Unit weight of water
¢ Drained or effective stress friction angle
Yo, Specific resistance of sheet pile interlocks to seepage
o’ Effective horizontal stress
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CHAPTER 3.EARTHWORK, HYDRAULIC, AND UNDERWATER FILLS

31 INTRODUCTION.

311 Scope.

This chapter summarizes the design and construction of compacted earth, hydraulic fill,
and underwater fill. It explains the theory of compaction and the engineering behavior
of fill materials. Guidelines for the construction process and control of compacted fills
are provided, along with compaction requirements for various applications and
equipment. General requirements for the design of various types of embankments are
included. The construction and control of hydraulic fills, both on land and underwater,
are discussed.

3-1.2 Earthwork Process and Purpose of Compaction.

Earthwork is the process of changing the topography to accommodate construction and
to provide drainage. As illustrated in Figure 3-1, earthwork is a manufacturing process
using soil or rock, and includes excavation, transport, placement, and amendment. The
final step of the process is compaction, which refers to the removal of air from the soill
by the temporary application of a mechanical load, such as rolling, tamping, or vibration.

Objectives

Low Susceptibility to Properties Appropriate

Relatively High Relatively L : Retained under .

' Shrinking, Swelling . Hydraulic

Strength Incompressible Wetting and .
and Frost . Conductivity

Weathering
Earthwork Methodology
Excavation Placement Compaction
and Amendment
‘;".‘
‘ & "‘. .

pim. o 4
LR > Fill Lifts

(D

Borrow soil - may be
stratified
Break down and mix soil

¢  Adjust water content
» Possible admixtures

* Low void ratio
Somewhat
homogeneous

Figure 3-1

Earthwork Objectives and Methodology
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As noted by Sowers (1979), the engineer has more control over some aspects of the
earthwork process than others. For example, the water content of a fill can be
controlled during but not after construction. Similarly, sources of suitable fill material
typically depend on local availability, but careful excavation or processing can be used
to create select soil or rock materials.

3-1.3 Types of Fills and Applications.

Fills can be grouped into three major categories based on the method of placement.
Controlled compacted fill is created using a process similar to that shown in Figure 3-1.
This process creates compacted fill that is more rigid and uniform than most natural
soils. Properly compacted fill also tends to have higher shear strength and lower
compressibility. Hydraulic fill is placed using flowing water and cannot be compacted
during placement. For this reason, the type of soil used for hydraulic fill must be
selected carefully. Hydraulic fills tend to be weaker and more compressible than
compacted fills. Uncontrolled fills consist of soil, rock, or other materials that are placed
without control of one or any of the factors discussed in this chapter, including material
type, lift thickness, and compaction energy. Uncontrolled fills may contain industrial and
domestic wastes, ash, slag, chemical wastes, building rubble, and refuse. An important
distinction should be made between uncontrolled fills and fills that intentionally use
recycled or waste materials in a controlled manner. The use of ash, slag, and chemical
waste is regulated, and current Environmental Protection Agency (EPA) and other
appropriate regulations must be considered.

The principal uses of controlled compacted fill include support of structures or
pavements, embankments for water retention or for lining reservoirs and canals, and
backfill surrounding structures or buried utilities. Hydraulic fill was historically used in
dam and levee construction where large quantities of fill were transported long
distances. While now less common, hydraulic fill is still used in select cases for the
creation of dam and levee structures. Both controlled and hydraulic fills should be
created in a such a manner as to maintain slope stability. Uncontrolled fills should not
be created or used for engineering purposes without modification.

3-2 COMPACTION THEORY.

This section summarizes the weight volume relationships involved in the process of
compaction and how those relationships are represented graphically. Methods for
characterizing the level of compaction are discussed for soils both with and without
appreciable amounts of fines. Finally, this section explores the effect of compaction on
the engineering properties of soil.
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3-21 Process of Compaction.

Compaction focuses on changing the dry unit weight () of soil (and rock) which is
defined as:

S

Vi

g :(”%00)

Va =

where:

W, = weight of solids,

V: = total volume,

» = total unit weight, and

w = water content (percentage).

The degree of saturation (S), which is the percentage of the void space filled with water,
is also important to understanding the behavior and construction of controlled fill. The
dry unit weight is related to S by:

VS

Va =T S (3-2)
7+7
(100 G, j

where:

7% = unit weight of water = 62.4 pcf,
w = water content (percentage), and
G, = specific gravity of solids.

To illustrate the compaction process, phase diagrams are shown in Figure 3-2 for
different points on the compaction plane, which plots dry unit weight against water
content. Moving from left to right on the compaction plane (A—C—E), the dry unit
weight stays constant but the amount of water in the voids increases with the water
content. In other words, the degree of saturation (S) increases. In order to compact the
soil, a compactive effort must be applied to the soil to remove void space in the form of
air, following paths similar to A—B or C—D. Further compaction of the soil at Points D
or E is not possible unless water is removed, and the water content is decreased.

3-2.2 Characterizing Compaction.
3-2.21 Soils with Appreciable Fines.

For soils with more than about 5% to 15% fines (i.e., particles passing the #200 sieve),

compacted soil behavior is often idealized using the concave-down compaction curves

shown in Figure 3-3. These curves were first explained by Proctor (1933) in an effort to
improve the quality of fill for earth dam construction. A compaction curve is obtained
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when soil is compacted using a constant compactive effort, which is the amount of work
performed on the soil per unit volume during compaction. Hogentogler (1936) further
explained compaction in terms of lubrication and particle hydration and noted that air
becomes trapped at water contents higher than optimum. Barden and Sides (1970)
later confirmed that the peak in the compaction curve occurs at the degree of saturation
where air is no longer able to flow freely from the soil during compaction. The
compaction process has also been explained in terms of the effective stresses that
develop during compaction (Olson 1963) and capillary pressures in the unsaturated
state (Hilf 1956).

A
A W w

= ® S S

2

O

=

= S§<100% B D

-
A A

5 ® © W W w
S S S

Water Content

A C E

Phase Diagrams of Compacted Samples
S = Solids, W = Water, A = Air

Figure 3-2 Changes in Weight-Volume Relationships from Compaction and
Changes in Water Content

All of these theories provide valuable insight into the behavior of compacted soil. As the
water content increases, less compactive effort is required to break up the lumps of soil.
However, once air can no longer easily leave the soil, additional water simply takes up
space and prevents higher levels of compaction. This creates a peak in the compaction
curve. The dry unit weight at the peak of a particular compaction curve is referred to as
the maximum dry unit weight (y.ma) for the corresponding compactive effort. The water
content corresponding to the peak of a compaction curve is called the optimum water
content (wop:). If the compaction energy is increased, the compaction curve shifts
toward lower water contents and higher dry unit weights. The relationship between the
change in compactive effort and the shift of compaction curve is highly nonlinear.

The two most common levels of compactive effort are standard Proctor (ASTM D698)
and modified Proctor (ASTM D1557). Standard Proctor is more often used as the
reference energy for compaction control. The compactive effort for standard Proctor is
12,400 Ibf-ft/ft>. Modified Proctor was originally developed for compaction of airfield
pavement subgrades. The compactive effort for modified Proctor is 56,000 Ibf-ft/ft3.

110



UFC 3-220-20
16 January 2025

Modified Proctor is sometimes used as the reference standard for compaction of the
upper few feet of a heavily loaded fill.

Wet of Optimum

Dry of Optimum e Dispersed
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Energy b
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Figure 3-3 Effects of Compactive Effort and Water Content on Compacted Soil
Properties

The peaks of a series of compaction curves can be connected to form a line of
optimums, which often corresponds to S in the range of 75 to 85%. Compaction to a
state to the left of this curve is referred to as dry of optimum while compaction states to
the right are termed wet of optimum. All possible compaction states for a particular soil
are bounded on the right side by the S=100% curve (a.k.a., zero air voids curve).
Properties typically associated with “dry” and “wet” compaction are summarized in
Figure 3-3.

The dry unit weight and water content of a compacted soil can be compared to the
conditions at the peak of a compaction curve for the same soil. Relative compaction
(R.C.) is used for soils with appreciable fines and is defined as:

R.C.= L4 100% (3-3)

}/d,max

where:
vasiela = dry unit weight of compacted fill and
Yamax = Maximum dry unit weight for a specified compactive effort.

The relative water content (Aw) of the compacted fill is:
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Aw = Wopt = Whield (3'4)

where:
wreid = Water content of the compacted fill.

The position and shape of the compaction curve can be affected by variables other than
compactive effort. For example, different methods of applying the compactive effort,
such as kneading compaction, impact compaction, and static compaction, result in
different soil structure and change the compaction curves. Similarly, different types of
field compaction equipment result in different compaction behavior.

Some soils and rocks undergo irreversible changes during drying and compaction, and
they may exhibit drastically different compaction curves in the field compared to those
created in the laboratory unless special care is taken. These materials include clays
containing halloysite or allophane minerals, which are chemically altered when dried
(Hilf 1991). Some weak rocks may degrade differently during field and laboratory
compaction. Very dense glacial till clays can have field compacted dry unit weights
much higher than the laboratory ... because of the extensive loosening required to
perform the laboratory compaction tests.

3-2.2.2 Compaction of Soils with Little Fines.

For soils without an appreciable fines content (i.e., F <5 to 15%), compaction behavior
is much less sensitive to water content. In some cases, the compaction curve is poorly
defined below optimum (Sowers 1979). In other soils, a minimum value of ; may be
reached at a midrange water content because the bulking of sand or gravel grains
inhibits compaction (Hilf 1991).

For these materials, characterization in terms of void ratio can be more appropriate.
The loosest state that the soil can sustain with a regular structure is referred to as the
maximum void ratio (enax) and can be found using ASTM D4254. The densest
configuration of the soil is called the minimum void ratio (e.i») and can be found using a
vibratory table as described in ASTM D4253. The value of e.i» depends on particle
shape and size. Some compaction methods and levels of compactive effort may break
particles, which can lower e, (Sowers 1979). Corresponding values of minimum dry
unit weight (ymin) and maximum dry unit weight (..4«) can be calculated. The value of
emin determined by ASTM D4253 corresponds to approximately 100% of yimax
determined by ASTM D698 or 95% of % m« determined by ASTM D1557.

For coarse-grained soils without appreciable fines, relative density (D,) is sometimes
used for determining the level of compaction and assessing the influence of compaction
on the engineering properties. Relative density is defined as:
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D,, _ €max — € x100% = Y., field — )d,min (yd,max jxloo% (3_5)

€max — €min yd,max - 7/d,min 7/d,ﬁe[d

where:

e = compacted void ratio (yse.a = corresponding dry unit weight),
emax = Maximum void ratio (yzmi» = corrsponding dry unit weight), and
emin = Minimum void ratio (yzm« = corrsponding dry unit weight).

3-2.3 Influence of Compaction on Engineering Parameters.

Compaction produces an engineered fill with relatively high dry unit weight or low void
ratio. Compaction changes the strength, compressibility, and hydraulic conductivity of
the fill, fulfilling three of the objectives in Figure 3-1.

3-2.31 Engineering Parameters of Compacted Coarse-Grained Soils.

Coarse-grained soils, especially those with little fines, are often characterized in terms
of relative density (D,). Coarse-grained soils will have a low relative density (0 to 20%)
when placed loosely. Satisfactory compaction will tend to increase D, to the range of 75
to 100%. The trends described in this section can be used to set appropriate
compaction control requirements.

The shear strength of compacted coarse-grained soils is typically quantified in terms of
an effective stress friction angle (¢'), which increases as D, increases. As D, increases
from 0% to 100%, the friction angle increases by about 8 to 12 degrees (Hilf 1991,
Duncan et al. 2014) as shown in Figure 3-4(a). This increase is also reflected in
correlations between ¢' and D, presented in Duncan et al. (2014) and Chapter 8 of DM
7.1 (NAVFAC 2021). The compaction water content tends to have a minor effect on the
shear strength of coarse-grained soils and should usually be as high as possible.
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Figure 3-4 Effect of Compaction on (a) Shear Strength and (b) Hydraulic
Conductivity of Coarse-Grained Soils

As soil is compacted and D, increases, coarse-grained soils become stiffer or less
compressible. Based on typical values of the elastic modulus, sands and gravels
become about four times stiffer when D, is increased from 0% to 100%.

The hydraulic conductivity (ks.:) of coarse-grained soils is inversely related to void ratio
and will decrease as D, increases. In Figure 3-4(b), the approximate percent decrease
in ks is estimated using the Kozeny-Carman equation. A greater reduction in k. occurs
when the soil has a wide range of possible void ratios (i.e., emax - emin IS larger).

3-2.3.2 Engineering Parameters of Compacted Fine-Grained Soils.

The engineering parameters of compacted fine-grained soil, particularly clay, depend on
the initial compaction conditions, the stress history following compaction, and the time of
the design condition with respect to compaction. In particular, the effects of volume
change caused by collapse or swelling must be considered. Clays which become
saturated after compaction will tend to swell unless subjected to confining pressure.
Swelling reduces the dry unit weight of the compacted clay and may reduce shear
strength and increase compressibility. Laboratory tests used to measure the
parameters of compacted clays should match field conditions to the extent possible.

As illustrated in Figure 3-3, both the water content and the compacted unit weight will
affect the structure of the clay. In order to comprehensively determine the effect of
compaction on fine-grained soil parameters, the 15-point method can be used as
illustrated in Figure 3-5. In this method, three levels of compaction energy are selected,
and five specimens are compacted at each energy, resulting in 15 combinations of
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compacted water content and dry unit weight. The appropriate test (shear strength,
compressibility, hydraulic conductivity, etc.) is conducted on each specimen, which
allows the variation in this parameter to be assessed across the compaction plane.
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Figure 3-5 15-Point Method for Determining Engineering Parameters of
Compacted Soil

The 15-point method is appropriate mostly for large projects or research efforts. For
smaller projects, it is often necessary to pick a particular R.C. and water content at
which to perform tests to determine engineering parameters. If this approach is taken,
care must be used to choose a conservative compaction state. VandenBerge et al.
(2017) provide guidance on the selection of compaction conditions for shear strength
tests on compacted clays.

Within practical levels of compaction, compacted clays are heavily overconsolidated.
For both consolidation and axial compression, compaction dry of optimum tends to
produce a more brittle response. Compaction wet of optimum tends to produce ductile
soil behavior. Clays compacted dry of optimum will exhibit an apparent yield stress as
shown in Figure 3-6(a). In contrast, a more gradual stress-strain behavior is observed
in clays compacted wet of optimum. Under low stress levels, dry compaction will
usually result in less strain or settlement. At higher stress levels, the strains tend to
become similar regardless of the initial compaction state. Compression indices for
compacted soil can be measured in one-dimensional consolidation tests provided the
initial saturation condition in the laboratory appropriately matches the field conditions.
The behavior of saturated specimens of compacted clay tested in consolidated-
undrained (CU) triaxial compression is shown in Figure 3-6(b). Compaction dry of
optimum will tend to create a stiffer initial response. The strength of compacted clay is
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about equal at high axial strain, regardless of the compaction condition. These
observations apply to specimens with the same dry unit weight after consolidation.

The effective stress shear strength of compacted clay is not substantially affected by the
compaction state (Johnson and Lovell 1979, VandenBerge et al. 2015). However, the
pore pressure response of compacted clay varies widely by compaction state, which in
turn impacts the undrained shear strength. Trends in behavior for as-compacted (UU)
conditions are illustrated in Figure 3-6(c) and (d). Total stress cohesion increases with
increasing compaction, while the total stress friction angle decreases with increasing
water content or degree of saturation. For saturated, consolidated undrained
conditions, VandenBerge et al. (2015) found that the undrained strength ratio is
approximately constant up to about 70% saturation, as shown in Figure 3-7, and
increases for clay compacted to higher degrees of saturation. Consolidated undrained
strengths are heavily influenced by the amount of swelling that occurs during saturation.

The saturated hydraulic conductivity (ks.) of laboratory specimens of compacted clay is
affected by the initial compaction state. As shown in Figure 3-8(a), k., can vary three or
four orders of magnitude within the range of typical compaction. Benson and Trast
(1995) studied the hydraulic conductivity of 13 compacted clays and found an inverse
relationship between k., and initial saturation (Figure 3-8(b)). Daniel (1994) stressed
the importance of field-scale considerations, such as cracking and defects, on the acting
hydraulic conductivity of compacted clay liners. Tinjum et al. (1997) discusses the
unsaturated properties of compacted clays.
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Figure 3-6 Engineering behavior of compacted clay — (a) consolidation, (b)
stress-strain, (c) total stress cohesion, and (d) total stress friction angle
(after DiBernardo and Lovell 1979, Seed et al. 1960, and Kulhawy et al. 1969)

In most cases, specimens of candidate fill materials should be compacted and tested in
the laboratory to directly measure the desired engineering parameters. The trends
presented in this section can help to guide the laboratory testing program. For example,
clay soils will tend to have the lowest unconsolidated, undrained shear strength at high
water content and low relative compaction. Thus, UU tests should be conducted at the
highest water content allowed by the specification and lowest specified R.C. Similarly,
ksar 1S highest for low initial saturation. For this reason, laboratory specimens should use
the lowest specified water content to obtain a conservative measure of k.., provided low
ksat is desired.
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Figure 3-7 Variation in consolidated undrained shear strength ratio with
as-compacted degree of saturation (after VandenBerge et al. 2015)
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Figure 3-8 Saturated hydraulic conductivity of laboratory compacted clay —
(a) typical variation (based on Mitchell et al. 1965, Garcia-Bengochea 1978) and
(b) variation with initial saturation (after Benson and Trast 1995)

3-3 FILL MATERIALS.

The selection of fill material for a particular engineering application must consider both
the purpose and the availability of fill materials. The selection process may include the
following steps: (1) gather samples of all the available and viable fill sources, (2)
perform classification tests (i.e., Atterberg limits and grain-size analysis), (3) use soil
classification to determine typical properties of the available fill materials based on
Table 3-1, Figure 3-9, Figure 3-10, and Figure 3-11, (4) select a small number of soils to
obtain larger samples, (5) perform tests to determine appropriate engineering
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parameters at representative compaction levels (i.e., compaction, strength, shrink/swell,
hydraulic conductivity), and (6) select an appropriate soil for the application (Sowers
1979). This type of selection process may be appropriate on large projects. However,
on many smaller projects, the engineer specifies the type of material, and the contractor
submits particular materials for the engineer’s approval, limiting this type of detailed
involvement in the selection process.

3-3.1 Borrow Exploration.

The source of the fill material is referred to as the borrow. Sufficient borings or test pits
should be performed to determine the approximate quantity and quality of construction
materials within an economical haul distance from the project. For mass earthwork,
initial exploration should be on a 200-foot grid. If variable conditions are found during
the initial exploration, intermediate borings or test pits should be completed.

One purpose of the borrow exploration is to determine a reasonably accurate
subsurface profile to the anticipated depth of excavation, including the groundwater
level. The approximate volume and engineering parameters should be determined for
each material considered for use as fill. The other purpose of the borrow exploration is
to obtain samples that can be used for classification testing as well as to ascertain the
presence of salts, gypsums, or undesirable minerals, and the extent of organic or
contaminated soils, if encountered.

3-3.2 Preliminary Selection based on Classification.

Typical properties of compacted soils are summarized by USCS classification in Table
3-1, Figure 3-9, Figure 3-10, and Figure 3-11, which may be used for preliminary
selection and analysis. For final analysis, tests should be completed on compacted soil
samples to determine engineering parameters.

The ranges of hydraulic conductivity provided for clay soils in Table 3-1 correspond to
laboratory compacted specimens. However, a compacted clay mass will contain cracks
and discontinuities. For this reason, the mass value of « is typically about two orders of
magnitude higher than the laboratory value (Daniel 1984).

Table 3-2 summarizes the relative desirability of various soil types in earth fill dams,
canals, roadways, and foundations. Practically any inorganic, insoluble soil may be
incorporated in an embankment when modern compaction equipment and control
standards are employed. However, some soils may be difficult to use economically.

For some embankment zones, fine-grained soils may have insufficient shear strength or
excessive compressibility. Clays of medium to high plasticity (P/ > 20 and/or LL > 40)
tend to expand if placed at low water content and exposed to low confining pressures
for long periods of time. Identification of soils susceptible to volume expansion is
discussed in Chapter 1 of DM 7.1. High plasticity soils with high natural moisture are

119



UFC 3-220-20
16 January 2025

difficult to process for proper moisture for compaction. Stratified soils may require
extensive mixing in order to produce a homogeneous fill.

Table 3-1 Typical Compaction Properties and Hydraulic Conductivity based on
USCS (after USACE 1960)
uscs ; Maximuml-l\‘)sr;l;Ivl DGggptimum H-%F:iaﬁ:c
sc;::gf; Soll Type Unit Weight Moisture, Conductivity,
(pcf) Percent k (ft/s)A
GW Well graded clean gravels, gravel-sand mixture 125t0 135 11t08 103to 10
GP Poorly graded clean gravels, gravel-sand mix 115t0 125 14 to 11 102 to 10
GM Silty gravels, poorly graded gravel-sand-silt 120 to 135 12t0 8 105 to 107
GC Clayey gravels, poorly graded gravel-sand-clay 115to 130 14109 <108
SW Well graded clean sands, gravelly-sands 110 to 130 16t0 9 103to 10
SP Poorly graded clean sands, sand-gravel mix 100 to 120 21to0 12 102 to 10
SM Silty sands, poorly graded sand-silt mix 110 to 125 16 to 11 10 to 107
SM-SC | Sand-Silt clay mix with slightly plastic fines 110 to 130 15to 11 107 to 10°°
SC Clayey sands, poorly graded sand-clay-mix 105 to 125 19 to 11 <108
ML Inorganic silts and clayey silts 95to 120 24 t0 12 107 to 10°°
CL-ML | Mixture of inorganic silt and clay 100 to 120 221012 <10°
CL Inorganic clays of low to medium plasticity 95 t0120 24 t0 12 <10°
oL Organic silts and silt-clays, low plasticity 80 to 100 33 to 21 <10°
MH Inorganic clayey silts, elastic silts 70t0 95 40 to 24 <1010
CH Inorganic clays of high plasticity 7510105 36to 19 <1010
OH Organic clays and silty clays 65 to 100 451012 <1010

A Hydraulic conductivity ranges for clay soils are typical of laboratory compacted specimens. The hydraulic
conductivity of a compacted clay mass is typically about two orders of magnitude higher than the laboratory value.
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Figure 3-9 Typical Subgrade Modulus and California Bearing Ratio by USCS
(after Porter 1943, USACE 1960, PCA 1992)
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Figure 3-10 Vertical Compression of Compacted Fill by USCS (after Gould 1954)
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Figure 3-11 Typical Drained Shear Strength Parameters of Compacted Fill —
uIndicates Mean Value and o Indicates Standard Deviation
(after USBR 1998)
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Table 3-2  Relative Desirability of Soils for Compacted Fill based on
USCS Classification (after USBR 1998)

Relative Desirability for Various Uses
(1 = very suitable, 2 = suitable, 3 = somewhat suitable,
4 = marginally suitable, 5 = unsuitable)

Earth Fill Dams Car_1a| Foundation Roadway
Sections
gscs S ° - Fill
roup oil Type %) £ c
Symbol St E 5 £ s )=
o o 0 w o 2 e = o ()]
Q& ° = a - O £ P ol 2ol =
o =< = ) Q o £ £ ot | 85| 8¢ o
oS| © < (4 © E cs0| g2l 22| &
o8l © 7] © 5 @ oQ w| Tw| E
2 € | 89| @ | og| 2a|wal 3
EE o | g S | o= Lol 20| @
T u 2 5 oy (7] ho| o
S| O g 2 w
w (7] 0
Well graded gravels, gravel-sand
GW mixtures, little or no fines 5 5 1 1 5 5 1 1 1 2
Poorly graded gravels, gravel-
GP sand mixtures, little or no fines 5 5 2 1 5 5 2 2 1 5
GM Silty gravels, poor!y graded 1 2 5 2 2 1 2 2 3 3
gravel-sand-silt mixtures
GC Clayey gravels, poquy graded 1 1 5 2 1 1 2 2 2 1
gravel-sand-clay mixtures
Well graded sands, gravelly- A
SW sands, little or no fines 5 5 3 3 5 5 1 1 1 2
SP Poorly graded sands, gravelly 5 5 3A 3A 5 5 2 2 2 5
sands, little or no fines
SM Sllty gands, poorly graded sand- 2 3 5 3A 38 2 3 3 3 3
silt mixtures
sc Clayey sand's, poorly graded 2 1 5 2 1 5 3 3 2 1
sand-clay mixtures
Inorganic silts and very fine
ML sands, rock flour, silty or clayey 3 3 5 5 38 3 3 3 3 5
fine sands with slight plasticity
Inorganic clays of low to medium
CL plasticity, gravelly clays, sandy 2 2 5 4 2 2 3 3 2 4
clays, silty clays, lean clays
OLP E))l;gszf[lirglif[;ysnts and silt-clays, low 4 4 5 5 38 3 4 4 4 5
Inorganic silts, micaceous or
MH diatomaceous fine sandy or silty 4 4 5 5 5 3 4 4 4 5
soils, elastic silts
CH ][2?2?:;;0 clays of high plasticity, 3 3 5 4 4C 4 4 4 4 5
OHP :))lragS?irélii;yclays of medium high 4 4 5 5 5 4 4 4 4 5
A Suitable if gravelly
B Consideration of erosion is critical
€ Consideration of volume change is critical
D

USACE experience has shown that organic soils can be incorporated in embankments if necessary.
See Chapter 1 for more information.
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For normal embankment construction, the maximum particle sizes should not exceed 3
inches (i.e., gravel-sized or smaller) or 50 percent of the compacted layer thickness.
Where economic borrow sources contain larger particles, compaction trials should be
performed before approval.

3-3.3 Laboratory Characterization of Fill Materials.
3-3.31 Reference Compaction Tests.

In order to guide both fill placement and the selection of engineering parameters for
compacted fill, tests must be completed to define compaction behavior under a
specified compactive effort. For soils containing appreciable fines, the standard Proctor
(ASTM D698) and modified Proctor (ASTM D1557) tests are used. These tests are
described in more detail in Chapter 3 of DM 7.1. The compactibility of clean soil and
rock may alternatively be characterized using ei» and ena (ASTM D4253 and D4254).
When multiple different soils will be used as fill, a family of compaction curves should be
obtained to represent the typical fill materials for the project.

Many soils contain some percentage of particles that are larger than the maximum size
allowed using a given compaction mold (e.g., larger than 4.75 mm for 4-inch mold or %-
inch for 6-inch mold). These particles are referred to as oversize and interfere with
compaction of the finer soil fraction in the mold. However, in the field, these particles
will be present in the field compacted fill and will influence the compacted dry unit
weight.

For soils with more than 5% oversize particles, corrections can be made to the water
content and dry unit weight measured on the soil without the oversize particles.'® The
corrected water content is found as:

wr = Powe + Prwr (3-6)

where:

wr = combined water content of the finer and oversize fractions (decimal),
Pc = percent oversize fraction (decimal),

wc = water content of the oversize fraction (decimal),

Pr = percent finer fraction (decimal), and

wr = water content of the finer fraction (decimal).

3 These corrections are typically limited to 40% oversize for 4.75 mm particles and 30% oversize for %-
inch particles.
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The corrected dry unit weight is found as:

Gs w
Yar = Yariscy (3-7)
7dFPC + GSCJ/WPF

where:

yar = combined dry unit weight of the finer and oversize fractions,
yar = dry unit weight of the finer fraction,

Gsc = specific gravity of solids of the oversize fraction, and

% = unit weight of water (62.4 pcf, 9.81 kN/m3).

In addition to correcting laboratory results for oversize as in the previous equations,
ASTM D4718 allows the influence of the oversize fraction to be corrected out of the field
results by solving Equations 3-6 and 3-7 for wr and yr. An example of the two types of
oversize correction is provided in Figure 3-12. The two methods do not give, exactly,
the same results, and the method desired for each project should be clearly specified.

Laboratory Results Field Results

Test results on finer Pr - 0.9 Wr_ped =11%
Yar fraction Pe=0.1 -

. Var, sia =108 pcf
_ 10% oversize
]/dl-'.mu.\'_ 110 pCf /
————— | we =12% x x
' _ Compacted lift of fill ’/
/:_\ G =2.8 with 10% oversize
: X X
Weop = 16.7% Wi
Option 1: Correct laboratory results for Option 2: Correct field results for
oversize fraction oversize fraction
Ve = (1 10pcf)(28)(624 pCf) Vdr fied = 108pcf
(110 pef ) (0.1) +(2.8) (62.4 pef ) (0.9) 108 pef - Var soa (2.8)(62.4 pef )

Vit mx = 1142 pef P e (0.0)+ (2.8)(62:4 pef ) (0.9)
Wr.op =(0.167)(0.9)+(0.12)(0.1) = 0.162 Yar piea =103.6 pcf
Wrop =16.2% Wi sea =11% = (Wi saa )(0.9) +(0.12)(0.1)
RC.=Yarsea - 108DGf  000s —0a6% | wrpew =0.109=10.9%

Varmex 1142 pcf 103.6 pef

_Ydr field .0 pC .
AW=Wr g —Wrop =11% —162% =-52% | RC.= o 110 pef 100% =94.2%
Aw = WE | field — WF opt = 109% —167% = —5.8%

Figure 3-12 Oversize Correction Example Calculations
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3-3.3.2 Engineering Parameter Testing.

In addition to reference compaction tests, engineered fill materials are often tested to
verify adherence to material specifications and to determine soil-specific values of shear
strength, compressibility, and hydraulic conductivity. While project conditions will
dictate the specific types of information that are required, the applicable test methods
for various fill materials are summarized in Table 3-3. Further description of these test
methods can be found in Chapter 3 of DM 7.1 (NAVFAC 2021).

Table 3-3  Applicability of Testing Methods by USCS Classification

Test Methods (ASTM method)
— — | ® — — c
s |8 =2 |% | § |3 S |,
< S | Ex |2 ER | S| 8|52 |8 |2
S s PR sa | LB | Es |29 |3 = ]

2 |55 ¢85 |¢ S5: |35 %2 | 28|% |2 |z¢
uscs |E_ |28 |EB|E2 |2 _|§5_|58 52|88 5=2|3_|5_ |22
Group | 22 |35 | S | ER | 58| <8 | 8| Sc|Fc| 25| 3|9 8a

D™ 0| s« o "y | oo | 8O S0 |l nwo| 28 | ®F [9)
Symbol | 5% | O |25 SX |02 |58 | 55| S%| 2% c|loB| 23|58

8o | g2 | =g | 2o 0| 88| 82| 2vu|se| 2| cn| csa| 28

= NS c D c = ) o= .EE T O QO £ s =< i q,%

g |22 |38 | 2|5 |6 |g8|gs|Ea|&a |3 |2 | EZ

T | 52|28 |88 ¢ cs|SE|[SE|s5|¢ |£ |88

— E £ o = © = > — P
¢ | & |56|8 2% 89| 2° |86 f |3 | &
o o} = R c o s g
= = 18 © - o
GwW A A A A S A A A
GP A A A S A
GM A A A A S A A A
GC A A A A S M A M A A
Sw A A A A A A A A
SP A A A A A
SM A A A A A A A A A A A
SC A A A A A A A M A A A
ML A A A A A A A A A A
CL A A A A A A A A A A A
MH A A A A A A A A A A A
CH A A A A A A A A A A A
A = test is applicable, M = test is marginally applicable, S = test is applicable with specialized equipment
Note: D3080 was officially withdrawn by ASTM in 2020 but remains an applicable method for testing many saoils.

3-3.3.3 Rock Fill.

Rock fill can be defined as containing at least 30% clean rock with a grain size greater
than %-inch and containing less than 15% fines (Breitenbach 1993). Rock fill is often
placed with the major objective of creating a free-draining fill with rock-to-rock contacts
throughout.
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As discussed for the oversize portion of compaction test, laboratory characterization of
rock fill materials is challenging because of the constraints on particle size imposed by
laboratory testing equipment and standards. For example, the maximum particle size is
limited to one-tenth of the specimen height for direct shear tests and one-sixth of the
specimen diameter for triaxial tests. These constraints effectively limit laboratory shear
strength testing to materials with particles no larger than 1 inch diameter, even for the
most well-equipped commercial geotechnical laboratories. Most rock fills have a
substantial fraction larger than 1 inch. Specialized large scale testing devices have
been developed but are not commonly available.

The two primary alternatives for shear strength testing of rock fill with large particles are
scalping and parallel gradations (Marachi et al. 1972). A scalped gradation refers to the
complete removal of all particles larger than a particular grain size. The grain size
distribution coefficients, C. and C,, of the scalped gradation will be lower than those of
the parent rock fill. The scalped gradation is more poorly-graded than the rock fill. A
parallel gradation is created by shifting the grain-size distribution to have 100% passing
the largest allowable particle size but maintaining the shape of the distribution and the
values of C. and C,. Creation of a parallel distribution requires a substantially larger
initial soil sample and causes a more drastic change in the overall classification of the
soil. Because of the level of effort and the size of the sample required, scalped
gradations are typically preferred.

The shear strength of rock fill is affected by the stress level, roughness, and size of the
particles as summarized in Table 3-4. Leps (1970) and others have described
nonlinearity in the shear strength or friction angle of rock fill using a variety of equations.
Larger particles are more likely to have defects and tend to break more easily. This
effect can be considered through the parameters S or m described in Table 3-4.

Marachi et al. (1972) found that increasing the particle size by a factor of four (i.e.,
Dp/D4 = 4) produced a 2 to 3.5 degrees decrease in ¢, while the reduction in ¢ was in
the range of 3 to 5 degrees for Dz/D4=12. The Frossard et al. (2012) approach predicts
similar reduction in ¢. The effect of particle size is most pronounced for rock fill with a
wide range of particle strength or low m. The value of m for a rock fill can be measured
using a large number of laboratory crushing tests (Marsal 1967, Lee 1992).

Two additional factors must be considered for rock fill but are difficult to quantify: (1)
changes in the rock fill gradation during excavation and placement and (2) deterioration
after placement (Sowers 1979). The first can be evaluated using a test embankment
section and grain size analysis of samples of the fill following compaction. Potential for
deterioration is especially important for shales, or sedimentary rocks composed
primarily of clay and silt. These rocks have a wide range of hardness and can degrade
substantially through wetting and drying, which is referred to as slaking. The most
problematic shales for use as engineered fill are those which are initially hard but do not
retain their properties after excavation and placement.
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Where fill materials will contain shale, an appropriate system must be selected to
determine the durability of the shale as well as its susceptibility to chemical degradation.
Huber (1997) reviewed the available systems for classifying shale durability and
recommended those proposed by FHWA (1978), Franklin (1981), and Wiles (1988).
These systems use the jar slake test (Deo 1972), the slake durability test (ASTM
D4644), the point load strength test (ASTM D5731), and Atterberg limits (ASTM D4318).
The FHWA (1978) system divides shales into two major categories: soil-like and rock-
like. The former require compaction similar to soil, while the latter are durable and can
be treated as rock fill. Franklin’s (1981) system provides a shale rating that has been
correlated to various shale fill parameters. Wiles (1988) devised a durability rating
system based on the loss of shear strength caused by wetting in triaxial tests.
Susceptibility to chemical weathering is indicated by a pH less than 6 in the slake
durability water as well as dark gray, green, or black color.

Table 3-4  Stress and Particle Effects on the Shear Strength of Rock Fill

Effect Description Applicable Equations References

1
. "= 4" — Ad'loa| 2L || Leps (1970)
The shear strength envelope for rock fill is ¢'=9' ¢'log Charles and Soares (1984)
distinctly curved. The friction angle F Lade (2010)
decreases with increasing effective normal '\
Tf} - I)a ( j

a

Nonlinearity
stress. o'y Duncan et al. (2014)

T VandenBerge et al. (2018)

Frictional resistance is affected by rock fill

Particle . .
strength royghness (related to relative density, S ' _
and origin, roundness, and smoothness) and ¢'=R-log| — |+¢', | Barton and Kjaernsli (1981)
particle strength, which tends to decrease o'
roughness - . 4
with particle size.
As particle size increases, the likelihood of
breakage increases. This can be ~3(1-ba)
Particle described by a material parameter, m, D, m ngimgz)(wm)
diameter which for rock fill varies from 4 for a wide ap =a,| — Frossard et a.l (2012)
range of particle strength to about 15 for D, )

uniform particle strength.

Notation: ¢y and A¢’ = parameters describing the change in friction angle with normal stress , P, = atmospheric
pressure (used for normalization), o’r = effective normal stress at failure (plane or orientation depends on usage),
a and b = power function parameters describing nonlinearity (also a4, as, b4, and bg), R = roughness factor,

S = particle compressive strength, ¢, = base friction angle, Ds/D4 = ratio of sizes between two parallel gradations,
and m = Weibull distribution parameter for particle strength (mean value of 6 in data by Marsal 1967).

3-34 Alternative Fill Materials.

Materials other than natural soil can be used as fill. These materials include recycled
products from construction or other industry as well as lightweight products
manufactured for use as fill. Motivations for the use of alternative fill include concerns
about sustainability, economics, lack of availability of appropriate natural materials, and
efforts to reduce vertical or horizontal earth pressures.
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Selection of alternative fill materials should consider multiple costs, including basic
material cost, transportation cost, and placement costs. The quantity of required fill,
availability of the alternative material, and local experience with construction methods
also must be considered. Finally, special concerns, such as fill durability requirements,
environmental concerns, and fill thermal parameters, must be addressed. Some of the
intangible benefits of alternative materials may be reduced installation time leading to
accelerated construction, lower weather sensitivity compared to natural soil, and
reduced requirements for field quality control (FHWA 2017, Arellano 2019).

3-3.4.1 Recycled Fill Materials.

Typical properties of recycled fill materials are summarized in Table 3-5. Recycled fill
materials are used as a replacement for natural soil in order to reduce disposal impacts
and prevent disturbance of natural ground to obtain fill. In many cases, the recycled
materials have more favorable engineering properties than natural soils.

Table 3-5 Typical Properties of Common Recycled Fill Materials
(after Soleimanbeigi et al. 2014, Soleimanbeigi and Edil 2015,
DiGioia and Nuzzo 1972, Masad et al. 1996).

Typical properties or ranges

Material Wopt Vamax k '

uscs G: (%) (pch) (cmls) (deg)
Recycled asphalt SP, GW 245 51t0 10 12010125 | 10310 102 42
pavement
Recycled concrete W 27 5t0 10 12010125 | 10to 10 46
aggregate
Recycled pavement GW 2.39 <5 12010125 | 1010 10 44
material
Bottom ash SP 267 <5 9510100 | 10°to 102 44
Recycled asphalt SW 1.74 51t0 10 70t075 | 10%to 103 33
shingles
Foundry sand SW 2.36 <5 70t0 75 103 to 1072 36
Fly ash ML 2.39 15 to 20 50t080 | 10°to 10 | 331040
Tire derived aggregate SP;‘;‘S dGP 1.07 NA 25 to 30 10 to 103 NA

An important environmental consideration for recycled materials is that the fill does not
contaminate groundwater or surface water through leaching or runoff. It is also
important to note that the use of recycled materials does not necessarily lead to a more
sustainable project. For example, long transportation can offset the benefits of using a
recycled material. The most beneficial recycled materials are those which are available
locally, improve the engineering properties of the fill, and are environmentally benign
(VandenBerge et al. 2015).
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3-3.4.2 Lightweight Fill Materials.

Engineered fill increases the stresses in the underlying ground. This can cause
settlement, an increase in the stress on existing structures or walls, and a decrease in
the stability of slopes. Lightweight fill materials, such as those listed in Table 3-6, can
substantially reduce the stresses applied by a fill or embankment. Lightweight fill is
commonly used for soft ground conditions and is often combined with ground
improvement methods such as prefabricated vertical drains, deep mixing, and column-
supported embankments (FHWA 2017).

Table 3-6  Common Lightweight Fill Materials
(after FHWA 2017, Arulrajah et al. 2015)

Unit Lateral
. . k earth Shear
Material weight (cmis) | pressure, | strength Comments
(pcf) K
Manufactured from expanded polystyrene (EPS) or
extruded polystyrene (XPS), typically installed in
106 to 6to 14 large blocks, stability analyses must consider
Geofoam 0.7t03 102 0.1 psi interface properties with soil and between blocks, unit
weight increases with time when saturated, provides
thermal insulation
Synthetic aggregate produced by heating recycled
Foamed ' . .
lass . Use ¢ #'=36to glass, clpsed a'nd open gell avgllable, provides
g reqate 15t0 20 | High to 54° thermal insulation, used in drainage blankets and
(lggA)g estimate green roofs, higher CBR than most lightweight
materials
Negligible
Cellular for self- 10 to 300 Manufactured, preformed foam mixed with cement
20 to 80 10 weight or . slurry, pumped into place, can be permeable,
concrete . psi -
vertical generates negligible lateral earth pressure
loads
Tlrg shreds . Tires shredded into chips, can be bound together into
or tire 0.5to 0.25to ¢'=19to : . . '
derived 30to 73 60 0.47 30° bales, can be .mlxed with natural soil, more guidance
) can be found in ASTM D6270
aggregate
, Synthetic, vitrified aggregate produced by heating
Expanded 40 to 65 . Use ¢ ¢'=35to | clay or claystones, often used as aggregate in
clay shale High to ; .
(ECS) (dry) ) 45° lightweight concrete, can degrade under steel-
estimate tracked equipment
Z\r/]?osd fiber Use ¢' #'=251t0 Friction angle increases as size of the particles
ang ’ | 45t060 | =10° to _490 increases, volume reduction of 40% on compaction,
sawdust estimate commonly used in low-volume roads
By-product of iron production, air-cooled slag
solidified under atmospheric conditions and is
Blast 701094 | 108 to Use ¢ #'=351t0 angular and vegcqlar, expanded slag is solidified
furnace to . using water which increases cellular nature,
(total) 1 | 40 : ; . .
slag estimate granulated slag is chilled quickly forming a glassy
product, expanded and granulated slags are lighter
but more expensive, pH in range of 8 to 12

129



UFC 3-220-20
16 January 2025

Design of lightweight fill should determine which stresses must be reduced to make the
design functional in terms of both stability and settlement (Arellano 2019). Once the
required amount of stress reduction has been determined, appropriate lightweight fill
materials can be considered based on the unit weight, availability, and costs.
Lightweight mineral materials achieve low unit weight through a porous particle
structure. For this reason, the crush resistance and durability of these materials should
be considered (TRB 1990).

3-4 CONSTRUCTION OF COMPACTED FILLS.

Compacted fills are constructed to meet some, or all, of the objectives shown in Figure
3-1 for a particular purpose. In order to create a fill that meets these objectives, the
construction process starts with establishing suitable drainage and preparing the fill
subgrade. The selected fill material(s) are then excavated, transported, placed, and
compacted at the site. Throughout the fill construction process, the engineer has the
responsibility of protecting both the project owner and the broader environment. This
includes confirming that appropriate materials are used, implementing compaction
specifications, and enforcing contractor procedures for the control of runoff and the
protection of adjacent bodies of water (TRB 1990).

3-4.1 Drainage.

According to Sowers (1979), drainage is a critical, but often overlooked, component of
high quality fill construction. Establishing good drainage may have a high initial cost but
tends to save money over the course of most projects. In general, soil becomes weaker
and more difficult to compact as its water content increases. Inadequate drainage leads
to construction delays and unstable subgrade or fill soils. Where possible, surface
water should be kept dispersed rather than concentrated to reduce erosion potential.

As needed, surface water should be intercepted by ditches or drains and directed away
from the fill area. Prior to excavation, including at borrow areas, slope ditches should
be installed near the crest and at midslope to keep water out of the excavation and to
keep the fill dry.

Subsurface water should also be considered by observing the site topography and
knowledge of groundwater sources. The groundwater control methods described in
Chapters 1 and 6 of DM 7.1 (NAVFAC 2021) can be used to lower groundwater below
fill areas or in excavations. Surface and subsurface drainage is especially important
where the embankment soils are susceptible to deterioration when exposed to water,
including high plasticity clays and shale fills.
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3-4.2 Subgrade Preparation.
3-4.21 Ground Preparation.

After drainage has been established, the subgrade must be prepared for evaluation
prior to the placement and compaction of the initial lift of fill. Clearing, which refers to
removal of vegetation, trash, debris, and topsoil from the ground surface, should be
completed within the bounds indicated on the plans. Topsoil is often stockpiled onsite
for future use. Grubbing refers to deeper removal of stumps, heavy root mats, and
buried objects. The extent of grubbing required must be specified. Deeper fills and
those with less critical support requirements may not require grubbing (TRB 1990).
Subsurface structures or debris that will interfere with compaction or the future
construction should be removed. The sides of holes created by grubbing should be
flattened, scarified, and compacted to similar unit weight as the foundation soil (USACE
1995a).

Unsuitable subgrade materials should be identified by subsurface exploration and
observation after clearing and grubbing. Organically contaminated soils (Pt, OH, and
OL) are generally not suitable for embankment support. Because of the detrimental
effects of differential frost action, special attention should be given to removing near-
surface frost susceptible soils and to limiting the availability of water to backfill.

Sites containing old fill, waste, ashes, sludge, slag, and mining spoils often require
special preparation with specifics guided by the composition and past compaction of the
old fill. For example, construction on poor quality existing fill will likely require ground
improvement using methods described in Chapter 1. When dealing with mine waste,
variable conditions can be present, including loose dumped materials as well as slurry
and tailings deposits.

Special ground preparation is required for fills placed adjacent to existing slopes. If the
slope is steeper than 3H:1V, the ground should be benched. Each bench consists of a
horizontal cut followed by vertical step, typically not more than 4 feet high. The stair-
stepped bench pattern prevents a weak zone from being created at the interface
between the fill and the existing slope. In addition, slope protection in the form of riprap
or drainage blankets may be needed to handle seepage from the fill or existing slope.
The slope protection will help to prevent erosion and surficial slope failure (TRB 1990).

Finally, special preparation is required at the transitions between (1) cut and fill and (2)
rock cut and soil cut in order to gradually accommodate the change between the
differing subgrade support conditions. Material in these transition zones should be
uniform without large (diameter greater than 6 inches) particles (TRB 1990). Where
water may seep from the cut rock or soil, the transition fill may be used to provide
drainage and prevent saturation and instability of the fill.
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3-4.2.2 Proof Rolling and Subgrade Stability.

After clearing, grubbing, and other preparation, the relative stability of the fill subgrade is
evaluated, often by proof rolling. Proof rolling refers to systematic trafficking of the
subgrade surface by a loaded dump truck or roller. The purpose of proof rolling is to
find instability and inconsistency in the subgrade or fill but not to induce widespread
failure. A gross weight of 30 tons with 40 psi tire pressure is typically suitable for proof
rolling of cut subgrades (TRB 1990). Once an acceptable proof rolling weight is
determined, the proof roller should make two complete coverages of the subgrade and
deflecting zones should be highlighted. In road construction, proof rolling can also be
completed at the completion of the general earth fill and prior to placement of subbase.

The fill subgrade should be scarified and brought to optimum moisture content with
special attention given to deflecting zones identified during proof rolling. The subgrade
is then compacted and may be subjected to compaction control tests or further proof
rolling prior to the placement of new fill.

3-4.2.3 Methods to Mitigate Subgrade Instability.

Where proof rolling indicates extensive instability or cannot be completed, soft subgrade
conditions are present, and an initial thick stabilizing or bridging layer of sand, gravel, or
crushed rock is required. Biaxial geogrid can be used below the layer to reduce the
thickness of the bridging lift, and separation geotextile may be needed to prevent soft
subgrade from pushing into the bridging lift. Gravity drainage should be provided to
prevent water from collecting in the bridging lift. Vibrating construction equipment can
exacerbate instability and should be limited until a stable working platform is achieved.

Chemical stabilization of the existing soil can also be used to improve subgrade
stability. Stabilization is achieved by mixing a drying and/or cementing admixture, such
as cement, fly ash, lime, or cement kiln dust, into the unstable soil. Shallow mixing can
be accomplished by discing while deeper (up to 24 inches) treatment can be achieved
using a specialized soil stabilizing mill. The appropriate percentage of the chemical
admixture can be selected based on experience or a formal mix design that uses
laboratory testing. Guidance for the selection of admixtures can be found in FHWA
(2017).

Unstable soils may present concerns of long-term consolidation or low shear strength
below the fill. In this case, vertical drains and/or preloading may be required to
accelerate or induce consolidation (see Section 5.7.4 of DM 7.1, NAVFAC 2021) and
increase the shear strength. The unstable material may also be improved using ground
improvement methods described in Chapter 1.
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3-4.3 Excavation, Transport, and Placement.
3-4.31 Methods.

Excavation is an important part of the process of manufacturing a quality fill and should
be supervised by the engineer. Adequate drainage should be provided in the borrow
area in order to maintain the appropriate water content of the fill material for efficient
excavation and compaction. In addition, material processing may be required at the
borrow, such as scalping oversize or mixing strata to create a homogenous fill.

Selection of appropriate and efficient excavation equipment is typically the decision of
the contractor. Excavation methods can include hand tools, excavators, scrapers,
graders, and draglines. In some cases, ripping and blasting may be required prior to
excavation. More guidance on these can be found in Section 2-5 and FHWA (1991).
Because the excavation method can affect the degree of mixing at the borrow, the
engineer should be consulted. Blasting also requires consultation with the owner and
engineer to determine vibration limitations, inspection requirements, and requirements
for the final condition of the borrow area (TRB 1990).

Special care is required where the borrow source contains both durable rock fill and
either soil or nondurable rock, such as degradable shale. Mixtures of these two
materials should be avoided, because they are very difficult to adequately compact. In
particular, nondurable shale should not be mixed with more durable sandstone or
limestone in rock fill (FHWA 1978). Where borrow contains both, the durable rock
should be separated for use as drainage fill and the outer shell of slopes, while the
nondurable rock can be compacted separately as general fill.

An appropriate method must be selected to transport the fill. A variety of transport
methods and economical haul distances are summarized in Table 3-7. The
transportation and placement of fill can promote either segregation or mixing. If material
separation is required, transportation methods should be carefully considered. As fill is
dumped and spread, attention should be given to breaking large lumps of soil and
removal of deleterious materials. Additional mixing of the fill can be performed at the fill
location, if needed.
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Table 3-7  Fill Transport Methods and Haul Distances (after Coduto et al. 2011)

Transport Method Transport Details Economical Haul Distance (ft)
Bulldozer Fill pushed over ground surface, off-road only <300
Fill carried in loader bucket (up to about 15 C.Y.),

Wheel loader 150 to 500

off-road only

Fill excavated, hauled, and placed with one machine,
about 25 to 35 C.Y. capacity, off-road only

Fill loaded into truck, hauled, and end-dumped at
Dump truck site, capacity ranges from 15-25 ton (on-road) to 42 1100 to 21,000 (4 miles)
ton (off-road articulating) up to 400 ton (mining)
Move large quantities over rough terrain, can be used
with automated processing facilities

Fill end, side, or bottom-dumped at site, can be
towed on or off-road, up to 120 ton capacity

Scraper 1000 to 8000

Conveyor belt 100 to 36,000 (7 miles)

Semi-Tractor Wagon > 10,000 (2 miles)

In many cases, the water content of the fill must be adjusted to meet the compaction
specifications. Depending on the soil type as well as the method and distance of
transport, this may be accomplished at the borrow area or at the fill. Coarse-grained
soils with little fines often require additional water for compaction, and water trucks or
hoses are used to increase the water content immediately prior to or during compaction.
While water can be added and mixed into fine-grained soils, it is more common that the
water content of these materials is too high. Drying can be accomplished by
evaporation over time and accelerated by mixing the soil with a disk, harrow, or tiller.
Chemical admixtures, such as cement, fly ash, lime, or cement kiln dust, are also drying
agents and can be used when weather or time do not allow air drying.

3-4.3.2 Borrow and Fill Quantities.

Calculation of fill volumes at the borrow site, during transportation, and after compaction
is an important aspect of earthwork planning. In the borrow, the soil has an average dry
unit weight (yz8). As the soil or rock is excavated for transport, bulking# will occur,
which is a decrease in dry unit weight caused by an increase in the overall volume.
Coarse-grained soils tend to bulk about 10% when excavated while fine-grained soils
may bulk 30% to 40% (Coduto et al. 2011). Once the soil is placed and compacted, the
dry unit weight of the fill (y,~) may be either greater or less than y;3. An average value
of y;,r can be estimated using the laboratory compaction curve and assuming an
average relative compaction about 2% higher than the minimum specified value
(Coduto et al. 2011).

Some fill material will be lost in the earthwork process, which is referred to as waste.
Waste can be intentional, such as the removal of oversize material, or unintentional.

4 This increase in volume is also referred to as swelling. However, bulking will be used in this manual to
distinguish from the volume expansion that occurs when clay minerals are hydrated.
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For example, a borrow with a large percentage of cobbles (diameter > 3 inches) may
have a large amount of waste if the cobbles are excluded from the fill.

Comparison of total borrow and fill volumes must consider both changes in unit weight
and waste. Shrinkage occurs when the earthwork process causes a reduction of
volume. Bulking can occur overall if y;r is less than y; 5 and the amount of waste is low.
The total weight of solids remains constant through the calculations even though the
total volume changes.

If the fill volume (V) is known and the total waste (/.) can be estimated, the total
borrow volume can be calculated as:

W,
Ve =VF%—’F+—L (3-8)

Yap VdB
where:
Vs = total borrow volume required,
yar = average dry unit weight of the fill,
ya = average dry unit weight of the borrow, and
W, = total weight of waste.

In some cases, the waste must be estimated as loss percentage (X;) and the total
borrow volume is:

Ve = FW—’F(H‘XL) (3-9).
Ya.B

The overall shrinkage factor can be defined as:
— =2 (14 X ) -1 (3-10)

where:
AV = change in total volume = Vz - VF.

If more detailed unit weight information is not available, a shrinkage factor of 10% to
15% of Vr can be used for estimating purposes. If required, transportation volumes can
also be calculated by replacing 5 in the preceding equations with the dry unit weight
during transport, (ya+ans). An example of borrow and fill calculations is provided in
Figure 3-13.
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Embankment Borrow Calculations
3 30ft Cross-Sectional Area: 4 = w-zo_ﬁ = 1800 /¢’
J/ 2
50T Volume of Fill (per foot): ¥, = 1800 /¢

Given:
Soil Properties: G,= 2.7, yym..= 115 pcf, w,,,= 14% (ASTM D698), and 7,500 = 102 pct
Compaction: Average R.C. = 98% at w = 14%,

Assume:
Void ratio in truck e,..., = 1 and Loss Factor = 2% by dry weight

Find (Per Foot of Embankment):
» Trucking Volume
e  Volume of Borrow

¢« Waste
Eill Volume
y.G,  (624pcf)-2.7 , RC 98% _ ,
.= = = 84.2 pef ¥, =—y. =——115pcf =112.7 pcf
lte,, 1+1 100 100
112.7 pe ’ CcY
A A =1800ﬁ‘-[4p‘7r]=2409£=89—
}/;v_maﬂ 84'2]9(7( ﬁ ft

Volume of Borrow

borrow Fa

. (1127 pc P CcY
v, =V-7/’—"(1+XC)=1800ﬁ"-[—p(fj(1+0.02)=2029L=75—
) . )

y?.mwﬁ Ozpcf ff ff
Waste
) b tons
W, =V, -y, -X =(18001)112.7 pef (2%) = 4057 — =2
' St St

Figure 3-13 Borrow Excavation Example

Because of its dense state in situ, rock fill will experience bulking from the borrow to the
fill state. Maximum bulking will tend to occur for borrow consisting of dense, hard rock
with fine fracture systems that breaks into uniform sizes. In this case, the shrinkage
factor may be -50% (i.e., unit volume in the borrow will produce approximately 1.5
volumes in the fill). A minimum bulking (a.k.a., minimum expansion) condition occurs in
porous, friable rock that breaks into broadly-graded pieces with numerous spalls and
fines. In this case, the shrinkage factor may be as low as -10%.

3-4.4 Compaction.

After soil is transported to the project site, it is spread and compacted in layers or lifts of
relatively uniform thickness by consistent coverage of the compaction equipment. This
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aspect of earthwork involves control of the major factors that influence soil compaction
behavior (Section 3-2), including soil type, water content, compactive effort, and type of
compaction. Efforts should also be made to route equipment, such as dozers and dump
trucks, uniformly across the surface of the fill. This will provide some compactive effort
and will minimize the effort required from other equipment. In addition, it will reduce the
potential for rutting and overloading the fill.

3-4.41 Influence of Soil Type and Water Content.

Most soils used as fill are at least somewhat sensitive to the water content during
compaction. For example, silts and some silty sands have steep compaction curves,
and field moisture must be controlled within narrow limits for effective compaction.
Clays are sensitive to moisture. If they are too wet, they are difficult to dry to optimum
moisture, and if they are dry, it is difficult to mix the water in uniformly. An extreme
example is sensitive clays, which do not respond to compaction because they lose
strength upon remolding or manipulation. Soils in this category tend to compact more
effectively using impact, static, and kneading compaction.

Coarse-grained soils with less than 5% to 15% fines are relatively insensitive to the
compaction water content. The lower limit applies to well-graded soils while poorly-
graded soils can contain more fines and still be insensitive to compaction moisture.
These soils tend to have a hydraulic conductivity greater than 0.001 cm/s. These
materials can be placed at the highest practical moisture content, preferably close to
100% saturation. Vibratory compaction generally is the most effective procedure. In
these materials, a relative density of 70 to 75 percent can be obtained with proper
compaction procedure, and relative density should be used for compaction control.

Gravel, cobbles, and boulders are also insensitive to compaction moisture. Compaction
with smooth wheel vibrating rollers is the most effective procedure.

3-4.4.2 Types of Equipment.

The four major methods of compaction are (1) pressure; (2) impact; (3) vibration; and
(4) manipulation, kneading, or shearing. With the exception of small equipment, most
compaction equipment possesses significant weight. However, the contact pressure
can vary widely from high pressures under tamping foot (a.k.a., sheepsfoot) rollers to
low pressures under smooth-drum rollers. While impact compaction is the primary
method of laboratory compaction, it is primarily used in the field by power tampers and
some operation modes of tamping and grid rollers. Vibration applies dynamic forces to
soil particles that promote compaction and is used by vibratory tamping foot and

5 While the term sheepsfoot is commonly used, rollers which use true sheepsfoot tines are rare in current
earthwork practice.
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smooth-drum rollers, vibratory base plate compactors, and grid compactors. Kneading
compaction manipulates and shears the soil and is applied by tamping foot and rubber-
tired rollers.

Table 3-8 lists commonly used compaction equipment with typical sizes and weights. In
general, the compaction equipment should exert the highest contact pressure that does
not result in rutting (i.e., bearing capacity failure) or failure to walk out of the fill (Sowers
1979). Walking out refers to the ability of tamping foot rollers to penetrate less and less
into the fill as the fill becomes well-compacted.

The appropriate lift thickness will depend on the combination of the soil type,

equipment, and fill purpose. Table 3-9 provides guidance on the applicability of different
equipment to various soil conditions along with typical compacted lift thickness and
number of passes. In general, the thicknesses in Table 3-9 are a satisfactory starting
point. Thicker lifts may be appropriate for general purpose fills, if adequate compaction
is still achieved. For water retaining fills, thinner lifts may be required to produce the
desired hydraulic conductivity throughout the fill.

Selection of appropriate compaction equipment continues through the earthwork
process by observation of the fill performance. When fill that is wet of optimum is
compacted excessively, it deforms and deflects in an elastic manner, which is referred
to as weaving or pumping. In this state, the fill is nearly saturated, and application of
compactive effort is ineffective at removing further air from the fill. Further compaction
can lower the dry unit weight. When the compaction equipment is too heavy for the fill
or the fill is too wet, the equipment will sink into the fill causing rutting, which is a
bearing capacity failure that must be fixed before earthwork can continue (TRB 1990).
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Equipment Type Summary

Equipment

Possible Variations in Equipment

Tamping Foot
Roller

Table 3-8
Dimensions and Weight
Soil Type Contact area Foot contact
pressure
Fine, PI>30 | 5to 12 ft? 250-500 psi
Fine, PI<30 | 7to 14 ft? 200-400 psi
Coarse 10 to 14 ft? 150-250 psi

Efficient compaction wet of optimum requires
less contact pressure than that required for the
same soil at lower moisture contents.

For earth dam, highway and airfield work,
articulated self-propelled rollers are commonly
used. For smaller projects, towed 40 to 60
inch drums are used. Foot contact pressure
should be regulated to avoid shearing the soil
on the third or fourth pass. Tamping foot
rollers must penetrate a loose lift (too light
otherwise) and should walk out as compaction
proceeds (too heavy otherwise or soil too wet).

Tire inflation pressures of 35 to 130 psi for
clean granular material of base course and
subgrade compaction. Wheel load of 18,000 to
25,000 Ibs.

A wide variety of rubber tire compaction
equipment is available. For fine-grained soils,
light-wheel loads, such as provided by wobble-
wheel equipment, may be substituted for
heavy-wheel load if lift thickness is decreased.

Rubber Tire : o
For granular soils, large-size tires are
Roller : . .
. . . . desirable to avoid shear and rutting. In
Tire inflation pressures in excess of 65 psi, for . . . .

) : ) ; S : general, higher tire pressure is more effective
fine-grained soils of high plasticity. For uniform than hiah heel load. | d tire si
clean sands or silty fine sands, use large size an higher wheel load. Increased tire size
tires with pressures of 40 to 56 i with same pressure results in deeper

P psl. compaction.
Tandem type rollers for base course or
subgrade compaction; 10 to 15-ton weight or Three-wheel rollers are obtainable in wide
Smooth Wheel 300 to 500 Ib per inch of rear roller width. range of sizes. Two-wheel tandem rollers are
Three-wheel roller for compaction of fine- available in the weight range of 1 to 20 tons.
Rollers ) . .

grained soil; weights from 5 to 6 tons for Three-axle tandem rollers are generally used
materials of low plasticity to 10 tons for in the weight range of 10 to 20 tons.
materials of high plasticity.

Vibrating

Tamping Foot
Rollers

1 to 20-ton ballasted weight. Dynamic force up
to 20 tons.

May have either fixed or variable cyclic
frequency.

Vibrating
Smooth Drum
Rollers

1 to 20-ton ballasted weight. Dynamic force up
to 20 tons.

May have either fixed or variable cyclic
frequency. Heavy roller with low frequency for
rockfill and clays. Lighter and high frequency
for sand. Best performance for soil at, or
slightly above, optimum.

Vibrating
Baseplate
Compactors

Single pads or plates should weigh no less than
200 Ib. May be used in tandem where working
space is available. For clean coarse-grained
soil, vibration frequency should be no less than
1,600 cycles per minute.

Vibrating pads or plates are available, hand-
propelled, single or in gangs, with width of
coverage from 1.5 to 15 ft. Various types of
vibrating-drum equipment should be
considered for compaction in large areas.

Grid Pattern
Roller

Towed by a tractor or dozer. Contact pressure
between 200 and 900 psi with 50% coverage.

Generates vibration, crushing, and impact
when towed at high speeds.

Crawler
Tractor or
Dozer

Vehicle with standard tracks having contact
pressure not less than 10 psi.

Tractor weight up to 85 tons.

Power Tamper
or Rammer

30-Ib minimum weight. Considerable range is
tolerable, depending on materials and
conditions.

Weights up to 250 Ib, foot diameter 4 to 10 in.
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Table 3-9  Applicability of Compaction Equipment to Different Soil Types

Typical compacted lift thickness (inches) for different compaction equipment
(compaction method indicated in parentheses)
A 0
]
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G ine-grained 8
> —
_g Water _retalnlng 61012 | 6t08 4 to
iC fills 6
General 161512 | 6108 | 6108 | 81012 [6t012 | 81010 | 61012 | 610 10 3to
coarse-grained 5
Dirty, 6 to
Pyooo > 8% 6to12 | 6to8 | 6t08 | 8to12 | 6to 12 61to 12 8
kS
£ | GWhbaseor 810 12 610 12 6012 4
o subbase
i
@ cl 3t
P ean, (o}
§ Pyono =4-8% 10 8to12 6t0o12 | 8to10 | 6to 12 | 6to 10 5
Gravel 81012 6to 12 61to 12 3;0
Durable rock up to 4 to
fill 36 6
All soils, difficult
access such as 4t06 2
trench backfill
3-4.5 Special Construction Conditions.
3-4.51 Rock Fill.

Rock fill should be placed and compacted to a dense state without large voids so that
overlying material will not settle or migrate into the rock fill. Rock fill can be placed in
compacted lifts up to 3 feet thick. In general, the compacted lift thickness should be at
least 1.5 times the largest particle diameter (TRB 1990). Dozers can be used to crush
oversized particles or rake them from the fil. Compaction should be performed with 10
to 20-ton vibratory rollers operating at about 20 to 25 Hz. Appropriate compaction is
typically achieved with about four to six roller passes, while additional passes pulverize
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the surface without increasing compaction. The rock fill fraction smaller than %4-inch
diameter should be near its optimum moisture content for best compaction (Breitenbach
1993).

Special attention should be given to the durability of rock fill as discussed in Section 3-
3.3.3. Nondurable rock should be treated similar to soil when used as fill. It should be
broken down during compaction such that the large voids are filled and particle
migration will be prevented if slaking occurs. This can be difficult if the shale is hard but
nondurable. Problematic shales often require use of a tamping foot roller to break the
particles followed by a large rubber-tired roller to compact the fill. Experience has
shown that good compaction with a lift thickness of 8 inches will result in no major
problems and few minor problems, regardless of the durability of the fill (FHWA 1978).

3-4.5.2 Retaining Wall Backfill.

As described in TRB (1990), lateral earth pressures on fill-type retaining walls depend
heavily on the type of soil used as backfill, the placement conditions, and compaction
methods. Prediction of these pressures is discussed in more detail in Chapter 4. If
possible, clean, free-draining soil should be used as retaining wall backfill. Material
substitutions should not be allowed for retaining wall backfill without approval of the
engineer. Frozen material should not be used as backfill.

Retaining wall backfill should be spread evenly in lifts of 6 to 8 inches or less,
depending on the size of the compaction equipment. The water content should be
controlled closely and kept near optimum to minimize the required compactive effort and
loading on the wall.

3-4.5.3 Cold Weather Considerations.

Experience and research have shown that adequate compaction of moist soil is very
difficult in freezing temperatures. The water in the soil has higher viscosity at low
temperature. Even coarse-grained soils require much higher compactive effort when
compacted near or below freezing. For example, Modified effort at 30° Fahrenheit
produces a lower dry unit weight than Standard effort at 74 deg Fahrenheit (TRB 1990).
In addition to difficulty compacting the soil, frozen soil may contain substantial moisture
in the form of ice. When this ice eventually thaws, the fill may be softened by the
additional moisture, leading to poor performance.

3-4.5.4 Trench Backfill.

Backfill within trenches (depth greater than width and width less than about 15 feet)
must be adequately compacted, even when poorly graded gravel, such as a #57
gradation, is used. Compaction in trenches can be difficult and requires special and/or
small equipment. In addition, OSHA safety considerations apply as described in
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Chapter 2. While sometimes it may be necessary to jet sand backfill into place around
utility pipes (Coduto et al. 2011), flooding of fill into trenches is not recommended (Holtz
et al. 2011). In trenches less than 3 to 4 feet wide, the backfill should be a clean sand
or gravel that can be easily placed in 6 to 12-inch thick compacted lifts at a high water
content. USACE (1995b) provides guidance on compaction in confined areas for water
retaining structures.

3-5 CONTROL OF COMPACTED FILLS.

Compaction improves all or most of the engineering parameters of a soil or rock fill (see
Figure 3-1) but is expensive both economically and environmentally. Thus, the decision
whether an adequate level of compaction has been achieved is a critical step in the
earthwork process (Coduto et al. 2011). This decision-making process is referred to as
quality assurance (QA) when completed by an entity other than the contractor and
quality control (QC) when completed by the contractor. Compaction control refers to the
QA process coupled with in-depth regulation of the earthwork process appropriate to an
owner’s representative.

Most of this section focuses on the quantitative aspects of field testing for compaction
control. However, the visual observations and simple measurements summarized in
Table 3-10 are just as critical to good compaction control. Field engineers monitoring
earthwork using these methods will stay active throughout the earthwork process
regardless of the number of compaction control tests performed.

3-5.1 Compaction Requirements.

The target level of compaction is typically defined using either end-result or method
specifications. The number and size of QA tests performed on an earthwork project is
always small with respect to the size of the fill (USBR 1987). For this reason, a well-
defined compaction procedure is required for adequate compaction control, regardless
of the type of specification used.

End-result specifications require that the fill be compacted to a minimum and/or average
dry unit weight and may include a limitation on the compaction water content. End-
result specifications may include a maximum lift thickness but allow the contractor
freedom in the selection of compaction methods and equipment. Because of soil
variability and the uncertainties in the construction process, the specified dry unit weight
is typically stated in terms of relative compaction or relative density as compared to an
applicable standard. Most often, compaction specifications use relative compaction
(Equation 3-3), which is applicable to soils with appreciable fines. For these soil types,
an acceptable range of relative water content (Equation 3-4) may also be specified.

Relative density (Equation 3-5) is sometimes used to determine the compaction of clean
coarse-grained soils. However, D, ranges from 0% to 100% over approximately the
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range of dry unit weights corresponding to R.C. of 80% to 100%. For this reason, D, is
much more sensitive to small changes in the field dry unit weight, and more variation
should be expected in the compaction control tests, if D, is used. A useful alternative
for clean coarse-grained soils is to use the relative compaction concept along with
ASTM D4253 as means of determining the maximum dry unit weight rather than the
Proctor compaction test.

Table 3-10 Simple Compaction Control Methods for Field Engineers
(after TRB 1990, USACE 1995a)

Compaction Variable to Monitor | Simple Control Method

Record equipment used to place and compact the soil, including equipment
model or weight.

Compactive effort Count and record number of passes of compactor.

Elevation of each test via global positioning system (GPS), conventional
surveying, or hand level and benchmark.

Regularly record visual soil description and classification (ASTM D2488). If
Soil type possible, have the field engineer help with laboratory characterization of fill
materials (i.e., Atterberg limits and Proctor tests).

Use Visual-Manual tests to assess proximity to Plastic Limit and optimum
water content (typically w,,; = PL - 2%%).

Excessively wet soil: Rubber-tired equipment will sink up to 50% of tire width.
Fill surface weaves or pumps in response to compaction equipment. Fill

Soil moisture remains stuck to the roller.

(soil with appreciable fines) Appropriate moisture: Rollers track in 3 to 4 inches on first pass but
progressively penetrates less deeply with each pass (i.e., walks out). Feet of
tamping foot rollers become clean after a few passes.

Excessively dry soil: Fill surface becomes hard and dry after a few passes.
Fill shows little or no response to weight of compaction equipment.

Soil with appreciable fines: Weaving and rutting indicates excessively wet soil
or excessively heavy compaction equipment. Some springing or deformation
Soil response to hauling and immediately under the equipment is expected.

compaction equipment Clean coarse-grained soils: Vibratory rollers should only push a small amount
of sail in front of the roller, otherwise the vibration frequency is incorrect, or
the material has too high of a fines percentage.

Soil with appreciable fines: Use T-Probe, Proctor needle, or pocket
penetrometer to obtain a semi-quantitative assessment of compacted fill.

The feel of the probe or measured values provide a site-specific correlation to
Penetration resistance level of compaction.

Clean coarse-grained soils: Press a boot heel into the compacted soil. The
heel will create a rotational general shear type of bearing capacity failure in
well-compacted soil. The heel will simply sink into poorly compacted soil.

Compaction method

Compacted lift thickness

Table 3-11 summarizes typical end-result compaction specifications in terms of relative
compaction for various purposes. These specifications can be modified to meet site-
specific conditions and materials. USBR (1987) requirements for earth dams are
summarized in Table 3-12 in terms of both relative compaction and relative density.
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Table 3-11 Typical Compaction Specifications for Soil with Appreciable Fines
Fill Used Typical » | Compacted . .
for: Min. R.C. | 4" | Lift Thick. | SPecial Requirements
Fill should be uniform. Blending or processing of borrow may
be required. For plastic clays, investigate expansion induced
100% 29 by saturation for various compaction moisture and densities at
Structural (D698) too Up to 12 loads equal to those applied by structure, to determine
Support 95% +29 inches condition to minimize expansion. Clays that show expansive
(D1557) ° tendencies generally should be compacted at or above
optimum moisture to a unit weight consistent with strength and
low compressibility required of the fill.
Lining for 95% 29 For thick linings, GW-GC, GC, and SC are preferable for
canal or (D698) too Upto 6 stability and to resist erosive forces. Single size silty sands
small 90% +29 inches with Pl less than five generally are not suitable. Remove
reservoir (D1557) ° fragments larger than 6 inches before compaction.
100% 29 Place coarsest borrow materials at top of fill. Investigate
Support of (D698) too N expansion of plastic clays placed near pavement subgrade to
pavements 95% +20, determine compaction moisture and unit weight that will
(D1557) ° minimize expansion and provide required soaked CBR values.
Where backfill is to be drained, provide pervious coarse-
grained soils. For low walls, do not permit heavy rolling
Backfill 95% 29 compaction equipment to operate closer to the wall than a
. (D698) ° Upto 8 distance equal to about two-thirds of the unbalanced height of
surrounding o to : fi h . f . .
structure 90% +29, inches ill at any time. For highwalls or walls of special deS|'gn,
(D1557) evaluate the surcharge produced by heavy compaction
equipment by the methods of Chapter 4 and specify safe
distances back of the wall for its operations.
Material excavated from the trench generally is suitable for
general trench backfill if it does not contain organic matter or
Upto 8 fuse. Th ted material is typically unsuitable for pi
inches for refuse. The excavated material is typically unsuitable for pipe
- o bedding. Instead bedding material is typically coarse-grained
Backfill in 95% o general . ) -
, 2% - . soil or controlled low-strength material (flowable fill). Where
pipe or (D698) sitework; o L
o o to free draining sand and gravel is utilized, the trench bottom
utility 90% o . .
+2% . may be finished flat and the granular material placed saturated
trenches (D1557) 12 inches or d d d the bi d ted by vibrati M
more for under and around the pipe and compacted by vibration. More
. stringent compaction requirements may be appropriate in the
pipelines . . .
upper foot of trenches, especially in pavement areas. Special
backfilling procedures may be required in seismic zones.
o Ordinarily, vibratory compaction equipment is utilized.
. 95% . . i .
Drainage Blending of materials may be required for homogeneity.
(D698) . . ; . !
blanket or 90% Wet Up 8 inches | Segregation must be prevented in placing and compaction.
filter 0 For compaction adjacent to and above drainage pipe, use
(D1557) . . h -
hand tamping or light travelling vibrators.
For uniform bearing or to break up pockets of frost susceptible
material, scarify the upper 8 to 12 inches of the subgrade, dry
or moisten as necessary and recompact. Certain materials,
such as heavily preconsolidated clays, which will not benefit
Structure 100% by compaction, or saturated silts and silty fine sands that
(D698) -2to become quick during compaction, should be blanketed with a
subgrade o - . ) :
excavation 95% +2 working mat of lean concrete or coarse-grained material to
(D1557) prevent disturbance or softening. Depending on foundation
conditions revealed in exploration, a substantial thickness of
loose soils may have to be removed below subgrade and
recompacted, or compacted in place by vibration, or pile
driving.
Water Core material and other impervious zones should be placed
retainin See Table 2-12 Upto 12 and compacted to create a homogeneous fill without horizontal
9 inches stratification. The compacted surface of each lift should be
structures . : - .
heavily scarified prior to the placement of the next lift.

A Relative water content, Aw = Wyeid — Wopr
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Table 3-12 Compaction Control Criteria for Compacted Earth Dams
(after USBR 1987)
Fraction Compaction Control Criteria (based on P4 fraction)
of soil . -
Material passing Height less than 50 ft Height greater than 50 ft
?::)leve Minimum Average AwA Minimum Average AwA
P#a>75% | RC>95% | R.C>98% R.C>98% R.C>100%
Soil with
. P = 75% -2% to
fairp])g;emable to 50% R.C>93% | RC=95% +2% R.C>295% R.C>98% -2% to 0%
P#a <50% | R.C>90% | R.C>93% R.C>293% R.C>95%
Fine sand,
Pys > 75% D, >75% D, >90% D, >75% D, >90%
Soil without | Medium Soil Soil should
appreciable | sand D, >70% D,>85% | should be D,>70% D, >85% be very
fines Pua > 75% very wet wet
Coarse
sand and D, >65% D, >80% D.>65% D, >80%
gravel

A Relative water content, Aw = Wyerd — Wopr

Method specifications require the contractor to use a particular earthwork process (i.e.,
placement, lift thickness, equipment type, water content, number of passes, etc.) that is
known to produce the desired result in the compacted fill. Method specifications are
most common for large projects and for locations or materials where the determination
of yasea is difficult, such as confined spaces or rock fills. The earthwork process in a
method specification is typically determined using a field test section, which is a smaller
scale embankment compacted using a variety of means and methods (see Section 3-
5.2). In some cases, special equipment can be specified based on experience with
local conditions and available fill materials.

3-5.2 Field Test Sections.

A field test section can be used to define a definite and appropriate compaction
procedure for a particular combination of site conditions and fill material. In some
cases, the field test section is used to develop a method specification. In other cases, a
test section may be used to refine the compaction procedure. An example of the field
test section process is shown in Figure 3-14. Combinations of the compaction
variables, such as water content, compaction equipment, lift thickness, and equipment
passes, are varied systematically. The results are typically plotted in terms of dry unit
weight and number of passes.

Test sections provide an opportunity for field-scale testing of the engineering
parameters of the fill material. Shelby tubes or block samples can be obtained from the
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compacted fill for laboratory shear strength, compressibility, or hydraulic conductivity
testing. Any differences in the field compacted parameters can be used to refine the
project design. Large double-ring infiltrometer tests (ASTM D3385) can be performed to
evaluate the field hydraulic conductivity of compacted fine-grained soils used as
seepage barriers. The results from these field tests can be used to select the
appropriate compaction procedure or can be correlated to laboratory tests, which can
be more easily performed.

A
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[ a8 o @ 'c E
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-
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Number of Passes
(Plan view)
- Compact Zones with Different Water
A B C Content, Equipment, and Lift Thickness

(Cross Section)

Figure 3-14 Schematic of Field Test Section Process

Field test sections are particularly important for rock fills (USACE 1994b), especially
those constructed with nondurable rock, such as shale. The compacted dry unit weight
of rock fill is time-consuming and expensive to determine and is often impractical to
regularly measure during earthwork. In addition, the engineering parameters of rock fill
are difficult to measure in the laboratory without altering the grain-size distribution. A
field test section allows some parameters, such as compacted hydraulic conductivity, to
be measured directly. It is not feasible to determine reference unit weights or void ratios
in the laboratory. The test section provides a quantitative basis for proper compaction
procedures in rock fill. While gradation tests are sometimes required before and after
compaction of a rock test fill to evaluate particle breakage (USACE 1994Db), a field test
section combined with a performance specification may eliminate the need for this
testing.
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Detailed guidance and examples of field test sections are provided in USACE (1994b).
The field test section should preferably be located near the quarry or borrow area for
economic reasons and should have a similar foundation as the planned fill. An effort
should be made to use similar means and methods to those anticipated in construction.
For example, fill material should only be temporarily stockpiled for the test section if
such stockpiling will occur during production. The geometry of the test section should
be carefully planned to include sufficient space for the various combinations of
compaction equipment, layer thickness, and water content. Space for traffic lanes and
side slopes must also be considered. Multiple side-by-side test sections have been
used successfully to reduce side slope requirements. At a minimum, settlement
measurements should be obtained using surveying after each roller pass. For rock fill
test sections, the dry unit weight of the fill may be measured occasionally. For soil test
sections, a combination of conventional field dry unit weight tests and intact samples
can be used to evaluate the compaction process and the properties of the compacted
fill.

3-5.3 Compaction Control Tests.

Compaction control tests are used directly with end-result specifications. In general, a
field measurement is made of the compacted dry unit weight (y4..z) and water content
(wrea) of the fill. The available methods for determining these values are discussed in
Chapter 2 of DM 7.1 (NAVFAC 2021). Some of the common methods are compared in
Table 3-13, especially focusing on the typical variability of each method. In all of the
studies used to collect this data, it is difficult to separate the effects of variability in the
compacted fill itself from variability in the measurement of .. and wyeia.

3-5.3.1 Control Test Methods.

The common methods for determining field dry unit weight or relative compaction tend
to have standard deviations of 1 to 2 pcf or 1% to 2%, respectively. This indicates that
the range in measured y; may be as high as 5 to 10 pcf, simply due to measurement
error. As noted in DM 7.1, the sand cone test is still regarded as the most accurate
method, provided the sand is new, dry, and well-calibrated and the technician is
experienced. However, McCook and Shanklin (2000) found that under field conditions
the sand cone has similar variability as the nuclear gauge, which was attributed to the
difficulty of calibrating the sand cone properly.

The time required to complete a compaction control test (summarized in Table 3-13) is
an important consideration in the selection of a method. The nuclear gauge is the
quickest method, being about six times faster than the sand cone. Because of its
relative speed, a larger number of nuclear gauge control tests can be performed in a
reasonable time period. Assuming the nuclear gauge is correctly calibrated, the use of
multiple nuclear gauge tests will substantially reduce the uncertainty in the measured
values of 7 s..« and wyea that results from either actual fill variability or the variability of

147



UFC 3-220-20
16 January 2025

the test method. Unfortunately, this perspective is not always appreciated, and the
speed of the test is simply used to permit faster construction.

Table 3-13 Comparison of Common Compaction Control Test Methods

Time Variability in Measurement

h&et?_“ond Comments Required . .

(ASTM) per Test Unit Weight or R.C. Water Content
Noorany et al. (2000) found this Reported variability differs
method to be more accurate than by study.

Sand drive cylinder or nuclear gauge but Noorany et al.):

cone still with an R.C. range of 5%¢. 30 t°t45 SD(R.C.)=1.5 t0 2%

(D1556) | McCook and Shanklin (2000) found | "o o° - These methods use
the method to be more variable and McCook and Shanklin: oven drylng (ASTM
to require more careful calibration. SD(ya)=1.4 to 5.8 pcf D2216) of field

samples. Reported
. ASTM 2167 indicates that | variability differs by
bRubber Tends to compress soft soils (may 15t0 30 two tests by same operator | study.
alloon not be an issue in well-compacted . ,
(D2167) | fill) leading to low unit weight minutes | shouldn’t vary by more
’ than 1 pcf. Noorany et al.:
ASTM 2937 SD(w)=0.1 to 0.5%

Drive Tends to be less accurate than sand SD(ya)y=2 pef _ McCook and Sha?klin:

oylinder | CON€ Of nuclear density gauge. 10to 15 | Noorany etal.: , SD(w)=1.3 to 3.6%

(D2937) Some soils may loosen during minutes | SD(R.C.)=1.5 to 2.5%
driving while others may compress. McCook and Shanklin:

SD(y4)=1.6 to 2.1 pcf
hility i SD(w)=0.3 to 1.0%
Direct transmission method is more bRyerS)tour(tjeyd variability differs o)
accurate than backscatter mode. ’ Higher values may be
Noorany et al. (2000) found higher Noorany et al.: observed if soil is
variability and up to 10% difference SD(R.C.)=1 to 3% variable.

Nuclear | inR.C. compared to the as- ASTM D6938:

gauge compagted value. McCook and 5 .to 10 SD(7)=0.3 to 1.2 pef Variability between

(D6938) Shgnklm (2000) found the method to | minutes for direct transmission two gauges and
be just as or more accurate than the SD(v) = 2 pef f operators is about
sand cone, provided a water content (%) petior twice as large as
correction is performed. Can have backscatter variability between
good repeatability but lack accuracy McCook and Shanklin: tests for the same
because of incorrect calibration. SD(7)=0.5 to 3.9 pcf operator and

equipment.

82':3;:;2 Commonly used as an alternative to McCook and Shanklin:

(ak.a oven-drying with displacement 5t0 10 NA SD(w)=1.6t0 2.1%

S o methods or as a field check to the minutes Sotelo et al. (2014):

peedy) nuclear gauge COV(w) =59

(D4944) gauge. W) =5%
License exempt nuclear device.

Measures moisture content using an

electronic probe, which is less Variability data not

accurate than the nuclear gauge. available. Accuracy is
eGauge | No backscatter option. Requires 51010 Troxler (2019) greatly improved

(D8167) | site-specific background radiation minutes SD(#)=0.3 pcf through use of soil-
calibration. Bursey et al. (2016) specific calibration or
found good relationship between moisture offset.
unit weights measured by the
eGauge and nuclear gauge.

Notes: SD(e) indicates the standard deviation of the variable,

COV/(e) indicates the coefficient of variation of the variable
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3-5.3.2 Control Test Frequency.

Minimum testing frequencies for different types of fill are summarized in Table 3-14.
Where the earthwork operation is large and employs a consistent procedure, the testing
frequency is low. In contrast, more frequent testing is required for small areas where
the compaction procedure is less regular. Multiple lifts should not be placed without
control testing. More frequent testing is also required at the beginning of the project as
the compaction procedure is becoming established (USACE 1995a). Some agencies
also require that record samples be obtained on a less frequent basis than the routine
control tests. Record samples are block or other intact samples of the fill that can be
used for laboratory shear strength or consolidation testing. For example, USACE
(1995a) requires record samples every 30,000 to 50,000 C.Y.

Table 3-14 Control Testing Requirements for Different Types of Fill
(after Hilf 1991, USBR 1998, USACE 1995a, Sowers 1979)

Type of Compacted Fill Minimum Testing Frequency
Mass earthwork / embankment 1 test/ 2000 C.Y.

Relatively thin sections, canals, and reservoir linings 1 test/ 1000 C.Y.

Pervious materials 1 test/ 1000 C.Y.

Large fill areas 1 test / lift / 10,000 to 20,000 ft2
Trench backfill and around structures 1test/ 200 C.Y.to 1 test/ 500 C.Y.
Small fill areas 2 to 3 tests / lift / area

Minimum for mass earthwork 1 test / shift

Areas of doubtful quality 1 test/ area

Instrumentation locations 1 test / instrument

Compaction control tests should be made at regions of doubtful quality, including
transitions between materials, areas where rollers turn, lifts that may be too thick, lifts
with improper water content, lifts compacted with insufficient roller passes or too light of
rollers, fill compacted with clogged rollers, fill containing oversize rock or minor frost,
and fill that is different from the average material. Such tests should be distinctly
labeled as different from the routine spot tests. Proof rolling can also be used to identify
doubtful regions but may be practical only for the final lift of an earthwork project or
below pavements.

3-5.3.3 Control Test Comparison to Reference Values.

The results of field spot tests are compared to reference values of yuma and wep, Or
minimum and maximum void ratios. The reference values can come from laboratory
compaction tests on the same soil or field test sections. More details on laboratory
compaction testing procedures are found in Chapter 3 of DM 7.1. It is common to
perform a series of these tests on the soils that are planned for use as fill, forming a set
of standard compaction curves for the project. An appropriate compaction curve is
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selected for each lift of fill by the field engineer based on visual classification and either
the relative compaction or relative density is calculated. During construction, additional
laboratory compaction tests should be performed on samples of the fill, depending on
the variability of materials.

Laboratory compaction tests can be supplemented by rapid, one-point compaction tests
that are performed in the field. A variety of procedures have been proposed (e.g., Hilf
1991, AASHTO T272). As shown in Figure 3-15, the compaction curves for a range of
soils tend to fall along a line of optimums for a particular compactive effort.
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Figure 3-15 Typical Soil Compaction for Field Verification — (a) One-Point Method
(after ODOT 2010) and (b) Typical Range of Compaction Curve Peak
(after ASTM D5080)

After performing a field compaction control test, the field engineer excavates soil from
the field test location. The excavated soil is compacted in accordance with the
appropriate test procedure (e.g., ASTM D698 or ASTM D1557), which results in a total
unit weight and water content. The » and w point is plotted on a family of typical
compaction curves (e.g., Figure 3-15a). The nearest typical curve is selected, or a
similarly shaped compaction curve can be interpolated. The values of 7;m« and w,,: are
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provided for the typical curves because these values do not correspond directly to the
peaks of the total unit weight curves. In order for the rapid compaction method to work,
the soil must be dry of optimum because the compaction curves merge together at
water contents above optimum. If it is necessary to provide clarity, a second specimen
can be compacted by wetting or drying another sample of the soil. Because compaction
characteristics depend on local geology and mineralogy, the families of typical
compaction curves are best obtained from the local experience of geotechnical
laboratories or from regional agencies, such as state departments of transportation.
The typical range of compaction curve peak values is provided in Figure 3-15b. When
using reference compaction values, field engineers must be careful to avoid choosing a
reference curve on the basis of allowing the field control test to pass.

In some cases, field determination of the minimum and maximum void ratios may be
required for evaluation of relative density. USACE (1995a) indicates that correlations
have successfully been developed based on the percent passing the #16 sieve.

3-5.4 Analysis of Compaction Control Test Data.

A regular, consistent procedure should be selected to report the results of compaction
control tests. At a minimum, the soil description, reference compaction curve, test
location and elevation, R.C. (or D,), and Aw should be reported along with the test
results. Each test result should be evaluated with respect to the project end-result
specification. Where a minimum average R.C. is specified, average values should also
be calculated for the interval specified or requested by the project engineer.

In addition to the evaluation of individual test results, analysis of the entire compaction
control data set will reveal general trends in compaction and may suggest the need to
alter compaction methods. Two simple methods can be used by the field or project
engineer: (1) plot the test results on the compaction plane with the reference
compaction curve and (2) tabulate the frequency of s and w (or R.C. and 4w). An
example of how these two methods can be combined is provided in Figure 3-16. The
results can be plotted in this manner either by hand or electronically.

Control tests plotted on the compaction plane should also include the S =100% curve
and the specification limits. Test points that are grouped near the edge of the limits
indicate a need to adjust either the water content, the compactive effort, or both. If test
results are grouped near the §=100% curve, the fill may be overcompacted and have
lower shear strength, even if the R.C. and water content meet the specification. This is
of particular concern for high embankments and earth dams (Turnbull and Foster 1956).
Test results that plot above the S = 100% curve are theoretically impossible and indicate
uncertainty in the control testing method, error in the compaction control test, or a
change in soil type and G, value used to plot the S=100% curve. Control tests with
calculated S > 100% should not be discarded categorically but should be evaluated
carefully (Schmertmann 1989).

151



UFC 3-220-20
16 January 2025

250 T T T T T T T Sample A

200 - A | Control Test Summary
>
§ 150 | . Yaemax = 129.5 pof
2 Wt = 9.5%
© 100 - .
L Number of tests: 1143

50 H H 8 Average y, = 127.7 pcf (98.6%)

= oL f_ 0,
. . D . . .DDD . . . Average w = 7.7% (-1.8%)
140 T T T T T T
0] Control Tests
— — —  Sample A Proctor
. Compliance Zone
G R.C. >95%
2 356 Light gray: -4% to +3% | B 4
= Dark gray: +/-2% —1
2 —
[
—
S
= ]
£ |
> 130 - 1 E | -
o \
o
17} |
S ]
©
o ]
£ 125+ 1 E o
o
o ]
—
120 1 1 1 1 1 1 1
2% 4% 6% 8% 10% 12% 14% 16% 0 20 40 60 80 100 120 140
Compacted moisture content Frequency

Figure 3-16 Graphical Analysis of Control Test Data

Tables or histograms of the frequency of j; and w can be used to understand the
distribution of the compacted properties. Once an adequate number of test results is
available (40 or more), the mean and standard deviation of j; and w (or R.C. and 4w)
can begin to be estimated from these distributions (see Chapter 7 for calculations).
Simple tabulation methods provided in Davis (1953) and USBR (1998) can be used to
create field histograms and cumulative distribution plots similar to those in Figure 3-16.
The standard deviation can be estimated knowing that about two-thirds of the data falls
within one standard deviation of the mean and 95% of the data falls within two standard
deviations of the mean (for a normal distribution).

The mean and standard deviation of R.C. help to evaluate the compactive effort being
used. Because a compacted fill will have variable compacted dry unit weight, the mean
or average R.C. must be above the minimum specified R.C. in order for all of the fill to
meet the specification. Standard deviations of R.C. for well-controlled compaction are
typically less than about 3%. Higher standard deviation indicates insufficient or erratic
compaction and improvement is required in the uniformity of moisture control,
compaction equipment weights and pressures, or level of equipment coverage.
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The mean and standard deviation of Aw help to evaluate moisture control. The mean
Aw should be close to the midpoint of the specified range of water contents. A standard
deviation of Aw of 1.5% or less is evidence of good moisture control. If the standard
deviation of Aw is more than 3%, the moisture control is erratic, and the borrow
materials may need to be better blended and moisture conditioned.

Variation in the y;m. and woy; Of the borrow may also lead to apparent variation in the
R.C. and Aaw. For example, Hilf (1991) considers two soils with similar mean properties,
a uniform aeolian soil and a more variable alluvial soil. The standard deviation of yumax
was 1.5 pcf for the aeolian soil and about 2.8 pcf for the alluvial soil. If this variation in
the reference compaction curve is ignored, the reported R.C. may have a larger
standard deviation than is actually present in the fill. This further emphasizes the
importance of obtaining regular samples for laboratory compaction testing and checking
with rapid compaction tests.

Some portion of the compaction control results will fall outside the specification limits.
Hilf (1991) presents a decision-making approach for determining if such tests indicate
an unacceptable compacted lift, which depends on the specification limits. An example
set of compaction specifications is plotted in Figure 3-17. In Hilf's approach, the first
control test is compared to the outer bounds of the specification. Tests are accepted if
the y; and w are both in the specified range and rejected if both y; and w are insufficient.
In regions with tests that indicate insufficient water content or y;, a retest is performed.
The retest may be compared to a tighter specification because the two control tests
provide a stronger statistical case for acceptance or rejection.

S (a) Accept, retest, | 5 (b) Accept and
033 and reject zones GBJ reject zones
et for first control test| = for retests
5 &, 5 A
o . - 9,
o ° o &
Accept
Accept
Yiwee [ — 7 — ——
Retest /‘i\ |
/ | '9@./ |
@\5‘/
RC min X ;V:/nm.\' | |
[
Reject | Acceptable | Retest Reject Reject |
Range of w | |
W Water content Water content

Figure 3-17 Two-Step Interpretation of Control Test Results (after Hilf 1991)
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In some cases, compaction control specifications include a mean relative compaction
that must be met or exceeded. This approach recognizes that some variability will
always exist within the compacted fill. It may be desirable to specify the mean R.C.

such that only a certain percentage of the fill will have a R.C. below a lower threshold.

In Table 3-15, the lower threshold is referred to as R.C.;o for which only 10% of the R.C.
values will be lower. Based on the selected value of R.C.;p and the estimated variability
of the fill, a mean relative compaction can be selected. For example, if it is desired to
have only 10% of the fill with R.C. less than 95%, the mean R.C. should be 100% for a fill
with medium variability.

Table 3-15 Statistical Approach to the Selection of Mean Relative Compaction
Requirements

. L Required Mean R.C. to Achieve Indicated Value of R.C.1¢
Fill Variability
R.C.10=90% R.C.10=93% R.C.10=95% R.C.10=98%
Low COV(R.C.) = 2% 92% 95% 97% 101%
Medium COV(R.C.) = 4% 95% 98% 100% 103%
High COV(R.C.) = 6% 97% 101% 103% 106%

Notes: R.C. ¢ = relative compaction for which only 10% of the values are lower. A sufficient number of
compaction control tests must be performed to adequately determine the mean R.C. A normal distribution has
been assumed for R.C. COV(R.C.) = coefficient of variation of relative compaction (see Chapter 7).

3-5.5 Compaction Control of Rock Fill.

In most cases, field test sections and method specifications should be used for the
primary control of rock fill (Breitenbach 1993). The test section establishes the number
of passes and particular equipment required to achieve suitable compaction of the rock
fill. Large-scale unit weight tests should be performed occasionally to verify the
compaction procedure. Such tests require an excavation with a diameter at least four
times greater than the maximum particle size and the removal of about 1000 to 2000
pounds of rock fill (Breitenbach 1993, Holtz et al. 2011).

3-5.6 Intelligent Compaction Systems.

Intelligent compaction (IC) systems are those which continuously monitor soil properties
from roller vibrations, provide automatic feedback to the roller vibration, and use GPS to
map the measurements to a GIS model of the site (NCHRP 2010). The rollers record a
measurement value (MV), which is an indicator of compaction to a depth of about 3 to 4
feet. Depending on the system and manufacturer, the MV may indicate soil stiffness,
modulus, or roller vibration characteristics.

NCHRP (2010) summarizes the interaction between the MV and soil/subgrade
conditions. The response of the soil below the roller is highly nonlinear. The MVs for
thin layers are substantially affected by different stiffness of the underlying soil. Many
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correlations between MV and soil parameters, such as dry unit weight and plate load
test moduli, are available.

Figure 3-18 illustrates the simplest manner in which intelligent compaction can be used
to monitor compaction. The MVs are plotted in plan view to identify weak or soft regions
in the fill based on low MV. Compaction control tests are performed on those regions.
A more advanced approach to IC monitors the change in the MV with subsequent
passes of the roller and compares this change to a specified threshold. Other methods
correlate the MV to field compaction control tests or laboratory tests in order to
determine threshold values of MV.

Roller response to soil stiffness measured
and spatially recorded in terms of
measurement value (MV)

Compacted Lift of Fill

Roller MV Data Plotted in Plan View

Spot-test measurements performed in
roller-identified areas with low MV are
compared to minimum target value

= Passing Tests
\ T o (0]
—\ 2 0 0
4 17« T
/ ﬁ o] 0o Target Value
/ B 0
/ & Failing Tests
| | | | | | |
| i | i | i |
l Low MV Il Medium MV [] High MV L

Spot-Test Number
O Spot-Test Measurement

Figure 3-18 Compaction Control Guided by Intelligent Compaction
(after NCHRP 2010)

3-5.7 Indirect Evaluation of Deep Fills.

Deep fills can be evaluated using subsurface exploration techniques as discussed in
Chapter 2 of DM 7.1 (NAVFAC 2021). In particular, soil borings with SPT, CPT
soundings, and geophysical surveys are useful to assess previously placed fills. In fill
constructed from fine-grained soil, Shelby tube samples can be obtained to measure the
dry unit weight of the fill. The water content of a fill can change after compaction, and
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samples obtained a significant time after compaction should be used with caution. A
major concern in the evaluation of deep fills is the ability to evaluate the uniformity of
compaction using widely spaced in situ testing.

Ground improvement can be used to densify deep fill (see Chapter 1 for specific
methods). In situ testing performed both before and after the ground improvement can
be used to measure its effect.

3-6 DESIGN OF EMBANKMENTS.

Proper design and satisfactory performance of embankments depend on a high-quality
subsurface exploration and laboratory characterization program. Chapter 2 of DM 7.1
and NCHRP (2018) provide in depth guidance on these topics. The major types of
embankments are illustrated in Figure 3-19 and are discussed in the following sections.

3-6.1 Primary Design Conditions.
3-6.1.1 Slope Stability.

The stability of embankment slopes is controlled primarily by the shear strength of the
fill and supporting foundation, the groundwater conditions, and the geometry of the
slope. Some soils are susceptible to softening from weathering, climatic effects, and
progressive failure. Changes in the properties of these soils with time must be
considered. Procedures for calculating slope stability can be found in Chapter 7 of DM
7.1. Guidance for the selection of appropriate shear strength parameters can be found
in Chapter 1.

3-6.1.2 Settlement.

Settlement of an embankment is caused by foundation consolidation, consolidation of
the embankment material itself, and secondary compression in the embankment after
its completion. Foundation consolidation occurs as a result of the weight of the
embankment fill. Chapter 5 of DM 7.1 summarizes methods to calculate foundation
settlement as well as procedures to decrease foundation settlement and/or accelerate
consolidation.

The compacted embankment may also experience consolidation. Significant excess
pore pressures can develop during construction of fills exceeding about 80 feet in height
or for lower fills of clays compacted wet of optimum. As these excess pore pressures
dissipate after construction, the embankment will settle. Settlements of about 1% to 2%
of the fill height are commonly experienced. Estimates based on past experience can
be made using the data in Figure 3-10. For earth dams and other high fills where
settlement is critical, construction pore pressures should be monitored by the methods
described in Chapter 2 of DM 7.1.
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Even for well-compacted embankments, secondary compression and shear strain can
cause slight settlements after completion. Normally, this is only of significance in high
embankments. This secondary compression typically is between 0.1% and 0.2% of the
fill height after three to four years and increases to 0.3% and 0.6% after 15 to 20 years.

The larger values are for clay soils.
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Figure 3-19. Schematics of Typical Embankment Design Sections (not to scale)
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3-6.2 Embankments on Stable Foundations.

A stable foundation for an embankment has low compressibility and is as strong or
stronger than the planned fill as shown in Figure 3-19(a). In this case, the stability of
the side slopes controls the design, which will be affected by the type of soil used to
build the fill and the seepage conditions. For slopes without significant seepage forces,
the appropriate side slope angle varies between 1.5H:1V and 3H:1V. Steeper slopes
are appropriate for compacted coarse-grained soils while flatter slopes may be required
for compacted clays. The geometry of slopes and berms is also controlled by
requirements for erosion control, maintenance, and mowing.

Special caution is required when constructing embankments from high plasticity clays.
These soils experience the detrimental effects of shrink-swell due to weathering and
moisture content changes, which leads to progressive failure and the development of
fully softened conditions. Appropriate side slope design for these soils depends on
selection of applicable fully softened shear strength parameters (Duncan et al. 2011,
Castellanos et al. 2015).

3-6.3 Embankments on Weak Foundations.

Embankments built over weak foundations must consider settlement and instability
through the foundation soil as indicated in Figure 3-19(b). Weak foundation soils may
need to be partially or completely removed or densified in situ.

A range of methods for addressing embankment foundation instability is illustrated in
Figure 3-20. Some approaches, such as slope reinforcement and flattening of side
slopes, will only improve slope stability but will not reduce settlement. Other methods
will improve both slope stability and settlement and include reducing the embankment
weight using lightweight fill, transferring the load to deeper strata, removing and
replacing problem materials, and implementing ground improvement. For cases where
settlement is primary concern, preloading methods with surcharges and vertical drains
are appropriate. Chapter 1 summarizes methods for addressing problem soils with
ground improvement. More comprehensive guidance can be found in FHWA (2017).

3-6.4 Reinforced Embankments.

Reinforced embankments are constructed by incorporating tensile reinforcement
horizontally between layers of compacted fill (Figure 3-19(c)). Most often, reinforced
soil slopes (RSS) use geosynthetic reinforcement. For embankments on stable
foundation, reinforcement improves stability within the embankment and allows steeper
side slopes. Over a weak foundation, reinforcement can be used to prevent instability
through the embankment and into the foundation soil. The reinforcement requires the
RSS embankment to act as a unit and effectively reduces the bearing pressure on the
weak foundation. Many column-supported embankments contain partial reinforcement
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in the lower lifts to help transfer load to the columns. Chapter 7 of DM 7.1 contains a
summary of RSS design, and a comprehensive coverage of the topic is found in FHWA
(2009). Where reinforcement is required in fill that is used as seepage barrier (i.e.,
earth dams), special compaction techniques are required for the layers adjacent to the
reinforcement (Gregory 1993)'6. Fiber admixtures can be used to repair shallow slope
failures and reinforce slopes (Gregory 2006, Hatami et al. 2018).
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. e  Chemical Admixtures
Reinforce or
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Stability Foundation -« Short Piles
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Figure 3-20 Methods to Address Foundation Instability
(after TRB 1990 and Holtz 1989)

16 Local regulations should be checked. Some jurisdictions do not allow reinforcement in earth dams and
other seepage barriers.
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Suitable performance of RSS depends on the performance of the reinforcement, which
in turn is related to the selection of appropriate fill material, installation of the
reinforcement, and careful earthwork practice. In general, fill for RSS should be coarse-
grained (less than 50% fines), and the fines should have a PI not exceeding 20.
Coarse-grained fill provides the relatively high shear strength desired for an RSS and
the high level of soil-reinforcement interaction required to develop the reinforcement
capacity. In order to prevent damage during earthwork, reinforcement should be
installed and fill should be placed according to the manufacturer’s specifications, at a
minimum. These specifications will include limitations on the types of equipment that
can operate on or near the reinforcement as well as appropriate lift thicknesses above
the reinforcement. Construction restrictions may also prevent turning and sudden starts
or stops of compaction equipment above the reinforcement. The manufacturer’s
specifications will also provide information about seams or overlap requirements.
Special care should be taken to align the reinforcement in the proper direction because
the properties are often direction dependent.

3-6.5 Deep and/or Valley Fills.

Relatively deep fills, as illustrated in Figure 3-19(d), experience settlement over time.
Settlement can be the result of consolidation of both the foundation and the
embankment fill itself. It can also be related to secondary compression over time. This
behavior is especially important for dams because the long-term crest elevation is a key
design consideration and for valley fills where the depth of the embankment varies
greatly through the cross-section. Duncan and Bursey (2006) found that valley fills tend
to experience 0.1% to 2% settlement in 50 years. Because the settlement is relative to
the thickness of the embankment, valley fills may experience significant differential
movement.

Over time, deep fills will experience changes in water content in response to the
surrounding climate and human activity such as irrigation. In the case of earth dams,
inundation will saturate some portion of the embankment. Shallow layers of compacted
fill may swell while deeper layers consolidate or collapse when wetted (Brandon et al.
1990). Thus, swelling behavior can further exacerbate differential movement.

Some amount of compression and differential movement is inevitable in deep fills.
Appropriate construction practice is the primary means of design to counteract these
effects (Coduto et al. 2011). The lower portions of deep fills should be built with a
higher specified relative compaction, which reduces the potential for further
consolidation. The compaction water content may also need to be varied with lower
water contents being more appropriate near the bottom of the fill. In shallower zones of
deep or valley fills, expansive fill should not be used, if at all possible. In all cases, deep
fills should be designed for some degree of wetting using methods such as those
proposed by Brandon et al. (1990) or Noorany and Stanley (1994).
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3-6.6 Earth Dam Embankments.

USACE (2004), USBR (2012), and Chapters 6 and 7 of DM 7.1 provide guidance on the
design of earth dams for stability and seepage under a variety of conditions, including
end of construction, steady state seepage, rapid drawdown, and seismic loading. Earth
dams may be homogeneous or zoned as illustrated in Figure 3-19(e). Considerations of
shear strength and hydraulic conductivity will control the both the cross-sectional
geometry of an earth dam embankment as well as the parameters required of the
engineered fill in each zone of the dam. This section focuses on the general properties
required of fill materials used for dams. The shear strength of compacted fill should be
characterized using laboratory testing on compacted specimens. The influence of
compaction on shear strength of compacted soil and rock is summarized in Section 3-
2.3.

With the exception of homogeneous dams, most earth dams have zones of both free-
draining soil with very high hydraulic conductivity (k) and nearly impervious soil with very
low k. Filter and drain zones with high & are used to intercept seepage through dams
and consist of sands and gravels with little fines. These zones should be kept free of
contamination with fines or the core soil during construction. Methods to estimate the
hydraulic conductivity of different types of soil and to design filters between zones can
be found in Chapter 6 of DM 7.1. In contrast, compacted fine-grained soils with low &
are used to retain water. Compacted fill for a dam core should be free of lenses,
pockets, or layers of pervious material, and successive lifts should be well bonded to
each other. If a borrow source contains more than 1% oversize by mass, it should be
removed prior to arrival on the earth dam embankment.

The soils selected for the zones of an earth dam must not erode under the seepage
forces to which they are subjected. This includes both external erosion at the surface of
the compacted fill as well as internal erosion of particles. The critical location for
seepage-induced external erosion is the downstream face of a homogenous
embankment. Internal erosion occurs as finer particles move into larger void spaces
and can be subdivided into scour, backward erosion piping (BEP), internal migration,
and internal instability (USBR and USACE 2019).

In the context of earth dams, scour refers to movement of soil particles by water flowing
along an unprotected interface, most often by concentrated leak erosion (CLE).
Concentrated leaks can occur through cracks or defects in fill and along unprotected
discontinuities, such as conduits through the fill and foundation defects or joints.
Selection of fill to resist CLE can be guided by the categories in Table 3-16. Figure
3-21(a) presents the typical gradation ranges of soils in the more resistant categories.
Soils that are susceptible to CLE include gap-graded soils and soils with a well-graded
flat tail, as shown Figure 3-21(b). Because CLE can occur at cracks within the fill itself,
the cracking resistance of fill should be considered for earth dams. Figure 3-21(c) can
be used to evaluate the likelihood of cracking.
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Table 3-16 Erosion Resistance Categories (after USBR and USACE 2019)

E’“‘ggt':;zi;ta“ce Applicable Soil Types
1 (best) CL, CH, and well-graded SC with P/ > 15, any compaction level
5 Well-graded with clay binder, 15 > PI > 6, any compaction level
Well-graded, coarse-grained, PI < 6, well compacted
Well-graded, coarse-grained, PI < 6, poorly compacted
3 (worst) Very uniform, fine sands, P/ < 6, any compaction level
Gap-graded soils, any compaction level

The mechanics of BEP and internal instability are discussed in detail in Chapter 6 of DM
7.1 along with guidance on the selection of fill materials for filters. In addition, the
diagonal lines shown on Figure 3-21 can be used as a preliminary assessment for
internal instability. If the grain size distribution curve of a soil has sections flatter than
the diagonal lines, the soil may be internally unstable. A summary of other methods for
evaluating the internal instability potential of soils can be found in USBR and USACE
(2019).

Dispersive clays are clay minerals that contain a high percentage of dissolved sodium in
the pore water and are very susceptible to erosion. Water flowing through holes and
cracks will quickly erode these clays. Dispersive clays can be identified using
laboratory methods, such as the double hydrometer (ASTM D4221), the analysis of
pore water extract (ASTM D4542), the pinhole test (ASTM D4647), or the crumb test
(ASTM D6572). Dispersive clays should not be used as fill in dam embankments
because they are very susceptible to internal erosion. Categories of dispersive
tendency and associated laboratory test procedures are summarized in Table 3-17.
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Figure 3-21 Concentrated Leak Erosion and Cracking Resistance of Fill Materials
(after Sherard 1953, Wan and Fell 2004)
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Table 3-17 Dispersive Tendency from Double Hydrometer, Pinhole and Crumb
Tests (after ASTM D4221, D4647, D 6572)

Percent Dispersion | Dispersive Classification by Pinhole Test
Di . by Double (ASTM D4647 Method B) Dispersive Grade by
ispersive
Hydrometer Applied Hole size Crumb Test
Tendency PP Cloudi
(ASTM D4221, Class | Head oudiNess | after test (ASTM D6572)
2018) (mm) from side (mm)
p Dark t Grade 4 — dense cloud of
. . 2um,nd ar (o) . .
LA S 50% colloids appears in water
Dispersive P 0 D 50 slightly dark 215 pp
Grade 3 — visible cloud of
Moderate to colloids appears in water
slightly 30% < Do <50y, | gp | 180to | Barely 215 .
dispersive Prym.a 380 visible Grade 2 — faint cloud of
colloids appears around
soil in water
P m,ne .
Nondispersive 2 < 30% ND 380 Clear <15 Grade 1 — no reaction to
Poyma water, soil may slake or
crumble, but no turbidity
P2umna = percent passing 2 um in soil-water suspension with no dispersant and minimal agitation.
P>uma = percent passing 2 um in soil-water suspension with dispersant in regular hydrometer
Note: Dispersive tendency was previously measured using the 5-micron particle size. The engineer should take
care comparing test results using the newer standard to historical guidelines and experience.

3-6.7 Side Hill Fills.

In areas with hilly or mountainous terrain, side hill fills are a commonly used method to
create level space for roads and structures. As shown in Figure 3-19(f), a side hill fill is
created by compacting fill on an existing slope with some of the fill material often
coming from an adjacent cut. Side hill fills are often prone to instability even when the
fill is appropriately compacted, leading to regular or seasonal slippage. While many of
these landslides are a maintenance nuisance, some cause serious damage or loss of
life. Conditions in the natural slope that typically lead to these problems include high or
fluctuating groundwater and relatively weak foundation materials, such as colluvial or
residual soils or degradable rock.

Although side hill fills can be problematic, they are often unavoidable, and appropriate
design guidelines are required. The typical problems suggest the primary design
considerations, and the side hill fill should be treated as a transition zone (TRB 1990).
First, groundwater control is essential. Drainage systems should be designed to
intercept groundwater seeping from the natural slope and to route surface water off the
fill (see Chapter 6 of DM 7.1). The drainage should prevent both the fill and the natural
soil below the fill from becoming saturated. Conservative groundwater levels, including
seasonal fluctuations, should be used in slope stability calculations. Second, the
interface between the compacted fill and natural slopes steeper than 3H:1V should be
benched prior to compaction. Benching allows all fill to be placed horizontally. More
importantly, the inclined interface between the new fill and the natural slope is removed,
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which reduces the potential for the fill to simply slide down the slope. This is especially
important for slopes where a thin layer of weak soil is present at the surface.

3-7 HYDRAULIC AND UNDERWATER FILLS.
3-71 Purpose and Use of Hydraulic Fill.

Since the advent of modern methods of excavation, transportation, and compaction in
the 1930s, hydraulic fill is used mostly in particular situations, such as underwater fill
and land reclamation. However, understanding the hydraulic fill process may prove
helpful for interpreting the behavior of existing structures, particularly old dams, built
with this method.

Hydraulic fill is a method of earthwork that uses water to excavate, transport, and place
fill. Soil can be excavated hydraulically with jets, dredging, or cutter heads. The soil-
water slurry is then pumped by pipe from the excavation site to the fill. Where ample
water is available and large fill quantities are required, the ability to economically
transport soil long distances is the main advantage of hydraulic fill. The slurry is
discharged from the transport pipe as illustrated in Figure 3-22, and the soil is deposited
at the hydraulic fill site, creating a fan with significant segregation and difference in the
slope of the fill (Sowers 1979). Removal or placement of soil by hydraulic methods
must conform to applicable water pollution control regulations. Fills that are excavated
conventionally and placed using water, such as puddled clay cores or sluiced rock fill,
can be classified as semi-hydraulic fill (USBR 1998).
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Figure 3-22 Hydraulic Fill lllustration (after Sowers 1979)
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3-7.2 Placement of Hydraulic Fill.

Hydraulic fill can be placed either on land or underwater. When used, hydraulic fill
should be placed in a manner that produces the required usable area while minimizing
environmental impact.

On land, hydraulic fills are commonly placed by pipeline but can also be created using
clam shells or draglines. When hydraulic fill is discharged from a pipe, it creates a fan
as the soil-water slurry spreads. The particles will segregate by size with the largest
particle settling first. The fill will be wide with slopes ranging from 5H:1V to 40H:1V.
Similar to underwater, dikes are required to create steeper slopes. The rate of flow can
be used to control the gradation of the fill. The fine particles will remain in suspension
for longer periods of time and can be removed if short sedimentation times are used
(Sowers 1979).

Hydraulic fill with steeper side slopes requires the use of a mixed sand and gravel fill
material or a control method during placement. Underwater slopes as steep as 3H:1V
or 2.75H:1V may be achieved by careful placement of fill containing about equal
amounts of sand and gravel. Berms or dikes of the coarse fill or large rock can be
created around the perimeter of the fill to confine it laterally. The voids in rock placed
underwater are filled with sand by sluicing to reduce compressibility and possible loss of
hydraulic fill into the rock.

3-7.3 Performance of Hydraulic Fills.

Coarse-grained soils with less than 15% non-plastic fines or less than 10% plastic fines
create the most satisfactory hydraulic fills. They cause the least turbidity during
placement, drain faster, and are more suitable for structural support than fine-grained
material. Relative densities of 50% to 60% can be obtained without compaction with a
coefficient of variation of about 25%. Allowable bearing pressures are in the range of
500 to 2000 psf depending on the level of permissible settlement. Coarse-grained
hydraulic fill may be variable and may contain zones of low permeability that develop
high pore water pressures under seismic loading (USBR 1998). Relative density,
allowable bearing pressure, and resistance to seismic liquefaction may be increased
substantially by the ground improvement methods described in Chapter 1.

Hydraulic fills constructed from soft fine-grained soils, such as bottom silts and clays
produced by maintenance dredging, will initially be placed at very high-water contents.
Depending on measures taken to induce surface drainage, it will take approximately 2
years before a crust sufficient to support light equipment is formed and the water
content of the underlying materials approaches the liquid limit. In order to allow more
rapid use, a 1 to 3 feet thick layer of coarse-grained fill can be spread above the fine-
grained hydraulic fill. This layer will improve the surface conditions rapidly so that they
can support surcharge fills, with or without vertical drains to accelerate consolidation.
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Care must be exercised in applying the surcharge so that the shear strength of the soil
is not exceeded.

Experience has been gained on existing hydraulic fill dams via field tests. At one dam
which was constructed by discharging slurry from pipes along the sides of the dam, the
resulting hydraulic fill consisted of a free-draining coarse-grained shell of gravelly silty
sand with a core of silty sand and sandy non-plastic silt.”” The shell was generally
loose to medium dense (N;,60 of 5 to 30 with mean of 17) with isolated zones of N; s
below 5. Effective stress friction angles were determined to be in the range of 31° to
34°. The loose zones in the shell were determined to have undrained steady state
shear strengths in the range of 150 to 500 psf. The hydraulic fill core was very loose to
loose (N1,60 below 5 with mean of 3), and the effective stress friction angle was
estimated and measured in the range of 29° to 32°. For undrained conditions, the core
behaved as a normally consolidated, fine-grained soil. Shear wave velocities from
seismic CPT mostly ranged from 400 ft/s to 800 ft/s and increased with depth (i.e.,
increased effective vertical stress). Based on these observations, new or existing
hydraulic fill can be evaluated using conventional in situ testing techniques provided the
engineer anticipates the spatial distribution of soil composition and relative density that
results from hydraulic fill placement.

3-7.4 Consolidation of Hydraulic Fills.

Coarse-grained hydraulic fills with high permeability and high coefficient of consolidation
will consolidate quickly and will gain shear strength as excess pore pressures dissipate.
Reasonable estimates of shear strength can be made based on estimated relative
density. Hydraulic fills with £ < 0.001 cm/s (fine sands and fine-grained soils) will take a
long time to consolidate, and prediction of the behavior of the completed fill will be
difficult. Settlement and pore pressure monitoring can be used to assess the state of
consolidation of the hydraulic fill under its own weight and that of any surcharge.
Settlement plates can be placed both on top of the underlying soil and within the
hydraulic fill to observe settlement rates and amounts.

After self-weight consolidation, a hydraulic fill will be normally consolidated and further
consolidation may be desirable. As noted by Sowers (1979), this compression can be
completed by various ground improvement methods. For coarse-grained soils, vibro-
compaction, pile driving, and blast densification can be used to increase relative
density. Vibration at the surface of the fill can be effective to depths of about 10 feet.
Silty hydraulic fills can be consolidated using well points.

7 Confidential location (personal communication)
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The consolidation of fine-grained hydraulic fills will depend on the properties of the
borrow material. Those derived from stiff clays will have a structure consisting of hard
clumps in a matrix of soft clay, making laboratory tests inapplicable. Hydraulic fills
derived from soft clays can be evaluated using one-dimensional consolidation tests.
The coefficient of compressibility (m,) of fine-grained hydraulic fills ranges from 3x10° to
5x10° 1/psf. In both cases, preloading of fine-grained hydraulic fills is effective to
reduce settlements. Pore pressure dissipation rates of hydraulic fills range from hours
to years depending on the sand content and cannot be estimated from laboratory tests
(Whitman 1970).

3-7.5 Underwater Fill.

Some projects require fill to be placed underwater, which poses unique challenges. In
most cases, experience with underwater fill placement has been limited to depths of
about 100 feet or less. Pollution control, including the use of turbidity curtains, is critical
during underwater fill construction.

Dredging is an important part of the underwater fill placement process similar to
subgrade preparation for conventional fill. Dredging can be used to remove unsuitable
soil, cut slopes in existing submerged materials, and clean the fill area. At a minimum,
the latter is required to remove settled fine-grained material resulting from the
construction activity (Johnson et al. 1972).

The primary methods of placing fill underwater are summarized in Table 3-18. The
placement method will be governed by the available equipment, the depth of water, and
the required side slopes. Fill quantities are tracked by bathymetric methods. The
effects of settlement during construction on the measured fill quantities should be
considered.

Control of underwater fill is typically completed using in situ testing techniques, such as
SPT or CPT. Testing should be completed as placement of the fill progresses,
particularly to check for unsuitable materials trapped below or within the fill. Samplers
can be used, if necessary, to obtain physical samples of the underwater fill. Experience
has shown that large, rugged sampling techniques are more effective than refined,
sophisticated ones (Bazett and Foxall 1972).

The relative density of underwater fill is typically up to 50% to 60% and is highly
variable. Zones of low relative density may be a concern for settlement under moderate
to heavy loads and for liquefaction. Vibro-compaction is the primary method used to
densify hydraulic and underwater fills after placement. Examples include dry docks
(Zola and Boothe 1960), dams (Hassouna and Shenouda 1970), and man-made
islands.
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Table 3-18 Methods of Underwater Fill Placement (after Johnson et al. 1972)

Method Characteristics Schematic
[
e Quick z v
o Relatively flat slopes unless retained by dikes or ! g \ 157
Bottom-dump sheet piles, slope angle flattens as water depth Dump ; g g - t
SCOWS increases Fil .
Boat drafts limit to minimum depth of about 15 ft Dike
Discharge of fill entraps air and limits segregation
Fill = Push, Jet, or
Slower Scoop
Fill pushed from deck by dozer, placed by rf\i_\,‘ v
Deck scows clamshell, or jetted from deck
e  Steeper sides achievable, slope angle flattens as
water depth increase
ki

e  Segregation between coarse and fine materials
occurs

Hydraulic fill e Fines may collect in low areas, requiring removal
May cause shear failures in soft foundation soils

e  More difficult to inspect

Place Fill by Sluice

Dike Dike

e Advance the central part of the fill first so that kv
Dump fill on softer bottom materials can be displaced
land and e Bulldozer blades can be used in shallow water to Original
push into the displace soft materials Ground
water e Fines in fill placed below the water accumulate in Push Soft
front of the advancing fill Materials
3-8 PROBLEM SOILS AND EARTHWORK.

Chapter 1 provides a summary of many types of problem soil conditions that can affect
the design of foundations and earth structures. Table 3-19 summarizes important
conditions for the design of earthwork in problem soils.
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Table 3-19 Problem Soil Considerations for Earthwork

Soil Type Primary Considerations for Earthwork Design

e Soft clays do not provide a stable platform for the compaction of fill. Solutions may include:
Soft Clavs o Mechanical stabilization with crushed stone, possibly reinforced with geogrid, or

¥ o Chemical stabilization of upper layer.

e Staged construction may be required to allow strength gain resulting from consolidation.
E;gt:%'sﬁ)\llaestlc e Compacted clay embankment soils may shrink and swell due to seasonal moisture changes,
Clap s and leading to progressive failure.
Shgles e Slope design should be based on fully-softened shear strength parameters.

e Earthwork loading can cause compression of natural collapsible soils, such as loess,
Collapsible especially if the earthwork is combined with changes in moisture content.
Soilsp e Compacted clays may have a collapsible structure if compacted dry of optimum, which can

be reduced by compacting wet of optimum. This consideration is especially important for
deep fills.

Sensitive Clays

e Earthwork loading of sensitive clays can cause deformations leading to remolding and
catastrophic failure.

e Design should maintain a high factor of safety, such that imposed shear stresses remain
below the peak shear strength at all points in the sensitive clay.

Residual and
Colluvial Soils

e Residual and/or colluvial soils are often problematic if left in place below side hill fills.

e May have lower shear strength compared to the compacted fill, creating a weak layer.

¢ Residual materials may have adverse planes of weakness, which can be addressed by
proper benching procedures.

Laterites

e  Provide poor support for embankments if loaded cyclically or exposed to flowing groundwater

Talus

e  Global stability should be considered for design of earthwork over talus deposits

Loose Sands

e Loose sands may not provide a stable platform for compacted fill, particularly if saturated
(see soft clays above).

e Significant compression should be anticipated due to embankment loading.

e In seismic zones, loose sands may present a liquefaction hazard for embankments.

o Where fine, loose sands are present in foundation or embankments, erosion potential should
be considered.

Glacial Till

e Problematic erosion may occur in sand and silt-sized glacial tills.

Organic Soils,
Peat, and
Muskeg

e Organic soils do not provide a stable platform for the compaction off fill (see soft clays
above).

e Organic soils are highly compressible and may experience substantial primary consolidation
and secondary compression from earthwork loading.

e Organic content of structural fills is often strictly controlled by specifications.

Dispersive Soils

e Dispersive soils are susceptible to internal erosion by flowing water, particularly when used
as seepage barriers in earth dams or levees.

e Use of dispersive clays in dams should be avoided, because they are very difficult to protect
even with well-designed filters.

Dredged Soils

e Most dredged soil deposits will be loose or soft and earthwork construction will require
considerations discussed above for soft clays or loose sands.

o Dredged material typically has a high water content, which would need to be lowered prior to
use as fill.

Low Plasticity
Silts and Clays

e Silts can be extremely unstable, both as a working platform for earthwork and within a fill.

e Some low plasticity lean clays (Pl in range of 9 to 15) have a high percentage (60 to 80%) of
silt-sized particles. Fill or subgrades constructed from these soils experience substantial
strength loss when wetted and lose ability to support pavements.

Municipal Solid
Waste

e Earthwork performed above MSW or in conjunction with landfills must consider the shear
strength and compressibility of the waste. Some correlations are available.
e Consideration should be given to changes in MSW properties with time.
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3-9 NOTATION.

Variable Definition

a Power function strength parameter defining the steepness of the curve

b Power function strength parameter defining the amount of curvature

aa Fill compression parameter controlling magnitude of compression with vertical effective stress

ba Fill compression parameter controlling nonlinearity of compression with vertical effective stress

c Total stress or undrained cohesion intercept

C. Coefficient of curvature from grain size analysis, a.k.a, coefficient of gradation

Cy Coefficient of uniformity

D, Relative density

Cmax Maximum void ratio

€min Minimum void ratio

G Specific gravity of solids

Gye Specific gravity of oversize fraction (particle size implied by oversize depends on the test method)

k Hydraulic conductivity

Ksat Hydraulic conductivity for saturated conditions

LL Liquid limit

m Weibull distribution parameter used for the effects of particle size on shear strength

my Coefficient of compressibility

Nieo Standard Penetration Test blow count corrected for overburden stress and efficiency

P, Atmopheric pressure

Pc Percent oversize fraction (particle size implied by oversize depends on the test method)

Pr Percent finer fraction (particle size implied by finer depends on the test method)

pH Quantitative measure of acidity

PI Plasticity index

PL Plastic limit

R Roughness factor used for operational strength of rockfill

R.C Relative compaction

S Degree of saturation
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Variable Definition

S/ O Undrained strength ratio

Vi Total volume

w Water content

we Water content of oversize fraction (particle size implied by oversize depends on the test method)
WF Water content of finer fraction (particle size implied by finer depends on the test method)
WE,opt Optimum water content of finer fraction

Wheld Water content of field compacted soil

Wopt Optimum water content associated with a particular compactive effort

Wi Weight of solids

wr Water content of the combined finer and oversize fractions

A¢' Parameter describing the change in effective friction angle with confinings

AV/VE Overall shrinkage factor

Aw Relative water content

y Total or moist unit weight

YdB Average dry unit weight of borrow material

YaF Dry unit weight of finer fraction (particle size implied by finer depends on the test method)
Y field Dry unit weight of field compacted soil

Yd.max Maximum dry unit weight associated with minimum void ratio

Yd.min Minimum dry unit weight associated with maximum void ratio

Yar Dry unit weight of the combined finer and oversize fractions

Yar field Dry unit weight of the combined finer and oversize fractions as compacted in the field

Tav Unit weight of water

@ Total stress friction angle

¢ Effective stress or drained friction angle

@ Effective stress friction at reference stress (typically one atmosphere)

y7, Mean value

o’ Effective consolidation stress

o’ Effective normal stress at failure
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Variable Definition
o Standard deviation
o Effective vertical stress
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CHAPTER 4. ANALYSIS OF WALLS AND RETAINING STRUCTURES
4-1 INTRODUCTION.

Earth retaining structures are among the oldest built structures in the history of
civilization. They are necessary to accommodate a change in grade or ground surface
elevation over a short distance. Earth retaining structures are also necessary in
harbors, shores, and riverbanks to allow easy access to water. Some of the first
technical papers in geotechnical engineering concerned theories for calculating earth
pressures for retaining structures (Coulomb 1776; Rankine 1857).

Although a myriad of types of earth retaining structures are part of 215t century civil
engineering construction, the basic earth pressure theories and major design elements
of these structures share common links.

This chapter presents the basic theories and principles behind the calculation of earth
pressure. The application of these theories and principles is illustrated for a variety of
retaining structures encountered in civil engineering construction.

4-2 DEVELOPMENT OF EARTH PRESSURES AND LOADS.

The earth pressures acting on buried structures, such as retaining walls, basement
walls, ground anchors, etc., are dependent on the relative movement between the
structure and the surrounding soil. In the simplest form, this is often shown as a buried
plate within a soil mass (Figure 4-1). If the plate or structure does not move, then the
pressures on the right side and left side of the structure are equal, and this is called an
at-rest earth pressure condition.’® In the at-rest earth pressure condition, the soil is not
in a condition of failure.

Z N\ , , MZANS /
Active Zone Passive Zone
\ /
\ | [D] /
\ et \lovement y s
\ 7~
\ - -~ <; Failure Surface
N\ —~

Figure 4-1 Influence of Movement on Active and Passive Earth Pressure Zones

18 This is also called a K condition or zero lateral strain condition.
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If a load is applied to the plate to move it toward the right, the soil to the right of the
structure is compressed horizontally, and the shear resistance of the soil is mobilized.

A passive earth pressure condition develops on the right side. On the left side of the
structure, the horizontal stress is decreased, and the soil is extended or stretched until
the shear resistance of the soil is mobilized. This is called an active earth pressure
condition. The figure also shows how a square element of soil would deform for each of
the cases. In the passive zone, the square element is compressed laterally, and in the
active zone, the square element is extended laterally. Provided the active and passive
conditions are fully developed, the soil is in a condition of failure in both the active and
passive zones.

A common parameter used in earth pressure calculations is the earth pressure
coefficient, K. The earth pressure coefficient is normally defined as the ratio of the
horizontal effective stress to the vertical effective stress at a point within the soil mass.
The earth pressure coefficient is occasionally assumed to be the ratio of the horizontal
total stress to the vertical total stress.'® In this chapter, K is defined as the ratio of the
effective stresses unless specifically stated otherwise.

4-2.1 At-Rest Earth Pressure.

For at-rest conditions, the earth pressure coefficient is defined as:

Ky=Zk (4-1)

where:

K, = at-rest earth pressure coefficient,
o', = horizontal effective stress, and
o’, = vertical effective stress.

For this equation to be valid, the soil mass must be in a state of zero lateral strain.
Within a soil mass, at-rest conditions normally require a horizontal ground surface and
the absence of surface loads of limited areal extent. At-rest conditions can exist when
there is a rigid boundary, such as a basement wall, that will satisfy the condition of zero
lateral or horizontal strain. For most applications, the horizontal and vertical stresses
are the major and minor principal stresses with the relative directions depending on the
value of K, (i.e., o/, = ¢/, if K, > 1 and o/, = o’;if K, < 1).

Standardized laboratory tests are not available to measure the value of K,. Some
special tests apparatuses have been developed to measure K|, (Filz 1992; Sehn 1990),

'® Total stress earth pressure coefficients can be useful for specifying earth pressures in numerical
analyses concerned only with total stresses.
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but these are not used in conventional engineering practice. The Menard
pressuremeter, the self-boring pressuremeter, and the Marchetti dilatometer have been
used to obtain an in situ measurement of K,, but these devices are not in common use
for the design of earth retaining structures.

The most common method used to determine K, is based on a correlation presented by
Mayne and Kulhawy (1982):

K,=(1-sing")-OCR™" (4-2)

where:

K, = at-rest earth pressure coefficient,

¢'= effective stress friction angle for normally consolidated conditions, and
OCR = overconsolidation ratio.

K, values are less than one for normally consolidated soils, and can range from about
0.3 to 0.8. For simple calculations, K, is often assumed to be equal to 0.5. In
overconsolidated soils, it is common for the value of K, to be greater than one,
indicating that the horizontal effective stress is greater than the vertical effective stress.

4-2.2 Rankine Active and Passive Earth Pressures.

Both the active and passive earth pressure coefficients represent the effective stress
ratio for a failure condition in the soil. The earth pressure coefficients K, and K are
best explained using Rankine’s (1857) earth pressure theory. Mohr circles representing
at-rest, active, and passive conditions are shown in Figure 4-2.

T

A

At-Rest Earth
Pressure
Mohr Circle Passive
Pressure
Mohr

Circle

oy =Kyo.—

Active
Pressure
Mohr
Circle

Figure 4-2 Mohr Circles for At-Rest, Rankine Active, and Rankine Passive
Stress States
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For the at-rest conditions, the Mohr circle is not tangent to the envelope; therefore, it
does not represent a condition of failure. The circle representing an active failure shows
that the horizontal stress is equal to K, multiplied by the vertical stress, and the Mohr
circle is tangent to the envelope. The circle representing the passive failure condition
shows that the horizontal stress is equal to Kr multiplied by the vertical stress. In the
active condition, the major principal stress (o’;) is vertical and the minor principal stress
(o’3) is horizontal. For the passive condition, the major principal stress (o’;) is horizontal
and the minor principal stress (o’;) is vertical. For both of these cases, the horizontal
stress is the earth pressure.

Rankine’s theory and the geometry of the Mohr circles shown in Figure 4-2 result in the
following equations for the active and passive earth pressure coefficients:

1-sing' '
Active: K, ==519" _ n2as-2) (4-3),
l+sing' 2
Passive: K, = 1+S%n¢ = tan’ (45+£ (4-4),
1—sing' 2
and
1
K, =— 4-5
X (4-5)
where:

K, = coefficient of active earth pressure,
Kp = coefficient of passive earth pressure, and
¢'= effective stress friction angle.

The Mohr circles in Figure 4-2 allow the horizontal effective stress to be predicted for
both active and passive conditions for the stresses at any point within the failure zone.
The horizontal pressures are calculated as:

Active: o', =K ,-c'.-2-¢"JK, (4-6)
and

Passive: o', =K, o' +2-¢c" K, (4-7)
where:

K, = coefficient of active earth pressure,

Kp = coefficient of passive earth pressure,

o’, = horizontal effective stress (earth pressure),
o’, = vertical effective stress, and

¢' = effective stress cohesion intercept.
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From Equations 4-6 and 4-7, the effective cohesion intercept theoretically decreases the
active earth pressure and increases the passive earth pressure. The value of ¢’ is
usually assumed to be zero for coarse-grained soils. Fine-grained soils that are
represented by a linear failure envelope may have a value of ¢', which is associated with
overconsolidation or compaction. These soils creep, shrink, and swell with time, and
the operating value of ¢’ can decrease or reach zero. For this reason, the changes to
the earth pressures caused by ¢’ are usually neglected for fine-grained soils.

4-2.3 Movement Required to Develop Active and Passive States.

An important consideration in earth pressure theory is the amount of movement
required to develop the active and passive earth pressure conditions. Much more
movement or displacement is required to develop the passive condition than the active
condition. This is particularly important in the design of earth retention structures or soil
anchors since both active and passive pressures affect the performance of the
structure. However, the amount of displacement of the structure might not be an explicit
parameter in the calculations.

Figure 4-3(a) illustrates the importance of wall movement on the development of active
and passive earth pressures. For active and passive pressures to fully develop, the wall
must translate laterally or tilt (rotate). The figure shows general trends developed from
experimental data linking the magnitude of the earth pressure coefficient to wall rotation,
expressed as the ratio of horizontal displacement (Y') to the wall height (H). Typical
magnitudes for different soil types are summarized in Figure 4-3(d). About five to ten
times more displacement is required to develop passive pressures than active
pressures.

The amount of displacement required to mobilize active and passive states also
depends on the soil type and compaction. Dense sands require less displacement than
loose sands. Compacted clays require five to ten times more movement than dense
sands.?® As noted in Figure 4-3(d), theoretical values of K4, and Kp can only be
sustained for short time periods by clay soils because of creep.

4-2.4 Earth Pressure Distributions and Loads.

Figure 4-3(b) and (c) illustrate the active and passive pressure distributions acting on a
retaining wall. The earth pressure is calculated over the depth of the backfill (). The
cases shown have horizontal backfill, no effective stress cohesion, and no friction
between the wall and backfill. The active and passive earth pressures result in
triangular pressure distributions.

20 The Rankine method for calculating earth pressures is more applicable to coarse-grained soils than
fine-grained soils. Other methods are recommended for calculating earth pressures of fine-grained soils.
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(a) Mobilization of Earth Pressure with Wall Rotation or Movement (b) Active Conditions — Wall
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** Under stress conditions close to

the minimum active or maximum

Soil Type and Condition Rotation 1717
yp Active Passive
Dense Sand 0.001 0.01
Medium Dense Sand 0.002 0.02
Loose Sand 0.004 0.04
Compacted Silt 0.002 0.02
Compacted Lean Clay** 0.01 0.05
Compacted Fat Clay** 0.01 0.05

passive pressure, clay soils will
creep continually. These levels of
movement will only temporarily
produce active or passive pressure.
With time, the active pressure will
approach the at-rest value, and the
passive pressure will approach about

Y = Horizontal Displacement and # = Height of the Wall

40% of the passive value.

Figure 4-3 Active and Passive Earth Pressure — (a) Mobilization with respect to
Wall Movement, (b) Active Earth Pressure Distribution and Load, (c) Passive
Earth Pressure Distribution and Load, and (d) Required Magnitude of Wall
Rotation for Various Soil Types (after Kim et al. 1991)
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The resultant force of the triangular pressure distribution is determined for the active
and passive cases as:

CH?
Active: P, =K ;- 4 5 (4-8)
and
CH?
Passive: P, =K, - 4 5 (4-9)
where:

P, = active earth pressure resultant force,
Pp=passive earth pressure resultant force,
y=unit weight of backfill soil, and

H = height of wall.

The equations shown above are for effective stress or drained analyses. The same
equations can be expressed for undrained or total stress analyses. For this case, total
stress strength parameters (c, ¢, or s.) are used in the equations, and the calculated
earth pressure is the total horizontal stress (g;,). There are some important issues
regarding the application of the Rankine method to undrained or total stress conditions,
which are discussed in Section 4-3.3.

Figure 4-4 shows earth pressure distributions for active and passive cases using the
Rankine theory. The application of the Rankine theory is generally limited to cases
where there is not any friction between the retaining wall and the soil (i.e., smooth wall)
and the backfill is horizontal although there are published techniques that can
accommodate inclined backfills.
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Figure 4-4 Earth Pressure Distributions for Active and Passive Rankine Cases

4-2.5

Rankine Method Examples.

Figure 4-5 shows an example for active pressure determination using the Rankine
method for the following conditions:

e horizontal backfill,

e uniform surcharge load (g),

e no wall friction,

e horizonal water surfaces on both sides of the wall, and
¢ homogeneous soil conditions with strength characterized by ¢’ and ¢'.

For this example, moist unit weights are used above the water table and buoyant unit
weights are used below the water table in order to calculate the correct vertical effective
stress. In this example, the earth pressure caused by the surcharge is greater than the
reduction in earth pressure due to the effects of cohesion, so the earth pressure at the
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ground surface is greater than zero. It is common to ignore the contribution of the
cohesion term in earth pressure calculations for additional conservatism.

Figure 4-6 has the same cross section as Figure 4-5, but the equations for passive
earth pressure are shown. The calculations are very similar to the active earth pressure
example (Figure 4-5).

Surcharge’ g Conditions:
* Horizontal backfill e Ground water level
(DY l l l ¥ e Uniform surcharge horizontal
T\J YRR 7K e Wall friction negligible e  Soil is homogeneous
o} ) ne e
- e ¢ a o __z Active earth pressures (s',) can be calculated by formula (See Note A):
E N =
See ? : _____ v AtA) Ou'=l]tan2(45—¢'/2)—2c'tan(45—¢'/2)
Note B ’
A Py AtB) g '=(g+y -z )tan” (45-¢'/2)=2¢ tan (45— ¢'/2)
4— P

\ AtC) 0'4'=(q+;/-zl +¥ -22)‘[;1112 (45—¢'/2)—20'tan(45—¢5'/2)
! AtD) o,'=(g+y-z,+5, -(zz+z3))tan2 (45-¢'/2)-2¢c'tan (45 -¢'/2)

In general, active earth pressure atany height= o '=o0" tan” (45 —¢ '/2) —2¢'tan (45 —-¢ '/2)
Net water pressure= u =y -z,

Note A — Cohesion term may be neglected. In no case should negative pressure be considered.
Note B — Inboard and outboard water levels may differ due to pumping, tidal fluctuation and lag, or cther reasons.

Figure 4-5 Rankine Active Earth Pressure Calculation for No Wall Friction and
Uneven Water Elevations

Conditions:
Surcharge, ¢ » Horizontal backfill e Ground water level
! s Uniform surcharge horizontal
YRGS AL e Wall friction negligible e Socil is homogeneous

_____ va Passive earth pressures ;' can be calculated as:
o e AtA) o'p =g Kp+2¢'VKr K, =tan®(45+ §'/2)
AtB) o' =(g+y-2)Kr+2¢'JKr

AtC) o' =(q+7 -+ 2)Kr +26'VKs

AtD) ¢ = [q+y~:1 +y(m+ )] Kp+20cJKp

In general, passive earth pressure at any height = ¢'» = ¢'. Kp + 2¢'Kp Net water pressure = u = x,z;

Inboard and outboard water levels may differ due to pumping, tidal fluctuation and lag, or other reasons.

Figure 4-6 Rankine Passive Earth Pressure Calculation for No Wall Friction and
Uneven Water Elevations
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4-2.6 Wall/Soil Interface Friction Angle.

The interface friction angle () between the wall and soil backfill can be an important
parameter in retaining wall analysis. The angle is equal to that obtained in a direct
shear apparatus when the bottom half of the shear box is the wall material (nhormally
concrete or steel) and the top half is soil. Tests can be conducted at pressures in the
same range as the earth pressures, and a linear envelope is fit through the data. In
geotechnical practice, these special direct shear tests are not often conducted, and the
value of Jis most often obtained from published data, such as that presented in Table
4-1. Typical o values for various combinations of wall materials and soil types are
provided. For clayey soils located at an interface, such as the bottom of a wall or
adjacent to a sheet pile, the resistance is termed the adhesion, C,.

Table 4-1 Interface Friction Angles and Adhesion Values for Wall/Soil
Interfaces

Interface friction Friction

Frictional Interface between Various Materials angle, 5 (deg) Factor (tan 5)

Mass concrete or masonry on the following foundation materials

Clean sound rock 35 0.7
Clean gravel, gravel-sand mixtures, coarse sand 29 - 31 0.55-0.60
Clean fine to medium sand, silty medium to coarse sand, silty or clayey 24 - 29 0.45-0.55
ravel
%Iean fine sand, silty or clayey fine to medium sand 19-24 0.35-0.45
Fine sandy silt, nonplastic silt 17-19 0.30-0.35
Very stiff and hard residual or overconsolidated clay 22 - 26 0.40 - 0.50
Medium stiff and stiff clay and silty clay 17-19 0.30-0.35
Steel sheet piles against the following soils
Clean gravel, gravel-sand mixtures, well-graded rock fill with spalls 22 0.40
Clean sand, silty sand-gravel mixture, single size hard rock fill 17 0.30
Silty sand, gravel or sand mixed with silt or clay 14 0.25
Fine sandy silt, nonplastic silt 11 0.20
Formed concrete or concrete sheet piling against the following soils
Clean gravel, gravel-sand mixture, well-graded rock fill with spalls 22 - 26 0.40-0.50
Clean sand, silty sand-gravel mixture, single size hard rock fill 17 - 22 0.30-0.40
Silty sand, gravel or sand mixed with silt or clay 17 0.30
Fine sandy silt, nonplastic silt 14 0.25

Various structural materials
Masonry on masonry, igneous and metamorphic rocks

Cleaned and scaled soft rock on cleaned and scaled soft rock 35 0.70
Cleaned and scaled hard rock on cleaned and scaled soft rock 33 0.65
Cleaned and scaled hard rock on cleaned and scaled hard rock 29 0.55

Masonry on wood (cross grain) 26 0.50

Steel on steel at sheet pile interlocks 17 0.30

Interface with Clayey Soils (Undrained shear strength) Adhesion C, (psf)

Very soft fine-grained soil (0 - 250 psf) 0-250

Soft fine-grained soil (250 - 500 psf) 250 - 500

Medium stiff fine-grained soil (500 - 1000 psf) 500 - 750

Stiff fine-grained soil (1000 - 2000 psf) 750 — 950

Very stiff fine-grained soil (2000 - 4000 psf) 950 - 1300
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4-3 ACTIVE AND PASSIVE EARTH PRESSURE FROM OTHER METHODS.

The values of K4 and Kp for the Rankine method, as presented in Equations 4-3 and
4-4, are solely a function of the drained friction angle, ¢'. Other methods of calculating
earth pressure coefficients, such as the trial wedge method developed by Coulomb
(1776) and the log spiral method summarized by Caquot and Kerisel (1948), are
available. With the trial wedge and log spiral methods, the effects of other factors, such
as sloping backfills and wall friction, can be accommodated, and these effects are
reflected in the values of the earth pressure coefficients. A gravity retaining wall with a
sloping backfill () and wall (&) is shown in Figure 4-7 for a case where the wall/soil
interface friction angle (o) is considered.

Forces

Pressures

o ﬂ

TRE 7

Figure 4-7 Gravity Retaining Wall with Sloping Backfill, Sloping Wall, and
Interface Friction Angle
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4-3.1 Coulomb Wedge Method.

Coulomb (1776) developed a limit equilibrium method for calculating the force applied to
a wall or anchor for the active and passive earth pressure conditions. This method,
along with other modifications of the method, analyzes the forces acting on an active or
passive failure wedge defined by a linear failure surface. The main differences between
the active and passive cases are the angle at which the resultant force acts on the wall
and the direction of the shear forces acting on the failure plane, owing to the difference
in the direction of movement of the wedge.

The Coulomb method has advantages over the Rankine method in that it can
accommodate:

irregular ground surfaces,

sloping wall faces,

irregular surcharge loads on the ground surface, and
interface friction between the wall and the soil backfill.

A Coulomb analysis can be performed as a graphical solution, chart solution, or
equations can be developed for direct calculations. Different failure surfaces are
analyzed until the maximum active force or minimum passive force is obtained. The
free body diagrams and force polygons for the active and passive conditions for cases
with and without wall friction are shown in Figure 4-8.

For the conditions given in Figure 4-8(a), Figure 4-9 provides values of K, and K for
different friction angles and backfill slopes, assuming ¢’= 0. Once the earth pressure
coefficient has been determined, then a resultant force (P4 or Pp) can be calculated
using the same procedure as used for the Rankine method (Equations 4-8 and 4-9).
Figure 4-10 allows the determination of the slope of the linear failure surface measured
from vertical ().

The active earth pressure load can be directly calculated for the more complex case of
a sloping wall face (&), sloping backfill (£), and interface friction angle (¢) as:

. cos’(¢'-6)

05 0-cos(0+ )| 1+ [SN@TO)sinG ') ’
cos(@+0)cos(d - )

(4-10)

where:

P4 = active earth pressure force,

y = unit weight of backfill soil,

H = wall height,

¢’ = effective stress or drained friction angle,

6 = slope angle of the wall face,

o = interface friction angle between wall and soil, and
3 = slope of backfill surface.
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(a) Active Wedge (no friction) Passive Wedge (no friction)
Py

w

For soil with ¢ and ¢', the position of the failure surface is determined by analyzing trial wedges to obtain a
maximum value of 7, or minimum value of .. The cases shown above involve the following assumptions:

1. Materials are homogeneous.

2. Sufficient movement has occurred so the shear strength on rupture surface is completely mobilized.

3. Wall is vertical. No shear forces are present on back of wall. Resultant forces are horizontal. Under these
conditions, resultant pressures are active and passive values, and rupture surface is a straight plane through
heel of wall. Effects of surcharge and groundwater pressures are not included.

(b) For ¢’ = 0 soils with sloping backfill and/or wall, values of K, and K,,, and conditions of failure are given below.

Active
v —I g
A /
i wi /
| // P_{=0.5-K'Av;/-Hz R w
H \g
-‘ // R ¢,l
r : _ cos’ (¢'- @)
H/3 P y ———
vy , cos"a.cos(mg)[HJS (9+0)sinp ﬁ)J
ANE oa=Rar cos (6 +5)cos(6-B)
Passive 4//\&[4/
e PP/'|
".l‘- r RN
. ‘ P=05K, y-H

cos’ (¢'+ 6’)

P cas> 9.905(95){1\/5i11(¢'+5)5in(¢‘+ﬁ)Jz

cos(@—é‘)cos(ﬂ—ﬁ)

Note: K, values are satisfactory for §./4'<0.4 but are
op=Kpy H unconservative for 6/4' > 0.4 and, therefore, should not be used.

Figure 4-8 Free Body Diagrams and Force Polygons for Coulomb Method for
Various Wall and Backfill Geometries
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K, & Kr = Active and Passive Earth Pressure Coefficients from Coulomb's Method
(No Wall Friction)
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H N . H
P, —> l Pp = Passive Resultant P,
H3 1 ) H/3

P =—KpyH*

* Z NS T W}’\WK

N

; Active P
Passive Pressure , 11 = Height of Wall ctive Pressure :
Kp— cosg' 7= Unit Weight of Soil K, - cos¢'
1—\/sin¢'(sin¢'+cos¢'tanﬂ) ¢’ = Eff. Friction Angle 1+ \/Singﬁ'(singé‘— cosg¢'tan )

/= Slope Angle

Figure 4-9 Values of K, and K, for the Coulomb Method for Vertical Walls with
No Wall Friction
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Inclination of Critical Failure Surface for Coulomb Method (No Wall Friction)

I +1bO=1I-

P Values of 6, (deg)
8
o
cl
_|L
w
~

170%.

28.0 20°=12.7

20 25 30 35 40 45

The angles shown correspond to the Friction Angle, Degrees
coefficients of active and passive ’
pressure given in Figure 4-7.

cota, =tang'+ \/l + tan? ¢'—%

tan 3
- ' 1 2 _
cotap = tan¢+\/ +tan< ¢ smgcosF

Failure ay & ap = Angle between
Plane P, critical failure
plane and vertical
[ Failure ¢ = Eff. Friction Angle
Or Plane = Slope Angle

Passive Pressure Active Pressure

Figure 4-10 Inclination of the Failure Plane for the Coulomb Method for Vertical
Walls with No Wall Friction
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The passive earth pressure load can be calculated as:
) cos’(¢'+0)
2
cos’ 9-c0s(9—5){1—\/sm(¢'+ 0)sin(¢'+ ﬂ)}

1
Ro=orH (4-11)

cos(@—9)cos(6 - p)

where:
Kp = passive earth pressure force.

For cases with surcharge loads, irregular backfill slopes, line loads, etc., the individual
forces in the free body diagram (FBD) should be calculated, and force equilibrium
should be used to find the values of P4 and Py for trial failure surfaces. In addition, for
active earth pressure cases where the wall is expected to settle a significant amount, it
may be necessary to reverse the direction of the shear force on the wall in the FBD.
This is called a negative 6 case, and the reversal of the direction of the shear force is
detrimental to wall stability.

4-3.2 Log Spiral Method.

One simplification of the Rankine and Coulomb methods is the assumption of a linear
failure plane. Experimental and numerical analysis have shown that the true failure
surface is curved instead of linear. The surface closely approximates a logarthmic
spiral. The linear and log spiral failure surfaces for the active and passive earth
pressure cases are shown in Figure 4-11. The difference in the failure planes is not
substantial for the active earth pressure case, but there is a considerable difference in
the passive case. If the Coulomb method is used to calculate the passive resistance of
an earth anchor, the resistance will be greatly overestimated compared to results using
the log spiral method. Much less soil is engaged by the true, log spiral surface
compared to the linear Coulomb surface. This is especially true as the interface friction
angle approaches the friction angle of the soil (i.e., 6/¢ > 0.4). Therefore, passive
pressure should be calculated using the log spiral method and not the Coulomb method.

Unfortunately, the calculations for the log spiral method are not as simple as for the
Coulomb method. Caquot and Kerisel (1948) provide tables of values of K, and K, for
different wall geometries and interface friction angles. Alqarawi et al. (2021) provide the
equations for using a spreadsheet to perform log spiral analysis calculations.
Alternatively, charts can be used to determine values of K, and K, for log spiral
solutions.
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— — — Linear (Coulomb)
------------ Actual (Log Spiral)
Passive
TR ——
—— ’:'-/—'/"—-_ - -

Figure 4-11 “Actual” and Linear Failure Planes for Active and Passive Earth
Pressure Cases for ¢’ = §= 30° (after Perloff and Baron 1976)

Figure 4-12 shows values of K, and K for the log spiral method for walls with a sloping
face and 6/¢ = 0.66 based on the published data of Kerisel and Absi (1990). Figure
4-13 is a similar chart for vertical-faced walls having a sloping backfill. 2'

The log spiral method is commonly used for cut walls, such as sheet pile or soldier pile
and lagging, where both K, and Kp are required. These walls are vertical and often
have no backslope. While /¢ = 0.66 is a common assumption, this type of design may
require K, for a different value of wall friction. For conditions with =0 deg and =0
deg, the value of K, can be approximated as:

In(K,)=In (%J{l 443 [gjsin¢'+ 1} (4-12)

where:

K, = log spiral passive earth pressure coefficient for =0 deg and £ = 0 deg,
¢’ = effective stress friction angle, and

o = wall-soil interface friction angle.

21|t is important to note that Figure 4-12 and Figure 4-13 differ significantly from the charts provided in the
1982 version of DM 7.2. Those charts used &/¢ = 1 along with reduction ratios for other values of friction
angle and 6/¢. The reduction ratios were averages that introduced substantial inaccuracy for some
cases. For this reason, a single value of §/¢' was selected to reproduce the charts.
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Figure 4-12 Values of K, and K, for the Log Spiral Method for a Sloping Wall with

a Horizontal Backfill (after Kerisel and Absi 1990)
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Figure 4-13 Values of K, and K, for the Log Spiral Method for a Vertical Wall with
a Sloping Backfill (after Kerisel and Absi 1990)
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Table 4-2 compares K, and Kr values calculated by the Rankine, Coulomb, and Log
Spiral methods for a range of friction angles and 6/ ¢’ values. Examining the active
case, the method and wall friction have little effect on the predicted K4. In most cases,
the Rankine method is appropriate for active condtions without sloping wall or backfill.
For the passive case, the earth pressure theory and wall friction have a large impact on
the magnitude of the predicted Kr. The log spiral Kp can be in the range of two to five
times higher than the Rankine value. This is especially important for the design of cut-
type retaining walls, such as sheet pile and soldier pile, that rely on passive earth

pressures for stability.

Table 4-2 Comparison of K4 and Kp Values for Earth Pressure Methods (/=6=0°)
Friction Active Passive
?:3;; sl ¢ Rankine Coulomb | Log Spiral Rankine Coulomb | Log Spiral
0 0.33 0.33 0.33 3.00 3.0 3.0
30 0.5 NA 0.30 0.3 NA (6.1) 5.3
1 NA 0.30 0.31 NA (10) 6.5
0 0.27 0.27 0.27 3.69 3.7 3.7
35 0.5 NA 0.24 0.25 NA (9.8) 8.0
1 NA 0.25 0.26 NA (23) 10.5
0 0.22 0.22 0.22 4.60 4.6 4.6
40 0.5 NA 0.20 0.2 NA (18) 12
1 NA 0.21 0.22 NA (92) 18
0 0.17 0.17 0.17 5.83 5.8 5.8
45 0.5 NA 0.16 0.16 NA (44) 20
1 NA 0.18 0.19 NA () 35

Note: Values in parentheses are unconservative applications of Coulomb theory and should not be used.

4-3.3

Presumptive Earth Pressure Coefficients and Equivalent Fluid
Pressures.

The earth pressures theories presented within this section are based on the shear
strength of the backfill material. Pressures imparted by water and other loads applied to
the backfill will be discussed in Section 4-4. A few additional factors that may impact
the loads applied to retaining structures are discussed below.

In particular, fine-grained soils can creep. There are many definitions for creep in the
geotechnical literature, but the term usually refers to a time-dependent deformation of a
soil at a constant effective stress. For structures constructed to retain fine-grained soils,
the active earth loads applied to the structure can increase over time to values that
significantly exceed the loads calculated by earth pressure theory. Similarly, passive
earth loads may decrease over time in fine-grained soils. For this reason, presumptive
earth pressure coefficients that empirically incorporate the effects of creep are often an

appropriate alternative to values based on earth pressure theory.
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In addition, the typical design and construction sequence imposes another practical
constraint on the calculation of earth pressures and loads. Gravity retaining walls are
often designed prior to the selection of a specific backfill material with well-defined
properties (e.g., ¢’ and ). In this case, presumptive earth pressure coefficients will be
just as accurate as design based on assumed values of ¢’ and y.

Presumptive values based on relative density and soil type are provided in Table 4-3 for
both at-rest and yielding wall conditions. These values can be used to account for the
effects of creep as well as the constraints of the design and construction process.

Table 4-3  Equivalent Fluid Unit Weights for At-Rest and Active Conditions for
Horizontal and Sloping Backfills (after Kim et al. 1991)

Level Backfill Sloping Backfill (2H:1V)
Rotation Rotation
Type of Soil At-Rest Y/H = 1240 At-Rest Y/H = 11240
Yoy Ko Tey K4 Yeq Ko Yeq K4
(pcf) (pcf) (pcf) (pcf)

Loose sand or gravel 55 0.45 40 0.35 65 0.55 50 0.45
Medium dense sand or gravel 50 0.40 35 0.25 60 0.50 45 0.35
Dense sand or gravel 45 0.35 30 0.20 55 0.45 40 0.30
Compacted silt (ML) 60 0.50 40 0.35 70 0.60 50 0.45
Compacted lean clay (CL) 70 0.60 45 0.40 80 0.70 55 0.50
Compacted fat clay (CH) 80 0.65 55 0.50 90 0.75 65 0.60

For the case of no backfill surcharge, the earth pressure applied to retaining structures
has a triangular pressure distribution. For this reason, it is often convenient to use the
equivalent fluid unit weight, y.,, to calculate earth pressures using the same
methodology as for hydrostatic fluids. The equivalent fluid unit weight is found as:

Yo =7 K (4-13)

where:
y = the unit weight of the backfill and
K = an appropriate earth pressure coefficient (at-rest or active).

Table 4-3 shows values of y., for horizontal and sloped backfills for different backfill soil
types. The effects of creep are reflected in the y., values for the clay backfill materials.
The choice of the value of the equivalent fluid unit weight should consider wall
movement and the potential of the backfill soil to creep over time. Since equivalent fluid
pressures are only an approximate method to calculate earth pressures, their use
should be limited to walls that are less than 20 feet tall.

A uniform surface surcharge (discussed in more detail in Section 4-4.2) can also be
considered using presumptive earth pressures. Using the appropriate values listed in
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Table 4-3, the horizontal earth pressure at the bottom of the wall, ¢, can be calculated
as:

ah=7/eq-z+K~q (4-14)

where:

Jeq = €quivalent fluid unit weight,

z = depth below ground surface,

K = horizontal earth pressure coefficient, and
g = uniform surcharge pressure.

4-3.4 Earth Pressure Examples for Complex Geometries.

A more complex active pressure problem is shown in Figure 4-14. In this case, the
surface of the backfill is uneven, and an irregular surcharge is present. Two different
soil types are present, and the contact between these soils is not horizontal. The
ground water table is not horizontal, which means it is a hydrodynamic case (e.g. water
is flowing). Friction between the wall and backfill will be considered.

The type of problem shown in Figure 4-14 is too complicated for the Rankine method,

and the Coulomb method must be used. In addition, the problem is too complex for the
Coulomb charts (Figure 4-9 and Figure 4-10), and different trial failure surfaces must be
analyzed by hand. The figure shows the FBDs and force polygons for two trial surfaces.

In this example, the moist unit weight should be used above the water table and the
saturated unit weight should be used below the water table when calculating the weight
of the wedge. The water pressure force, acting normal to the failure surface, must be
calculated. Since two soil types are present, the active wedge is subdivided into two
free bodies, with the vertical boundary between the free bodies defined by the location
where the layer interface crosses the failure plane. The forces acting on the vertical
boundary are assumed to be horizontal.

Figure 4-15 shows a passive pressure example with a cross-section very similar to
Figure 4-14. Since wall friction is considered in this example, it would be
unconservative to use the linear failure surface assumed by the Coulomb method.
Ideally, the log spiral method would be used to solve this problem. However, in this
example, a simpler procedure is adopted where the portion of the failure surface that
would normally be represented by a log spiral has been replaced with a circular arc.
Three free bodies are used in the example solution separated by two vertical
boundaries. One boundary between the free bodies has been defined where the
circular failure surface transitions into the linear failure surface. The second boundary is
located where the interface between the two layers intersects the linear failure surface.
The passive earth force for this example is determined by resolving the forces for the

196



UFC 3-220-20
16 January 2025

three force polygons. To determine the vertical location of the passive force on the wall,
moments should be summed about the toe of the wall.
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Figure 4-14 Coulomb Method Applied to a Complex Active Earth Pressure Case

For earth pressure problems that exhibit complex cross-sections, such as those in
Figure 4-14 and Figure 4-15, other methods can be used to determine the passive earth
pressure. Some limit equilibrium slope stability software can be employed to solve

earth pressure problems, and these programs can easily accommodate
layering and nonhorizontal contact surfaces. However, the results from
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should be carefully checked against hand calculations for simpler cross-sections to
verify that the user is correctly using the computer software. Also, finite element and
finite difference soil structure interaction software can be used to solve these types of
problems, but considerable skill is required to obtain meaningful results.
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Figure 4-15 Passive Earth Pressure Calculations Similar to the Log-Spiral
Method with a Circular Arc Replacing the Log Spiral Portion of the Failure Surface
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4-3.5 Use of Slope Stability Software for Earth Pressures.

Many of the procedures outlined thus far in this manual use the limit equilibrium
procedure to determine the forces acting on retaining structures. This is the same basic
analysis technique used by most slope stability software. In the hands of an engineer
skilled in its use, slope stability software can be used to find the earth forces acting on a
retaining structure for complex site conditions. This approach can accommodate more
scenarios than the equations and chart solutions normally used in engineering practice.
Situations where slope stability software can be particularly useful are:

1) The shear strength of the backfill soil is more accurately represented by a
nonlinear strength envelope as opposed to a linear failure envelope,

2) Hydrodynamic groundwater conditions (as opposed to hydrostatic conditions),
3) Layered soil stratigraphy,

4) Nonlinear failure surfaces in the backfill, and

5) Presence of tension cracks.

Slope stability software can be used for retaining wall analysis by applying the earth
pressure force as a line load on the structure at the approximate vertical location. The
trial slip surface can be forced to intersect a point at the heel of the wall. Next, the earth
pressure force is varied until a factor of safety of unity is achieved. The slope stability
method should solve all conditions of equilibrium, such as Spencer's method or the
Morgenstern and Price method.

Although the software manual may include examples of retaining wall analysis, the user
should be confident in their abilities to do this sort of analysis prior to attempting a
design. The results of simple example problems using log-spiral solutions should be
compared to computer solutions before more complicated strength models and
geometries are analyzed.

4-4 EARTH PRESSURES FROM OTHER SOURCES
4-41 Water Pressure Effects.

Water ponded on the interior of a retaining structure can apply substantial forces to the
structure. Water applies a triangular pressure distribution equivalent to a soil with a unit
weight of 62.4 pcf and an earth pressure coefficient of unity. The examples given in
Figure 4-5 and Figure 4-6 show the net water pressure distribution when there are
unequal water elevations on the front and back of the structure.

199



UFC 3-220-20
16 January 2025

Because of the large pressures that water can apply to walls, significant efforts are
required to prevent water from collecting behind retaining structures. Wall drainage
systems are presented in Section 4-5.2. Although water behind a wall creates
additional loading, there are many design cases where water loads on walls are
unavoidable. Many walls used in waterfront structures have an elevated water level on
the ground side compared to the water side. This is also often the case for lock
structures on navigable rivers. Sometimes, the drainage system behind a wall can be
overwhelmed by significant rainfall events, and the wall may experience potentially
damaging, albeit temporary, water loads. Clogging of drainage systems can also lead
to damaging water loads.

When the soil behind a wall becomes saturated, the pressure on the wall is controlled
by two factors. First, the earth pressure is reduced since the effective stress is
decreased. Instead of the total unit weight (), the buoyant or effective unit weight (5) is
used in the earth pressure equations for soils below the water table. The second effect
is that an additional load, supplied by the water pressure, is applied to the wall. Figure
4-16(a) shows combined influence of these two effects. The consequence of an
increasing water level is expressed as a ratio of the height of water (H,) to the height of
the wall (H). When H,, = H, the water level is at the ground surface. The relative
increase in the pressure applied to the wall is quantified in the upper right inset as the
ratio of the sum of the earth pressure and water pressure force divided by the earth
pressure force for H,, = H. As the friction angle increases, this ratio increases.

Figure 4-16(b) shows an analysis case demonstrating the effects of a large rainfall
event on the stability of a retaining wall that contains a drainage layer next to the wall.
Even with the drainage system installed, a large rainfall event can still increase the pore
pressure in the backfill. The flow net shows the head loss as a function of depth. For a
potential failure plane, oriented at the angle a4 (measured from vertical), the pore
pressure distribution can be calculated, and the resulting pore pressure force, U, can be
determined. The middle inset shows the ratio of the pore pressure force to the force
that would be applied for hydrostatic conditions for different failure plane angles. As the
angle of the failure plane increases, the relative water pressure force also increases.
The right inset shows the increase in the force applied to the wall, expressed as a ratio
of the force calculated from both soil and water for the rainfall event to the active earth
pressure force for the case of no water pressures. As the friction angle of the soll
increases, this ratio also increases.

For waterfront and riverfront earth retaining structures, active seepage can be occurring,
and this can compromise stability. Figure 4-16(c) shows a cantilever sheet pile wall
installed in a coarse-grained soil. The water levels are higher on the landside of the
wall than on the riverside; therefore, water flow is occurring from right to left. As shown
on the figure, the active and passive earth and water pressures should first be
calculated assuming conditions of “no flow.” Next, corrections to the active and passive
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pressures can be made to account for the seepage conditions. The correction factors
depend on the ratio of the length of the sheeting (H+D) to the depth of embedment and
the earth pressure coefficient. The development of the passive pressure occurs at a
much greater wall displacement than the active pressure. For cantilever walls, which
must include passive pressure, this can be accommodated by a reduction in the value
of Kr used in the analysis. Cantilever sheet pile design is covered in more detail in
Section 4-7.4.
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Figure 4-16 Effects of the Presence of Water on the Loads Applied to Walls for
Cases of (a) Static Water Pressure, (b) Extreme Rainfall Events on Walls with
Drainage Elements, and (c) Seepage Beneath a Cantilever Wall
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In some analysis methods, the seepage forces exerted on the soils on both sides of the
wall are accommodated. This is particularly an issue if hydrostatic water pressure
conditions are assumed to exist when calculating the earth pressures. A simple means
to do this involves modifying the unit weight of water based on the hydraulic gradient.
On the side of the wall with the highest phreatic surface, the water flow is downward,
and the unit weight of water is decreased resulting in higher earth pressures. On the
opposite side of the wall, the unit weight of water is increased, resulting in lower earth
pressures.

Water pressures can add an uplift force on the base of retaining walls which can be
detrimental to the wall stability. These are 