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1. Purpose. The purpose of this manual is to provide guidelines for calculation of
the bearing capacity of soil under shallow and deep foundations supporting various

types of structures and embankments.

2. Applicability. This manual applies to HQUSACE/OCE elements, major subordinate
commands, districts, laboratories, and field operating activities.

3. General. This manual is intended as a guide for determining allowable and ulti-
mate bearing capacity. It is not intended to replace the judgment of the design

engineer on a particular project.
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CHAPTER 1
INTRODUCTION
1-1. Purpose and Scope. This manual presents guidelines for calculation of the
bearing capacity of soil under shallow and deep foundations supporting various types

of structures and embankments. This information is generally applicable to
foundation investigation and design conducted by Corps of Engineer agencies.

a. Applicability. Principles for evaluating bearing capacity presented in
this manual are applicable to numerous types of structures such as buildings and
houses, towers and storage tanks, fills, embankments and dams. These guidelines may
be helpful in determining soils that will lead to bearing capacity failure or
excessive settlements for given foundations and loads.

b. Evaluation. Bearing capacity evaluation is presented in Table 1-1.
Consideration should be given to obtaining the services and advice of specialists
and consultants in foundation design where foundation conditions are unusual or
critical or structures are economically significant.

(1) Definitions, failure modes and factors that influence bearing capacity
are given in Chapter 1.

(2) Evaluation of bearing capacity can be complicated by environmental and
soil conditions. Some of these non-load related design considerations are given in
Chapter 2.

(3) Laboratory and in situ methods of determining soil parameters required
for analysis of bearing capacity are given in Chapter 3.

(4) BAnalysis of the bearing capacity of shallow foundations is given in
Chapter 4 and of deep foundations is given in Chapter 5.

c. Limitations. This manual presents estimates of obtaining the bearing
capacity of shallow and deep foundations for certain soil and foundation conditions
using well-established, approximate solutions of bearing capacity.

(1) This manual excludes analysis of the bearing capacity of foundations in
rock.

(2) This manual excludes analysis of bearing capacity influenced by seismic
forces.

(3) Refer to EM 1110-2-1902, Stability of Earth and Rockfill Dams, for
solution of the slope stability of embankments.

d. References. Standard references pertaining to this manual are listed in
Appendix A, References. Each reference is identified in the text by the designated
Government publication number or performing agency. Additional reading materials
are listed in Appendix B, Bibliography.




EM 1110-1-1905

30 Oct 92
TABLE 1-1
Bearing Capacity Evaluation
Step Procedure
1 Evaluate the ultimate bearing capacity pressure g, or bearing force Q,

using guidelines in this manual and Equation 1-1.

2 Determine a reasonable factor of safety FS based on available subsurface
surface information, variability of the soil, soil layering and strengths,
type and importance of the structure and past experience. FS will
typically be between 2 and 4. Typical FS are given in Table 1-2.

3 Evaluate allowable bearing capacity g, by dividing gq, by FS; i.e., 4, =
q,/FS, Equation 1-2a or Q, = Q,/FS, Equation 1-2b.

4 Perform settlement analysis when possible and adjust the bearing pressure
until settlements are within tolerable limits. The resulting design bearing
pressure g, may be less than gq,. Settlement analysis is particularly
needed when compressible layers are present beneath the depth of the zone
of a potential bearing failure. Settlement analysis must be performed on
important structures and those sensitive to settlement. Refer to EM
1110-1-1904 for settlement analysis of shallow foundations and embankments
and EM 1110-2-2906, Reese and O’Neill (1988) and Vanikar (1986) for
settlement of deep foundations.

1-2. Definitions.

a. Bearing Capacity. Bearing capacity is the ability of soil to safely carry
the pressure placed on the soil from any engineered structure without undergoing a
shear failure with accompanying large settlements. Applying a bearing pressure
which is safe with respect to failure does not ensure that settlement of the
foundation will be within acceptable limits. Therefore, settlement analysis should
generally be performed since most structures are sensitive to excessive settlement.

(1) Ultimate Bearing Capacity. The generally accepted method of bearing
capacity analysis is to assume that the soil below the foundation along a critical
plane of failure (slip path) is on the verge of failure and to calculate the bearing
pressure applied by the foundation required to cause this failure condition. This
is the ultimate bearing capacity q,. The general equation is

1 ) ’
a, = Clvccc + EBYH'NYCV + 0'Dl\écq (1-1a)
Q, = q,BW
where (1-1b)
dy = ultimate bearing capacity pressure, kips per sqguare foot (ksf)
Qu = ultimate bearing capacity force, kips
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c = soil cohesion (or undrained shear strength C,), ksf
B = foundation width, ft
W = foundation lateral length, ft
Ye = effective unit weight beneath foundation base within failure

zone, kips/ft?
(o 4 = effective soil or surcharge pressure at the foundation depth

D, Yg-D, ksf
Y5 = effective unit weight of surcharge soil within depth D,

kips/ft?

N.,N,,N, = dimensionless bearing capacity factors for cohesion ¢, soil
weight in the failure wedge, and surcharge g terms

Cc,Cy,Cq = dimensionless correction factors for cohesion, soil weight in
the failure wedge, and surcharge ¢ terms accounting for
foundation geometry and soil type

A description of factors that influence bearing capacity and calculation of 7y and
Y, is given in section 1-4. Details for calculation of the dimensionless bearing
capacity "N" and correction "{" factors are given in Chapter 4 for shallow
foundations and in Chapter 5 for deep foundations.

(a) Bearing pressures exceeding the limiting shear resistance of the soil
cause collapse of the structure which is usually accompanied by tilting. A bearing
capacity failure results in very large downward movements of the structure,
typically 0.5 ft to over 10 £t in magnitude. A bearing capacity failure of this
type usually occurs within 1 day after the first full load is applied to the soil.

(b) Ultimate shear failure is seldom a controlling factor in design because
few structures are able to tolerate the rather large deformations that occur in soil
prior to failure. Excessive settlement and differential movement can cause
distortion and cracking in structures, loss of freeboard and water retaining
capacity of embankments and dams, misalignment of operating equipment, discomfort to
occupants, and eventually structural failure. Therefore, settlement analyses must
frequently be performed to establish the expected foundation settlement. Both total
and differential settlement between critical parts of the structure must be compared
with allowable values. Refer to EM 1110-1-1904 for further details.

(e) Ccalculation of the bearing pressure required for ultimate shear failure
is useful where sufficient data are not available to perform a settlement analysis.
A suitable safety factor can be applied to the calculated ultimate bearing pressure
where sufficient experience and practice have established appropriate safety
factors. Structures such as embankments and uniformly loaded tanks, silos, and mats
founded on soft soils and designed to tolerate large settlements all may be
susceptible to a base shear failure.

(2) Allowable Bearing Capacity. The allowable bearing capacity dq, is the
ultimate bearing capacity q, divided by an appropriate factor of safety FS,

qa = _I'QT'T; (1—23)
Q. = % (1-2b)
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FS is often determined to limit settlements to less than 1 inch and it is often in
the range of 2 to 4.

(a) Settlement analysis should be performed to determine the maximum vertical
foundation pressures which will keep settlements within the predetermined safe value
for the given structure. The recommended design bearing pressure g O design
bearing force Q, could be less than q, or Q, due to settlement limitations.

(b) When practical, vertical pressures applied to supporting foundation soils
which are preconsolidated should be kept less than the maximum past pressure
(preconsolidation load) applied to the soil. This avoids the higher rate of
settlement per unit pressure that occurs on the virgin consolidation settlement
portion of the e-log p curve past the preconsolidation pressure. The e-log p curve
and preconsolidation pressure are determined by performing laboratory consolidation
tests, EM 1110-2-1906.

(3) Factors of Safety. Table 1-2 illustrates some factors of safety. These
FS’s are conservative and will generally limit settlement to acceptable values, but
economy may be sacrificed in some cases.

(a) FS selected for design depends on the extent of information available on
subsoil characteristics and their variability. A thorough and extensive subsoil
investigation may permit use of smaller FS.

(b) FS should generally be = 2.5 and never less than 2.

(¢) FS in Table 1-2 for deep foundations are consistent with usual
compression loads. Refer to EM 1110-2-2906 for FS to be used with other loads.

b. Soil. Soil is a mixture of irregularly shaped mineral particles of
various sizes containing voids between particles. These voids may contain water if
the soil is saturated, water and air if partly saturated, and air if dry. Under
unusual conditions, such as sanitary landfills, gases other than air may be in the
voids. The particles are a by-product of mechanical and chemical weathering of rock
and described as gravels, sands, silts, and clays. Bearing capacity analysis
requires a distinction between cohesive and cohesionless soils.

(1) Cohesive Soil. Cohesive soils are fine-grained materials consisting of
silts, clays, and/or organic material. These soils exhibit low to high strength
when unconfined and when air-dried depending on specific characteristics. Most
cohesive soils are relatively impermeable compared with cohesionless soils. Some
silts may have bonding agents between particles such as soluble salts or clay
aggregates. Wetting of soluble agents bonding silt particles may cause settlement.

(2) Cohesionless Soil. Cohesionless soil is composed of granular or coarse-
grained materials with visually detectable particle sizes and with little cohesion
or adhesion between particles. These soils have little or no strength, particularly
when dry, when unconfined and little or no cohesion when submerged. Strength occurs
from internal friction when the material is confined. Apparent adhesion between
particles in cohesionless soil may occur from capillary tension in the pore water.
Cohesionless soils are usually relatively free-draining compared with cohesive
soils.
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TABLE 1-2

Typical Factors of Safety

Structure FS
Retaining
Walls 3
Temporary braced excavations > 2
Bridges
Railway 4
Highway 3.5
Buildings
Silos 2.5
Warehouses 2.5%
Apartments, offices 3
Light industrial, public 3.5
Footings 3
Mats > 3
Deep Foundations
With load tests 2
Driven piles with wave equation analysis 2.5
calibrated to results of dynamic pile tests
Without load tests 3
Multilayer soils 4
Groups 3

*Modern warehouses often require superflat floors to
accommodate modern transport equipment; these floors
require extreme limitations to total and differential
movements with FS > 3

c. Foundations. Foundations may be classified in terms of shallow and deep
elements and retaining structures that distribute loads from structures to the
underlying soil. Foundations must be designed to maintain soil pressures at all
depths within the allowable bearing capacity of the soil and also must limit total
and differential movements to within levels that can be tolerated by the structure.

(1) Shallow Foundations. Shallow foundations are usually placed within a
depth D beneath the ground surface less than the minimum width B of the
foundation. Shallow foundations consist of spread and continuous footings, wall
footings and mats, Figure 1-1.

(a) A spread footing distributes column or other loads from the structure to
the soil, Figure 1-ia, where B < W < 10B. A continuous footing is a spread footing
where W > 10B.
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Figure 1-1. Shallow Foundations

(b) A wall footing is a long load bearing footing, Figure 1-1b.

(¢c) A mat is continuous in two directions capable of supporting multiple
columns, wall or floor loads. It has dimensions from 20 to 80 ft or more for houses
and hundreds of feet for large structures such as multi-story hospitals and some
warehouses, Figure 1-1lc. Ribbed mats, Figure 1-14, consisting of stiffening beams
placed below a flat slab are useful in unstable soils such as expansive, collapsible
or soft materials where differential movements can be significant (exceeding 0.5
inch) .

(2) Deep Foundations. Deep foundations can be as short as 15 to 20 ft or as
long as 200 ft or more and may consist of driven piles, drilled shafts or stone
columns, Figure 1-2. A single drilled shaft often has greater load bearing capacity
than a single pile. Deep foundations may be designed to carry superstructure loads

1-6
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through poor soil (loose sands, soft clays, and collapsible materials) into
competent bearing materials. Even when piles or drilled shafts are carried into
competent materials, significant settlement can still occur if compressible soils
are located below the tip of these deep foundations. Deep foundation support is
usually more economical for depths less than 100 ft than mat foundations.

(a) A pile may consist of a timber pole, steel pipe section, H-beam, solid or
hollow precast concrete section or other slender element driven into the ground
using pile driving equipment, Figure 1-2a. Pile foundations are usually placed in
groups often with spacings S of 3 to 3.5B where B is the pile diameter.

Smaller spacings are often not desirable because of the potential for pile
intersection and a reduction in load carrying capacity . A pile cap is necessary to
spread vertical and horizontal loads and any overturning moments to all of the piles
in the group. The cap of onshore structures usually consists of reinforced concrete
cast on the ground, unless the soil is expansive. Offshore caps are often
fabricated from steel.

(b) A drilled shaft is a bored hole carried down to a good bearing stratum
and filled with concrete, Figure 1-2b. A drilled shaft often contains a cage of
reinforcement steel to provide bending, tension, and compression resistance.
Reinforcing steel is always needed if the shaft is subject to lateral or tensile
loading. Drilled shaft foundations are often placed as single elements beneath a
column with spacings greater than 8 times the width or diameter of the shaft. Other
names for drilled shafts include bored and underreamed pile, pier and caisson.
Auger-cast or auger-grout piles are included in this category because these are not
driven, but installed by advancing a continous-flight hollow-stem auger to the
required depth and filling the hole created by the auger with grout under pressure
as the auger is withdrawn. Diameters may vary from 0.5 to 10 ft or more. Spacings
> 8B lead to minimal interaction between adjacent drilled shafts so that bearing
capacity of these foundations may be analyzed using equations for single shafts.
Shafts bearing in rock (rock drilled piers) are often placed closer than
8 diameters.

(c) A stone column, Figure 1-2c, consists of granular (cohesionless) material
of stone or sand often placed by vibroflotation in weak or soft subsurface soils
with shear strengths from 0.2 to 1 ksf. The base of the column should rest on a
dense stratum with adequate bearing capacity. The column is made by sinking the
vibroflot or probe into the soil to the required depth using a water jet. While
adding additional stone to backfill the cavity, the probe is raised and lowered to
form a dense column. Stone columns usually are constructed to strengthen an area
rather than to provide support for a limited size such as a single footing. Care is
required when sensitive or peaty, organic soils are encountered. Construction
should occur rapidly to limit vibration in sensitive soils. Peaty, organic soils
may cause construction problems or poor performance. Stone columns are usually not
as economical as piles or piers for supporting conventional type structures but are
competitive when used to support embankments on soft soils, slopes, and remedial or
new work for preventing liquefaction.

(d) The length L of a deep foundation may be placed at depths below ground
surface such as for supporting basements where the pile length L £ D, Figure 1-2a.




EM 1110-1-1905
30 Oct 92

D PILE CAP

[ \j
L ‘\fB
: OFTIMUM SPRCING 3B TO 3.5B

i 5 l MINIMUM SPACING 2,58

a. PILES

le

SPACING > 88

b. DRILLED SHRFTS '

4 &

GFeere B 3 T0 4.5
i 1 spacmc e TO W
i8] Cag

¢c. STONE COLUMNS

Figure 1-2. Deep foundations

(3) Retaining Structures. Any structure used to retain soil or other
material in a shape or distribution different from that under the influence of
gravity is a retaining structure. These structures may be permanent or temporary
and consist of a variety of materials such as plain or reinforced concrete,
reinforced soil, closely spaced piles or drilled shafts, and interlocking elments of
wood, metal or concrete.

1-3. Failure Modes. The modes of potential failure caused by a footing of width B
subject to a uniform pressure q develop the limiting soil shear strength 1T, at a
given point along a slip path such as in Figure 1-3a
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Figure 1-3. General shear failure
T, = ¢ + o,tand (1-3)
where

T, = soil shear strength, ksf
¢ = unit soil cohesion (undrained shear strength C,), ksf
0, = normal stress on slip path, ksf
¢ = friction angle of soil, deg

From Figure 1-3a, the force on a unit width of footing causing shear is gq, times
B, g, B. The force resisting shear is 1T, times the length of the slip path
'abc’ or T, ‘abc’. The force resisting shear in a purely cohesive soil is ¢ 'abc’
and in a purely friction soil o,tan ¢-‘abc’. The length of the slip path 'abc’
resisting failure increases in proportion to the width of footing B.

a. General Shear. Figure 1-3a illustrates right side rotation shear failure
along a well defined and continuous slip path ‘abc’ which will result in bulging of
the soil adjacent to the foundation. The wedge under the footing goes down and the
soil is pushed to the side laterally and up. Surcharge above and outside the
footing helps hold the block of soil down.
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(1) Description of Failure. Most bearing capacity failures occur in general
shear under stress controlled conditions and lead to tilting and sudden catastrophic
type movement. For example, dense sands and saturated clays loaded rapidly are
practically incompressible and may fail in general shear. After failure, a small
increase in stress causes large additional settlement of the footing. The bulging
of surface soil may be evident on the side of the foundation undergoing a shear
failure. In relatively rare cases, some radial tension cracks may be present.

(a) Shear failure has been found to occur more frequently under shallow
foundations supporting silos, tanks, and towers than under conventional buildings.
Shear failure usually occurs on only one side because soils are not homogeneous and
the load is often not concentric.

(b) Figure 1-3b illustrates shear failure in soft over rigid soil. The
failure surface is squeezed by the rigid soil.

(2) Depth of Failure. Depth of shear zone H may be approximated by
assuming that the maximum depth of shear failure occurs beneath the edge of the
foundation, Figure 1-3a. If y = 45 + ¢’'/2 (Vesic 1973), then

H = Btany , (1-4a)
=B ¢
H-—Btan(45+75) (1-4b)
where
H = depth of shear failure beneath foundation base, ft
B = footing width, ft
Yy = 45 + ¢'/2, deg
¢’ = effective angle of internal friction, deg
The depth H for a shear failure will be 1.73B if ¢’ = 30°, a reasonable

assumption for soils. H therefore should not usually be greater than 2B. If rigid
material lies within 2B, then H will be < 2B and will not extend deeper than the
depth of rigid material, Figure 1-3b. Refer to Leonards (1962) for an alternative
method of determining the depth of failure.

(3) Horizontal Length of Failure. The length that the failure zone extends
from the foundation perimeter at the foundation depth L, Figure 1-3a, may be
approximated by

(H+D) coty’ = (H+D)tany (1-5a)
(H+D) tan(45+%/) (1-5b)

L sh

L sh
where D 1is the depth of the foundation base beneath the ground surface and VY’ =
45 - ¢'/2. Lg = 1.73(H + D) if ¢’ = 30 deg. The shear zone may extend
horizontally about 3B from the foundation base. Refer to Leonards {(1962) for an
alternative method of determining the length of failure.

b. Punching Shear. Figure 1-4 illustrates punching shear failure along a
wedge slip path ‘abc’. Slip lines do not develop and little or no bulging occurs at
the ground surface. Vertical movement associated with increased loads causes
compression of the soil immediately beneath the foundation. Figure 1-4 also
illustrates punching shear of stiff over soft soil.

1-10
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Figure 1-4. Punching failure

(1) Vertical settlement may occur suddenly as a series of small movements
without visible collapse or significant tilting. Punching failure is often
associated with deep foundation elements, particularly in loose sands.

(2) TLocal shear is a punching-type failure and it is more likely to occur in
loose sands, silty sands, and weak clays. Local shear failure is characterized by a
slip path that is not well defined except immediately beneath the foundation.
Failure is not catastrophic and tilting may be insignificant. Applied loads can
continue to increase on the foundation soil following local shear failure.

¢. Failure in Sand. The approximate limits of types of failure to be
expected at relative depths D/B and relative density of sand D, vary as shown in
Figure 1-5. There is a critical relative depth below which only punching shear
failure occurs. For circular foundations, this critical relative depth is about D/B
= 4 and for long (L = 5B) rectangular foundations around D/B = 8. The limits of the
types of failure depend upon the compressibility of the sand. More compressible
materials will have lower critical depths (Vesic 1963).

1-4. Factors Influencing Ultimate Bearing Capacity. Principal factors that
influence ultimate bearing capacities are type and strength of soil, foundation
width and depth, soil weight in the shear zone, and surcharge. Structural rigidity
and the contact stress distribution do not greatly influence bearing capacity.
Bearing capacity analysis assumes a uniform contact pressure between the foundation
and underlying soil.

a. Soil Strength. Many sedimentary soil deposits have an inherent
anisotropic structure due to their common natural deposition in horizontal layers.
Other soil deposits such as saprolites may also exhibit anisotropic properties. The
undrained strength of cohesive soil and friction angle of cohesionless soil will be
influenced by the direction of the major principal stress relative to the direction
of deposition. This manual calculates bearing capacity using strength parameters
determined when the major principal stress is applied in the direction of
deposition.
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Figure 1-5. Variation of the nature of bearing capacity failure in sand with
relative density D, and relative depth D/B (Vesic 1963). Reprinted by
permission of the Transportation Research Board, Highway Research Record 39,
"Bearing Capacity of Deep Foundations in Sands" by A. B. Vesic, p. 136

(1) Cohesive Soil. Bearing capacity of cohesive soil is proportional to soil
cohesion ¢ if the effective friction angle ¢’ is zero.

(2) Cohesionless Soil. Bearing capacity of cchesionless soil and mixed "c-¢"
soils increases nonlinearly with increases in the effective friction angle.

b. Foundation Width. Foundation width influences ultimate bearing capacity
in cohesionless soil. Foundation width also influences settlement, which is
important in determining design loads. The theory of elasticity shows that, for an
ideal soil whose properties do not change with stress level, settlement is
proportional to foundation width.

(1) Cohesive Soil. The ultimate bearing capacity of cohesive soil of
infinite depth and constant shear strength is independent of foundation width
because c¢'‘’abc’/B, Figure 1-3a, is constant.

(2) Cohesionless Soil. The ultimate bearing capacity of a footing placed at
the surface of a cohesionless soil where soil shear strength largely depends on
internal friction is directly proportional to the width of the bearing area.
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¢. Foundation Depth. Bearing capacity, particularly that of cohesionless
soil, increases with foundation depth if the soil is uniform. Bearing capacity is
reduced if the foundation is carried down to a weak stratum.

(1) The bearing capacity of larger footings with a slip path that intersects
a rigid stratum will be greater than that of a smaller footing with a slip path that
does not intersect a deeper rigid stratum, Figure 1-3.

(2) Foundations placed at depths where the structural weight equals the
weight of displaced soil usually assures adequate bearing capacity and only
recompression settlement. Exceptions include structures supported by
underconsolidated soil and collapsible soil subject to wetting.

d. Soil Weight and Surcharge. Subsurface and surcharge soil weights
contribute to bearing capacity as given in Equation 1-1. The depth to the water
table influences the subsurface and surcharge soil weights, Figure 1-6. Water table
depth can vary significantly with time.

SURCHARGE SOIL
s WET UNIT WEIGHT

s g
Z_Ahi X2 D
I B ) SUBSURFACE SOIL
Kt
H

X4y

= WET UNIT UWEIGHT
SUBJECT TO SHERR

Ueut
MINIMUM DEPTH ___

TQ FRILURE SURFACE

Figure 1-6. Schematic of foundation system

(1) 1If the water table is below the depth of the failure surface, then the
water table has no influence on the bearing capacity and effective unit weights ¥';
and Y’y in Equation 1-1 are equal to the wet unit weight of the soils Y, and Y-

(2) If the water table is above the failure surface and beneath the
foundation base, then the effective unit weight ¢y’, can be estimated as

, DD
Yu = Yusus * _ﬁ%§*"Yw (1-6)

where

Yuss = Submerged unit weight of subsurface soil, Yy - Y., kips/ft®

Dy = depth below ground surface to groundwater, ft
H = minimum depth below base of foundation to failure surface, ft
Y = unit weight of water, 0.0625 kip/ft?

1-13
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(3) The water table should not be above the base of the foundation to
avoid construction, seepage, and uplift problems. If the water table is above the
base of the foundation, then the effective surcharge term ¢', wmay be estimated by

o), = ¥pD (1-7a)
, D-D
Yp = Yp - DGWT. v, (1-7b)
where
o) = effective surcharge soil pressure at foundation depth D, kst
Y, = unit wet weight of surcharge soil within depth D, kips/ft?
D = depth of base below ground surface, ft

(4) Refer to Figure 2, Chapter 4 in Department of the Navy (1982), for an
alternative procedure of estimating depth of failure zone H and influence of
groundwater on bearing capacity in cohesionless soil. The wet or saturated weight
of soil above or below the water table is used in cohesive soil.

e. Spacing Between Foundations. Foundations on footings spaced sufficiently
close together to intersect adjacent shear zones may decrease bearing capacity of
each foundation. Spacings between footings should be at least 1.5B, to minimize any
reduction in bearing capacity. Increases in settlement of existing facilities
should be checked when placing new construction near existing facilities.
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CHAPTER 2
NON-LOAD RELATED DESIGN CONSIDERATIONS

2-1. General. Special circumstances may complicate the evaluation of bearing
capacity such as earthquake and dynamic motion, scil subject to frost action,
subsurface voids, effects of expansive and collapsible soil, earth reinforcement,
heave in cuts and scour and seepage erosion. This chapter briefly describes these
applications. Coping with soil movements and ground improvement methods are
discussed in TM 5-818-7, EM 1110-1-1904 and EM 1110-2-3506.

2-2. Earthquake and Dynamic Motion. Cyclic or repeated motion caused by seismic
forces or earthquakes, vibrating machinery, and other disturbances such as vehicular
traffic, blasting and pile driving may cause pore pressures to increase in
foundation soil. As a result, bearing capacity will be reduced from the decreased
soil strength. The foundation soil can liquify when pore pressures equal or exceed
the soil confining stress reducing effective stress to zero and causes Jross
differential settlement of structures and loss of bearing capacity. Structures
supported by shallow foundations can tilt and exhibit large differential movement
and structural damage. Deep foundations lose lateral support as a result of
liquefaction and horizontal shear forces lead to buckling and failure. The
potential for soil liquefaction and structural damage may be reduced by various soil
improvement methods.

a. Corps of Engineer Method. Methods of estimating bearing capacity of soil
subject to dynamic action depend on methods of correcting for the change in soil
shear strength caused by changes in pore pressure. Differential movements increase
with increasing vibration and can cause substantial damage to structures.
Department of the Navy (1983), "Soil Dynamics, Deep Stabilization, and Special
Geotechnical Construction", describes evaluation of vibration induced settlement.

b. Cohesive Soil. Dynamic forces on conservatively designed foundations with
FS = 3 will probably have little influence on performance of structures. Limited
data indicate that strength reduction during cyclic loading will likely not exceed
20 percent in medium to stiff clays (Edinger 1989). However, vibration induced
settlement should be estimated to be sure structural damages will not be
significant.

c. Cohesionless Soil. Dynamic forces may significantly reduce bearing
capacity in sand. Foundations conservatively designed to support static and
earthquake forces will likely fail only during severe earthquakes and only when
liquefaction occurs (Edinger 1989). Potential for settlement large enough to
adversely influence foundation performance is most likely in deep beds of loose dry
sand or saturated sand subject to liquefaction. Displacements leading to structural
damage can occur in more compact sands, even with relative densities approaching
90 percent, if vibrations are sufficient. The potential for liquefaction should be
analyzed as described in EM 1110-1-1904.

2-3. Frost Action. Frost heave in certain soils in contact with water and subject
to freezing temperatures or loss of strength of frozen soil upon thawing can alter
bearing capacity over time. Frost heave at below freezing temperatures occurs from

2-1
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formation of ice lenses in frost susceptible soil. As water freezes to increase the
volume of the ice lense the pore pressure of the remaining unfrozen water decreases
and tends to draw additional warmer water from deeper depths. Soil below the depth
of frost action tends to become dryer and consolidate, while go0il within the depth
of frost action tends to be wetter and contain fissures. The base of foundations
should be below the depth of frost action. Refer to TM 5-852-4 and Lobacz (1986) .

a. Frost Susceptible Soils. Soils most susceptible to frost action are low
cohesion materials containing a high percentage of silt-sized particles. These
soils have a network of pores and fissures that promote migration of water to the
freezing front. Common frost susceptible soils include silts (ML, MH), silty sands
(sM), and low plasticity clays (CL, CL-ML).

b. Depth of Frost Action. The depth of frost action depends on the air
temperature below freezing and duration, surface cover, soil thermal conductivity
and permeability and soil water content. Refer to TM 5-852-4 for methodology to
estimate the depth of frost action in the United States from air-freezing index
values. TM 5-852-6 provides calculation methods for determining freeze and thaw
depths in soils. Figure 2-1 provides approximate frost-depth contours in the United
States.

c. Control of Frost Action. Methods to reduce frost action are preferred if
the depth and amount of frost heave is unpredictable.

(1) Replace frost-susceptible soils with materials unaffected by frost such
as clean medium to coarse sands and clean gravels, if these are readily available.

(2) Pressure inject the soil with lime slurry or lime-flyash slurry to
decrease the mass permeability.

3 567 7 65

Figure 2-1. BApproximate frost-depth contours in the United States.
Reprinted by permission of McGraw-Hill Book Company, "Foundation
Analysis and Design", p. 305, 1988, by J. E. Bowles
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(3) Restrict the groundwater supply by increased drainage and/or an
impervious layer of asphalt, plastic or clay.

(4) Place a layer of thermal insulation such as foamed plastic or glass.

2-4. Subsurface Voids. A subsurface void influences and decreases bearing capacity
when located within a critical depth D, beneath the foundation. The critical
depth 1s that depth below which the influence of pressure in the soil from the
foundation is negligible. Evaluation of D, is described in section 3-3b.

a. Voids. Voids located beneath strip foundations at depth ratios D./B > 4
cause little influence on bearing capacity for strip footings. B is the foundation
width. The critical depth ratio for square footings is about 2.

b. Bearing Capacity. The bearing capacity of a strip footing underlain by a
centrally located void at ratios D./B < 4 decreases with increasing load
eccentricity similar to that for footings without voids, but the void reduces the
effect of load eccentricity. Although voids may not influence bearing capacity
initially, these voids can gradually migrate upward with time in karst regions.

c. Complication of Calculation. Load eccentricity and load inclination
complicate calculation of bearing capacity when the void is close to the footing.
Refer to Wang, Yoo and Hsieh (1987) for further information.

2-5. Expansive and Collapsible Soils. These soils change volume from changes in
water content leading to total and differential foundation movements. Seasonal
wetting and drying cycles have caused soil movements that often lead to excessive
long-term deterioration of structures with substantial accumulative damage. These
soils can have large strengths and bearing capacity when relatively dry.

a. Expansive Soil. Expansive soils consist of plastic clays and clay shales
that often contain colleidal clay minerals such as the montmorillonites. They
include marls, clayey siltstone and sandstone, and saprolites. Some of these soils,
especially dry residual clayey soil, may heave under low applied pressure but
collapse under higher pressure. Other soils may collapse initially but heave later
on. Estimates of the potential heave of these soils are necessary for consideration
in the foundation design.

(1) 1Identification. Degrees of expansive potential may be indicated as
follows (Snethen, Johnson, and Patrick 1977):

Degree of Liquid Plasticity  Natural Soil
Expansion Limit, % Index, % Suction, tsf

High > 60 > 35 > 4.0
Marginal 50-60 25-35 1.5-4.0
Low < 50 < 25 < 1.5

Soils with Liquid Limit (LL) < 35 and Plasticity Index (PI) < 12 have no potential
for swell and need not be tested.
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(2) Potential Heave. The potential heave of expansive soils should be
determined from results of consolidometer tests, ASTM D 4546. These heave estimates
should then be considered in determining preparation of foundation soils to reduce
destructive differential movements and to provide a foundation of sufficient
capacity to withstand or isolate the expected soil heave. Refer to TM 5-818-7 and
EM 1110-1-1904 for further information on analysis and design of foundations on
expansive soils.

b. Collapsible Soil. Collapsible soils will settle without any additional
applied pressure when sufficient water becomes available to the soil. Water weakens
or destroys bonding material between particles that can severely reduce the bearing
capacity of the original soil. The collapse potential of these soils must be
determined for consideration in the foundation design.

(1) Identification. Many collapsible soils are mudflow or windblown silt
deposits of loess often found in arid or semiarid climates such as deserts, but dry
climates are not necessary for collapsible soil. Typical collapsible soils are
lightly colored, low in plasticity with LL < 45, PI < 25 and with relatively low
densities between 65 and 105 lbs/ft® (60 to 40 percent porosity). Collapse rarely
occurs in soil with porosity less than 40 percent. Refer to EM 1110-1-1904 for
methods of identifying collapsible soil.

(2) Potential Collapse. The potential for collapse should be determined from
results of a consolidometer test as described in EM 1110-1-1904. The soil may then
be modified as needed using soil improvement methods to reduce or eliminate the
potential for collapse.

2-6. Soil Reinforcement. Soil reinforcement allows new construction to be placed
in soils that were originally less than satisfactory. The bearing capacity of weak
or soft soil may be substantially increased by placing various forms of
reinforcement in the soil such as metal ties, strips, or grids, geotextile fabrics,
or granular materials.

a. EBarth Reinforcement. Earth reinforcement consists of a bed of granular
soil strengthened with horizontal layers of flat metal strips, ties, or grids of
high tensile strength material that develop a good frictional bond with the soil.
The bed of reinforced soil must intersect the expected slip paths of shear failure,
Figure 1-3a. The increase in bearing capacity is a function of the tensile load
developed in any tie, breaking strength and pullout friction resistance of each tie
and the stiffness of the soil and reinforcement materials.

(1) An example calculation of the design of a reinforced slab is provided in
Binquet and Lee (1975).

(2) Slope stability package UTEXAS2 (Edris 1987) may be used to perform an
analysis of the bearing capacity of either the unreinforced or reinforced soil
beneath a foundation. A small slope of about 1 degree must be used to allow the
computer program to operate. The program will calculate the bearing capacity of the
weakest slip path, Figure 1-3a, of infinite length (wall) footings, foundations, or
embankments.
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b. Geotextile Horizontal Reinforcement. High strength geotextile fabrics
placed on the surface under the proper conditions allow construction of embankments
and other structures on soft foundation soils that normally will not otherwise
support pedestrian traffic, vehicles, or conventional construction equipment.
Without adequate soil reinforcement, the embankment may fail during or after
construction by shallow or deep-seated sliding wedge or circular arc-type failures
or by excessive subsidence caused by soil creep, consolidation or bearing capacity
shear failure. Fabrics can contribute toward a solution to these problems. Refer
to TM 5-800-08 for further information on analysis and design of embankment slope
stability, embankment sliding, embankment spreading, embankment rotational
displacement, and longitudinal fabric strength reinforcement.

(1) Control of Horizontal Spreading. Excessive horizontal sliding,
splitting, and spreading of embankments and foundation soils may occur from large
lateral earth pressures caused by embankment soils. Fabric reinforcement between a
soft foundation soil and embankment fill materials provides forces that resist the
tendency to spread horizontally. Failure of fabric reinforced embankments may occur
by slippage between the fabric and fill material, fabric tensile failure, or
excessive fabric elongation. These failure modes may be prevented by specifyng
fabrics of required soil-fabric friction, tensile strength, and tensile modulus.

(2) Control of Rotational Failure. Rotational slope and/or foundation
failures are resisted by the use of fabrics with adequate tensile strength and
embankment materials with adequate shear strength. Rotational failure occurs
through the embankment, foundation layer, and the fabric. The tensile strength of
the fabric must be sufficiently high to control the large unbalanced rotational
moments. Computer program UTEXAS2 (Edris 1987) may be used to determine slope
stability analysis with and without reinforcement to aid in the analysis and design
of embankments on soft soil.

(3) Control of Bearing Capacity Failure. Soft foundations supporting
embankments may fail in bearing capacity during or soon after construction before
consolidation of the foundation soil can occur. When consolidation does occur,
settlement will be similar for either fabric reinforced or unreinforced embankments.
Settlement of fabric reinforced embankments will often be more uniform than non-
reinforced embankments.

(a) Fabric reinforcement helps to hold the embankment together while the
foundation strength increases through consolidation.

(b) Large movements or center sag of embankments may be caused by improper
construction such as working in the center of the embankment before the fabric edges
are covered with fill material to provide a berm and fabric anchorage. Fabric
tensile strength will not be mobilized and benefit will not be gained from the
fabric if the fabric is not anchored.

(¢) A bearing failure and center sag may occur when fabrics with insufficient
tensile strength and modulus are used, when steep embankments are constructed, or
when edge anchorage of fabrics is insufficient to control embankment splitting. If
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the bearing capacity of the foundation soil is exceeded, the fabric must elongate to
develop the required fabric stress to support the embankment load. The foundation
soil will deform until the foundation is capable of carrying the excessive stresses
that are not carried in the fabric. Complete failure occurs if the fabric breaks.

c¢. Granular Column in Weak Soil. A granular column supporting a shallow
rectangular footing in loose sand or weak clay will increase the ultimate bearing
capacity of the foundation.

(1) The maximum bearing capacity of the improved foundation of a granular
column supporting a rectangular foundation of identical cross-section is given
approximately by (Das 1987)

qu=Kp[ch+2(1 + %)Cu] (2-1)
where
. . . 1 + sing

= i —‘_—"J
K, Rankine passive pressure coefficient, 1 - sind,
¢, = friction angle of granular material, degrees
Y. = moist unit weight of weak clay, kip/ft?
D = depth of the rectangle foundation below ground surface, ft
B = width of foundation, ft
L = length of foundation, ft
C, = undrained shear strength of weak clay, kst

Equation 2-1 is based on the assumption of a bulging failure of the granular
column.

(2) The minimum height of the granular column required to support the footing
and to obtain the maximum increase in bearing capacity is 3B.

(3) Refer to Bachus and Barksdale (1989) and Barksdale and Bachus (1983) for
further details on analysis of bearing capacity of stone columns.

2-7. Heaving Failure in Cuts. Open excavations in deep deposits of soft clay may
fail by heaving because the weight of clay beside the cut pushes the underlying clay
up into the cut, Figure 2-2 (Terzaghi and Peck 1967). This results in a loss of
ground at the ground surface. The bearing capacity of the clay at the bottom of the
cut is CN.. The bearing capacity factor N, depends on the shape of the cut. N,
may be taken equal to that for a footing of the same B/W and D/B ratios as
provided by the chart in Figure 2-3, where B is the excavation width, W 1is the
excavation length, and D is the excavation depth below ground surface.

a. Factor of Safety. FS against a heave failure is FS against a heave failure
should be at least 1.5. FS resisting heave at the excavation bottom caused by
seepage should be 1.5 to 2.0 (TM 5-818-5).

- Gl
FS = 5> 1.5 (2-2)




EM 1110-1-1905
30 Oct 92

SAG

—— —lk SHEET PILE

= . =]
u/

b HEHVE\_C/

Figure 2-2.

Qg

Heave failure in an excavation

15 T T ¥

B/W = 1
SQUARE OR
CIRCULAR

D/B

Figure 2-3. Estimation of bearing capacity factor N, for
heave in an excavation (Data from Terzaghi and Peck 1967)

b. Minimizing Heave Failure. Extending continuous sheet pile beneath the
bottom of the excavation will reduce the tendency for heave.

(1) Sheet pile, even if the clay depth is large, will reduce flow into the
excavation compared with pile and lagging support.

2-17
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(2) Driving the sheet pile into a hard underlying stratum below the
excavation greatly reduces the tendency for a heave failure.

2-8. Soil Erosion _and Seepage. Erosion of soil around and under foundations and
seepage can reduce bearing capacity and can cause foundation failure.

a. Scour. Foundations such as drilled shafts and piles constructed in
flowing water will cause the flow to divert around the foundation. The velocity of
flow will increase around the foundation and can cause the flow to separate from the
foundation. A wake develops behind the foundation and turbulence can occur. Eddy
currents contrary to the stream flow is the basic scour mechanism. The foundation
must be constructed at a sufficient depth beneath the maximum scour depth to provide
sufficient bearing capacity.

(1) Scour Around Drilled Shafts or Piles in Seawater. The scour depth may be
estimated from empirical and experimental studies. Refer to Herbich, Schiller and
Dunlap (1984) for further information.

(a) The maximum scour depth to wave height ratio is < 0.2 for a medium to
fine sand.

(b) The maximum depth of scour &, as a function of Reynolds number R, is
(Herbich, Schiller and Dunlap 1984)

S, = 0.00073Rg Y (2-3)

where S, 1is in feet.

(2) Scour Around Pipelines. Currents near pipelines strong enough to cause
scour will gradually erode away the soil causing the pipeline to lose support. The
maximum scour hole depth may be estimated using methodology in Herbich, Schiller,
and Dunlap (1984).

(3) Mitigation of Scour. Rock-fill or riprap probably provides the easiest
and most economical scour protection.

b. Seepage. Considerable damage can occur to structures when hydrostatic
uplift pressure beneath foundations and behind retaining walls becomes too large.
The uplift pressure head is the height of the free water table when there is no
seepage. If seepage occurs, flow nets may be used to estimate uplift pressure.
Uplift pressures are subtracted from total soil pressure to evaluate effective
stresses. Effective stresses should be used in all bearing capacity calculations.

(1) Displacement piles penetrating into a confined hydrostatic head will be
subject to uplift and may raise the piles from their end bearing.

(2) Seepage around piles can reduce skin friction. Skin friction resistance
can become less than the hydrostatic uplift pressure and can substantially reduce
bearing capacity. Redriving piles or performing load tests after a waiting period
following construction can determine if bearing capacity is sufficient.
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CHAPTER 3
SOIL PARAMETERS
3-1. Methodology. A site investigation and soil exploration program of the

proposed construction area should be initially completed to obtain data required for
analysis of bearing capacity. Estimates of ultimate and allowable bearing capacity
using analytical equations that model the shear failure of the structure along slip
surfaces in the soil and methods for analyzing in situ test results that model the
bearing pressures of the full size structure in the soil may then be carried out as
described in Chapter 4 for shallow foundations and Chapter 5 for deep foundations.
The scope of the analysis depends on the magnitude of the project and on how
critical the bearing capacity of the soil is to the performance of the structure.

a. Soil Parameters. The natural variability of soil profiles requires
realistic assessment of soil parameters by soil exploration and testing. Soil
parameters required for analysis of bearing capacity are shear strength, depth to
groundwater or the pore water pressure profile, and the distribution of total
vertical overburden pressure with depth. The shear strength parameters required are
the undrained shear strength C, of cohesive soils, the effective angle of internal
friction ¢’ for cohesionless soils, and the effective cohesion ¢’ and angle of
internal friction ¢’ for mixed soils that exhibit both cohesion and friction.

b. Use of Judgment. Judgment is required to characterize the foundation
soils into one or a few layers with idealized parameters. The potential for long-
term consolidation and settlement must be determined, especially where soft,
compressible soil layers are present beneath the foundation. Assumptions made by
the designer may significantly influence recommendations of the foundation design.

c. Acceptability of Analysis. Acceptability of the bearing pressures applied
to the foundation soil is usually judged by factors of safety applied to the
ultimate bearing capacity and estimates made of potential settlement for the bearing
pressures allowed on the foundation soil. The dimensions of the foundation or
footing may subsequently be adjusted if required.

3-2. Site Investigation. Initially, the behavior of existing structures supported
on similar soil in the same locality should be determined as well as the applied
bearing pressures. These findings should be incorporated, using judgment, into the
foundation design. A detailed subsurface exploration including disturbed and
undisturbed samples for laboratory strength tests should then be carried out.
Bearing capacity estimates may also be made from results of in situ soil tests.
Refer to EM 1110-1-1804 for further information on site investigations.

a. Examination of Existing Records. A study of available service records
and, where practical, a field inspection of structures supported by similar
foundations in the bearing soil will furnish a valuable guide to probable bearing
capacities.

(1) Local Building Codes. Local building codes may give presumptive

allowable bearing pressures based on past experience. This information should only
be used to supplement the findings of in situ tests and analyses using one or more

3-1
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methods discussed subsequently because actual field conditions, and hence bearing
pressures, are rarely identical with those conditions used to determine the
presumptive allowable bearing pressures.

(2) Soil Exploration Records. Existing records of previous site
investigations near the proposed construction area should be examined to determine
the general subsurface condition including the types of soils likely to be present,
probable depths to groundwater level and changes in groundwater level, shear
strength parameters, and compressibility characteristics.

b. Site Characteristics. The proposed construction site should be examined
for plasticity and fissures of surface soils, type of vegetation, and drainage
pattern.

(1) Desiccation Cracking. Numerous desiccation cracks, fissures, and even
slickensides can develop in plastic, expansive soils within the depth subject to
seasonal moisture changes, the active zone depth Z,, due to the volume change that
occurs during repeated cycles of wetting and drying (desiccation). These volume
changes can cause foundation movements that control the foundation design.

(2) Vegetation. Vegetation desiccates the foundation goil from transpiration
through leaves. Heavy vegetation such as trees and shrubs can desiccate foundation
soil to substantial depths exceeding 50 or 60 ft. Removal of substantial vegetation
in the proposed construction area may lead to significantly higher water tables
after construction is complete and may influence bearing capacity.

(3) Drainage. The ground surface should be sloped to provide adequate runoff
of surface and rainwater from the construction area to promote trafficability and to
minimize future changes in ground moisture and soil strength. Minimum slope should
be 1 percent.

(4) pPerformance of Adjacent Structures. Distortion and cracking patterns in
nearby structures indicate soil deformation and the possible presence of expansive
or collapsible soils.

c. 1In Situ Soil Tests. 1In the absence of laboratory shear strength tests,
soil strength parameters required for bearing capacity analysis may be estimated
from results of in situ tests using empirical correlation factors. Empirical
correlation factors should be verified by comparing estimated values with shear
strengths determined from laboratory tests. The effective angle of internal
friction ¢’ of cohesionless soil is frequently estimated from field test results
because of difficulty in obtaining undisturbed cohesionless soil samples for
laboratory soil tests.

(1) Relative Density and Gradation. Relative density and gradation can be
used to estimate the friction angle of cohegionless soils, Table 3-la. Relative
density is a measure of how dense a sand is compared with its maximum density.
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TABLE 3-1

Angle of Internal Friction of Sands, ¢’

a. Relative Density and Gradation
(Data from Schmertmann 1978)

Relative Fine Grained Medium Grained Coarse Grained
Density

D,, Percent Uniform Well-graded Uniform Well-graded Uniform Well-graded

40 34 36 36 38 38 41
60 36 38 38 41 41 43
80 39 41 41 43 43 44
100 42 43 43 44 44 46

b. Relative Density and In Situ Soil Tests

Standard Cone Friction Angle ¢’, deg
Soil Relative Penetration Penetration
Type Density Resistance Resistance Meyerhof Peck, Hanson Meyerhof
D,, N,, (Terzaghi q., ksf (1974) and Thormburn (1974)
Percent and Peck 1967) (Meyerhof 1974) (1974)
Very Loose < 20 < 4 - < 30 < 29 < 30
Loose 20 - 40 4 - 10 0 - 100 30 - 35 29 - 30 30 - 35
Medium 40 - 60 10 - 30 100 - 300 35 - 38 30 - 36 35 - 40
Dense 60 - 80 30 - 50 300 - 500 38 - 41 36 - 41 40 - 45
Very Dense > 80 > 50 500 - 800 41 - 44 > 41 > 45

(a) ASTM D 653 defines relative density as the ratio of the difference in
void ratio of a cohesionless soil in the loosest state at any given void ratio to
the difference between the void ratios in the loosest and in the densest states. A
very loose sand has a relative density of 0 percent and 100 percent in the densest

possible state. Extremely loose honeycombed sands may have a negative relative
density.

(b) Relative density may be calculated using standard test methods ASTM D
4254 and the void ratio of the in situ cohesionless soil,

e e

p = _—mx = .00 (3-1a)
¥ emax—emin
e
e=—y, -1 (3-1b)
Ya

where

e,;, = reference void ratio of a soil at the maximum density
= = reference void ratio of a soil at the minimum density

o

G = gpecific gravity
Ya = dry density, kips/ft®
Y. = unit weight of water, 0.0625 kip/ft®

3-3
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The specific gravity of the mineral solids may be determined using standard test
method ASTM D 854. The dry density of soils that may be excavated can be determined
in situ using standard test method ASTM D 1556.

(2) Standard Penetration Test (SPT). The standard penetration resistance
value N, often referred to as the blowcount, is frequently used to estimate the
relative density of cohesionless soil. Ng, is the number of blows required to
drive a standard splitspoon sampler (1.42" I.D., 2.00" 0.D.) 1 ft. The split spoon
sampler is driven by a 140-1lb hammer falling 30 inches. The sampler is driven
18 inches and blows counted for the last 12 inches. Ng; may be determined using
standard method ASTM D 1586.

(a) The Ng; value may be normalized to an effective energy delivered to the
drill rod at 60 percent of theoretical free-fall energy

Neo = Crr'Cy'Nepr (3-2)

where

N,, = penetration resistance normalized to an effective energy delivered

to the drill rod at 60 percent of theoretical free-fall energy, blows/ft
Cxr = rod energy correction factor, Table 3-2a
Cy = overburden correction factor, Table 3-2b

N, may have an effective energy delivered to the drill rod 50 to 55 percent of
theoretical free fall energy.

(b) Table 3-1 illustrates some relative density and Ny, correlations with the
angle of internal friction. Relative density may also be related with Ny, through
Table 3-2c.

(¢) The relative density of sands may be estimated from the N,, by (Data from
Gibbs and Holtz 1957)

N 0.5
D, » 100 (——2L ) (3-3a)
120',,+17
where D, is in percent and o', 1is the effective vertical overburden pressure,
ksf.

(d) The relative density of sands may also be estimated from N, by
(Jamiolkowski et al. 1988, Skempton 1986)

0.5

N 3-3b

o, 100{ 3] (a-30)

where D, > 35 percent. N,, should be multiplied by 0.92 for coarse sands

r
and 1.08 for fine sands.
(e) The undrained shear strength C, in ksf may be estimated (Bowles 1988)

C, = 0.12Nyp, (3-4)
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TABLE 3-2

Relative Density and N,

a. Rod Energy Correction Factor Cg
(Data from Tokimatsu and Seed 1987)

Country Hammer
Japan Donut
Donut
USA Safety
Donut
Europe Donut
China Donut
Donut

Hammer Release Cer

Free-Fall 1.3
Rope and Pulley 1.12*
with special
throw release

Rope and Pulley 1.00%*
Rope and Pulley 0.75
Free-Fall 1.00%
Free-Fall 1.00%*
Rope and Pulley 0.83

*Methods used in USA

b. Correction Factor Cy

(Data

from Tokimatsu and Seed 1984)

.55
.50

(ol el ol ol o
N o Wwo

ol *, ksf

o o N O
(=3« e e Mo BN

*g!, = effective overburden pressure

c¢. Relative Density versus Ng
(Data from Jamiolkowski et al. 1988)

Sand D, , Percent N¢o
Very Loose 0 - 15 o - 3
Loose i5 - 35 3 - 8
Medium 35 - 65 8 - 25
Dense 65 - 85 25 - 42
Very Dense 85 - 100 42 -~ 58

(3) Cone penetration test (CPT

).

The CPT may be used to estimate both

relative density of cohesionless soil and undrained strength of cohesive soils
through empirical correlations. The CPT is especially suitable for sands and
preferable to the SPT. The CPT may be performed using ASTM D 3441.
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(a) The relative density of several different sands can be estimated by
(Jamiolkowski et al. 1988)
9

D, = —74+66'109107—7—————
o

)0.5 (3-5)

vo

where the cone penetration resistance gq, and effective vertical overburden
pressure ¢',, are in units of ksf. The effective angle of internal friction ¢’
can be estimated from D, using Table 3-la. Table 3-1b provides a direct
correlation of q. with ¢’.

(b) The effective angle of internal friction decreases with increasjpgfoa’a
given q. as approximately shown in Figure 3-1. Increasing confining pressure
reduces ¢’ for a given ¢q. because the Mohr-Coulomb shear strengh envelope is
nonlinear and has a smaller slope with increasing confining pressure.
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Figure 3-1. Approximaté correlation between cone penetration resistance,
peak effective friction angle and vertical effective overburden pressure
for uncemented quartz sand (After Robertson and Campanella 1983)

(c) The undrained strength C, of cohesive soils can be estimated from
(Schmertmann 1978)

~C
c = (3-6)
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where C,, {., and the total vertical overburden pressure O,, are in ksf units.
The cone factor N, should be determined using comparisons of C, £from laboratory
undrained strength tests with the corresponding value of q. obtained from the CPT.
Equation 3-6 is useful to determine the distribution of undrained strength with
depth when only a few laboratory undrained strength tests have been performed. N
often varies from 14 to 20.

(4) Dilatometer Test (DMT). The DMT can be used to estimate the
overconsolidation ratio (OCR) distribution in the foundation soil. The OCR can be
used in estimating the undrained strength. The OCR is estimated from the horizontal
stress index K, by (Baldi et al 1986; Jamiolkowski et al 1988)

OCR = (0.5Ky) "% 1if I, < 1.2 (3-7a)
-u
Ky = Poltv (3-7b)
Ovo
DP,~DPg
Ip = —/—— (3-7¢)
p Db, -u,

where

p, = internal pressure causing lift-off of the dilatometeter membrane, ksf

u, = in situ hydrostatic pore pressure, ksf

p, = internal pressure required to expand the central point of the
dilatometer membrane by = 1.1 millimeters

K, = horizontal stress index

I, = material deposit index

The OCR typically varies from 1 to 3 for lightly overconsolidated soil and 6
to 8 for heavily overconsolidated soil.

(5) Pressuremeter Test (PMT). The PMT can be used to estimate the undrained
strength and the OCR. The PMT may be performed using ASTM D 4719.

(a) The limit pressure p, estimated from the PMT can be used to estimate
the undrained strength by (Mair and Wood 1987)

-0
C, = P17 %mo (3-8a)
Np
N_ = 1+1n & (3-8b)
» <,
where
p., = pressuremeter limit pressure, ksf

0,, = total horizontal in situ stress, ksf
G, shear modulus, kst

P.: On, and G, are found from results of the PMT. Equation 3-8b requires an
estimate of the shear strength to solve for N,. N, may be initially estimated as
some integer value from 3 to 8 such as 6. The undrained strength is then determined
from Equation 3-8a and the result substituted into Equation 3-8b. One or two
iterations should be sufficient to evaluate C,.
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(b) ©, can be used to estimate the OCR from 6',,/6',, if the pore water
pressure and total vertical pressure distribution with depth are known or estimated.

(6) Field Vane Shear Test (FVT). The FVT is commonly used to estimate the in
situ undrained shear strength C, of soft to firm cohesive soils. This test should
be used with other tests when evaluating the soil shear strength. The test may be
performed by hand or may be completed using sophisticated equipment. Details of the
test are provided in ASTM D 2573.

{a) The undrained shear strength ¢, in ksf units is

T
c = Y -
u KV (3 9)
where
T, = vane torque, kips-'ft
K, = constant depending on the dimensions and shape of the vane, ft?

(b) The constant K, may be estimated for a rectangular vane causing a
cylinder in a cohesive soil of uniform shear strength by

2
PR T < PR (3-10a)
v 1728 2 3h,
where
d, = measured diameter of the vane, in.
h, = heasured height of the vane, in.
K, for a tapered vane is
K, = 1_712_8»{nd3+o.37<2d3-d§)] (3-10b)

where d, is the rod diameter, in.
(¢) BAnisotropy can significantly influence the torgue measured by the wvane.

d. Water Table. Depth to the water table and pore water pressure
distributions should be known to determine the influence of soil weight and
surcharge on the bearing capacity as discussed in 1-4d, Chapter 1.

(1) Evaluation of Groundwater Table (GWT). The GWT may be estimated in
sands, silty sands, and sandy silts by measuring the depth to the water level in an
augered hole at the time of boring and 24 hours thereafter. A 3/8 or 1/2 inch
diameter plastic tube may be inserted in the hole for long-term measurements.
Accurate measurements of the water table and pore water pressure distribution may be
determined from piezometers placed at different depths. Placement depth should be
within twice the proposed width of the foundation.

(2) Fluctuations in GWT. Large seasonal fluctuations in GWT can adversely
influence bearing capacity. Rising water tables reduce the effective stress in
cohesionless soil and reduce the ultimate bearing capacity calculated using
Equation 1-1.
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3-3. Soil Exploration. Soil classification and index tests such as Atterberg
Limit, gradations, and water content should be performed on disturbed soil and
results plotted as a function of depth to characterize the types of soil in the
profile. The distribution of shear strength with depth and the lateral variation of
shear strength across the construction site should be determined from laboratory
strength tests on undisturbed boring samples. Soil classifications and strengths
may be checked and correlated with results of in situ tests. Refer to EM 1110-2-
1907 and EM 1110-1-1804 for further information.

a. Lateral Distribution of Field Tests. Scil sampling, test pits, and in
situ tests should be performed at different locations on the proposed site that may
be most suitable for construction of the structure.

(1) Accessibility. Accessibility of equipment to the construction site and
obstacles in the construction area should be considered. It is not unusual to shift
the location of the proposed structure on the construction site during soil
exploration and design to accommodate features revealed by soil exploration and to
achieve the functional requirements of the structure.

(2) Location of Borings. Optimum locations for soil exploration may be near
the center, edges, and corners of the proposed structure. A sufficient number of
borings should be performed within the areas of proposed construction for laboratory
tests to define shear strength parameters C, and ¢ of each soil layer and any
significant lateral variation in soil strength parameters for bearing capacity
analysis and consolidation and compressibility characteristics for settlement
analysis. These boring holes may also be used to measure water table depths and
pore pressures for determination of effective stresses required in bearing capacity
analysis.

(a) Preliminary exploration should require two or three borings within each
of several potential building locations. Air photos and geological conditions
assist in determining location and spacings of borings along the alignment of
proposed levees. Initial spacings usually vary from 200 to 1000 ft along the
alignment of levees.

(b) Detailed exploration depends on the results of the preliminary
exploration. Eight to ten test borings within the proposed building area for
typical structures are often required. Large and complex facilities may require
more borings to properly define subsurface soil parameters. Refer to TM 5-818-1 for
further information on soil exploration for buildings and EM 1110-2-1913 for levees.

b. Depth of Soil Exploration. The depth of exploration depends on the size
and type of the proposed structure and should be sufficient to assure that the soil
supporting the foundation has adequate bearing capacity. Borings should penetrate
all deposits which are unsuitable for foundation purposes such as unconsolidated
fill, peat, loose sands, and soft or compressible clays.
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(1) 10 Percent Rule. The depth of soil exploration for at least one test
boring should be at the depth where the increase in vertical stress caused by the
structure is equal to 10 percent of the initial effective vertical overburden stress
beneath the foundation, Figure 3-2. Critical depth for bearing capacity analysis
D. should be at least twice the minimum width of shallow square foundations or at
least 4 times the minimum width of infinitely long footings or embankments. The
depth of additional borings may be less if soil exploration in the immediate
vicinity or the general stratigraphy of the area indicate that the proposed bearing
strata have adequate thickness or are underlain by stronger formations.

SROUND INCREARSING STRESS
LEVEL
z Fomaetion,
&
o STRESS IN S0iL ) *EXPLORATION
w FREGN STRUCTURE QEPTH
z
Ll
v
©
L
[
Q t2 PERCENT OF IMITIAL
z EFFECTIVE DVERBURBEN
'*\/ STRESS IN 83IL

Figure 3-2. Estimation of the critical depth of soil exploration

(2) Depth to Primary Formation. Depth of exploration need not exceed the
depth of the primary formation where rock or soil of exceptional bearing capacity is
located.

(a) If the foundation is to be in soil or rock of exceptional bearing
capacity, then at least one boring (or rock core) should be extended 10 or 20 ft
into the stratum of exceptional bearing capacity to assure that bedrock and not
boulders have been encountered.

(b) For a building foundation carried to rock 3 to 5 rock corings are usually
required to determine whether piles or drilled shafts should be used. The percent
recovery and rock quality designation (RQD) value should be determined for each rock
core. Drilled shafts are often preferred in stiff bearing soil and rock of good
quality.

(3) Selection of Foundation Depth. The type of foundation, whether shallow
or deep, and the depth of undercutting for an embankment depends on the depths to
acceptable bearing strata as well as on the type of structure to be supported.

(a) Dense sands and gravels and firm to stiff clays with low potential for
volume change provide the best bearing strata for foundations.

(b) Standard penetration resistance values from the SPT and cone resistance
from the CPT should be determined at a number of different lateral locations within
the construction site. These tests should be performed to depths of about twice the
minimum width of the proposed foundation.
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(¢) Minimum depth requirements should be determined by such factors as depth
of frost action, potential scour and erosion, settlement limitations, and bearing
capacity.

c. Selection of Shear Strength Parameters. Test data such as undrained shear
strength C, for cohesive soils and the effective angle of internal friction ¢’
for cohesionless sands and gravels should be plotted as a function of depth to
determine the distribution of shear strength in the soil. Measurements or estimates
of undrained shear strength of cohesive soils C, are usually characteristic of the
worst temporal case in which pore pressures build up in impervious foundation soil
immediately following placement of structural loads. Soil consolidates with time
under the applied foundation loads causing €, to increase. Bearing capacity
therefore increases with time.

(1) Evaluation from Laboratory Tests. Undrained triaxial tests should be
performed on specimens from undisturbed samples whenever possible to estimate
strength parameters. The confining stresses of cohesive soils should be similar to
that which will occur near potential failure planes in situ.

(a) Effective stress parameters c', ¢’ may be evaluated from consolidated-
undrained triaxial strength tests with pore pressure measurements (R) performed on
undisturbed specimens according to EM 1110-2-1906. These specimens must be
saturated.

(b) The undrained shear strength C, of cohesive foundation soils may be
estimated from results of unconsolidated-undrained (Q) triaxial tests according to
EM 1110-2-1906 or standard test method ASTM D 2850. These tests should be performed
on undrained undisturbed cohesive soil specimens at isotropic confining pressure
similar to the total overburden pressure of the soil. Specimens should be taken
from the center of undisturbed samples.

(2) Estimates from Correlations. Strength parameters may be estimated by
correlations with other data such as relative density, OCR, or the maximum past
pressure.

(a) The effective friction angle ¢’ of cohesionless soil may be estimated
from in situ tests as described in section 3-2c.

(b) The distribution of undrained shear strength of cohesive soils may be
roughly estimated from maximum past pressure soil data using the procedure outlined
in Table 3-3. Pressure contributed by the foundation and structure are not included
in this table, which increases conservatism of the shear strengths and avoids
unnecessary complication of this approximate analysis. o, refers to the total
vertical pressure in the soil excluding pressure from any structural loads. Oy is
the effective vertical pressure found by subtracting the pore water pressure.
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TABLE 3-3
Estimating Shear Strength of Soil From Maximum Past Pressure
(Refer to Fiqure 3-3)
Step Description
1 Estimate the distribution of total vertical soil overburden pressure

6,, with depth and make a plot as illustrated in Figure 3-3a.

Estimate depth to groundwater table and plot the distribution of pore
water pressure Y, with depth, Figure 3-3a.

Subtract pore water pressure distribution from the &, distribution
to determine the effective vertical soil pressure distribution oy,
and plot with depth, Figure 3-3a.

Determine the maximum past pressure o) from results of laboratory
consolidation tests, in situ pressuremeter or other tests and plot
with depth, Figure 3-3b.

Calculate the overconsolidation ratio (OCR), oé/cgo, and plot with
depth, Figure 3-3c.

Estimate C,/c!, from

Y =0.25(0CR)®8 (3-11)

o Vo

where C, = undrained shear strength and plot with depth, Figure 3-3c.

u

Calculate ¢, by multiplying the ratio ¢C,/6), by o7, and
plot with depth, Figure 3-3d.

An alternative approximation is C, = 0.20;. For normally
consolidated soils, C,/6, = 0.11 + 0.0037-PI where PI is the
plasticity index, percent (Terzaghi and Peck 1967)
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CHAPTER 4
SHALLOW FOUNDATIONS
4-1. Basic Considerations. Shallow foundations may consist of spread footings
supporting isolated columns, combined footings for supporting loads from several

columns, strip footings for supporting walls, and mats for supporting the entire
structure.

a. Significance and Use. These foundations may be used where there is a
suitable bearing stratum near the ground surface and settlement from compression or
consolidation of underlying soil is acceptable. Potential heave of expansive
foundation soils should also be acceptable. Deep foundations should be considered
if a suitable shallow bearing stratum is not present or if the shallow bearing
stratum is underlain by weak, compressible soil.

b. Settlement Limitations. Settlement limitation requirements in most cases
control the pressure which can be applied to the soil by the footing. Acceptable
limits for total downward settlement or heave are often 1 to 2 inches or less.
Refer to EM 1110-1-1904 for evaluation of settlement or heave.

(1) Total Settlement. Total settlement should be limited to avoid damage
with connections in structures to outside utilities, to maintain adequate drainage
and serviceability, and to maintain adequate freeboard of embankments. A typical
allowable settlement for structures is 1 inch.

(2) Differential Settlement. Differential settlement nearly always occurs
with total settlement and must be limited to avoid cracking and other damage in
structures. A typical allowable differential/span length ratio A/L  for steel and
concrete frame structures is 1/500 where A is the differential movement within
span length L.

c. Bearing Capacity. The ultimate bearing capacity should be evaluated using
results from a detailed in situ and laboratory study with suitable theoretical
analyses given in 4-2. Design and allowable bearing capacities are subsequently
determined according to Table 1-1.

4-2. Solution of Bearing Capacity. Shallow foundations such as footings or mats
may undergo either a general or local shear failure. Local shear occurs in loose
sands which undergo large strains without complete failure. Local shear may also
occur for foundations in sensitive soils with high ratios of peak to residual
strength. The failure pattern for general shear is modeled by Figure 1-3.

Solutions of the general equation are provided using the Terzaghi, Meyerhof, Hansen
and Vesic models. Each of these models have different capabilities for considering
foundation geometry and soil conditions. Two or more models should be used for each
design case when practical to increase confidence in the bearing capacity analyses.

a. General Equation. The ultimate bearing capacity of the foundation shown
in Figure 1-6 can be determined using the general bearing capacity Equation 1-1
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@ = ONL, + BV, + RNl (4-1)
where
du = ultimate bearing capacity, kst
c = unit soil cohesion, ksf
B’ = minimum effective width of foundation B - 2e;, ft
ey = eccentricity parallel with foundation width B, M/Q, ft
My = bending moment parallel with width B, kips-ft
Q = vertical load applied on foundation, kips
Y. = effective unit weight beneath foundation base within the failure
zone, kips/ft?
G’y = effective soil or surcharge pressure at the foundation depth D,
Y'p- D, ksf
Yo = effective unit weight of soil from ground surface to foundation
depth, kips/ft?
D = foundation depth, ft

N.,N,,N;, = dimensionless bearing capacity factors of cohesion ¢, soil
weight in the failure wedge, and surcharge g terms

§,C, s = dimensionless correction factors of cohesion ¢, soil weight
in the failure wedge, and surcharge g accounting for
foundation geometry and soil type

(1) Net Bearing Capacity. The net ultimate bearing capacity q’, is the
maximum pressure that may be applied to the base of the foundation without
undergoing a shear failure that is in addition to the overburden pressure at depth
D.

qu = gu - YD.D (4‘2)

(2) Bearing Capacity Factors. The dimensionless bearing capacity factors
N., N, and N, are functions of the effective friction angle ¢’ and depend on the
model selected for solution of Equation 4-1.

(3) Correction Factors. The dimensionless correction factors { consider a
variety of options for modeling actual soil and foundation conditions and depend on
the model selected for solution of the ultimate bearing capacity. These options are
foundation shape with eccentricity, inclined loading, foundation depth, foundation
base on a slope, and a tilted foundation base.

b. Terzaghi Model. An early approximate solution to bearing capacity was
defined as general shear failure (Terzaghi 1943). The Terzaghi model is applicable
to level strip footings placed on or near a level ground surface where foundation
depth D is less than the minimum width B. Assumptions include use of a surface
footing on soil at plastic equilibrium and a failure surface similar to Figure 1-3a.
Shear resistance of soil above the base of an embedded foundation is not included in
the solution.
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(1) Bearing Capacity Factors. The Terzaghi bearing capacity factors N and

N, for general shear are shown in Table 4-1 and may be calculated by

q

TABLE 4-1

Terzaghi Dimensionless Bearing Capacity Factors (after Bowles 1988)

¢’ N, N, N, ¢’ N, N, N,
28 17.81 31.61 15.7 0 1.00 5.70 0.0
30 22.46 37.16 19.7 2 1.22 6.30 0.2
32 28.52 44.04 27.9 4 1.49 6.97 0.4
34 36.50 52.64 36.0 6 1.81 7.73 0.6
35 41.44 57.75 42.4 8 2.21 8.60 0.9
36 47.16 63.53 52.0 10 2.69 9.60 1.2
38 61.55 77.50 80.0 12 3.29 10.76 1.7
40 81.27 95.66 100.4 14 4.02 12.11 2.3
42 108.75 119.67 180.0 16 4.92 13.68 3.0
44 147.74 151.95 257.0 18 6.04 15.52 3.9
45 173.29 172.29 297.5 20 7.44 17.69 4.9
46 204.19 196.22 420.0 22 9.19 20.27 5.8
48 287.85 258.29 780.1 24 11.40 23.36 7.8
50 415.15 347.51 1153.2 26 14.21 27.09 11.7
N, = (N;—l)cot¢' (4-3a)
ez%%hmmwl (4-3b)

7 2cos?(45+9’/2)

Factor N, depends largely on the assumption of the angle W in Figure 1-3a. Ny
varies from minimum values using Hansen’s solution to maximum values using the
original Terzaghi solution. N, shown in Table 4-1, was backfigured from the
original Terzaghi values assuming W = ¢’ (Bowles 1988).

(2) Correction Factors. The Terzaghi correction factors . and Cv
consider foundation shape only and are given in Table 4-2. §, = 1.0 (Bowles 1988).

TABLE 4-2

Terzaghi Correction Factors . and g,

Factor Strip Square Circular
C. 1.0 1.3 1.3
¢y 1.0 0.8 0.6
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c. Meyerhof Model. This solution considers correction factors for
eccentricity, load inclination, and foundation depth. The influence of the shear
strength of soil above the base of the foundation is considered in this solution.
Therefore, beneficial effects of the foundation depth can be included in the
analysis. Assumptions include use of a shape factor Cq for surcharge, soil at
plastic equilibrium, and a log spiral failure surface that includes shear above the
base of the foundation. The angle ¥ = 45 + ¢/2 was used for determination of N,.
Table 4-3 illustrates the Meyerhof dimensionless bearing capacity and correction
factors required for solution of Equation 4-1 (Meyerhof 1963).

(1) Bearing Capacity Factors. Table 4-4 provides the bearing capacity
factors in 2-degree intervals.

(2) Correction Factors. Correction factors are given by

cohesion: §, = G~ Cci Cea
Wedge: Cy = Cys' z;'yi. ch
Surcharge: {; = g G Caa

where subscript s indicates shape with eccentricity, subscript i indicates
inclined loading, and d indicates foundation depth.

(3) Eccentricity. The influence of bending moments on bearing capacity can
be estimated by converting bending moments to an equivalent eccentricity e.

Footing dimensions are then reduced to consider the adverse effect of eccentricity.

(a) Effective footing dimensions may be given by

B = B-2g (4-4a)
W = W-2e, (4-4Db)
Mp
e, = — 4-4¢
B 0 ( )
MW
eW = 6 (4"4d)
where
M, = bending moment parallel with foundation width B, kips-ft
M, = bending moment parallel with foundation length W, kips-ft

Orientation of axes, eccentricities,and bending moments are shown in Table 4-3.

(b) The ultimate load applied to footings to cause a bearing failure is

Q, = a4, (4-5)
where
g, = ultimate bearing capacity of Equation 4-1 considering eccentricity
in the foundation shape correction factor, Table 4-3, ksf
A, = effective area of the foundation B'W’, ft?

4-4
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Factors ata om Meverhof 1953: Meyerhof 1963
FACTOR COHESION (c) WEDGE (¥ SURCKARGE (q) CIAGRAM
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BEARING
CAPACITY ¢=0 5. 1% 0.60 1.00
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ECCENTRICITY M
y ¢>10 " 1eoam, B | reom, 3 ¢
N
0<p<10 " tinear Interpalation Between ¢
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INCLINED ) (2
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mg&e of internal friction, degrees

effective width of foundation, 8 - 2eg, ft
effective lateral length of foundation, W - 2e,, ft
fourdation width, ft
foundation lateral tength, ft
foundation depth, ft
vertical load on foundation, qBM, kips

= bearing pressure on foundations, ksf
= horizontal load on foundation, right E,ﬁ}ps
= resultant toad on foundation, (@° + 1)

iun

sngle of resultant (ead with vertical axis, cos
eccentricity parallel with B, MWo/Q
eccentricity parallel with ¥, M /0

bending moment paraltel with B, kips-ft
bending moment paraltel with W, kips-ft

“T¢asry, degrees
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Meyerhof, Hansen,

TABLE 4-4

and Vesic Dimensionless Bearing Capacity Factors

N,
0 N, N, Ny Meyerhof Hansen Vesic
0 1.00 5.14 1.00 0.00 0.00 0.00
2 1.07 5.63 1.20 0.01 0.01 0.15
4 1.15 6.18 1.43 0.04 0.05 0.34
6 1.23 6.81 1.72 0.11 0.11 0.57
8 1.32 7.53 2.06 0.21 0.22 0.86
10 1.42 8.34 2.47 0.37 0.39 1.22
12 1.52 9.28 2.97 0.60 0.63 1.69
14 1.64 10.37 3.59 0.92 0.97 2.29
16 1.76 11.63 4.34 1.37 1.43 3.06
18 1.89 13.10 5.26 2.00 2.08 4.07
20 2.04 14.83 6.40 2.87 2.95 5.39
22 2.20 16.88 7.82 4.07 4.13 7.13
24 2.37 19.32 9.60 5.72 5.75 9.44
26 2.56 22.25 11.85 8.00 7.94 12.54
28 2.77 25.80 14.72 11.19 10.94 16.72
30 3.00 30.14 18.40 15.67 15.07 22.40
32 3.25 35.49 23.18 22.02 20.79 30.21
34 3.54 42.16 29.44 31.15 28.77 41.06
36 3.85 50.59 37.75 44 .43 40.05 56.31
38 4.20 61.35 48.93 64.07 56.17 78.02
40 4.60 75.31 64.19 93.69 79.54 109.41
42 5.04 93.71 85.37 139.32 113.95 155.54
44 5.55 118.37 115.31 211.41 165.58 224.63
46 6.13 152.10 158.50 328.73 244 .64 330.33
48 6.79 199.26 222.30 526.44 368.88 495.99
50 7.55 266.88 319.05 873.84 568.56 762.85
(¢) The bearing capacity of eccentric loaded foundations may also be
estimated by (Meyerhof 1953)
Qe = Tu'Re
where R, is defined for cohesive soil by
-1-9.6
=1-2'4

(4-6)

(4-7a)

(4-7b)




EM 1110-1-1905

30 Oct 92
where
g, = ultimate capacity of a centrally loaded foundation found from
Equation 4-1 ignoring bending moments, ksf
e = eccentricity from Equations 4-4c and 4-4d, ft

d. Hansen Model. The Hansen model considers tilted bases and slopes in
addition to foundation shape and eccentricity, load inclination, and foundation
depth. Assumptions are based on an extension of Meyerhof’s work to include tilting
of the base and construction on a slope. Any D/B ratio may be used permitting
bearing capacity analysis of both shallow and deep foundations. Bearing capacity
factors N, and N, are the same as Meyerhof’'s factors. N, is calculated assuming
Yy = 45 + ¢/2. These values of N, are least of the methods. Correction factors
€.. &y, and {, in Equation 4-1 are

CCS- Qci‘ Ccd' Ccﬁ' CCS (4-8a)

Cys‘ t.wi' Cyd' gyﬁ' Cys (4—8b)
’ (4-8c)

Cohesion: (.
Wedge: -

Surcharge: Cq cqs qu' qu' ap” Sqd

where subscripts s, i, d, B, and 8 indicate shape with eccentricity, inclined
loading, foundation depth, ground slope, and base tilt, respectively. Table 4-5
illustrates the Hansen dimensionless bearing capacity and correction factors for
solution of Egquation 4-1.

(1) Restrictions. Foundation shape with eccentricity (.. G&,, and §, and
inclined loading {., &y, and (g correction factors may not be used
simultaneously. Correction factors not used are unity.

(2) Eccentricity. Influence of bending moments is evaluated as in the
Meyerhof model.

(3) 1Inclined loads. The B component in Equation 4-1 should be width B if
horizontal load T is parallel with B or should be W if T is parallel with
length W.

e. Vesic Model. Table 4-6 illustrates the Vesic dimensionless bearing
capacity and correction factors for solution of Equation 4-1.

(1) Bearing Capacity Factors. N, and N, are identical with Meyerhof’s and

Hansen’'s factors. N, was taken from an analysis by Caquot and Kerisel (1953) using

Y o= 45 + 0/2.
(2) Local Shear. A conservative estimate of N, may be given by
_ . S ¢’
N, = (1 + tang’) -e*? tan145+75} (4-9)

Equation 4-9 assumes a local shear failure and leads to a lower bound estimate of
qd,- N, from Equation 4-9 may also be used to calculate N, and N, by the
equations given in Table 4-6.
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TABLE 4-5
Hansen Dipensionless Bearing Capacity and
Correction Factors (Data_from Hansen 1970
FACTOR COHESION (c) WEDGE () SURCHARGE (q) DIAGRAM
[} L N,
BEARIHG ¢ i q
CAPACITY ¢ =0 5.1% a,00 1.00
N
é2>0| CNg1cot ¢ 1.5(Ng"1)tan ¢ Ngentan ¢
Ses $ys fgs
FOUNDATION serip: 1.0
SHAPE MWITH B!
EccentriciTY| ¢~ ° 9.20q 1.0 1.0
3
KqB* B! ‘
¢>0Q 1+ i;‘—‘-,- 1—0.i'i. 1+g,tan¢
fci $yi $qi
1
[1 - -l-‘-]z s
$w0 2~ A€ 0.77
INCLINED d =0 [1 - --—-—-—-——-]
LOADING Z Qthgcqcot & o.51 5
i ] = —
1= ¢qi - 3 [ Qthac cot ¢]
650 ¢ - D)oo [y ~102-878507
CORRECT ION q llq -1 Qflec.cot ¢
$
fed {qd fod
FOUNDATION
DEPTH ¢=0 ¢4k i.0 1.0 -
d ¢}
é>0 1 + 0.4k 1.0 1 + ztansc1-sing) 2kl \ o
fcﬂ r"ﬁ f“ T,---‘” i
BASE ON 3+
SLOPE ¢ = 0 1 - u—gs B/,'{
2 ' (1 ~ 0,5tang)’ (1 - 0.5tang)’
_1-g
$>0 | ¢qe 1‘7‘:” Atssa0
. B¢
fes Své fqs
TILTED &
BASE =0 S 177
& 0. 0475t800 e 0.0358tand
1-¢
>0 | Cqa - .
147,32
Note: Eccentricity and inclined loading correction factors may not be used simultaneously; factors not used are unity
Nomenclature:
¢ = angle of internal friction, degrees ég = friction angle between base and soil = ¢, degrees
“f = tand(aS + $/2) €y = achesion of soil to base s ¢, ksf
B' = effective width of foundation, B ~ 2eg, ft ¢ = soil cohesion or undrained shear strength C,. ksf
W* = effective length of foundation, W — 2ey, ft § = base tilt from horizontat, upward +, degrees
8 = foundation width, ft g = slope of ground from base, downward +, degrees A
W = foundation Length, ft Kk = D/8 if D/Bs1 OR tan 1(D/B) if D/B > 1 (in radians)
eg = eccentricity parallel with B, #z/0 D = foundation depth, ft
ey = eccentricity paratlel with W, Hy/Q Q = vertical load on foundation, kips -
Mg = bending moment parallel with B, kips-ft T = horizontal load s Qtang + AgCy, Fright +, kips
My = bending moment parallel with W, kips-ft A = effective area of foundation B'W*, ft2
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TABLE 4-6
Vesi imensionless Beari Capacity and Correctio
Factors (Data from Vesie 1973; Vesic 1973)
FACTOR COHESION (c) WEDGE (v} SURCHARGE {q) D1AGRAM
N N N
BEARING ¢ 4 a
CAPACITY ¢$=0 5.14 0.00 OR -2sing if p>0 1,00
N 60| digiicot ¢ 200gr1ten ¢ NgeTtan o
fes Cys fqs
FOUNDAT [ON Steip: 1.0
SHAPE WITH B!
gccentriciTy| ¢ = © 9-2+Gh 1.8 1.0
3 ' B B!
6>0 SR 1= 0.4, 1+ Gitand
< (1.0 if strip) (1.0 if strip)
rci ‘1i fqi
m?
=0 |3 =  ALtN
INCLINED e-ave "l m
LOADING 2 3 - T __tag 1 - .
i 1~ tgi Qhgcacotd QvACac0td
CORRECTION >0 ) fi T
s e -8 o €ut q
-] $4d $od
FOUNDATION
DEPTH =0 1+ 0.4K 1.0 1.0
d g {
é>0 1 4 0.4k 1.0 1 + 2tang{1-sing)2k " [n
p.g/ _L
fc’ "lﬂ r“ L
===
BASE ON s v e
SLOPE =0 - 173 ,E”/
2 : (1 - tang)2 1 - tang)2 el
1 -
$>0|cqp~1" S B+ & <00
147.3 P
Sca $q68 {qs
TILTED _ &
BASE ¢=0 -1y
I .- (1 - 0.0174tang)2 (1 ~ 0.0175tang}2
620 | gq 2~ fat
147.3
Note: Eccentricity and inclined loading correction factors may not be used simuttaneously; factors not used are unity
Nomenclature:
$ = angle of internal friction, degrees ¢y = friction angle between base and soil = ¢, degrees
e - tanZ(45 + $/2) ¢y = adnesion of soil to base = ¢, ksf
B' = effective width of foundation, 8 - 2eg, ft t = soil cohesion or undrained shear strength C. ksf
W' = effective length of foundation, W — 2ey, ft § = base tilt from horizontal, upward +, degrees
B =« foundation width, ft 8 =~ slope of ground from base, downward +, degrees .
¥ = foundation length, ft k = D/B if D/B =1 OR tan1(d/B) if O/B > 1 (in radians)
eg = eccentricity parallel with B, Mg/Q b = foundation depth, ft
ey -~ eccentricity parallel with W, My/Q 0 = vertical load on foundation, kips .
Mg = bending moment paraltel with B, kips-ft T = horizontal toad < Qtang + Agc,, right ¥, kips
My = bending moment parallel with W, kips-ft Aa =~ effective area of foundation B'W', ft
n = 2 + Rpy Ry ~ B/ if T parallel to 8
TV Rgy Ry = W/B if T porallel to ¥
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f. Computer Solutions. Analyses by computer programs provide effective
methods of estimating ultimate and allowable bearing capacities.

(1) Program CBEAR. Program CBEAR (Mosher and Pace 1982) can be used to
calculate the bearing capacity of shallow strip, rectangular, square, Or circular
footings on one or two soil layers. This program uses the Meyerhof and Vesic
bearing capacity factors and correction factors.

(2) Program UTEXAS2. UTEXAS2 is a slope stability program that can be used
to calculate factors of safety for long wall footings and embankments consisting of
multilayered soils (Edris 1987). Foundation loads are applied as surface pressures
on flat surfaces or slopes. Circular or noncircular failure surfaces may be
assumed. Noncircular failure surfaces may be straight lines and include wedges.
Shear surfaces are directed to the left of applied surface loading on horizontal
slopes or in the direction in which gravity would produce sliding on nonhorizontal
slopes (e.g., from high toward low elevation points). This program can also
consider the beneficial effect of internal reinforcement in the slope. g,
calculated by UTEXAS2 may be different from that calculated by CBEAR partly because
the FS is defined in UTEXAS2 as the available shear strength divided by the shear
stress on the failure surface. The assumed failure surfaces in CBEAR are not the
same as the minimum FS surface found in UTEXAS2 by trial and error. FS in Table 1-2
are typical for CBEAR. Program UTEXAS2 calculates factors of safety, but these FS
have not been validated with field experience. UTEXAS2 is recommended as a
supplement to the Terzaghi, Meyerhof, Hansen, and Vesic models until FS determined
by UTEXAS2 have been validated.

g. Multilayer Soils. Foundations are often supported by multilayer soils.
Multiple soil layers influence the depth of the failure surface and the calculated
bearing capacity. Solutions of bearing capacity for a footing in a strong layer
that is overlying a weak clay layer, Figure 4-1, are given below. These solutions
are valid for a punching shear failure. The use of more than two soil layers to
model the subsurface soils is usually not necessary.

SURCHARGE SBIL Qu D
Vg * MET UNIT WEIGH? EERE R R ] ‘T‘
H

je— B 3l
SURSURFACE $0IL B :

¥, v HWET UNIT HETGHT
H,

STRONG 8GIL, TOP

WERK SDIL, 8O0TTON

ASSUNED LINERR
N

FAILURE FRILURE
PLANE PLARE

" CIRCLE

Figure 4-1. Schematic of a multilayer foundation-soil system
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(1) Depth of Analysis. The maximum depth of the soil profile analyzed need
not be much greater than the depth to the failure surface, which is approximately
2B for uniform soil. A deeper depth may be required for settlement analyses.

(a) If the soil immediately beneath the foundation is weaker than deeper
soil, the critical failure surface may be at a depth less than 2B.

(b) If the soil is weaker at depths greater than 2B, then the critical
failure surface may extend to depths greater than 2B.

(2) Dense Sand Over Soft Clay. The ultimate bearing capacity of a footing in
a dense sand over soft clay can be calculated assuming a punching shear failure

using a circular slip path (Hanna and Meyerhof 1980; Meyerhof 1974)

Wall Footing:

29 sangHr
Ty = Qup t San d 1+“‘)K tan‘bsand = Ysanale S Qe (4-10a)
Circular Footing: wq
2y
q, = Qup t san d (l+ H, )Sstctan‘bsand Ysandfe £ Qur (4-10Db)
where
d,» = ultimate bearing capacity on a very thick bed of the bottom

soft clay layer, ksf
Yeana = wet unit weight of the upper dense sand, kips/ft?

H, = depth below footing base to soft clay, ft

D = depth of footing base below ground surface, ft

Kos = punching shear coefficient, Figure 4-2a,4-2b, and 4-2c
®sana = angle of internal friction of upper dense sand, degrees
Ss = shape factor

Qe = ultimate bearing capacity of upper dense sand, ksf

The punching shear coefficient k, can be found from the charts in Figure 4-2
using the undrained shear strength of the lower soft clay and a punching shear
parameter C,. C,, ratio of {/0.ma where { is the average mobilized angle of
shearing resistance on the assumed failure plane, is found from Figure 4-2d using
0...a and the bearing capacity ratio Ry.. Rpe = 0.5Y5naBN,/(CN.). B is the diameter
of a circular footing or width of a wall footing. The shape factor S,, which
varies from 1.1 to 1.27, may be assumed unity for conservative design.

s

(3) Stiff Over Soft Clay. Punching shear failure is assumed for stiff over
soft clay.

(a) D = 0.0. The ultimate bearing capacity can be calculated for a footing
on the ground surface by (Brown and Meyerhof 1969)
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of dense sand over soft clay (Data from Hanna and Meyerhof 1980)
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Wall Footing:
d qy = Cu,upperNcw,D (4-11a)
H C
Ny, o=1.525 +5.14 %1% <514 (4-11b)
Circular Footing: aia Cu. uppor
9 q, = Cu,upperNcc,O (4-11c)
H c
N, o=3.0-F +6.05_41% <6.05 (4-11d)
dia u, upper

where
Cyupper = Undrained shear strength of the stiff upper clay, ksf
Cyu1ower = undrained shear strength of the soft lower clay, ksf
New.o = bearing capacity factor of the wall footing
Nee,o = bearing capacity factor of the circular footing
Baia = diameter of circular footing, ft

A rectangular footing may be converted to a circular footing by By, = 2 (BW/m) */?
where B = width and W = length of the footing. Factors N, and N, will
overestimate bearing capacity by about 10 percent if C, iower/Cuupper 2 0.7. Refer to
Brown and Meyerhof (1969) for charts of N, and N.,.

(b) D > 0.0. The ultimate bearing capacity can be calculated for a footing
placed at depth D by

Wall Footing: Q= Cu,upperNcw,D +yD (4-12a)
Circular Footing: @y = Cy,upperNee,p * YD (4-12b)
where

N_,p, = bearing capacity factor of wall footing with D > 0.0

N.., = bearing capacity factor of rectangular footing with D > 0.0

= N, o[l + 0.2(B/W)]
Y = wet unit soil weight of upper soil, kips/ft®
D = depth of footing, ft

N, p, may be found using Table 4-7 and N, from Equation 4-11b. Refer to
Department of the Navy (1982) for charts that can be used to calculate bearing
capacities in two layer soils.

(4) Computer Analysis. The bearing capacity of multilayer scils may be
estimated from computer solutions using program CBEAR (Mosher and Pace 1982) .
Program UTEXAS2 (Edris 1987) calculates FS for wall footings and embankments, which
have not been validated with field experience. UTEXAS2 is recommended as a
supplement to CBEAR until FS have been validated.
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TABLE 4-7

Influence of Footing Depth D
(Department of the Navy 1982)

;

o oo o ut ol

HCW,DA—N—CW,O
.00

.15
.24
.36
.43
.46

WD H oo
R RR PR

h. Correction for Large Footings and Mats. Bearing capacity, obtained using
Equation 4-1 and the bearing capacity factors, gives capacities that are too large
for widths B > 6 ft. This is apparently because the 0.5-B'Y';N,{, term becomes
too large (DeBeer 1965; Vesic 1969).

(1) Settlement usually controls the design and loading of large dimensioned
structures because the foundation soil is stressed by the applied loads to deep
depths.

(2) Bearing capacity may be corrected for large footings or mats by
multiplying the surcharge term O.5~B"y,;NYCy by a reduction factor (Bowles 1988)
B
r,=1- 0.25109’10—6— (4-13)
where B > 6 ft.

i. Presumptive Bearing Capacity. Refer to Table 4-8 for typical presumptive
allowable bearing pressures q,,. Presumptive allowable pressures should only be
used with caution for spread footings supporting small or temporary structures and
verified, if practical, by performance of nearby structures. Further details are
given in Chapter 4 of Department of the Navy (1982).

(1) Bearing pressures produced by eccentric loads that include dead plus
normal live loads plus permanent lateral loads should not exceed (,, pressures of
Table 4-8.

(2) Transient live loads from wind and earthquakes may exceed the allowable
bearing pressure by up to one-third.

(3) For footings of width B < 3 ft in least lateral dimension the
allowable bearing pressures is B times 1/3 of q,, given in Table 4-8.




TABLE 4-8

EM 1110-1-1905
30 Oct 92

Presumptive Allowable Bearing Pressures for Spread Footings

(Data from Department of the Navy 1982, Table 1, Chapter 4)

Bearing Material

In Place Consistency

Nominal Allowable
Bearing Pressure

, f
9ha ks

Massive crystalline igneous and
metamorphic rock: granite,
diorite, basalt, gneiss,
thoroughly cemented conglomerate
(sound condition allows minor
cracks)

Foliated metamorphic rock:
slate, schist (sound condition
allows minor cracks)

Sedimentary rock; hard cemented
shales, siltstone, sandstone,
limestone without cavities

Weathered or broken bed rock of
any kind except highly
argillaceousrock (shale); Rock
Quality Designation less than 25

Compaction shale or other highly
argillaceous rock in sound
condition

Well-graded mixture of fine and
coargse-grained soil: glacial
till, hardpan, boulder clay
(GW-GC, GC, SC)

Gravel, gravel-sand mixtures,
boulder gravel mixtures (SW,
SP, SW, SP)

Coarse to medium sand, sand with
little gravel (SW, SP)

Fine to medium sand, silty or
clayey medium to coarse sand
(sw, sSM, SC)

Homogeneous inorganic clay,
sandy or silty clay (CL, CH)

Inorganic silt, sandy or clayey
silt, varved silt-clay-fine sand

Hard sound rock

Medium hard sound
rock

Medium hard sound
rock

Soft rock

Soft rock

Very compact

Very compact
Medium to compact
Loose

Very compact
Medium to compact
Loose

Very compact
Medium to compact
Loose

Very stiff to hard
Medium to stiff
Soft

Very stiff to hard
Medium to stiff
Soft

160

70

40

20

20

20

l_l
S

= Ww o [l T * ] w U O w o © o O
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(4) For a bearing stratum underlain by weaker material, pressure on the weak
stratum should be less than the nominal allowable bearing pressure given in
Table 4-8

Q
(B+1.16H,) - (W+1.16H,) - na (4-14)
where

Q = vertical load on foundation, kips
B = foundation width, ft
W = foundation lateral length, ft
H, = depth to weak stratum beneath bottom of foundation, ft
d.. = nominal allowable bearing pressure, ksf

(5) Resistance to uplift force Q,, should be

W
L >2 (4-15)

up

where W! is the total effective weight of soil and foundation resisting uplift.

4-3. Retaining Walls.

a. Ultimate Bearing Capacity. Ultimate bearing capacity of retaining walls
may be estimated by Equation 4-1 with dimensionless factors provided by the
Meyerhof, Hansen, or Vesic methods described in Tables 4-3, 4-5, and 4-6,
respectively. The dimensionless correction factors need consider only depth and
load inclination for retaining walls. Equation 4-1 may be rewritten

I ’
aq, = CNcCchci+EB‘YHNYCydCyi+oDZVG'CQdCQi (4-16)

where N_,N,,N, and ., {, are given in Tables 4-3, 4-4, 4-5, or 4-6. If
Hansen’s model is used, then the exponent for {,; and s in Table 4-5
should be changed from 5 to 2 (Bowles 1988).

b. Allowable Bearing Capacity. The allowable bearing capacity may be
estimated from Equations 1-2 using FS = 2 for cohesionless solls and FS = 3 for
cohesive soils.

4-4. In Situ Modeling of Bearing Pressures. In situ load tests of the full size
foundation are not usually done, except for load testing of piles and drilled
shafts. Full scale testing is usually not performed because required loads are
usually large and as a result these tests are expensive. The most common method is
to estimate the bearing capacity of the soil from the results of relatively simple,
less expensive in situ tests such as plate bearing, standard penetration, cone
penetration, and vane shear tests.
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a. Plate Bearing Test. Loading small plates 12 to 30 inches in diameter or
width B, are quite useful, particularly in sands, for estimating the bearing
capacity of foundations. The soil strata within a depth 4B beneath the foundation
must be similar to the strata beneath the plate. Details of this test are described
in standard method ASTM D 1194. A large vehicle can be used to provide reaction for
the applied pressures.

(1) Constant Strength. The ultimate bearing capacity of the foundation in
cohesive soil of constant shear strength may be estimated by

B<4B;: Q, = Qp (4-17a)

where
dy = ultimate bearing capacity of the foundation, kst
du, = ultimate bearing capacity of the plate, ksf
B = diameter or width of the foundation, ft
B, = diameter or width of the plate, ft

(2) Strength Increasing Linearly With Depth. The ultimate bearing capacity
of the foundation in cohesionless or cohesive soil with strength increasing linearly
with depth may be estimated by

B
B < 4B;: q, = qu,pr (4-17b)

(3) Extrapolation of Settlement Test Results in Sands. The soll pressure Q,
may be estimated using a modified Terzaghi and Peck approximation (Peck and Bazarra
1969; Peck, Hanson, and Thornburn 1974)

q = TS—E’_; (4-18)
where
g, = soil pressure per inch of settlement, ksf/in.
g = average pressure applied on plate, ksf
p; = immediate settlement of plate, in.

The results of the plate load test should indicate that gq/p; is essentially
constant. q, and plate diameter B, can then be input into the Terzaghi and Peck
chart for the appropriate D/B ratio, which is 1, 0.5 or 0.25 (see Figure 3-3, EM
1110-1-1904). The actual footing dimension B is subsequently input into the same
chart to indicate the allowable foundation bearing pressure.

4-17
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(4) Extrapolation of Test Results. Load tests performed using several plate
sizes may allow extrapolation of test results to foundations up to 6 times the plate
diameter provided the soil is similar. Other in situ test results using standard
penetration or cone penetration data are recommended for large foundation diameters
and depths more than 4B,.

b. Standard Penetration Test (SPT). The SPT may be used to directly obtain
the allowable bearing capacity of soils for specific amounts of settlement based on
past correlations.

(1) Footings. Meyerhof’s equations (Meyerhof 1956; Meyerhof 1974) are
modified to increase bearing capacity by 50 percent (Bowles 1988)

N
B < 4 ft: qa’]_ = —F—,an (4—19a)
k)
| B+r, ]
B> 4 ft: g, = F"[—f} (4-19Db)

where

Q.. = allowable bearing capacity for 1 inch of settlement, ksf
Ky 1+ 0.33(D/B) £ 1.33
N, standard penetration resistance corrected to n percent energy

Equation 4-19b may be used for footings up to 15 ft wide.

(a) F factors depend on the energy of the blows. n is approximately
55 percent for uncorrected penetration resistance and F, = 2.5, F, = 4, and F; =
1. F factors corrected to n = 70 percent energy are F, = 2, F, = 3.2 and F; =
1.

(b) Figure 3-3 of EM 1110-1-1904 provides charts for estimating q, for
1 inch of settlement from SPT data using modified Terzaghi and Peck approximations.

(2) Mats. For mat foundations

Qa1 T

U

be]
R -
F,/ d (4 20a)

where q,, is the allowable bearing capacity for limiting settlement to 1 inch. The
allowable bearing capacity for any settlement ¢, may be linearly related to the
allowable settlement for 1 inch obtained from Equations 4-19 assuming settlement
varies in proportion to pressure

qa = p.QaJ (4_20b)
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where

P = settlement, inches
Q.. = allowable bearing capacity for 1 inch settlement, ksf

c. Cone Penetration Test (CPT). Bearing capacity has been correlated with
cone tip resistance gq. for shallow foundations with D/B < 1.5 (Schmertmann 1978) .

(1) The ultimate bearing capacity of cohesionless soils is given by

Strip: g, = 28 - 0.0052(300-g)""° (4-21a)

Square;: g, = 48 - 0.0090(300-g.)*"° (4-21b)

where g, and g, are in units of tsf or kg/cm’.

(2) The ultimate bearing capacity of cohesive soils is

Strip: g, =2 +0.28q, (4-22a)

Square: g, =5 + 0.34q,. (4-22b)

Units are also in tsf or kg/cm?. Table 4-9 using Figure 4-3 provides a procedure
for estimating g, for footings up to B = 8 ft in width.

d. Vane Shear Test. The vane shear is suitable for cohesive soil because
bearing capacity is governed by short-term, undrained loading which is simulated by
this test. Bearing capacity can be estimated by (Canadian Geotechnical Society
1985)

- c.p - .D .B
Q= SRVQIP +0.2<§H1 +0'2'E]+°w (4-24)
where
R, = strength reduction factor, Figure 4-4
1, = field vane undrained shear strength measured during the test, kst
D = depth of foundation, ft
B = width of foundation, ft
L = length of foundation, ft
o0,, = total vertical soil overburden pressure at the foundation level, kst

4-5. Examples. Estimation of the bearing capacity is given below for (1) a wall
footing placed on the ground surface subjected to a vertical load, (2) a rectangular
footing placed below the ground surface and subjected to an inclined load, and (3) a
tilted, rectangular footing on a slope and subjected to an eccentric load.
Additional examples are provided in the user manual for CBEAR (Mosher and Pace
1982). The slope stability analysis of embankments is described in the user manual
for UTEXAS2 (Edris 1987). Bearing capacity analyses should be performed using at
least three methods where practical.
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TABLE 4-9

CPT Procedure for Estimating Bearing Capacity
of Footings on Cohesive Soil (Data from Tand, Funegard, and Briaud 1986)

Step Procedure
1 Determine equivalent ;g from footing base to 1.5B below base by
q. = (q‘:lzn'ql-bz)o'5 (4-23a)
where
&: = equivalent cone tip bearing pressure below footing, ksf

da: = average tip resistance from 0.0 to 0.5B, kst
., = average cone tip resistance from 0.5B to 1.5B, ksf

2 Determine equivalent depth of embedment D, , ft, to account for effect of
strong or weak soil above the bearing elevation
D = X Az, =2 (4-23Db)

e
where i=1 a.

n = number of depth increments to depth D

D = unadjusted (actual) depth of embedment, ft

Az,= depth increment i, ft

Je.; = cone tip resistance of depth increment i, ksf

q. = equivalent cone tip bearing pressure below footing, ksf

3 Determine ratio of equivalent embedment depth to footing width
D
R, = -2 -
d B (4-23c¢)
4 Estimate bearing ratio R, from Figure 4-3 using Rs. The lower bound curve

is applicable to fissured or slickensided clays. The average curve is
applicable to all other clays unless load tests verify the upper bound curve
for intact clay.

5 Estimate total overburden pressure ©,, then calculate

Qua = Re(Qe — Oy) * 0y (4-234d)

where gq,, = ultimate bearing capacity of axially loaded square or round
footings with horizontal ground surface and base. Adjust du obtained from
Equation 4-23d for shape, eccentric loads, sloping ground or tilted base
using Hansen'’s factors for cohesion, Table 4-5, to obtain the ultimate
capacity

% = G (4-23e)

where (. 1is defined by Equation 4-8a.
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a. Wall Footing. A wall footing 3 ft wide with a load Q = 12 kips/ft
(bearing pressure q = 4 ksf) is proposed to support a portion of a structure in a
selected construction site. The footing is assumed to be placed on or near the
ground surface for this analysis such that D = 0.0 ft, Figure 4-5, and ¢’, = 0.0.
Depth H is expected to be < 2B or < 6 ft.

(1) Soil Exploration. Soil exploration indicated a laterally uniform
cohesive soil in the proposed site. Undrained triaxial compression test results
were performed on specimens of undisturbed soil samples to determine the undrained
shear strength. Confining pressures on these specimens were equal to the total
vertical overburden pressure applied to these specimens when in the field. Results
of these tests indicated the distribution of shear strength with depth shown in
Figure 4-6. The minimum shear strength ¢ = C, of 1.4 ksf observed 5 to 7 ft below
ground surface is selected for the analysis. The friction angle is ¢ = 0.0 deg and
the wet unit weight is 120 psf.

(2) Ultimate Bearing Capacity

(a) Terzaghi Method. Table 4-1 indicates N, = 5.7, N, = 1.0 and N, = 0.00.
The total ultimate capacity q, 1is

q, = cN,=1.45,7 = 8.0 ksf

<

The Terzaghi method indicates an ultimate bearing capacity q, = 8 ksf.

(b) Meyerhof Method. The ultimate bearing capacity of this wall footing
using program CBEAR yields g, = 7.196 ksf. The Hansen and Vesic solutions will be
similar.

(3) Allowable Bearing Capacity. FS for this problem from Table 1-2 is 3.0.
Therefore, g, using Equation 1-2a is q,/FS = 8.000/3 = 2.7 ksf from the Terzaghi
solution and 7.196/3 = 2.4 ksf from CBEAR. The solution using program UTEXAS2 gives
a minimum FS = 2.2 for a circular failure surface of radius 3 ft with its center at
the left edge of the footing.

(4) Recommendation. g, ranges from 2.4 to 2.7 while the proposed design
pressure q; is 4 ksf. gy should be reduced to 2.4 ksf < q,.

b. Rectangular Footing With Inclined Load. A rectangular footing with B = 3
ft, W =6 ft, D = 2 ft, similar to Figure 1-6, is to be placed in cohesionless soil
on a horizontal surface (B = 0.0) and without base tilt (8 = 0.0). The effective
friction angle ¢’ = 30 deg and cohesion ¢ = ¢, = 0.0. The surcharge soil has a
wet (moist) unit weight 1y, = 0.120 kip/ft® (120 pcf), subsurface soil has a wet
(moist) unit weight vy, = 0.130 kip/ft® (130 pcf), and depth to groundwater is Dgy =
3 ft. The saturated unit weight is assumed the same as the wet unit weight. The
applied vertical load on the foundation is Q = 10 kips and the horizontal locad T =
+2 kips to the right.
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(1) EBffective Stress Adjustment. Adjust the unit soil weights due to the
water table using Equation 1-6

Yusts = Ya - Y« = 0.130 - 0.0625 = 0.0675 kip/ft’

H B-tan(45 + ¢/2) = 3.00-1.73 = 5.2 ft

Y's = Yuses + [(Dgw - D)/H]-7, = 0.0675 + [(3 - 2)/5.2]-0.0625
0.08 kip/ft?

From Equation 1-7a, O', = 6, = YD = 0.120-2.00 = 0.24 ksf

(2) Meyerhof Method. For ¢’ = 30 deg,

from Table 4-4. N,

= 18.40, N, = 15.67, and N, = 3.00
. is not needed since c¢ = 0

N, = .
.0. From Table 4-3,

(a) Wedge correction factor §, = {, Gy Cya

{po = 1 + 0.1-N,° (B’/W') = 1 + 0.1-3.00- (3/6) = 1.15
R (Q° + T?)°5 = (100 + 4)°° = 10.2

0 = cos'(Q/R) = cost(10/10.2) = 11.4 deg < ¢ = 30 deg
Cpo = [1 - (8/07)1% = [1 - (11.4/30)1% = 0.384
(o= 1 + 0.1VN, - (D/B) = 1 + 0.1°1.73-(2/3) = 1.115

= 1.15-0.384-1.115 = 0.49

(b) Surcharge correction factor {, = {4 {ui Cua

Cqs = ch = 1.15

€ = [1 - (8/90)1% = [1 - (11.4/90)]1% = 0.763
$oo = Cya = 1.115

, = 1.15-0.763-1.115 = 0.98

(¢) Total ultimate bearing capacity from Equation 4-1 is

g, = 0.5B YN, + oL NG,
= 0.5-3.00-0.08-15.67-0.49 + 0.24-18.40-0.98
= 0.92 + 4.33 = 5.25 ksf
(3) Hansen Method. For ¢’ = 30 deg, N, = 18.40, N, = 15.07, and N, = 3.00

from Table 4-4. N, is not needed since ¢ = 0.0. From Table 4-5,

(a) Wedge correction factor &, = (o 8y Gya Gy Gys where Uy = Cys
= 1.00

Cyo =1 -0.4-(B'/W) =1 - 0.4 (3/6) = 0.80

€y = [1 - (0.77/Q)1° = [1 - (0.7-T/10)]° = 0.47
fya = 1.00

€, =0.80-0.47-1.00 = 0.376

(b) Surcharge correction factor §; = {u {ai' Gaa Gop Cas where Lo = Cos
= 1.00
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(s = 1 + (B/W)-tan ¢ = 1 + (3/6)-0.577 = 1.289

(o = [1 - (0.5T/Q)]° = [1 - (0.5-2/10)]° = 0.59
k =D/B = 2/3
(o =1+2tan ¢'- (1 - sin ¢')*k = 1 + 2-0.577 (1 - 0.5)% -2/3
= 1.192
§q = 1.289-0.59-1.192 = 0.907
(¢) Total ultimate bearing capacity from Equation 4-1 is
q. = 0. B Ya N cy + Grg’Nq'Cq
= 0.5°3.00-0.08-15.07-0.376 + 0.24-18.40-0.907
= 0.68 + 4.01 = 4.69 kst

(4) Vesic Method. For ¢’ = 30 deg, N, = 18.40, N, = 22.40, and N, = 3.00
from Table 4-4. N_ is not needed. From Table 4-6,

(a) Wedge correction factor {, = . Gy Gy Cip Cys

where (5 = {ys
= 1.00

o =1 - 0.4B/W=1-0.4"3/6 = 0.80
Ryy = B/W = 3/6 = 0.5

m = (2 + Ry) /(1 + Ry) = (2 + 0.5)/(1 + 0.5) = 1.67

Cyp = [(1 - (T/Q)1™ = [1 - (2/10)]*¢™* = 0.551

¢, = 0.80-0.551-1.00 = 0.441

(b) Surcharge correction factor §g = {e {ai Gaa” Cgp” Cqs where Lo =

£ = 1.00

e =1 + (B/W-tan ¢ = 1 + 3/6:0.577 = 1.289

(o = [1 - (T/QI™ = [1 - (2/10)]" = 0.689

=1 + 2-tan ¢’ (1 - sind’)* k = 1+ 2°0.577-(1 - 0.5)-2/3

= 1.192
{, = 1.289-0.689-1.192 = 1.058

(c) Total ultimate bearing capacity from Equation 3-la is

q. = 0.5'B- vy N Cy + Oy Nq. Cq
= 0.5-3.00" 0 08:-22.40-0.441 + 0.24-18.40-1.058
= 1.19 + 4.67 = 5.86 ksf

(5) Program CBEAR.

Zero elevation for this problem is defined 3 ft below the
foundation base.

Input to this program is as follows (refer to Figure 1-6):

(a) Foundation coordinates: x, 10.00, y, = 3.00

x, = 13.00, y, = 3.00

Length of footing: = 6.00




EM 1110-1-1905
30 Oct 92

(b) Soil Coordinates: X, = X = 10.00, y; = ¥Vs = 3.00
(top elevation of x, = X, = 13.00, y, = Ve = 3.00
subsurface soil)

(c) Soil Properties: moist (wet) unit weight y; = 130 pounds/ft®
(subsurface soil) saturated unit weight = 7Yy
friction angle 30 deg
cohesion = 0.00

1t

(d) oOptions: One surcharge vy coordinate of top of
layer surcharge 5.00 ft
moist unit weight = 120 pounds/ft?
saturated unit weight = 120 pounds/ft?

Watexr table y coordinate of top of
description water table = 2.00 ft
unit weight of water 62.5 pounds/ft?

10.2 kips

Applied load applied load (R)
description X coordinate of base
application point = 11.5 ft
z coordinate of base
application point 3.00 ft
inclination of load clockwise
from vertical = 11.4 deg

{e) CBEAR calculates g, = 5.34 ksf

(f) Comparison of methods indicates bearing capacities

Total Net
Method q,, kst q!, kst
Meyerhof 5.25 5.01
Hansen 4.69 4.45
Vesic 5.86 5.62
Program CBEAR 5.34 5.10

The net bearing capacity is found by subtracting ¥,"D = 0.12-2 = 0.24 ksf from q,
Equation 4-2. The resultant applied pressure on the footing is q, = R/ (BW) =
10.2/(3-6) = 0.57 ksf. The factor of safety of all of the above methods with
respect to the net bearing capacity is on the order of q./g, = 9. The Hansen
method is most conservative.
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c. Rectangular Footing With Eccentricity, Base Tilt, and Ground Slope. A
rectangular footing, B = 3 ft and W = 5 ft, is placed in a cohesionless soil with
base tilt & = 5 deg and ground slope P = 15 deg as illustrated in Table 4-5 and
Figure 4-7. ¢’ = 26 deg and ¢ = ¢, = 0.0. Soil wet unit weight 7, = 120 lbs/ft?,
subsurface soil wet unit weight 7, = 130 1lbs/ft®, and depth to groundwater Dgr = 3
ft. Vertical applied load Q = 10 kips and horizontal load T = 0 kips, but My = 5
kips-ft and M, = 10 kips-ft.

soit
HeHET URIT HEIGHT

| F?'*"”"B SUBSURFACE SBIL
JL Jy=HET UNIT UEIGHT
PR v A

—b — ZERQG ELEVRTION

Figure 4-7. Shallow foundation with slope and base tilt

(1) Coordinate Adjustment. & = 5 deg indicates right side elevation of the
base is 3-sin 5 deg = 0.26 ft higher than the left side. B = 15 deg indicates right
side foundation elevation at the ground surface is 3-sin 15 deg = 0.78 ft higher
than the left side.

(2) Effective Stress Adjustment. Average Dg, = 3 + 0.78/2 = 3.39 ft.
Average D = 2 + 0.78/2 - 0.26/2 = 2.26 ft. Adjustment of soil unit wet weight for
the water table from Equation 1-6 is

Yuss = Yu - Yw = 0.130 - 0.0625 = 0.0675 kip/ft’

H = B-tan[45 + (¢/2)] = 3.00-1.73 = 5.2 ft
Y'u = Yuse + [(Dawr - D) /H]- ¥,

= 0.0675 + [(3.39 - 2.26)/5.2]-0.0625 = 0.081 kip/ft3
6'y, =0y = YD = 0.120:2.26 = 0.27 ksf

(3) Eccentricity Adjustment. Bending moments lead to eccentricities from
Equations 4-4c and 4-44d

5/10 = 0.5 ft
10/10 = 1.0 ft

e = My/Q
Sy M,/Q

1

fl
1]

Effective dimensions from Equations 4-4a and 4-4b are

B’ =B - 26, = 3
W =W- 28 =5 -

2-0.5 = 2 ft
2-1.0
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(4)
4-4. N,

(a)

(b)

(c)

(5)

-1905

Hansen Method. For ¢’ = 26 deg, N, = 11.85 and N, = 7.94 from Table
is not needed since ¢ = 0.0. From Table 4-5,

Wedge correction factor §, = o' §yi Gya Gyp- Gys where o = 1.00

Cw =1 -0.4B'/W =1 -0.4"2/3 = 0.733

ja = 1.00
§p = (1 - 0.5-tan B)* = (L - 0.5-tan 15)° = 0.487
% = @-0-047"8-tan ¢* _ o-0.047'5:tan 26 _ (892

il
1]

Cy 0.733-1.000-0.487-0.892 0.318

Surcharge correction factor §, = g {qi Coa” Cgp” Cos Where Lo = 1.00

§ee = 1 + (B'/W')-tan ¢ = 1 + (2/3)-0.488 = 1.325

k D/B = 2.26/3 = 0.753

e =1 + 2°tan ¢’ (1 - sing’)*k = 1 + 2-0.488 (1 - 0.438)°0.753
@ = 1.232

Cip = Gy = 0.487

an = e-o.oss-a'can o _ g-0.035-5-tan 26 . g 93§

Cq 1.325-1.232-0.487-0.918 = 0.730

Total ultimate bearing capacity from Equation 4-1 is

g, = 0.5'B-y{ NG, + 04 N~ G
= 0.5°2.00-0.081-7.942-0.318 + 0.27-11.85-0.730
= 0.205 + 2.335 = 2.54 ksf

Vesic Method. For ¢’= 26 deg, N, = 11.85 and N, = 12.54 from Table 4-4.

N. is not needed. From Table 4-6,

(a)

(b)

Wedge correction factor §, = {8y 8y Gy Gy where Gy = 1.00
= 1.00

4o =1 -0.4B/W=1-0.4-2/3 = 0.733

€ya = 1.00

p = (1L - tan B)? = (1 - tan 15)? = 0.536

(s = (1 - 0.017-8 tan ¢')* = (1 - 0.017-5-tan 26)* = 0.919
§, = 0.733-1.00-0.536-0.919 = 0.361

Surcharge correction factor g = Lo {qi Goar Gap” Cas where Lo = Lo
= 1.00

{ee =1 + (B/W)-tan ¢ = 1 + 2/3-0.488 = 1.325
Coa =1+ 2°tan ¢’ (1 - sind’)* k

§ga = 1 + 2-0.488° (1 - 0.438)%0.753 = 1.232
Cop = Ly = 0.536

Ces = &ys = 0.919

g = 1.325-1.232-0.536-0.919 = 0.804
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Total ultimate bearing capacity from Equation 4-1 is

Qu B Yy Ny
2.0

0.5
= 0.5 0-0.

gy + Op Ny Cq
081-12.54-0.361 + 0.27-11.85-0.804
0.367 + 2.572 = 2.94 ksf

Program CBEAR. Input is as follows (refer to Figure 4-7):

Foundation coordinates: x, = 10.00, y;, =

Length of footing:

Soil Coordinates:

Soil Properties:

= 3.00
x, = 13.00, y, = 3.26
= 5.00

X,; = 10.00, yau = 5.00

X, = 13.00, vy, = 5.78
moist (wet) unit weight y; = 120 pounds/ft’
saturated unit weight = vy
friction angle = 26 deg
cohesion = 0.00

Options: One surcharge y coordinate of top of

layer

subsurface soil 3.00 ft

moist unit weight 130 pounds/ft?
saturated unit weight 130 pounds/ft?
friction angle = 26 degrees

cohesion = 0.0

Water table y coordinate of top of

description water table = 2.00 ft
unit weight of water = 62.5 pounds/ft?
Applied load applied load (R) = 10.0 kips
description x coordinate of base
application point = 11.0 ft
z coordinate of base
application point = 2.00 £t
inclination of load clockwise
from vertical = 0.0 deg
CBEAR calculates q, = 2.21 ksf

Comparison of methods indicates bearing capacities

Total Net

Method q., ksf q’y, kst
Hansen 2.55 2.28
Vesic 3.94 2.67
Program CBEAR 2.21 1.94

30 Oct 92
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Net bearing capacity is found by subtracting ¥,"D = 0.12' (2 + 2.78)/2 = 0.27 ksf
from g,, Equation 4-2. The resultant applied pressure on the footing is q, =
Q/(B'W') = 10/(2-3) = 1.67 ksf. The factors of safety of all of the above methods
are q’,/q, < 2. The footing is too small for the applied load and bending moments.
Program CBEAR is most conservative. CBEAR ignores subsoil data if the soil is
sloping and calculates bearing capacity for the footing on the soil layer only.
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CHAPTER 5
DEEP FOUNDATIONS

5-1. Basic Considerations. Deep foundations transfer loads from structures to
acceptable bearing strata at some distance below the ground surface. These
foundations are used when the required bearing capacity of shallow foundations
cannot be obtained, settlement of shallow foundations is excessive, and shallow
foundations are not economical. Deep foundations are also used to anchor structures
against uplift forces and to assist in resisting lateral and overturning forces.
Deep foundations may also be required for special situations such as expansive or
collapsible soil and soil subject to erosion or scour.

a. Description. Bearing capacity analyses are performed to determine the
diameter or cross-section, length, and number of drilled shafts or driven piles
required to support the structure.

(1) Drilled Shafts. Drilled shafts are nondisplacement reinforced concrete
deep foundation elements constructed in dry, cased, or slurry-filled boreholes. A
properly constructed drilled shaft will not cause any heave or loss of ground near
the shaft and will minimize vibration and soil disturbance. Dry holes may often be
bored within 30 minutes leading to a rapidly constructed, economical foundation.
Single drilled shafts may be built with large diameters and can extend to deep
depths to support large loads. BAnalysis of the bearing capacity of drilled shafts
is given in Section I.

(a) Lateral expansion and rebound of adjacent soil intoc the bored hole may
decrease pore pressures. Heavily overconsolidated clays and shales may weaken and
transfer some load to the shaft base where pore pressures may be positive. Methods
presented in Section I for calculating bearing capacity in clays may be slightly
unconservative, but the FS’s should provide an adequate margin of safety against
overload.

(b) Rebound of soil at the bottom of the excavation and water collecting at
the bottom of an open bore hole may reduce end bearing capacity and may require
construction using slurry.

(c) Drilled shafts tend to be preferred to driven piles as the soil becomes
harder, pile driving becomes difficult, and driving vibrations affect nearby
structures. Good information concerning rock is required when drilled shafts are
carried to rock. Rock that is more weathered or of lesser quality than expected may
require shaft bases to be placed deeper than expected. Cost overruns can be
significant unless good information is available.

(2) Driven Piles. Driven piles are displacement deep foundation elements
driven into the ground causing the soil to be displaced and disturbed or remolded.
Driving often temporarily increases pore pressures and reduces short term bearing
capacity, but may increase long term bearing capacity. Driven piles are often
constructed in groups to provide adequate. bearing capacity. Analysis of the bearing
capacity of driven piles and groups of driven piles is given in Section II.

5-1
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(a) Driven piles are frequently used to support hydraulic structures such as
locks and retaining walls and to support bridges and highway overpasses. Piles are
also useful in flood areas with unreliable soils.

(b) Pile driving causes vibration with considerable noise and may interfere
with the performance of nearby structures and operations. A preconstruction survey
of nearby structures may be required.

(¢) The cross-section and length of individual piles are restricted by the
capacity of equipment to drive piles into the ground.

(d) Driven piles tend to densify cohesionless soils and may cause settlement
of the surface, particularly if the soil is loose.

(e) Heave may occur at the surface when piles are driven into clay, but a net
settlement may occur over the longterm. Soil heave will be greater in the direction
toward which piles are placed and driven. The lateral extent of ground heave is
approximately equal to the depth of the bottom of the clay layer.

(3) Structural capacity. Stresses applied to deep foundations during driving
or by structural loads should be compared with the allowable stresses of materials
carrying the load.

b. Design Responsibility. Selection of appropriate design and construction
methods requires geotechnical and structural engineering skills. Knowledge of how a
deep foundation interacts with the superstructure is provided by the structural
engineer with soil response information provided by the geotechnical engineer.
Useful soil-structure interaction analyses can then be performed of the pile-soil
support system.

¢. Load Conditions. Mechanisms of load transfer from the deep foundation to
the soil are not well understood and complicate the analysis of deep foundations.
Methods available and presented below for evaluating ultimate bearing capacity are
approximate. Consequently, load tests are routinely performed for most projects,
large or small, to determine actual bearing capacity and to evaluate performance.
Load tests are not usually performed on drilled shafts carried to bedrock because of
the large required loads and high cost.

(1) Representation of Loads. The applied loads may be separated into
vertical and horizontal components that can be evaluated by soil-structure
interaction analyses and computer-aided methods. Deep foundations must be designed
and constructed to resist both applied vertical and lateral loads, Figure 5-1. The
applied vertical load Q is supported by soil-shaft side friction Q,, and base
resistance Q,,. The applied lateral load T is carried by the adjacent lateral
soil and structural resistance of the pile or drilled shaft in bending, Figure 5-2.

{a) Applied loads should be sufficiently less than the ultimate bearing
capacity to avoid excessive vertical and lateral displacements of the pile or
drilled shaft. Displacements should be limited to 1 inch or less.
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VERTICAL LOAD., KIPS LATERAL LOAD, KIPS
8 < Q T T,
H -— - + T
Bu= Op,*+ B5,— Hp T J' T T, et Top
1 | 9s
8 = APPLIED LORD o T : LATERAL LOAD
G, = VERTICAL LOAD T, = LATERAL
CAPACITY RESISTANCE
ubu= 8RASE RESISTANCE Tus: LATERAL SO01L
CAPACITY RESISTANCE
G;, = SIDE FRICTION T,p © PILE SHEAR
CAPACITY afy RESISTRNCE
g = PILE WEIGHT

Figure 5-1. Support of deep foundations

(b) Factors of safety applied to the ultimate bearing capacity to obtain
allowable loads are often 2 to 4. FS applied to estimations of the ultimate bearing
capacity from static load test results should be 2.0. Otherwise, FS should be at
least 3.0 for deep foundations in both clay and sand. FS should be 4 for deep
foundations in multi-layer clay soils and clay with undrained shear strength C, > 6
kst.

(2) Side Friction. Development of soil-shaft side friction resisting
vertical loads leads to relative movements between the soil and shaft. The maximum
side friction is often developed after relative small displacements less than 0.5
inch. Side friction is limited by the adhesion between the shaft and the soil or
else the shear strength of the adjacent soil, whichever is smaller.

(a) Side friction often contributes the most bearing capacity in practical
situations unless the base is bearing on stiff shale or rock that is much stiffer
and stronger than the overlying soil.

(b) Side friction is hard to accurately estimate, especially for foundations
constructed in augered or partially jetted holes or foundations in stiff, fissured
clays.
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Figure 5-2. Earth pressure distribution T, acting on
a laterally loaded pile

(3) Base Resistance. Failure in end bearing normally consists of a punching
shear at the tip. BApplied vertical compressive loads may also lead to several
inches of compression prior to a complete plunging failure. The full soil shear
strength may not be mobilized beneath the pile tip and a well-defined failure load
may not be observed when compression is significant.

Section I. Drilled Shafts

5-2. Vertical Compressive Capacity of Single Shafts. The approximate static load
capacity of single drilled shafts from vertical applied compressive forces is

QU =Qbu + qu - Wp

n (5-1a)
Qu & gphp *+ Z Qeui ~ Wp (5-1b)
i=1
where
Q. = ultimate drilled shaft or pile resistance, kips
Q,, = ultimate end bearing resistance, kips
Q., = ultimate skin friction, kips
Oy, = unit ultimate end bearing resistance, ksf
A, = area of tip or base, ft?
n = number of increments the pile is divided for analysis (referred to as

a pile element, Figure C-1)
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Q. = ultimate skin friction of pile element i, kips
W, = pile weight, = A, L'y, without enlarged base, kips
L = pile length, ft

Yo pile density, kips/ft?

A pile may be visualized to consist of a number of elements as illustrated in
Figure C-1, Appendix C, for the calculation of ultimate bearing capacity.

a. End Bearing Capacity. Ultimate end bearing resistance at the tip may be
given as Equation 4-1 neglecting pile weight W,

] Bb ’
Tpu = CNplop * OLVgplep + > YpNypCyp (5-2a)
where
c = cohesion of soil beneath the tip, ksf
6', = effective soil vertical overburden pressure at pile base = 'Y, L, ksf
Y. = effective wet unit weight of soil along shaft length L, kips/ft?
B, = base diameter, ft
v', = effective wet unit weight of soil in failure zone beneath

base, kips/ft?

N, N ,N,, = pile bearing capacity factors of cohesion, surcharge, and
wedge components

{epr $ps §yp = Pile soil and geometry correction factors of cohesion,
surcharge, and wedge components

Methods for estimating end bearing capacity and correction factors of Equation 5-2a
should consider that the bearing capacity reaches a limiting constant value after
reaching a certain critical depth. Methods for estimating end bearing capacity from
in situ tests are discussed in Section II on driven piles.

(1) Critical Depth. The effective vertical stress appears to become constant
after some limiting or critical depth Le, perhaps from arching of soil adjacent to
the shaft length. The critical depth ratio Le/B where B 1is the shaft diameter
may be found from Figure 5-3. The critical depth applies to the Meyerhof and
Nordlund methods for analysis of bearing capacity.

(2) Straight Shafts. Equation 5-2a may be simplified for deep foundations

without enlarged tips by eliminating the N,, term

Ty = CNplyp + O (Ngp = 1) (g (5-2b)

or

- . . ,c -
Do = “Neplep * Ve (5-2¢)

Equat