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Soils and Soils Explorations
Foundations

Basement Construction

ELEMENT A: SUBSTRUCTURE

INTRODUCTION

Well-designed foundations are a necessity to building design. A basic understanding of factors that influence facil-
ity substructure design — bearing strata, settlement, and the effects of adjacent structures, slopes, and building
modification that either physically expand the structure or change the use of a structure—is essential for good
building design.

This chapter provides a basic vocabulary for the design team to use to communicate when assisting in the design
of the optimum foundation system to satisfy cost, schedule, and building constraints. This chapter also focuses on
the work of the geotechnical engineer, who, together with the structural engineer, creates solutions to complex
design constraints. When engineering insight is combined with practical construction methods to produce struc-
tures that support increasingly larger loads in more efficient way, it reduces the risk that the effectiveness of struc-
tures above grade will be diminished by a misunderstanding or lack of attention to an important detail below grade.

In addition to exploring soils and geotechnical investigation, this chapter examines climatic and seismic consider-
ations relating to the facility substructure and provides a review of special foundations, including basement con-
struction. The topic of basement construction addresses basement excavation, soil support, shoring strategies, and
basement wall construction, using both concrete and masonry, and methods of waterproofing or dampproofing
these elements.

Contributor:
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SOILS AND SOILS EXPLORATIONS

Bringing together project team design professionals, including
geotechnical engineers, structural engineers, and architects to dis-
cuss the matter of soils and foundations is fundamental to ensure
that the foundation selected satisfies the constraints of the project
budget as well as the functionality of the structure.

Understanding the vocabulary of geotechnical science (for exam-
ple, the difference between “cohesive” and “cohesionless” soils)
is the first step toward fostering collaborative communication,
which becomes increasingly important as the process continues.
What should be tested, what the test should be, why it is important,
and what the limitations of the test are must be addressed.
Likewise, identifying foundation and ground modification alterna-
tives (as well as their pros and cons) will aid in the preliminary
design phase, when the building foundations are being developed.

Understanding the geotechnical investigation report and geo-
graphical variations such as climate and seismic conditions will
assist the design professionals in discussing important foundation
issues.

SOILS DEFINITIONS: TERMS AND
CLASSIFICATIONS

It is critical that geotechnical and structural engineering informa-
tion be understood properly; to that end, the following definitions
of common soils and other terms are included for reference:

Clay: Determined by the size of particles and composition, clays
are chemically different from their parent materials as a result
of weathering. Clays are typically inorganic and have grain sizes
less then 0.0002 in. in diameter. This material contains charged
particles and has an affinity for water. Because of their size and
chemical composition, clays exhibit cohesion and plasticity.
Clays can be classified as stiff, medium, or soft, depending on
the moisture content, with drier clays typically being stiffer.
Clays make a satisfactory bearing material under some condi-
tions. Long-term settlement can sometimes control the allow-
able bearing pressure. Because of the cohesive nature of clay,
excavations can have steep slopes for short periods of time.
Silt: Silt consists of inorganic particles between 0.003 in. and
0.0002 in. in diameter. These fine-grained particles are similar in
composition to the rocks from which they are derived, and are
not plastic in nature. Organic silt is found on the bottom of lakes
and river deltas.

Sand- Classifications of sand vary from fine to coarse, these rock
particles range in size from 0.003 in. to 0.079 in. in diameter.
Adequately compacted, sand makes an ideal bearing material.
The coarser the sand, the higher the allowable bearing pres-
sures. Fine sands are susceptible to becoming quick when sub-
jected to unbalanced hydrostatic pressures, and may liquify
when they are loose, saturated, or subjected to seismic forces.
Settlement is usually immediate, with little long-term settlement.
Gravel- Classifications of gravel vary from fine to coarse, and
these unconsolidated rock fragments range from .75 in. to about
3 in. Except for gravels composed of shale, this material makes
a good foundation material. Depending on the compactness and
the underling material, very high bearing pressures are allowed
by some building codes.

Cobbles: Ranging in size from about 3 in. to about 10 in., these
rock fragments can make reliable foundation-bearing materials,
but can be difficult to properly compact when used for fill.
Cobble-sized materials can interfere with pile driving and
drilled-pier construction causing significant problems.
Boulders: Typically classified as rock fragments greater than 10
in., boulders can be used as part of a fill mass if the voids
between the boulders are filled with finer-grained sands and
silts. These materials are generally not considered suitable for
direct foundation support because of their size and shape, and
the difficulty in excavating the material to desired shapes. As
with cobbles, boulders can cause significant problems during
construction.

Bedrock: Unbroken hard rock that is not over any other materi-
alis considered bedrock. Depending upon its composition, it can
be capable of withstanding extremely high bearing pressure,
and is desirable for foundations supporting high loads. If the
rock has been weathered or is cracked, its bearing capacity may
be compromised. Settlement of buildings on bedrock is primari-
ly limited to the elastic settlement of the foundation.

Residuum: Residuum consists of soil derived from the in-place
decomposition of bedrock materials. In general, these soils are
more weathered near the surface, and gradually transition to a
more rocklike material with depth. Where residual soils reveal
evidence of the stratification and structure of the parent rock,
they are known as saprolitic materials.

Alluvial soils: Because materials are eroded, transported, and
deposited through the action of flowing water, these soils are
typically loose and saturated, hence often are unsuitable for
support of structures or pavements.

Colluvial soils: Because materials are transported by gravity,
typically associated with landslides, these soils are generally
irregular in composition and loose. They require improvement
prior to being used to support buildings and pavements.
Aeolian soils: These soils are transported and deposited by the

SOIL TYPES AND THEIR PROPERTIES

wind. Typically, they consist of silt or sand-sized soils. Loess, one
of the more common types of aeolian soils, is composed of fine
cemented silt. While this material may be competent in place, it
loses much of its strength when disturbed or recompacted.

Till: Till is a mixture of clay, silt, sand, gravel, and boulders
deposited by glaciers. Consolidated tills that are well graded
(indicated by a uniform distribution of particle size) are excep-
tionally strong and make excellent foundation strata. Loose tills
can cause differential settlements if used as a bearing material.
Loam:This organic material, made up of humus and sand, silt, or
clay, provides excellent material for agriculture but should not
be used for foundations. Organic materials will settle a great
deal over time, and even lightly loaded slabs on grade will settle
if bearing on loam.

Cohesionless soils: These types of soils consist of cobbles, grav-
els, sands, and nonplastic silts. They are generally formed from
the mechanical weathering of bedrock brought about by water,
ice, heat, and cold. They are typically composed of the same min-
erals as the parent rock. The strength of cohesionless materials
is derived primarily from interparticle friction.

Cohesive soils: These types of soils contain clay minerals with an
unbalanced chemical charge. As a result, they tend to attract
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water and bond together. The strength of cohesive materials is
derived from a combination of these chemical bonds and from
interparticle friction.

Consolidation: When soils are subjected to loads, water within
the void spaces initially supports the change in stress through
an increase in pressure. Excess pressures gradually dissipate in
proportion to the permeability of the soil. Coarse-grained mate-
rials drain rapidly, while finer-grained silts and clays drain more
slowly. As the excess pore pressures dissipate, the void spaces
compress and transfer the loads to the soil grains. The resulting
reduction in volume over time is known as consolidation.
Underconsolidated soils: Soils that have built up in river deltas
and other water bodies are deposited in a very loose state.
These soils are often underconsolidated, in that they have never
experienced stresses equal to or greater than current overbur-
den stresses. These materials tend to consolidate under their
own weight over time, until all excess pore pressures have been
dissipated and the soils become “normally consolidated.”
Foundations bearing on underconsolidated soils can typically
expect large short- and long-term settlement.
Overconsolidated soils: Unlike many other types of materials,
soils are not elastic. When stresses are applied to soils, they
compress. However, when the same stress is removed, they do
not rebound to the same height. When reloaded, the soils
“remember” previously loaded conditions and compress to their
historical level of stress. Soils that have previously been loaded
to stresses above those created by the current soil overburden
are considered to be overconsolidated. Foundations bearing on
overconsolidated soils can typically expect less short- and long-
term settlements.

Desiccation: All soils typically contain some moisture within the
voids between soil particles. When soils are dried, capillary ten-
sion tends to pull the soil grains together, causing the soil to
shrink and lose volume. This action can cause the soil to become
overconsolidated, as the capillary tension results in stress.

SOIL STUDIES AND REPORTS
READING A SOILS REPORT

A geotechnical report helps the design team understand the site on
which the structure is to be built. Most geotechnical reports con-
tain the following information, based on the previously defined
scope of exploration:

Report summary

Project information
Exploration methods
Description of soil and groundwater conditions
Design recommendations
Construction considerations
Appendix

Location diagram
Soil-boring or test pit logs
Soil profiles

Laboratory test results

The report summary is generally one to two pages long, and pro-
vides the most salient information and recommendations of the
report. Use the summary as quick reference, but read the entire
report for details and qualifications/limitations. Most reports can
be read within 30 minutes. Check and verify the project information
and criteria (i.e., building height, structural loads, floor/basement
levels, and so on). The scope of the evaluation and recommenda-
tions are based on this information. Also included in the report
would be project information describing the building and site char-
acteristics such as number of stories, building construction mate-
rials, foundation loadings, basement data if applicable, and grades.
The exploration section defines how the geotechnical engineer
obtained the soil information required to describe the foundation
this would include number, location and depth of soil borings and
test pits, and laboratory and field testing to be performed.

The general soil and groundwater conditions include a general
overview of the results of the geotechnical engineer’s tests. More
detailed information is contained in the soil-boring and test pit
logs, which can be reviewed when required.

The design recommendations section is of greatest interest to the
project design team, as it makes specific recommendations con-
cerning the design of foundations, grade slab, walls, drainage
requirements, and other key building components. It should be
read together with the section on construction considerations,
which identifies potential problems during construction that can be
avoided or minimized by both the design team and contractor when
everyone understands the challenges for the project.

Often reports will provide a transverse section of the soil profile,
combining the soil-boring information in a convenient picture. This
will enable the reader to better understand approximately how the
soil properties vary across the site.

SLAB-ON-GRADE CONSTRUCTION IN COLD CLIMATES
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INSULATED, SEALED GAP
ISOLATES SLAB FROM FROST
WALL AND BLOCKS RADON ENTRY

OPTIONAL SLOPED INSULATION
DRAINS WATER AWAY FROM
FOUNDATION AND ALLOWS
SHALLOWER FOOTINGS WHEN
BUILDING HEAT WARMS SOIL

A COARSE GRAVEL

DRAIN BED SURROUNDED
BY FILTER FABRIC AND
DRAINED WITH 4"

MINIMUM PERFORATED PIPE

FOUNDATION WALL

THICKENED SLAB EDGE
MAY BE SUBSTITUTED FOR
FOOTING IN WELL-DRAINED
NONFROST-SUSCEPTIBLE SOILS

BASEMENT CONSTRUCTION IN COLD CLIMATES
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AIR-VAPOR RETARDERS SHOULD BE OVERLAPPED
AND SEALED AT CHANGES IN CONSTRUCTION

HEATED BASEMENTS SHOULD HAVE INSULATED
FOUNDATIONS; EXTERIOR INSULATION (WITH
PROTECTIVE COATING) HELPS TO REDUCE THERMAL
BRIDGING, KEEPING THE FOUNDATION AND
FOOTINGS WARM TO MINIMIZE FROST PROBLEMS

INSULATED, SEALED GAP
ISOLATES SLAB FROM FROST WALL

X
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BASEMENT WALL OF CONCRETE OR CMU

CONTINUOUS VAPOR RETARDER UNDER THE SLAB

CLIMATIC FOUNDATION ISSUES

DESIGNING FOR COLD AND
UNDERHEATED CLIMATES

Cold and underheated climate conditions occur over the northern
half of the United States and in mountainous regions. These condi-
tions can be generally quantified as where the frost depth is 12 in.
or greater. Designing foundations for these conditions is treated in
a more typical manner, such as: providing a foundation below the
frost depth, including a basement, and providing insulation on the
exterior to reduce the chances of cold ground temperatures reach-
ing the structure.
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ENERGY-EFFICIENT WALL SECTIONS FOR
UNDERHEATED CLIMATES
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FROST ISSUES

Detrimental frost action in soils is obviously limited to those areas
of the United States where subfreezing temperatures occur on a
regular basis and for extended periods of time. “Frost action,” as
used in this context, is the lateral or vertical movement of struc-
tures supported on or in the soil. Frozen soil is, in itself, not nec-
essarily detrimental to the supported structures. It becomes detri-
mental when, through the growth of ice lenses, the soil, and what-
ever is resting on the soil above the ice lenses, heaves upward.
This causes foundations and the structures supported by the foun-
dations to distort and suffer distress. Other common problems are
the heaving of sidewalks, pavements, steps, retaining walls, fence
poles, and architectural features.

The depth of frost penetration is directly related to the intensity
and duration of the freezing conditions, a measure that is termed
the freezing degree day index. In milder climates in the United
States, the local building codes might stipulate a frost protection
depth for foundations of 12 in. In the northern portions of the
United States, the frost protection depth might be 42 to 60 in. as
required by local building codes. These guidelines are usually con-
servative, but there are situations where deeper frost protection
depths are warranted. For instance, if the emergency entrance to
a hospital is on the north side of the hospital, where the sun never
warms the pavement adjacent to the building, and the pavement is
kept 100 percent snow-free for safety reasons, then the frost pen-
etration can easily exceed the code requirements.

Carefully evaluate exposure conditions to see if a special condition
exists. Grass and snow are very effective insulators for the ground
below. Avoid the use of sloping exterior faces on grade beams or
foundations that give the freezing forces something to push
against when the frost heave situation develops.

AVERAGE DEPTH OF FROST PENETRATION (IN.)
1.5

DESIGNING FOR HOT, ARID CLIMATES

CLIMATE IMPLICATIONS

Though classified as arid and overheated, severe desert climates
in the United States typically have four distinct periods for deter-
mining comfort strategies:

The hot dry season, occurring in late spring, early summer, and
early fall, has dry, clear atmospheres that provide high insula-
tion levels, high daytime air temperatures, very high sol-air tem-
peratures, and large thermal radiation losses at night, produc-
ing a 30° to 40°F daily range. Nighttime temperatures may fall
below the comfort limits and are useful for cooling. Low humid-
ity allows effective evaporative cooling.

The hot humid season occurs in July and August. In addition to
high insulation, it is characterized by high dew point tempera-
tures (above 55°F), reducing the usefulness of evaporative cool-
ing for comfort conditioning. Cloudiness and haze prevent night-
time thermal reradiation, resulting in only a 20°F or less daily
range. Lowest nighttime temperatures are frequently higher
than the comfort limits. Thus, refrigeration or dehumidification
may be needed to meet comfort standards.

The winter season typically has clear skies, cold nights, very low
dew point temperatures, a daily range of nearly 40°F, and the
opportunity for passively meeting all heating requirements from
isolation.

The transitional or thermal sailing season occurs before and
after the winter season and requires no intervention by envi-
ronmental control systems. This season can be extended by the
passive features of the building. Other desert climates have sim-
ilar seasons but in different proportions and at cooler scales.

CONSTRUCTION DETAILS

Capitalize on conditions climatic conditions by incorporating con-
struction practices that respond in beneficial ways to the environ-
ment, including:

+ Insulate coolant and refrigerant pipes from remote evaporative
towers and condensers for their entire length.

« In hot locations, use roof construction similar to the cold climate
roof detail.

Do not use exposed wood (especially in small cross sections)
and many plastics, as they deteriorate from excessive heat and
high ultraviolet exposure.

Although vapor retarders may not be critical to control conden-
sation, implement them as a building wrap or wind shield, both
to control dust penetration and to avoid convective leaks from
high temperature differentials.

Avoid thermal bridges such as extensive cantilevered slabs.
Radiant barriers and details appropriate to humid overheated
climates are at least as effective as vapor retarders, but avoid
holes in assembly where convection would leak their thermal
advantage.

Ventilate building skin (attic or roof, walls) to relieve sol-air heat
transfer.

DESIGNING FOR HUMID, OVERHEATED
CLIMATES

Humid, overheated conditions are most severe along the Gulf
Coast, but occur across the entire southeastern United States.
Atmospheric moisture limits radiation exchange, resulting in daily
temperature ranges less than 20°F. High insulation gives first pri-
ority to shading. Much of the overheated period is only a few
degrees above comfort limits, so air movement can cool the body.
Ground temperatures are generally too high for the Earth to be
useful as a heat sink, although slab-on-grade floor mass is useful.
The strategies are to resist solar and conductive heat gains and to
take best advantage of ventilation.
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TYPICAL WALL SECTIONS FOR HOT, ARID CLIMATES
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SHEATHING

EAST AND WEST WALLS RADIANT BARRIER
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N, / PLYWOOD SHEATHING
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AS REQUIRED BY LOCAL CODES

SILL SEALER GASKET
1-1/2" BOARD INSULATION WITH STUCCO FACING

SEISMIC FOUNDATION ISSUES
INTRODUCTION TO SEISMIC DESIGN

According to the theory of plate tectonics, the Earth’s crust is divid-
ed into constantly moving plates. Earthquakes occur when, as a
result of slowly accumulating pressure, the ground slips abruptly
along a geological fault plane on or near a plate boundary. The
resulting waves of vibration within the Earth create ground
motions at the surface, which, in turn, induce movement within
buildings. The frequency, magnitude, and duration of the ground
motion; physical characteristics of the building; and geology of a
site determine how these forces affect a building.

DESIGN JUDGMENT

During a seismic event, buildings designed to the minimum levels
required by model codes often sustain damage, even significant
structural damage. Early discussions with an owner should explore
the need to limit property loss in an earthquake, and the desirabil-
ity of attempting to ensure continued building operation immedi-
ately afterward. To achieve these results, it may be necessary to
make design decisions that are more carefully tuned to the seismic
conditions of a site than the code requires.

The relationship between the period of ground motion and the peri-
od of building motion is of great importance to building design.
Fundamental periods of motion in structures range from 0.1 sec-
ond for a one-story building to 4.0 seconds or more for a high-rise
building. Ground generally vibrates for a period of between 0.5 and
1.0 second. If the period of ground motion and the natural period
of motion in a building coincide, the building may resonate, and the
loads will be increased. Theoretically, one part of the seismic
design solution is to “tune” the building so that its own period of
motion falls outside the estimated range of ground motion fre-
quency. In practice, this tuning is very seldom carried out. Rather,
design professionals rely on increased load effects required by the
applicable code to take care of the problem.

SEISMIC CODES

The building code adopted in most jurisdictions in the United States
is International Building Code (IBC). There are some significant
changes to the seismic forces determined by this code compared
to seismic forces determined by previous building codes. The IBC
2006 code seismic provisions are designed around a level of earth-
quake that is expected to be exceeded only 2 percent of the time in
the next 50 years. The level of seismic design for most structures,
per the IBC, is based on a “collapse protection” strategy (com-
monly referred to as a “life safety” level), which assumes that
there may be significant damage to the structure up to the point of
collapse but that the structure does not collapse.

The structural engineer will design a lateral force-resisting struc-
tural assembly to resist a design-level earthquake. These designs
are developed from detailed maps that indicate the ground spec-
tral accelerations of buildings, which are based upon known past
seismic events, in combination with probability studies. These
maps typically include known fault locations, which help to deter-
mine the distance of the building from any known fault. The ground
accelerations can typically be found down to the county level in the
United States. The geotechnical engineer works with the design
team to develop the site coefficient, which is dependent on the
local soils layers and depths.

The following information is based on the requirements in the IBC
2006 Building Code, which in turn is based on the 2000 National
Earthquake Hazards Reduction Program (NEHRP). Detached one-
and two-family dwellings are exempt from seismic regulations in
areas other than those with high seismicity. (Note: Seismic codes
are constantly evolving, so consult the applicable code before
beginning a project.)

Contributors:
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MAIN CAUSES OF FOUNDATION FAILURE
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TERMS

The seismic community has an extensive set of terms that describe
common conditions in the field. Here is a short list of these terms
and their definitions:

 Base shear (static analysis): Calculated total shear force acting
at the base of a structure, used in codes as a static representa-
tion of lateral earthquake forces. Also referred to as equivalent
lateral force.

BASE SHEAR AND DRIFT
1.12
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Source: Map courtesy of the U.S. Geological Survey, National Seismic Hazard Mapping Project (June 1996)
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« Design earthquake: Earthquake ground motion for which a
building is designed. This is typically about two-thirds of the
maximum considered earthquake (MCE) (defined below) when
designing per the IBC codes.

« Drift and story drift: Lateral deflection of a building or structure.
Story drift is the relative movement between adjacent floors.

« Ductility: The ability of a structural frame to bend, but not break.
Ductility is a major factor in establishing the ability of a building
to withstand large earthquakes. Ductile materials (steel, in par-
ticular) fail only after permanent deformation has taken place.
Good ductility requires special detailing of the joints.

* Dynamic analysis: A structural analysis based on the vibration

motion of a building. Dynamic analysis is time-consuming, and

normally reserved for complex projects.

Forces, in-plane: Forces exerted parallel to a wall or frame.

* Forces, out-of-plane: Forces exerted perpendicular to a wall or
frame.

FORCE DIAGRAMS
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IN-PLANE
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« Maximum considered earthquake (MCE): The greatest ground-
shaking expected to occur during an earthquake at a site. These
values are somewhat higher than those of the design earth-
quake, particularly in areas where seismic events are very infre-
quent. The code maps are based on earthquakes of this magni-
tude.

* Reentrant corner: The inside building corner of an L-, H-, X-, or
T-shaped plan.

ESTABLISHING SEISMIC FORCES

The equivalent lateral force procedure is the most common method
used to determine seismic design forces. In it, the seismic load, V
(base shear), is determined by multiplying the weight of the build-

Contributors:
Donald Watson, FAIA, Rensselaer Polytechnic Institute, Troy, New York;
Kenneth Labs, New Haven, Connecticut; Subrato Chandra, Philip W.

Fairey, Michael M. Houston, and Florida Solar Energy Center, Cooling

with Ventilation, Solar Energy Research Institute, Golden, Colorado.
1982.; K. E. Wilkes, Radiant Barrier Fact Sheet, CAREIRS, Silver Spring,
Maryland; P. Fairey, S. Chandra, A. Kerestecioglu, Ventilative Cooling in
Southern Residences: A Parametric Analysis, PF-108-86, Florida, Solar
Energy Center, Cape Canaveral, Florida 1986; William W. Stewart, FAIA,
Stewart-Schaberg Architects, Clayton, Missouri.
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ing by a factor of Cs (V=CsW). The value of C5 depends on the size
of the design earthquake, the type of soil, the period of the build-
ing, the importance of the building, and the response-modification
factor (a variable that accounts for different levels of ductility for
different types of lateral force-resisting systems used). This force
is applied at the base of the structure then is distributed vertically
throughout the building according to the mass, and horizontally
throughout the building according to the stiffness of the lateral ele-
ments of the structure (for a “rigid” diaphragm), or according to
tributary width of the lateral elements of the structure (for a “flex-
ible” diaphragm).

DESIGN FOR RESISTING SEISMIC
FORCES AND FOUNDATION ISSUES

A design that resists seismic forces for a structure makes use of
the lateral systems’ ductility. Such ductile lateral systems are
designed to deflect more under seismic loading than what would be
expected from something such as wind loading. This allows for the
use of smaller effective seismic design forces and more reason-
ably sized members. It is important, however, that the overall
design still be capable of handling the expected deflections. Story
drifts that are too large can result in secondary forces and stress-
es for which the structure was not designed, as well as increase
the damage to the interior and exterior building components, and
hinder the means of egress from the building.

Typical means of resisting these forces include the use of moment
frames, shear walls, and braced frames. Each of these types of lat-
eral systems can be made up of one of the main structural materi-
als (such as steel or reinforced concrete moment frames; mason-
ry, wood, or reinforced concrete shear walls; or steel or reinforced
concrete-braced frames). The building configuration and design
parameters will have a major effect on which system to chose and,
subsequently, the lateral system chosen will have a major impact
on the foundations required to resist the loads.

Moment frames typically are distributed more evenly over the build-
ing footprint and have little or no uplift; they also generally have large
base moments that can be difficult to resist. In addition, moment
frames will tend to have greater lateral deflections than other stiffer
systems (such as shear walls or braced frames). Concrete shear
walls and steel-braced frames are more localized, not only concen-
trating lateral shear at the base but also having a high potential for
net uplift forces to be resisted. These forces are difficult to resist with
some foundation systems and should be reviewed extensively before
selecting the lateral load-resisting system.

Tall, narrow structures tend to have overturning issues before they
will face sliding issues, whereas short structures face sliding prob-
lems rather than overturning problems. Seismic motion rocks the
building, increasing overturning loads, and can act in any direction.
Thus, resistance to overturning is best achieved at a building’s
perimeter, rather than at its core.

Building foundations must be designed to resist the lateral forces
transmitted through the earth and the forces transmitted from the
lateral load-resisting system to the earth. In general, softer soils
amplify seismic motion.

SHEAR WALLS AND DIAPHRAGMS
1.14
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NOTES

1.16 The lateral force-resisting system for a symmetrical building is
much easier to design than that for an asymmetrical building. Because
the source of an earthquake cannot be known, symmetry in both direc-
tions should be considered.

1.17 This is a variation of the symmetry issue. When the notch gets too
big, the building tends to tear at the inside corner.

1.18 Not all floors have to be the same; nevertheless, it is important
that no floor has much more mass than those adjacent.

1.19 When a taller (inherently softer) first floor is desired, anticipate

using much heavier first-floor framing to equalize the stiffness with that
of the floors above.

1.20 Although both drawings illustrate shear walls in the same plane,
one arrangement is discouraged because the load path is not direct.

Contributor:
William W. Stewart, FAIA, Stewart-Schaberg Architects, Clayton,
Missouri; Scott Maxwell, PE, SE, Adrian, Michigan.
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FOUNDATION STRATEGIES FOR HIGH-
SEISMIC LOADS

UPLIFT

Braced buildings typically end up with high-tension loads at the
foundations. Shallow foundations are difficult to design with high-
tension loads. Some strategies are available to resist these uplift
forces:

Increase the dead load by removing adjacent columns, increas-
ing the tributary area.

Deepen the footing, increasing the soil load.

Increase the footing dimensions, to increase the soil and con-
crete loads.

Decrease column spacing, to decrease the brace forces.
Change the foundation type (typically, to a deep foundation that
can resist the uplift more effectively).

SHEAR

Braces and shear walls tend to collect the lateral forces and con-
centrate the loads in a few locations. Shallow and deep founda-
tions have limited lateral load-resisting capability. By combining
several foundations together, it is possible to effectively increase
the lateral load resistance. The concrete tie beams are typically
designed to distribute the lateral loads through tension or com-
pression of the beam.

FOUNDATIONS

GENERAL

Foundations, because they are hidden below the surface, are often
overlooked and their importance minimized by the design team. A
great deal of scientifically guided creativity is often necessary to
produce a foundation that supports the loads of the structure in
such a way as to economically maintain the aesthetics and function
of a facility. The wide variety of soil types and conditions across the
United States—from the bedrock near the surface in New York to
the sink holes and coral in Florida to the deep soft clays in the
Midwest and South, and expansive soils in the Southwest to the
seismically active areas of the country such as the West Coast—
pose a challenge to the design team. The most popular and eco-
nomical foundation solution is the spread footing. Spread footings
are typically shallow, simple to design and construct, and perform
well under many conditions. When properly designed, load is
spread from a column to the soil at a bearing pressure that caus-
es neither excessive settlement nor failure of the soil.

Should the soil conditions near the surface be weak, poorly com-
pacted, filled with debris or organic material, or too compressible,
deep foundations are warranted. The effect is to extend the foun-
dation through the weak strata to a soil type that can withstand the
loadings with tolerable settlement. Deep foundations come in sev-
eral types and, depending on the soil conditions, may include driv-
en piles, bored piles (bored, augered or drilled) or caissons. Deep
foundations resist imposed loads either by end bearing or side fric-
tion or some combination. It is not necessary to drive or drill a
deep foundation to rock, only to the depth required to reach a suit-
able stratum.

A spread footing is not always appropriate, such as when the prop-
erty line limits the extent of the foundation in one direction, or
when the soil conditions are very weak and suitable soil strata too
deep to reach with a deep foundation. In these cases, other types
of special foundations (such as combined footings, strap footings,
and raft foundations) are sometimes required.

Two basic criteria should be met for all foundations:

« Soil strength (bearing capacity): The ability of a soil to support a
load without experiencing failure is known as the bearing capac-
ity and is a function of the foundation size as well as the inher-

FOUNDATIONS

BRACE WITH UPLIFT
1.21

LATERAL
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ent strength properties of the soil. If the pressures exerted by a
foundation exceed the strength of a soil, the soil mass experi-
ences a shear failure leading to gross movements of both the
soil and the supporting foundation element.

Limitations of settlement. Settlement can happen either imme-
diately (foundations on sands), or over period of time, short or
long term (foundations on clays). Some settlement is expected,
over various parts of the country, typical and acceptable settle-
ment is usually less then 1 in. Settlement is not as important
with a solitary structure, but becomes more important when: (1)
buildings adjacent to an existing structure need to be intercon-
nected, (2) long utility runs need to be connected to the struc-
ture, or (3) there is sensitive equipment in the building. Uniform
settlement is somewhat better tolerated than differential settle-
ment that is uneven across several columns. Differential settle-
ment distorts the structure and causes cracking of the exterior
skin and interior partitions, broken windows, and doors that
don’t open. Allowable differential settlement may be dependant
on the material of the skin and structure; for example, brick and
concrete masonry buildings tolerate less differential settlement
than curtain wall buildings. Differential settlement of 1/4 in. is
typically considered tolerable for most building types.

The importance of proper foundation design and detailing cannot
be overemphasized. Working with the geotechnical engineer, famil-
iar with the soil conditions in the area, and a structural engineer,
familiar with the proposed design and detailing of the foundation,
will help ensure the building functions as intended for its life cycle.

SETTLEMENT AND DIFFERENTIAL
SETTLEMENT

Often, settlement governs the allowable bearing pressure, which is
set at an intensity that will yield a settlement within tolerable lev-
els for the building type. Allowable settlement is typically building
and use-specific. Total and differential settlement, as well as the
time rate of the occurrence of the settlement, must be considered
when evaluating whether the settlement is tolerable. For example,
in the case of a conventional steel frame structure, in typical prac-
tice a total maximum settlement of 1 in. is usually acceptable, and
differential settlement of one-half of the total settlement is also
usually tolerable.

ANGULAR DISTORTION

Settlement tolerance is commonly referred to in terms of angular
distortion in the building or settlement between columns. Typically,
an angular distortion of 1:480 is used for conventional structures.
This equates to 1 in. in 480 in., or 1 in. in 40 ft. Depending on the
type of structure, the allowable angular distortion might vary from
1:240 for a flexible structure (such as a wood frame, single-story
structure) to 1:1000 for a more “brittle” or sensitive structure.

EFFECTS OF SOIL TYPES

When load is applied to granular soils, the grains of soil are able to
respond almost immediately, and they will densify as the packing of
the grains becomes tighter.

Clay soils exhibit a time-dependent relationship associated with
the consolidation of the clay soil. In order for the clay to consoli-
date, and the overlying soil or structure to settle, the excess pres-
sures that are induced in the water in the clay must dissipate, and
this takes time because of the low permeability of the clay.
Depending on the drainage characteristics of the clay, the time
required for 90 percent of the consolidation (and settlement) to
occur may vary from a few months to several years. If there is a
high frequency of sand layers or seams within the clay mass, then
the consolidation will be quicker, because the excess pore water
pressure can be dissipated faster.

Both sand and clay soils have a built-in “memory” that, in effect,
remember the maximum load that was applied to the soil at some
time in the past. This memory is referred to as the preconsolidation
pressure. If 10 ft of soil has been removed (by excavation or ero-
sion) from a soil profile then the equivalent weight of that 10 ft of
soil (approximately 1250 Ibs per square foot) could be reapplied to
the soil profile without the soil below sensing any difference.
Depending on the process that deposited the soil, weathering
processes, past climatological changes, or human activities, the
preconsolidation pressure of the soil may be far in excess of the
pressures induced by the current soil profile. When that is the case,
settlement of conventional structures is rarely a significant con-
cern. But when the soil has not been preconsolidated, the addition
of any new load may result in excessive settlement.

Contributor:
James W. Niehoff, PE, Chief Engineer, PSI, Wheat Ridge, Colorado.
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MINIMUM SPECIFIED COMPRESSIVE STRENGTH AT 28 DAYS F’C, AND MAXIMUM SLUMP OF CONCRETE

1.22
WEATHERING PROBABILITY
NEGLIGIBLE MODERATE SEVERE MAXIMUM
TYPE OF LOCATION OF CONCRETE CONSTRUCTION f'c PSI f'c PSI f'c PSI SLUMP (IN.)
Type 1: Walls and foundations not exposed to weather; interior 2500 2500 2500 6
slabs-on-ground, not including garage floor slabs.
Type 2: Walls, foundations, and other concrete work exposed 2500 3000 3000 6
to weather, except as noted in Type 3.
Type 3: Driveways, curbs, walk-ways, ramps, patios, porches, 2500 3500 4500 5
steps, and stairs exposed to weather and garage floors, slabs.

Source: Based on ACI 332 Requirements for Residential Concrete Construction and Commentary, Table 4.1, Reprinted with permission of the

American Concrete Institute.

AIR CONTENT FORTYPE 2 AND TYPE 3 CONCRETE
UNDER MODERATE OR SEVERE WEATHERING

PROBABILITY
1.23
NOMINAL MAXIMUM | AIR CONTENT (TOLERANCE :+0.015)
AGGREGATE SIZE (IN.) |  MODERATE SEVERE
3/8 0.06 0075
1/2 0.055 007
34 0.5 0.07
1 0.045 0.06
11/2 0.045 0.055

Source: Based on ACI 332 Requirements for Residential Concrete
Construction and Commentary, Table 4.2, Reprinted with permission of
the American Concrete Institute.

FOOTING MINIMUM DIMENSIONAL REQUIREMENTS
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DOWEL AND KEYWAY REQUIREMENTS FOR FOOTINGS
1.25
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SHALLOW FOUNDATIONS

Shallow foundations are typically the most economical foundations
to construct where soil and loading conditions permit. Coordination
with local codes for frost depth and with the underground utilities
is required. The thickness of the footing has to be coordinated with
anchor bolt and dowel embedment. Typically, one layer of steel in
the bottom of the footing is required to resist the bending of the
footing caused by soil-bearing pressures.

AXIALLY LOADED SPREAD FOOTING
1.26
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Axial loads are distributed in a uniform manner under the footing.
The allowable bearing pressure necessary to resist the load deter-
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Source: Based on ACI 332 Requirements for Residential Concrete Construction and Commentary, Figures R6.5 and R 6.6. Reprinted with permission

of the American Concrete Institute.

SPREAD FOOTING RESISTING MOMENT, SHEAR, AND
AXIAL LOADS

1.27
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Axial loads, combined with shear and overturning forces can be
resisted by spread footings. The combination of axial load and
moment forces on the foundation need to be balanced to keep the

calculated loads on the footing less than the allowable bearing
pressure of the soil as determined by the geotechnical engineer.

SPREAD FOOTING SIZE LIMITATIONS
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MAXIMUM FOOTING WIDTHS TYPICALLY 20'-0" SQUARE

Minimum sizes of spread footings are specified by the geotechni-
cal engineer, to reduce the possibility of local soil failures by punch-
ing shear of an overall movement of soil mass. Maximum sizes of
spread footings keep the nonuniform bearing pressure from
becoming extreme and overstressing the soil.

NOTES

1.22 Maximum slump refers to the characteristics of the specified mix-
ture proportion based on water cement ratio only. Midrange and high-
range water-reducing admixtures can be used to increase the slump
beyond these maximums.

1.23 American Concrete Institute (ACI) and International Building Code
(IBC) have requirements for the minimum footing dimensions.

Contributor:
American Concrete Institute, www.concrete.org.
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SPREAD FOOTING—CONCRETE COLUMN

1.29
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FOUNDATIONS

SPREAD FOOTING—STEEL COLUMN
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NOTES

1.29 a. Soil below footing should not be disturbed after excavation.

b. Footing size based on allowable bearing pressure.

c. Thickness based on bending and shear requirements.

d. Reinforcing steel based on bending and minimum steel requirements.
e. Dowels as required to transfer load.

1.30 a. Provide concrete fill after all dead load has been applied to column.
b. Thickness of nonshrink grout to accommodate unevenness of footing
surface and leveling nuts.

c. Anchor bolts designed to resist moments and shears from axial loads,
as well as lateral loads.

Contributors:

Anthony L. Felder, Concrete Reinforcing Steel Institute, Schaumburg,
Tllinois; Kenneth D. Franch, AIA, PE, Phillips Swager Associates, Inc,
Dallas, Texas; Donald Neubauer, PE, Neubauer Consulting Engineers,
Potomac, Maryland; Mueser Rutledge Consulting Engineers, New York
City, New York; SmithGroup, Architecture, Engineering, Interiors,
Planning, Detroit, Michigan.
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PILE TYPES
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PRESTRESSED

TIP
TIMBER STEEL H PILE PIPE - PIPE - HELICAL HELICAL PULLDOWN STEEL PIPE AND  STEEL H PILE AND PILE STEM
OPEN END CLOSED END PIER MICROPILE CONCRETE- PRESTRESSED WITH PRECAST
FILLED SHELL CONCRETE CONCRETE TIP
TIMBER STEEL COMPOSITE
S K& TOP OF REINFORCING
b N . BEARING STERL CROSS SECTION
\ = ?// SOFT (FLUTED SHELL),
¥ C @ ?/,/ MATERIAL STRATUM CASING i
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\
X \/\\\/// SECTION SECTION
PRECAST PRESTRESSED  CYLINDER DRILLED PIER DRILLED PIER MINIPILE SHELL WITH SHELL, NO DRILLED
CONCRETE CONCRETE WITH SOCKET WITH BELL MANDREL MANDREL CAISSON
CONCRETE
GENERAL PILE DATA DRILLED PIER WITH BELL
1.35 1.36
MAXIMUM OPTIMUM REINFORCING STRUCTURAL
MAXIMUM OPTIMUM CAPACITY LOAD RANGE USUAL DOWELS COLUMN
PILETYPE LENGTH (FT) | LENGTH (FT) [  SIZE (IN.) (TONS) (TONS) SPACING
TIMBER SHAFT CONCRETE CAP
REINFORCING STEEL
Timber 110 45-65 5-10 tip; 40 15-25 2'-6"to 3'-0" FINISH FLOOR
12-20 butt GROUNDWATER CONC
TABLE NCRETE
STEEL SHAFT IN
Steel H pile 250 40-150 8-14 200 50-200 2'—6" to 3'-6" N TEMPORARY
pu g
Pipe—open end, concrete-filled 200 40-120 7-36 250 50-200 30" to 4’0" §E§”§ACT 1 Lo CASING
Pipe—closed end, concrete-filled 200 30-80 10-30 200 50-70 3'-0"to 4’0" \ } } } } <
Shell—mandrel, concrete-filled; 100 40-80 8-18 75 40-60 3'—0"to 3'-6" CLAY 11 } |
straight or taper \i/\\ o }
N | )
Shell—no mandrel, concrete-flled 150 3080 518 80 30-60 e B R I REE
Drilled caisson, concrete-filled 250 60-120 24-48 3500 1000-2000 6'-0" to 8'-0" (UNDISTURBED /\\///\\\/ ‘ \END-BEARING
X !
CONCRETE SOIL) \ kY CAPACITY
o X DETERMINED
Precast concrete 100 40-50 10-24 100 40-60 3'-0 MACHINE- W BY LOCAL
Prestressed concrete 270 60-80 10-24 200 100-150 3'—0"to 3’6" EXCAVATED CODES AND
Cylinder pile 220 60-80 36-54 500 250-400 6'—0" t0 9’0" BELL GEOTECHNICAL
Drilled pier with socket 120 10-50 30-120 500 30-300 30" t0 8'—0 ENGINEER
Drilled pier with bell 120 25-50 30-120 500 30-200 6'-0"
Auger cast grout or CFA 120 40-80 12-40 500 75-150 3'-0" BELL
(Continuous Flight Auger) pile DIAMETER
Minipiles 200 25-70 2.5-7 100 5-40 2'—0"to 4’0"
COMPOSITE
Helical pier 120 20-70 1-1/2" sq. to 100 15-60 4'-0"to 15'-0"
4-1/2 dia.
Helical pulldown micropile 100 20-70 4" dia. to 7" dia. 150 20-80 4'-0"to 15'-0"
Concrete—pipe 180 60-120 10-23 150 40-80 3'-0"to 4’0"
Steel H pile and prestressed concrete 200 100-150 20-24 200 120-150 3'-6" to 4'-0"
Pile stem with precast concrete tip 80 40 13-35 tip; 180 30-150 4'—6"
19-41 butt
NOTES the passive resistance of the soil, generated by the moment applied to

1.35 a. Applicable material specifications: Concrete ACI 318; Timber
ASTM D 25; Structural Sections ASTM A 36, A 572, and A 690. For selec-
tion of type of pile, consult a geotechnical engineer.

b. A mandrel is a member inserted into a hollow pile to reinforce the pile
shell while it is driven into the ground.

c. Timber piles must be treated with wood preservative when any por-
tion is above the groundwater table.

1.36 a. Test soils to determine their allowable bearing capacity.

b. “H” (depth of shaft reinforcing, below concrete cap) is the function of

the pier cap.
c. Piers may be used under grade beams or concrete walls. For very
heavy loads, pier foundations may be more economical than piles.

Contributors:

Mueser Rutledge Consulting Engineers, New York City, New York; John P
McCarthy, PE, SE, SmithGroup, Architects, Engineers, Interiors, Planners,
Detroit, Michigan; AB Chance, Centralia, Missouri.
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