18 Journal of Civil Engineering Researchers

C
Engincering
Researchers

Journal of Civil Engineering Researchers

Journal homepage: www.journals-researchers.com

Shallow Foundations and Deep Foundations; Drilled Piers, Aggregate
Piers and Stone Columns; Design Recommendations, Construction
Considerations, and Performance

Hossein Alimohammadi, =/a"

2 Terracon Consultants, Inc., Nashville, TN, USA 37217

ABSTRACT ARTICLE INFO
This paper presents a comprehensive review of shallow foundations, floor slabs, and deep Received: July 01, 2024
foundations, focusing on drilled piers, micropiles, aggregate piers, and stone columns. The Accepted: August 15, 2024

study aims to consolidate definitions, design methodologies, and construction
recommendations pertinent to these foundation types. Shallow foundations, including mat
and spread footings, and floor slabs are reviewed with respect to their design considerations
and construction techniques, emphasizing their role in efficiently supporting superstructures.

Deep foundations such as drilled piers and micropiles are evaluated for their capacity to gﬁgrlvt())v:/dli.oundations

transfer loads to deeper, more stable layers of soil. The review includes discussions on their Eloor Slabs

design principles, installation methods, and performance in different geotechnical contexts. Deep Foundations
Additionally, aggregate piers and stone columns are explored as ground improvement Drilled Piers

techniques, offering insights into their design parameters and construction practices to Micropiles

enhance soil bearing capacity and mitigate settlement issues. By synthesizing current Aggregate Piers

literature and engineering practices, this review aims to provide engineers, researchers, and Stone Columns

practitioners with a comprehensive resource for understanding the complexities of Future Design and Construction

foundation design and construction. Key recommendations are offered to guide future
research and practical applications in the field of geotechnical engineering.

DOI: 10.61186/JCER.6.3.18

© 2024 Journals-Researchers. All rights reserved. DOR: 20.1001.1.2538516.2024.6.3.3.6

the structure are relatively light. Shallow foundations are
cost-effective and simpler to construct compared to deep
foundations. The primary types of shallow foundations
include strip footings, spread footings, mat or raft
foundations, and combined footings. Each type has specific
applications and design considerations.  Shallow
foundation systems are a vital component of construction,
offering cost-effective and efficient solutions for a variety
of structures. Understanding the different types of shallow

1. Introduction: Shallow foundations definitions,
design and construction recommendations

Shallow foundations, also known as footings, are a
common type of foundation system used in construction.
These foundations are employed where the bearing strata
are close to the ground surface, and the loads imposed by
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foundations, their applications, and key design and
construction considerations is essential for ensuring their
successful implementation. Continued research and
development in geotechnical engineering will further
enhance the performance and reliability of shallow
foundations in future construction projects.

Strip footings are continuous strips of concrete that
support walls. They are commonly used in residential
construction and low-rise buildings where the load
distribution is linear. Strip footings are advantageous in
terms of ease of construction and cost-efficiency,
especially in cohesive soils where differential settlement is
less of a concern. Spread footings, also known as isolated
footings, support individual columns or piers. They are
typically square or rectangular and distribute the load over
a larger area to prevent excessive settlement. This type of
footing is suitable for structures with relatively uniform
load distributions and can be designed to accommodate
varying soil conditions. Mat or raft foundations consist of
a large slab of concrete that supports multiple columns and
walls. These foundations are used when soil conditions are
poor, and the load needs to be distributed over a wide area
to reduce settlement. Mat foundations are common in high-
rise buildings and structures with heavy loads, as they
provide stability and uniform settlement characteristics.
Combined footings support more than one column and are
used when columns are close to each other, making
individual footings impractical. They are designed to
balance the load distribution and are typically employed in
scenarios where the spacing between columns is too small
for isolated footings.

Shallow foundations are utilized in a wide range of
construction projects. Their applications span residential
buildings, commercial structures, and light industrial
buildings. Shallow foundations are extensively used in
residential construction due to their simplicity and cost-
effectiveness. Strip footings and spread footings are
common choices for supporting walls and individual
columns in houses and low-rise apartments. In commercial
buildings, such as office buildings and shopping centers,
mat foundations are often used to support the higher loads
and ensure uniform settlement. Combined footings may
also be employed to optimize space and load distribution
in tightly spaced column layouts. Light industrial
buildings, which may have varying load requirements and
soil conditions, benefit from the versatility of shallow
foundations. Spread footings and mat foundations are
commonly used to support machinery, storage areas, and
structural components.

The design of shallow foundations involves several
critical considerations to ensure stability, durability, and
performance under load. Understanding soil properties is
fundamental in the design of shallow foundations. Soil
bearing capacity, compressibility, and permeability

influence the selection and design of the foundation type.
Geotechnical investigations are essential to assess these
properties and ensure the foundation can adequately
support the imposed loads. Accurate load calculations are
crucial for designing shallow foundations. The load
includes the weight of the structure, live loads, and
environmental loads such as wind and seismic forces. The
foundation must be designed to distribute these loads
evenly to prevent excessive settlement and potential
failure. Settlement is a critical factor in the performance of
shallow foundations. Differential settlement can cause
structural damage and must be minimized. Design
strategies, such as increasing the foundation area or using
reinforced concrete, help control settlement and ensure
long-term stability. Proper construction practices are
essential to the success of shallow foundations. This
includes ensuring accurate excavation, proper placement of
reinforcement, and quality control of concrete. Adherence
to design specifications and standards is crucial to avoid
issues such as uneven settlement and structural failure.
The foundation settlement will depend upon the
variations within the subsurface soil profile, the structural
loading conditions, the embedment depth of the footings,
the thickness of the compacted fill, and the quality of the
earthwork operations. It should be noted that the sides of
the excavation for spread footings must be nearly vertical,
and the concrete should be placed neat against these
vertical faces for the passive earth pressure value to be
valid. If the loaded side is sloped or benched and then
backfilled, the allowable passive pressure will be
significantly reduced. It is recommended that the passive
resistance in the upper 2 feet of the soil profile should be
neglected. Lateral resistance due to friction at the base of
the footing should be ignored where uplift also occurs. For
bedrock-supported foundations, a probe hole for scratch
testing of the bedrock should be performed by the
contractor at the bottom of the footing for the Geotechnical
Engineer’s use. The hole should be a minimum of 2 inches
in diameter and extend to a depth equal to at least two times
the foundation width but not less than 6 feet. The contractor
should provide safe entry for the inspection, including air
monitoring. Use of passive earth pressures requires the
sides of the excavation for the spread footing foundation to
be nearly vertical and the concrete placed neat against these
vertical faces or that the footing forms be removed and
compacted structural fill be placed against the vertical
footing face. Embedment is necessary to minimize the
effects of frost and/or seasonal water content variations.
For sloping ground, maintain depth below the lowest
adjacent exterior grade within 5 horizontal feet of the
structure. Differential settlements are noted for equivalent-
loaded foundations and bearing elevation as measured over
a span of 50 feet. For bedrock-supported foundations, a
probe hole for scratch testing of the bedrock should be
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installed by the contractor at the bottom of the footing for
the Geotechnical Engineer’s use. The hole should be a
minimum of 2 inches in diameter and extend to a depth
equal to at least two times the foundation width and not less
than 6 feet. The contractor should provide safe entry for the
inspection, including air monitoring.

Shallow foundations subjected to overturning loads
should be proportioned such that the resultant eccentricity
is maintained in the center third of the foundation (e.g., e <
b/6, where b is the foundation width). This requirement is
intended to keep the entire foundation area in compression
during the extreme lateral/overturning load event.
Foundation oversizing may be required to satisfy this
condition. Uplift resistance of spread footings can be
developed from the effective weight of the footing and the
overlying soils with consideration to the IBC basic load
combinations and recommendations illustrated in Table 1.

Table 1.
Uplift resistance of spread footings recommendations

Item Description

Soil Moist Unit Weight
Soil Effective Unit Weight!
Soil weight included in uplift

100 pcf
40 pcf
Soil included within the prism

resistance extending up from the top
perimeter of the footing at an
angle of 20 degrees from

vertical to ground surface

1. Effective (or buoyant) unit weight should be used for soil above the
foundation level and below a water level. The high groundwater level

should be used in uplift design as applicable.

Similar construction consisting of bedrock-supported
foundations has utilized rock anchors as a feasible and
cost-effective option to resist uplift forces both in footings
and crane pads. Prior to any rock anchor and foundation
construction, the base of all foundation excavations should
be essentially horizontal and free of water, soil, and loose
or detached rocks before placing concrete. In addition, rock
surfaces beneath foundations that are exposed after
overburden removal and that are to be filled with lean
concrete should be horizontal. Lateral and uplift loads can
also be resisted using rock anchors. If foundations are
designed with rock anchors, they should be installed in
relatively intact bedrock with no clayey seams and
weathered rock lenses. Intact bedrock for the purposes of
this report is any rock that cannot be excavated with a
large-size trackhoe or other heavy-duty excavator having
REC/RQD values at least 90/75 or better. Rock anchors
should extend into competent bedrock to provide ample
resisting forces for upward movements and to obtain
adequate bond length with the grout and rock, and grout
and anchor rod. Uplift capacity of individual rock anchors
should be calculated based on the weight of a cone of rock
as shown in the adjacent diagram. Additional resistance
will be provided by the friction across the fractures, which

can be taken as an angle (¢) equal to 45 degrees. The apex
of the cone should be placed from 0 to 1/4 of the way up
from the bottom tip, depending on the anchor type. It is
recommended that a unit weight (y) of 150 pounds per
cubic foot (pcf) be used for intact bedrock. An allowable
bond strength of 200 pounds per square inch (psi) should
be adequate for the limestone-grout interface when 3,000
psi strength grout is used. A factor of safety of 2.0 has been
used for calculating the allowable grout-rock bond
strength. Bond strength between the grout and anchor will
be dependent on the anchor type and grout strength. It is
recommended that the structural engineer and/or rock
anchor designers determine rock anchor embedment to
address potential failure modes (i.e., rock mass, grout/rock,
and grout/rebar), but will require additional input from the
design team. Based on the weathered and fractured
condition of the anticipated bearing rock, it is
recommended that a cone failure test setup be applied to
the proof test as illustrated in Figure 1.
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Figure 1. The cone failure test

When developing the appropriate tests and verification
methods for construction, designers and contractors should
review both FHWA-IF-99-015 and ASTM D3689-07
(Reapproved 2013) for testing apparatuses, setups, and
loading guidelines. Given the REC and RQD values of the
bedrock, it is suggested that only the bond of the anchor to
the bedrock requires testing, not the bedrock failure cone.
At a minimum, a proof load test should be conducted on
each anchor installed. For proof testing, the anchor is
initially loaded with a seating load of 10 percent of the
design load. Subsequently, the anchor is stressed in
increments of 25 percent of the design load with elongation
measurements recorded at each increment. Proof loading is
applied in sequential increments in one cycle and is
generally carried to 125 percent of the design load. A
reasonable period of time is allowed between load
increments so that the anchor elongation has stabilized
before starting the next load increment. The maximum
proof load is held for a period of between 5 minutes and
one hour. In no case should an anchor be loaded to more
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than 80 percent of the'{jftimate tensile capacity of the steel
tendon. Concret

Uplift resistance of ‘spread footings can be developed
from the effective weight of the footing and the overlying
soils. As illustrated in Figure 2, the effective weight of the
soil prism defined by diagonal planes extending up from
the top of the perimeter of the foundation to the ground
surface at an angle, 0, of 20 degrees from the vertical can
be included in uplift resistance. The maximum allowable
uplift capacity should be taken as the sum of the effective
weight of soil plus the dead weight of the foundation,
divided by an appropriate factor of safety. A maximum
total unit weight of 100 pcf should be used for the backfill.
This unit weight should be reduced to 40 pcf for portions
of the backfill or natural soils below the groundwater
elevation.

Limits of Soil for Uplift Resistance

Temporary Shoring

(if used) 2

Figure 2. The diagonal planes extending up from the top of the
perimeter of the foundation to the ground surface

To ensure the successful implementation of shallow
foundations, the following construction recommendations
should be considered: Proper site preparation is vital. This
includes clearing the site of debris, ensuring a level base,
and compacting the soil to the required density. Any
unsuitable soil should be removed and replaced with
appropriate fill material. Excavation must be carried out
according to design specifications. The depth and
dimensions of the excavation should match the foundation
plans. Shoring or bracing may be necessary in loose or
unstable soils to prevent collapse during excavation.
Placing reinforcement accurately is essential for the
structural integrity of the foundation. Reinforcement
should be positioned according to the design drawings,
with proper spacing and cover to protect against corrosion
and ensure load transfer. The quality of concrete and proper
curing practices significantly impact the foundation's

performance. Concrete should be mixed to the specified
strength and poured without interruptions. Adequate curing
methods, such as keeping the concrete moist, are necessary
to achieve the desired strength and durability.
Implementing a robust quality control process ensures that
the foundation construction meets the design standards.
Regular inspections, material testing, and adherence to
construction protocols help identify and rectify issues
promptly.

The footing excavations should be evaluated under the
observation of the Geotechnical Engineer. The base of all
foundation excavations should be free of water and loose
soil/rock prior to placing concrete. Concrete should be
placed soon after excavating to reduce bearing soil
disturbance. Care should be taken to prevent wetting or
drying of the bearing materials during construction.
Excessively wet or dry material or any loose/disturbed
material in the bottom of the footing excavations should be
removed or reconditioned before foundation concrete is
placed.

If the expected cuts for the lowest level of the structure
and where the site’s perimeter and cuts transition will
likely result in some foundations bearing on weathered
bedrock or other softer-than-rock materials, then this will
result in different bearing materials over a short distance.
Experience indicates that this condition could result in
differential settlement and cracking within masonry walls
where the material transition occurs or between ancillary
and main structure foundations. To minimize this
condition, it is recommended that where weathered or
unsuitable bedrock is exposed in isolated areas,
overexcavate the bedrock to competent bedrock and
backfill with lean concrete, or bear the entire wall length
between expansion joints on similar materials, either rock
or suitable structural fills.

Since it is impractical to determine exactly where this
condition will occur within the structures, adjustments will
have to be performed in the field under the direction of the
geotechnical engineer. A liberal number of expansion
joints should be incorporated into the structure design to
accommodate differential movement.

If unsuitable bearing soils are observed at the base of the
planned footing excavation, the excavation should be
extended deeper to suitable soils, and the footings could
bear directly on these soils at the lower level or on lean
concrete backfill placed in the excavations. The lean
concrete replacement zone is illustrated in the sketch in
Figure 3.

Overexcavation for structural fill placement below
footings should be conducted as shown below. The
overexcavation should be backfilled up to the footing base
elevation, with well graded aggregates placed. Experience
has indicated that rock formations which can be penetrated
with geotechnical drill flight augers can sometimes be
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excavated using heavy-duty construction equipment such
as large backhoes with rock teeth or ripper-equipped
dozers. Excavation in rock formations which cannot be
penetrated with geotechnical drill flight augers is usually
much more difficult and often requires the use of other
techniques such as pneumatic breakers or blasting. The
contractors should anticipate and plan that excavations will
extend into bedrock. Rippability of the bedrock will vary,
and the use of jackhammers and other rock excavation
equipment and/or methods is anticipated to be required to
reach the anticipated excavation depths. Furthermore, if
blasting methods are used that may disturb the bedrock
below the desired depth, then any loosened bedrock pieces
should be recompacted as outlined for “shot rock” fill, or
removed and replaced with suitable engineered fill or lean
concrete. Heaved or dislodged fragments of bedrock
should not remain in place as they pose a risk for
unpredictable settlement and potential void collapse.
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2. Floor slab definitions, design and construction
recommendations

Floor slabs are crucial structural elements in building
construction, serving as horizontal platforms that transfer
loads to supporting structures. They are primarily
categorized into solid, hollow-core, ribbed, and waffle
slabs. Solid slabs are often employed in residential and
commercial buildings due to their simplicity and ease of
construction. Hollow-core slabs, characterized by
longitudinal voids, are used in multi-story buildings for
their efficiency in material usage and weight reduction.
Applications of floor slabs extend to various structures,
including residential, commercial, and industrial buildings,
each demanding specific design considerations. In high-
rise buildings, post-tensioned slabs are preferred for their
enhanced load-bearing capacity and reduced deflection. In
industrial settings, reinforced concrete slabs are chosen for
their durability and ability to withstand heavy loads.
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@) (b)
Figure 3. a) and b) Overexcavation for structural fill placement
Table 2.
Floor slab design parameters
Item Description
Floor Slab Support * Minimum 6 inches of free-draining (less than 5% passing the U.S. No. 200 sieve) crushed aggregate

Estimated Modulus of Subgrade
Reaction ?

compacted to at least 95% of ASTM D 698 or #57 stone %3

100 pounds per square inch per inch (psi/in) for point loads

1. Floor slabs should be structurally independent of building footings or walls to reduce the possibility of floor slab cracking caused by

differential movements between the slab and foundation.

2. Modulus of subgrade reaction is an estimated value based upon our experience with the subgrade condition, and the floor slab support
as noted in this table. It is provided for point loads. For large area loads the modulus of subgrade reaction would be lower.

3. Free-draining granular material should have less than 5% fines (material passing the No. 200 sieve). Other design considerations
such as cold temperatures and condensation development could warrant more extensive design provisions.
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Design recommendations emphasize the importance of
load calculations, material selection, and adherence to
building codes. Modern design approaches incorporate
finite element analysis (FEA) to accurately predict slab
behavior under various loading conditions. Construction
recommendations stress proper curing, reinforcement
placement, and quality control to ensure structural integrity
and longevity. Design parameters for floor slabs are
provided in Table 2. Specific attention should be given to
positive drainage away from the structures and the positive
drainage of the aggregate base beneath the floor slab.

Advancements in construction technologies, such as
precast and prefabricated slabs, have streamlined the
construction process, reducing time and labor costs.
Sustainable practices, including the use of recycled
materials and energy-efficient designs, are increasingly
integrated into floor slab construction, aligning with global
trends toward environmentally responsible building
practices.

The use of a vapor retarder should be considered
beneath concrete slabs on grade covered with wood, tile,
carpet, or other moisture-sensitive or impervious
coverings, or when the slab will support equipment
sensitive to moisture. When conditions warrant the use of
a vapor retarder, the slab designer should refer to ACI 302
and/or ACI 360 for procedures and cautions regarding the
use and placement of a vapor retarder.

Saw-cut control joints should be placed in the slab to
help control the location and extent of cracking. For
additional recommendations, refer to the ACI Design
Manual. Joints or cracks should be sealed with a
waterproof, non-extruding compressible compound
specifically recommended for heavy-duty concrete
pavement and wet environments.

Where floor slabs are tied to perimeter walls or turn-
down slabs to meet structural or other construction
objectives, our experience indicates differential movement
between the walls and slabs will likely be observed in
adjacent slab expansion joints or floor slab cracks beyond
the length of the structural dowels. The Structural Engineer
should account for potential differential settlement through
the use of sufficient control joints, appropriate reinforcing,
or other means. In addition to the mitigation measures, the
floor slab can be stiffened by adding steel reinforcement,
grade beams, and/or post-tensioned elements.

Regarding floor slab construction considerations,
finished subgrade within and for at least 10 feet beyond the
floor slabs should be protected from traffic, rutting, or
other disturbances and maintained in a relatively moist
condition until floor slabs are constructed. If the subgrade
becomes damaged or desiccated before the construction of
floor slabs, the affected material should be removed, and
structural fill should be added to replace the resulting
excavation. Final conditioning of the finished subgrade

should be performed immediately before the placement of
the floor slab support course.

The Geotechnical Engineer should approve the
condition of the floor slab subgrades immediately before
the placement of the floor slab support course, reinforcing
steel, and concrete. Attention should be paid to high-traffic
areas that were rutted and disturbed earlier, and to areas
where backfilled trenches are located.

Before the construction of grade-supported slabs,
varying levels of remediation may be required to
reestablish stable subgrades within slab areas due to
construction traffic, rainfall, disturbance, desiccation, etc.
As a minimum, confirm that interior trench backfill placed
beneath slabs is compacted in accordance with
recommendations outlined in this report. All floor slab
subgrade areas should be moisture-conditioned and
properly compacted to the recommendations in this report
immediately before the placement of the stone base and
concrete.

3. Deep foundation including drilled piers and
micropiles, aggregate piers and stone columns
definitions, design and construction recommendations

Deep foundation systems are integral components in
constructing structures where surface soils cannot support
the load. This review covers three primary types of deep
foundations: drilled piers and micropiles, aggregate piers,
and stone columns. These systems offer various
applications, advantages, and construction methods
tailored to specific geotechnical conditions.

As an alternative to a shallow foundation support
system, buildings should be supported on a deep
foundation system (drilled piers or micropiles) extending
to intact bedrock. When the building location is finalized
and footing locations are precisely staked in the field by the
surveyor, considerations should be given to perform air
track probings at each footing location before construction.
This will confirm the depth to intact bedrock, finalize pier
or pile locations and depths, and ensure all piers or piles
are embedded within intact bedrock below any voids
and/or thick clayey seams encountered in borings.
Additional borings are recommended to confirm boring
data and the preliminary foundation recommendations
outlined herein when the building location, structural
loadings, and grading configuration are available.

The allowable skin friction and passive resistances have
a factor of safety of about 2. To mobilize the rock strength
parameters, the piers or piles should be socketed at least 3
feet into intact bedrock below any voids or thick clayey
seams. Furthermore, it is assumed that the rock socket is
developed using coring rather than blasting techniques.
The upper 2 feet of clay should be ignored due to the
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potential effects of frost action and construction
disturbance. To avoid a reduction in lateral and uplift
resistance caused by variable subsurface conditions, it is
recommended that drawings instruct the contractor to
notify the engineer if subsurface conditions significantly
different from those encountered in our borings are
disclosed during drilled pier installation. Under these
circumstances, it may be necessary to adjust the overall
length of the piers. To facilitate pier length adjustments that
may be necessary because of variable soil and rock
conditions, it is recommended that a Geotech engineer
representative observe the drilled pier excavations.

A drilled pier foundation should be designed with a
minimum shaft diameter of 30 inches to facilitate cleanout,
inspection, and possible dewatering of the pier excavation.
Temporary casing will be required during the pier
excavation to control possible groundwater seepage and
support the sides of the excavation in weak soil or
weathered rock zones. Care should be taken so that the
sides and bottom of the excavations are not disturbed
during construction. The bottom of the shaft should be free
of soil or loose rocks before reinforcing steel and concrete
placement.

A concrete slump of at least 6 inches is recommended
to facilitate temporary casing removal. It should be
possible to remove the casing from a pier excavation
during concrete placement provided that the concrete
inside the casing is maintained at a sufficient level to resist
any earth and hydrostatic pressures outside the casing
during the entire casing removal procedure. It is strongly
recommended that the contract for pier excavations or
micropile drilling be based on a total linear footage of soil
and rock excavation calculated using probable bearing
levels. Add or deduct unit prices for pier excavations or
micropile drilling should be applied to greater or lesser
amounts of total drilling per pier or pile rather than
calculated on an individual pier or pile basis.

When shafts are used in groups, the lateral capacities of
the shafts in the second, third, and subsequent rows of the
group should be reduced compared to the capacity of a
single, independent shaft. Guidance for applying p-
multiplier factors to the p values in the p-y curves for each
row of pier foundations within a pier group is illustrated in
figure 4.

Where the Front row will be Pm is 0.8; Second row; Pm
is 0.4, Third and subsequent row and Pm is 0.3. For a single
row of shafts supporting a laterally loaded grade beam,
group action for lateral resistance of shafts should be
considered when spacing is less than three shaft diameters
(measured center-to-center). However, spacing closer than
3D (where D is the diameter of the shaft) is not
recommended, due to the potential for the installation of a
new shaft disturbing an adjacent installed shaft, likely
resulting in axial capacity reduction.

O
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Lateral
Load

O
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Third & Second  Front
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Figure 4. shafts used in groups

Where the Front row will be Pm is 0.8; Second row; Pm
is 0.4, Third and subsequent row and Pm is 0.3. For a single
row of shafts supporting a laterally loaded grade beam,
group action for lateral resistance of shafts should be
considered when spacing is less than three shaft diameters
(measured center-to-center). However, spacing closer than
3D (where D is the diameter of the shaft) is not
recommended, due to the potential for the installation of a
new shaft disturbing an adjacent installed shaft, likely
resulting in axial capacity reduction.

Regarding drilled shaft construction considerations, to
prevent the collapse of the sidewalls and/or to control
groundwater seepage, the use of temporary steel casing
and/or slurry drilling procedures may be required for
constructing the drilled shaft foundations. The drilled shaft
installation process should be performed under the
direction of the Geotechnical Engineer. The Geotechnical
Engineer should document the shaft installation process,
including  soil/rock and groundwater conditions
encountered, consistency with expected conditions, and
details of the installed shaft. A concrete slump of at least 6
inches is recommended to facilitate temporary casing
removal. It should be possible to remove the casing from a
pier excavation during concrete placement provided that
the concrete inside the casing is maintained at a sufficient
level to resist any earth and hydrostatic pressures outside
the casing during the entire casing removal procedure. Care
should be taken not to disturb the sides and bottom of the
excavation during construction. The bottom of the shaft
excavation should be free of loose material before concrete
placement. Concrete should be placed as soon as possible
after the foundation excavation is completed to reduce
potential disturbance of the bearing surface.

Aggregate piers, also known as vibro stone columns or
vibro-replacement, are used to improve the load-bearing
capacity of weak soils. They are particularly effective in
granular soils and have been widely used in constructing
embankments, industrial structures, and residential
buildings (Mitchell & Huber, 2014). The design of
aggregate piers involves determining the optimal spacing,
diameter, and depth of the piers to achieve the desired soil
improvement. The installation process increases the
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density and strength of the surrounding soil, leading to
improved load distribution and reduced settlement
(Greenwood, 2004). Design methodologies often rely on
empirical data and field testing to validate assumptions.
Construction of aggregate piers involves drilling a hole into
the ground, followed by the introduction of aggregate
material. The aggregate is then compacted using a
vibrating probe, which helps to densify the soil and form a
stiff column. This process may be repeated in lifts to ensure
thorough compaction and soil improvement (Kempfert &
Gebreselassie, 2006).

Based on our evaluation of the soil conditions
encountered at the site and our experience on other similar
projects, it is believed that aggregate piers (stone columns)
offer an economical alternative to undercut/replacement
and deep foundation options. To provide initial guidance,
it is recommended that the structural engineer consult with
one or more specialty contractors for further details.
Additional information can be found in the U.S.
Department of Transportation Federal Highway
Administration, Publication No. FHWA-SA-98-086,
Demonstration Project 116. General comments concerning
this approach are provided in the subsequent paragraphs.

Aggregate piers are constructed by drilling a hole,
removing a volume of soil, and then building a bottom bulb
of clean, well-graded crushed aggregate while vertically
pre-stressing and pre-straining subsoils underlying the
bottom bulb. The aggregate pier shaft is built on top of the
bottom bulb, using open-graded base course stone placed
in thin lifts. The rammed aggregate pier elements are a
proprietary subgrade reinforcing system and should be
designed and constructed by an installer licensed by the
ground improvement foundation company. The design
parameters should be verified by a full-scale modulus test
(similar to a pile load test) performed in the field. The
Geotechnical Consultant should be retained to monitor the
modulus test and subsequent production rammed aggregate
pier installations.

The installer should provide detailed design calculations
sealed by a professional engineer licensed in the State of
Tennessee. The design calculations should demonstrate
that the ground improvement method is estimated to
control long-term settlements to less than 1-inch total and
Y-inch differential, or a more stringent requirement if
determined by the structural engineer. After the
implementation of the above-mentioned ground
improvement program and planned grading as discussed
herein, the proposed building could be designed to rest on
shallow footings overlying stone column modified
subgrade. Shallow footings may be preliminarily designed
for an allowable bearing pressure of 5,000 psf. This value
should be confirmed by the stone column
contractor/designer. The stone column specialty contractor
should coordinate ground modification work including

spacing of stone columns with the structural engineer to
achieve the required bearing pressure and facilitate the
spacing of control joints in the structure. Considering the
apparent karst activity at the site, considerations should be
given to the use of cement-treated aggregate for stone
column construction to minimize surface water migration
into the ground and mitigate karst risk.

The proposed building columns and walls could be
designed to rest on shallow foundations after subgrade
remediation via stone columns as discussed herein. Based
on our evaluation of the soil conditions encountered and
our experience with other similar projects, it is believed
that stone columns offer an economical alternative to deep
foundations. Ground improvement options may include
aggregate piers using vibro-replacement techniques or
rammed aggregate piers extending to suitable natural
subgrade. It is recommended that this report and the
appendices be provided to the ground improvement
contractors/designers for pricing and subsequent design.

Stone columns are similar to aggregate piers but are
typically used in cohesive soils to reduce settlement and
increase load-bearing capacity. They are effective in
improving ground conditions for a variety of structures,
including roadways, railways, and industrial facilities
(Baumann & Bauer, 1974). The design of stone columns
involves assessing soil conditions and load requirements to
determine the appropriate column spacing, diameter, and
depth. Stone columns increase the shear strength of the soil
and accelerate consolidation by providing drainage paths
for pore water (Priebe, 1995). Design approaches often
incorporate both analytical methods and field testing to
ensure accuracy.

Stone columns are constructed using a vibratory probe
to displace soil and introduce coarse aggregate material.
The probe compacts the aggregate as it is inserted, forming
a column that enhances the strength and stiffness of the
surrounding soil. This method is particularly effective in
reducing liquefaction potential in seismic regions
(Barksdale & Bachus, 1983). When selecting and
designing deep foundation systems, engineers must
consider a variety of factors, including soil conditions, load
requirements, environmental impact, and cost. Proper site
investigation and soil testing are crucial for determining the
most suitable foundation type and design parameters.
Advanced modeling techniques and field testing can
enhance the reliability and performance of these systems
(Das, 2010). Quality control during construction is vital for
the successful implementation of deep foundations. This
includes monitoring drilling and installation processes,
ensuring the correct placement of materials, and
conducting  post-construction  testing to  verify
performance. Techniques such as load testing, cross-hole
sonic logging, and pile integrity testing are commonly used
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to assess the quality of installed foundations (FHWA,
2006).

Conventional stone columns are constructed using a
vibro-replacement or vibro-displacement method. A
similar approach, consisting of rammed aggregate piers or
Geopier® elements, involves removing a volume of soil
and then building a bottom bulb of clean stone or
aggregate. The Geopier shaft is built on top of the bottom
bulb, using well-graded highway base course stone placed
in thin lifts (12-inches compacted thickness). The lifts are
compacted by a repeated ramming action that also stresses
the soil laterally. Our preliminary design consideration
indicates the rammed aggregate pier elements will be
capable of supporting a net allowable bearing pressure of
5,000 psf. The recommended allowable bearing pressure is
the pressure in excess of the minimum surrounding
overburden pressure at the footing base elevation. This
bearing pressure should be considered preliminary and
should be confirmed by a stone column specialty
contractor. An allowable passive resistance of 750 psf will
be appropriate below the upper 2 feet of the soil profile.
Passive resistance in the upper 2 feet of the soil profile
should be neglected.

Current design methods are relatively empirical and
based on field evaluations of a select number of projects.
The foundation systems are proprietary and would be
designed and installed by a specialty contractor. The
installer should provide detailed design calculations sealed
by a professional engineer licensed in the State of
Tennessee. It is also recommended that specialty
contractors should be contacted and given an opportunity
to perform settlement analyses and confirm that
settlements will be within the client’s tolerable limits. The
design calculations should demonstrate that stone column
soil reinforcement will control long-term settlements to
desired tolerable levels. The geotechnical engineer should
be retained to monitor the field instrumentation and a
contractor-executed load test program to evaluate the
performance of the stone column design.

Drilled piers, also known as drilled shafts or caissons,
are cylindrical foundation elements that transfer building
loads to deeper, more stable soil or rock layers. They are
typically used in large-scale infrastructure projects such as
bridges, high-rise buildings, and industrial facilities where
high load-bearing capacity and stability are required
(Brown et al., 2010). The design of drilled piers involves
careful consideration of soil properties, load requirements,
and environmental factors. Key design parameters include
the diameter and depth of the pier, the type of reinforcing
steel used, and the concrete mix. Load-bearing capacity is
typically determined through a combination of soil testing
and empirical formulas (O’Neill & Reese, 1999).
Construction of drilled piers involves drilling a cylindrical
hole into the ground, placing a steel reinforcement cage,

and then filling the hole with concrete. The use of
temporary casing or drilling fluid may be necessary to
support the excavation and prevent collapse in unstable
soils (Reese & Van Impe, 2001). Quality control is critical
during construction to ensure the integrity and performance
of the piers.

Recent advancements in deep foundation technology
include the use of high-performance materials, automated
installation techniques, and improved monitoring systems.
Innovations such as self-compacting concrete, real-time
monitoring of installation parameters, and the integration
of geotechnical data into building information modeling
(BIM) are enhancing the efficiency and reliability of deep
foundation systems (Ng et al., 2018).

4. Conclusions

In conclusion, this review paper has comprehensively
explored various types of foundations crucial to civil
engineering practice: shallow foundations, floor slabs, and
deep foundations such as drilled piers, micropiles,
aggregate piers, and stone columns. By examining
definitions, design methodologies, and construction
recommendations for each type, this study has highlighted
their respective advantages, challenges, and suitable
applications in diverse geotechnical contexts. Shallow
foundations, including isolated footings and raft
foundations, remain fundamental for structures where soil
bearing capacity is sufficient near the surface. They offer
cost-effective solutions for buildings and structures with
moderate loads. Floor slabs, essential for residential and
industrial constructions, require careful consideration of
load distribution and material properties to ensure long-
term performance and durability. Conversely, deep
foundations like drilled piers, micropiles, aggregate piers,
and stone columns are indispensable for transferring heavy
structural loads to deeper, more competent soil or rock
layers. Their design intricacies involve geotechnical
analysis, structural compatibility, and construction
techniques tailored to specific ground conditions. By
synthesizing current knowledge and practices, this review
contributes valuable insights into the complex interplay
between foundation types, design principles, and
construction methodologies. It underscores the importance
of informed decision-making in selecting and
implementing appropriate foundation systems to ensure the
safety, stability, and longevity of civil engineering projects
in varying environmental and geological settings. Future
research should continue to refine and innovate these
foundational technologies in response to evolving
engineering challenges and sustainability imperatives.
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