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1. Purpose.

This engineer technical letter (ETL) provides guidance for planning, design and
construction of foundations constructed in-the-wet for civil works structures. This ETL
concentrates on successful methods and potential problems. Case histories are provided.
2. Applicability.

This ETL applies to HQUSACE elements, major subordinate commands, districts,
laboratories, and separate field operating activities having responsibilities for the
planning, design, and construction of civil works projects.

3. Distribution Statement.

Approved for public release; distribution is unlimited.

4. References.

References are listed in Appendix A.

5. Background/Discussion.

a. Traditionally, marine structures have been constructed in-the-dry within a
cofferdam using a dewatering system. An alternative method, with potential cost
savings, is in-the-wet construction. To extend foundation preparation and construction
technology to in-the-wet conditions introduces a new level of difficulty.

b. This ETL will furnish guidance for the planning, design, and construction of
foundations constructed in-the-wet for civil works structures. This document covers
foundation types, subgrade preparation methods, test programs, positioning systems,

installation techniques, quality control procedures, tolerances, case histories, and lessons
learned.
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6. Action.
The enclosed guidance should be used for the planning, design, and construction of in-

the-wet foundations for civil works projects.

FOR THE DIRECTOR OF CIVIL WORKS:

e

1 Appendix M.K. MILES, P.E.
(See Table of Contents) Acting Chief, Engineering and Construction
Directorate of Civil Works
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APPENDIX A
Foundation Engineering:
In-the-Wet Design and Construction of Civil Works Projects

A-1. Background

a. Constructing foundations in-the-wet has always presented challenges, uncertainties,
and risks. Nevertheless, working in-the-wet presents not only difficulties, but also unique op-
portunities. Man has been dealing with both these difficulties and opportunities to install struc-
tural foundations in-the-wet since prehistoric times, and each new advance in foundation tech-
nology has resulted in the construction of ever more demanding foundations built in-the-wet,
while keeping the level of risk at, or below, the threshold of acceptance for each new era of
building.

b. The Neolithic lake-dweller culture, which peaked in 5000 B.C. in what is now
Switzerland, utilized timber pile foundations driven in shallow water to support platforms for
houses and other village buildings. When faced with difficult foundation conditions, this ancient
culture often took advantage of marine transport to carry canoe loads of stone to dump around
and to shore-up the timber piles.

c. By 1500 B.C., the people of both northern India and Mesopotamia were excavating
deep foundations for bridges to provide year-round transportation across seasonally flooding riv-
ers. These Bronze Age cultures utilized technology learned from well construction to shore-up
the holes with bricks and stones, and utilized divers and buckets to assist with underwater exca-
vation. One of the great challenges for these early, over-water, bridge foundations came from
scour during floods, which these people partially addressed by the use of scour stone, frequently
facilitated by marine transport.

d. By the Roman Era, engineers had developed crude crib-like cofferdams (two parallel
walls of timber filled with clay) to enable the Romans to place pozzolanic concrete footings be-
low water. Furthermore, the Romans made use of battened timber piles for the first time to resist
lateral river forces. The Romans also used concrete placed underwater on a relatively massive
scale in the construction of the breakwater for the Herodian artificial harbor in Israel. It appears
that the Romans formed large concrete foundation blocks for the breakwater by sinking large
timber forms with stone, and filling in the interstitial spaces between the stones with pozzolanic
concrete placed by divers, with the forms and pozzolan being transported by water from Italy.

e. By the beginning of the Modern Era, in the latter half of the 18" Century, engineers
such as Eads and Roebling were using the pneumatic caisson method to build major marine
bridge foundations, with these large caissons being floated into position prior to sinking. Other
marine foundation advances of the early Modern Era include the use of tremie concrete, begin-
ning around the time of the Civil War, and the open caisson method, which was used extensively
for building foundations on the Mississippi River.

f. Inrecent times engineers are minimizing risks: of delays, of cost over-runs, of claims,
and of not being prepared to deal with changed subsurface conditions, by using advanced con-
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struction equipment and techniques, by minimizing the use of personnel, and by maximizing the
use of prefabrication. Availability of large floating equipment has encouraged modern in-the-wet
engineers to use large driven piles and drilled shafts (often socketed into rock). Indeed, offshore
equipment has been used to install large diameter steel, concrete, and composite cylinder piles
for major foundations in deep water and in difficult soils, safely, rapidly, and economically.

g. Other modern in-the-wet foundation methods include the use of sunken prefabricated
steel (and concrete) box caissons, in-the-wet slurry wall cofferdams (such as for the Kawasaki
Ventilation Structure in Japan), and gravity base foundations. In the future, in-the-wet founda-
tions will likely rely more on new materials, such as very high strength concrete, advanced
equipment, such as new underwater robotic equipment, and new techniques, such as advanced
soil mixing and advanced soil consolidation and compaction.

h. Not unlike these past cultures and engineers, the challenge facing the modern engi-
neer designing in-the-wet foundations is to minimize uncertainties by adequate investigation, and
to minimize the risk, and the consequence of potential failures, by establishing criteria that result
in redundant, flexible, and adjustable foundation designs that have benefited from the lessons
learned from the past. The following paragraphs are provided to assist the modern engineer in
carrying on the tradition of past marine foundation success, to overcome the many challenges of
in-the-wet foundation construction.

i.  Much of the information in this document is taken from ERDC/GSL TR-01-24. The
Louisville, New Orleans, Pittsburgh, St. Louis, and Nashville Districts prepared the information
in Paragraph A-11. Ben C. Gerwick, Inc., prepared the remainder of the information in this
document.

A-2. Design Considerations.
a. Introduction.

(1) In-the-wet foundations have special design considerations, including: 1) the need for
extensive subsurface investigation, ii) the need for extra contingencies, redundancy, and flexibil-
ity related to tolerances; iii) more difficult field quality assurance (QA); iv) specialized equip-
ment and customized construction schedules; and v) different repair and mitigation techniques
and measures. For example underwater rock excavation requires customized equipment and a
carefully planned execution plan, and it can be difficult to inspect the exposed rock foundation
for defects and damage caused by blasting, or other excavation methods. Such issues can require
measures such as: 1) limiting blasting charge sizes to minimize potential damage; ii) using geo-
physical and acoustical imaging equipment to locate any defects or damage; and iii) potentially
using extra redundancy, or repair and mitigation measures to address potential consequences of
unidentified foundation defects or damage. The following sub-paragraphs provide additional dis-
cussion of such issues.

(2) Also, as indicated in the Paragraph A-2, the foundation engineer should seek to learn
from the past, including extensive use of the experience gained by experts on Peer/ITR review
panels. Experts should be selected from both the USACE (or other Federal agencies), academia,
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and the private industry, and could be selected from the Inland Waterways community and from
other related groups, such as the offshore, bridge foundation, immersed tubes, and port and har-
bor works communities.

b. Tolerances. In-the-wet construction typically involves mating the structure to the
foundation. The shell of the structure is floated-in or lifted-in over the top of the foundation. Fi-
nal positioning and landing of these shells usually involves underwater mating to multiple foun-
dation elements. This mating is usually done without visual confirmation of clearances during
the mating process, and it is therefore essential that tolerances are adequate to meet these diffi-
cult conditions.

(1) Horizontal. The positional accuracy of installing piling and casings over water de-
pends on the construction methods used and the working environment, including currents, water
depths, and wave conditions. For example, driven piles from floating equipment on an inland
waterway can typically be installed to a horizontal tolerance of + 6 to 8 inches at the water sur-
face. These tolerances can be cut in half by using a bottom-founded template or by installing the
piles off of a work trestle, where the installation crane is not subject to barge motion.

(2) Vertical. Driving piles or casings to a specified vertical tolerance can generally be
done to within & 3 inches, and within 2 percent of vertical; however, there may be other factors
that dictate when to stop driving, such as whether or not adequate end bearing has been obtained,
or whether the casing has been seated well enough into the rock to create an adequate seal into
sound rock at the tip of the drilled shaft casing. These considerations may dictate that the pile or
casing be taken deeper than the planned tip elevation. Therefore, the final top elevation of piles
and casings is usually made by underwater cut-off using robotic cut-off tools developed in the
offshore industry or in-the-dry by personnel working with circular cofferdams that fit over the
top of the pile and seal to the casing below the cut-off point (see Figure A-1). Divers have, how-
ever, achieved precision cut-off using guidance from the surface.

(a) These cofferdams allow dewatering of the annulus between the outside of the casing
and the cofferdam down below the cut-off point. The interior of the casing is then dewatered and
the casing is cut-off from its inside. With both of these methods, it is possible to cut the casing or
piles to within + 0.25 inch.

(b) An alternative method for pile cut-off is to precut the drill casing and to install a
mono-directional disconnect that allows the driller to reverse the torque on the casing and dis-
connect under water. This technique was used on the drilled shaft casings on the Bath-Woolwich
Bridge (Figure A-2).
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Figure A-1. One-half of temporary cir-
cular cofferdam used to cut off the 3-
meter-diameter drill shaft casings un-
derwater at the New Carquinez Bridge.

(3) Interfaces. There are two tolerance issues to consider: positioning tolerance of the
pre-installed male foundation element and positioning tolerance of the opening in the precast
element. Both of these tolerances need to be taken into consideration and be additive for the total

clearance needed at a given location.

Figure A-2. Mono-directional casing disconnect for underwa-
ter termination of casing—Bath-Woolwich Bridge.
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c. Interfacing with Existing Structures. Existing structures can be used to advantage for
the positioning of new float-in or lift-in structures. Fixed guides can be attached to the existing
structures to force the new structure into the required alignment. This technique was used suc-
cessfully at the new Braddock Dam on the Monongahela River to align the new dam segment to
the outside face of the existing lock. Horn guides were mounted on top of the lock and an arm
was extended out from the end of the float-in dam segment. As the segment was ballasted down,
the arm engaged the horn-guide and the segment was locked into the correct alignment over the
last 3 feet of landing. See Figure A-3 of the horn-guide used on Braddock Dam and Figure A-4
and for the Oresund Crossing.

Figure A-3. Looking down on guide-arm as it enters horn-
guide during landing of first dam segment at Braddock Dam.

Figure A-4. Detail of horn-guide used on the Oresund
Immersed Tube Tunnel.
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d. Structure—-Foundation Connections. The connection of the piles or drilled shafts to
the float-in or lift-in structure can be pinned or fixed. The only limit on the degree of fixity is the
stiffness of the structure above and the allowable embedment depth of the pile or casing into the
structure at the point of connection.

(1) The connection is typically made by providing block-outs in the bottom of the struc-
ture to allow the piles, casings, or anchorage devices to protrude up into the bottom of the seg-
ment. See Figures A-5 through A-8.

Figure A-5. Casting yard for Braddock Dam
segments. See cylindrical block-outs in center.

Figure A-6. First dam segment under tow up
the Monongahela River to Braddock Dam.



ETL 1110-2-565
30 Sep 06

Figure A-7. Diagram of float-in dam segment fully en-
gaged to pre-installed foundation elements—Braddock
Dam.

Figure A-8. Diagram of float-in dam segment at Brad-
dock Dam about to engage tension anchors.

(2) After the lift-in or float-in structure has been mated to the foundation elements, the
bottoms of the block-outs are sealed with a tremie or grout closure pour, and the connection is
completed by placing grout or tremie concrete in the block outs.



ETL 1110-2-565
30 Sep 06

(3) Alternatively, after the seal concrete has attained sufficient strength at the bottom of
the block-outs, the block-outs can be dewatered if necessary to allow access for placement of
reinforcing steel and concrete in the dry, see Figures A-9 and A-10. For drilled shafts, this alter-
nate method also allows access to the top of the drilled shafts to clean off any laitance from the
tremie concrete placement.

—— 3800 DIA. TEMPORARY PILE TOF BULKHEAD
[EQUIPPED WITH AIR FITTING FOR PRESSURIZATION

— INMAL SUPPORT BEAM ~— FLOAT- IN COFFERDAM

+0.82 MHW

=_

CUT-OFF ELEV.
-1.55

AL

SECTION THROUGH FLOAT-IN COFFERDAM

Figure A-9. Float-in cofferdam for New Carquinez Bridge.

Figure A-10. Dewatered cofferdam and tops of drilled
shafts at New Carquinez Bridge.

(4) The allowable bond strength between the infill concrete and the block out wall is lim-
ited to approximately 20 psi. This can be increased by adding shear studs or welding on shear
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rings. (See API (2000), Section 7.4, Grouted Pile to Structure Connections). Alternatively, cor-
rugated pipe can be used to create the block-outs, in which case the allowable shear strength of
the infill concrete can be used. With this method, it is still necessary to attach shear connectors to
the smooth skin of the pile or attach an anchorage device to the top of the pile. This approach
was used to provide the tension connection of the drilled shafts to the float-in dam segment at
Braddock Dam.

(5) A different pile connection detail was proposed (but not used) for both the Harvey
Canal storm surge barrier, and the Inner Harbor Navigation Canal Replacement Lock, in New
Orleans. This proposed alternate pile connection detail provided penetrations in the base of the
concrete shells that were to be fitted with special seals during float-in operations. The seals were
designed to be easily penetrated by driven piles after the shells were installed. Although this
method has not been used for inland applications, it has been used for installing some steel jacket
platforms in the Gulf of Mexico and offshore California.

e. Contingency—(Installation Considerations). In-the-wet foundation design requires
careful planning of contingencies, redundancy, and flexibility related to construction tolerances.
Contingency planning applies to both construction-stage, as well as in-service, operations. Con-
tingency measures during construction include: 1) specification and use of construction equip-
ment that is sufficiently robust to handle different construction operations, and unexpected envi-
ronmental conditions; ii) scheduling of construction activities with sufficient float time, and in a
manner to allow work to progress in other areas, in the event of a work stoppage in the primary
construction sequence; and iii) designing adjustable and forgiving construction
joints/connections/seals that can accommodate in-the-wet construction tolerances, and which can
readily be implemented underwater.

(1) Driving piles to their designed penetration lengths may not always be possible owing
to the inadequacy of the pile-driving equipment in overcoming soil resistance. The analyses of
pile drivability evolved from simply pounding the pile to refusal using the biggest available
hammer to using mathematical models depicting the real-time pile-driving resistance.

(2) Wave equation analysis can provide a guide in the selection of equipment, and piling
and penetration rate for impact hammers to determine when the pile has been driven to develop
the required capacity (Engineer Manual 1110-2-2906). The mathematical model concept is based
upon the solution of the 1-D wave propagation equation. It determines the pile-driver adequacy
and the soil’s resistance to driving. The original development of the model wave equation con-
cept began in the 1950s. In the 1960s, computer solutions to the 1-D wave equation were further
detailed and refined. It was applied to offshore piles (using above-water hammers) in the 1960s
(Bender et al. 1969) and led toward the analyses of different elements of the pile-driving process.
Besides the hammer and the pile, accessories were analyzed during the actual pile-driving proc-
ess. The contributions of pile leads (cradle), cushions, anvil, follow block (helmet or pile cap),
and followers (chasers) to driving resistance were analyzed. The application of the wave equa-
tion to long piles unsupported through the water column was analyzed and found to accurately
predict the behavior on several projects (Lowery et al. 1969; Engeling 1974; Cunningham and
Naughton 1977).
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(3) By incorporating the wave equation analysis during the early stages of the pile design
process, preliminary selection of the pile hammer can be ascertained. During the pile-driving
process, the wave equation analysis can be used to predict the pile’s ultimate axial capacity
(Hirsch et al. 1975; Porter and Ingram 1989). The wave propagation method was further refined
to include computerized instrumentation, data acquisition, and data analysis thanks to electronic
technology developments (Rausche et al. 1971).

(4) Other wave propagation numerical solution techniques have also been proposed
(Fischer 1975; Foo et al. 1977). During the 1980s, many case histories of pile-drivability analy-
ses were recorded by the offshore industry, including hammer types (steam versus hydraulic)
(Heerema 1980); hammer location (above-water versus submerged) (Aurora 1984); soil condi-
tions (sands, clays, carbonate soils, weak rocks, layer conditions, etc.) (Agarwal et al. 1978; Ta-
gaya et al. 1979; Aurora 1980; Stevens et al. 1982; Stockard 1979, 1986); pile size (Lang 1980);
and analysis methods (Hollowayet al. 1978; Van Zandwijk et al. 1983). Additional computer
codes that numerically integrate the wave equation were developed by offshore companies and
universities. The university-developed codes include TTI, OCEANWAVE, TIDYWAVE,
DIESEL1, WEAP, CAPWAP, DUKFOR, and PSI. The latest version of the WEAP series is
GRLWEAP (Holloway et al. 1978; Porter and Ingram 1989). Recent literature suggests that
GRLWEAP accurately predicts pile drivability (Dutt et al. 1995; Doyle 1999).

(5) Pile driving may encounter too much resistance to achieve desired penetration (can-
not drive because of, for example,high friction, hard strata, boulders, cobbles, etc.) or too soft
conditions (inadequate bearing capacity because of, for example,calcareous sands, or soft clays).

(a) Too Stiff. If the piles or casing encounter difficulty in driving to the specified tip elevation,
penetration can be aided by any one or combination of the following techniques:

e [If piles are closed-ended, allow the piles to be driven open-ended followed by cleanout
and placement of a concrete plug at the bottom.

e Pre-drilling or pre-jetting to loosen the soil.

e After encountering refusal, cleaning out to tip of the pile or casing, and then continuing
driving.

¢ Installing jet pipes in the pile or casing, and jetting during pile driving.

e Using larger capacity hammer or different type of hammer.

¢ Dirilling ahead after cleaning out of pile.

The need for these techniques should be established before beginning to install piles or casings
by specifying that the contractor make a drivability analysis (such as using GRLWEAP
pROGRAM) to demonstrate the adequacy of the installation equipment.

(b) Too Soft. For driven piles, the expected driving resistance and capacity should be
confirmed by the drivability analysis mentioned above. If this procedure shows inadequate
bearing capacity, the piles can be taken deeper or redesigned to deal with the lower bearing ca-
pacity. For drilled shafts, the drilled hole can be taken deeper or the tips of the drilled shafts can
be post-grouted to allow higher use of end bearing.

10
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f. Heave. Heave is generally associated with driving of large, closely spaced displace-
ment piles, such as solid concrete or closed-end pipe in plastic soils. If these conditions exist,
then heave can be expected. The problem can be eliminated or minimized by driving the piles
open ended and cleaning out during driving or after the piles have been driven, or by increasing
pile spacing.

g. Settlement Around Piles. The ground around piles usually settles when piles are
driven through relatively loose sands. The driving causes vibration and consolidation of the
ground surrounding the piles. This can be avoided by densifying the ground before installing the
pile or casing, although this will also increase driving resistance. Settlement can also occur if a
drill casing fails to seat properly on the top of rock and loose sand runs in under the tip of the
casing and into the drill hole. This can be detected by the build up of sand in the bottom of the
drill hole after repeated cleanout. Settlement can be avoided by proper seating of the casing or
grouting at the tip before starting to drill beyond the tip. The downward movement of soils rela-
tive to the pile will induce negative skin friction loads on the pile, which should be taken into
account.

h. Liquefaction of Saturated Sands During Pile Installation. Loose sands that are not
completely free draining, such as silty-sands, have a tendency to liquefy during pile driving. This
can happen with both impact hammers and vibratory hammers, and can be a serious problem for
existing structures in the immediate area, such as levees, buildings, cofferdams, or braced em-
bankments. This problem can be minimized by installing vertical drains, such as stone columns
or wick-drain, to prevent the build up of pore-water pressure in the ground.

i. Obtaining High Quality Concrete in Drilled Shafts.

(1) Proper mix design and tremie concrete placement procedures are essential to obtain-
ing high quality concrete for drilled shafts. The mix should be a free flowing, highly workable
mix, with anti-washout admixtures. The aggregates should be rounded gravel rather than crushed
rock. The minimum spacing of the reinforcing steel in the drilled shaft should be at least 5 times
the diameter of the largest aggregate. The tremie concrete placement procedures should include a
controlled way for starting the process that prevents mixing of the tremie concrete with the wa-
ter. It is also essential to monitor and record the elevation of tremie pipe tip relative to the rising
level of concrete in the drilled shaft to ensure that the tremie pipe remains embedded in fresh
concrete. Once the pour has commenced, the tip of the tremie pipe should remain embedded in
the fluid concrete at least 3 to 5 feet at all times.

(2) In addition, the quality of the drilled shaft concrete should be confirmed by cross-hole
sonic logging, gamma-gamma logging, or similar means. Coring can also be used to confirm the
quality of the concrete. If defects are detected, their effect on the capacity of the pile should be
evaluated, and if the cross section is found to be below the required capacity, the concrete should
be removed and replaced by hydro-blasting and re-grouting of defective zones.

J.  Buoyancy and Hydrostatic Pressure. In-the-wet structures by definition are struc-

tures that are partially or completely submerged. Float-in and lift-in elements typically have large
voids that are filled with concrete or additional ballast to hold them down. The best examples of

11
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this are immersed tube tunnels, where ballast concrete is added to the immersed tube tunnel ele-
ments to keep them on the bottom and prevent them from floating up. Most immersed tube tun-
nels are designed with a minimum negative buoyancy of 10 percent. The additional weight is
provided in the form of ballast concrete in the roadway or backfill rock on top of the tunnel.

(1) Buoyancy can of course be used to offset the deadweight of the structure and thereby
decrease the loading into the foundation. However, accidental flooding of the void space should
be considered as an extreme-event load case.

(2) Buoyancy can also become a concern under conditions conducive to liquefaction.
This includes submerged structures founded in loose sands or backfilled with loose granular
material. In either situation, the loose material has the potential, when subjected to earthquake
motion, to liquefy, turning the surrounding ground into a heavy liquid, and thereby causing the
structure to float out of the ground. For a loose granular backfill with high porosity, this risk may
not exist for years after placement of the backfill. However, over time this material has the risk
of silting up and significantly decreasing its porosity and greatly increasing the potential for lig-
uefaction during an earthquake. An example of this situation is the BART Immersed Tube Tun-
nel under San Francisco Bay, which was completed in 1970 and now requires ground stabiliza-
tion of the backfill after 35 years of service. Hydrostatic pressure must also be adequately
considered in design.

k. Need for Extensive Subsurface Investigation.

(1) Underwater foundations present numerous potential design issues that merit extensive
subsurface investigation, including: unconsolidated mud, liquefiable granular materials, debris
and wreckage, complicated geologic histories and formations, and a host of other issues. This
subsurface investigation should include: 1) advanced explorations, such as: drilling soil borings,
using in-situ probes, and taking geophysical measurements; ii) preliminary foundation installa-
tion and monitoring, such as: the use of indicator piles, proof loading of the preliminary founda-
tion elements, and the advanced use of techniques such as Osterberg cell, Statnamic, and
CAPWAP for driven piles; and iii1) investigation and monitoring during construction to identify
problems that require modifications to the foundation design. Geotechnical investigations are
discussed in EM 1110-1-1804.

(2) All of these investigations are also warranted for in-the-dry construction; however, in-
the-wet investigations generally require more planning and expense than comparable investiga-
tions in-the-dry owing to logistics and environmental issues, such as wind, waves, currents, tides,
sedimentation, ice, and floods. However, just as for in-the-dry construction, without adequate
investigation, the underwater foundation design is required to carry significantly higher factors
of safety, which provides incentive to bear the cost and effort of conducting adequate subsurface
investigations. See Paragraph A-4 for a more detailed discussion of specific site exploration
techniques and methodologies.

I.  Environmental Impacts. In-the-wet foundations present both increased risks in some

areas, as well opportunities to decrease risk in other areas with regard to environmental impact,
as compared to in-the-dry construction. Typically, building marine foundations in-the-dry re-
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quires, first ,the construction of some kind of cofferdam in-the-wet, followed by foundation con-
struction in-the-dry, these two combined activities frequently can disturb the environment as
much as, or more than, the single activity associated with an in-the-wet foundation. Nevertheless,
environmental impacts of an in-the-wet foundation must be clearly identified, and frequently
measures must be taken to minimize, or mitigate, these impacts. The following list identifies
some of the environmental disturbances unique to in-the-wet construction, together with some of
the common measures taken to minimize, or mitigate, these impacts:

(1) Driving piles in-the-wet can cause the transmission of shock waves through the water
that can disturb, or even kill, fish. Common measures taken to minimize this problem include: 1)
driving piles during periods when the fish are not present, or are less susceptible to disturbance;
i1) use of bubble curtains to dampen the transmission of the shock waves, and iii) restoration of
fish habitats and spawning areas.

(2) Pile driving in-the-wet can disturb neighboring birds and common means to minimize
this impact include: 1) use of underwater hydraulic or vibratory hammers, ii) use of air-steam
hammers as opposed to diesel hammers, iii) driving during periods when the birds are not pre-
sent, or are not nesting, and iv) restoration of bird habitats and nesting areas.

(3) Cement particles can be leached into (and contaminate) the water during underwater
tremie concrete placement. Common methods for minimizing this problem include: i) use of
anti-washout admixtures in the concrete, ii) isolating the tremie concrete (or laitance) from the
surrounding water; and iii) minimizing over-filling of underwater shells, forms, or other tremie
concrete containment structures.

m. Non-Traditional Construction Methods. Non-traditional construction methods are
usually only non-traditional for a given design and construction community, and typically have
been used in other design and construction communities. It is strongly recommended that experts
from communities with relevant experience be identified and invited to serve on both the Product
Delivery Team (PDT) and the Peer/ITR (Independent Technical Review) review panel, as cited
in the previous paragraph. Furthermore, contractors and vendors from communities with relevant
experience should be identified, surveyed and, if qualified, invited to bid on the proposed work.
It is essential that the design engineer should thoroughly investigate the state-of-the-art practices
before engaging in the use of construction methods that are non-traditional in the community in
which he or she works.

n. Adjustments to Design Criteria to Mitigate Risk. It may be practicable to adopt more
conservative design criteria as partial compensation for reduced in-the-wet QC investigation.
However, it is not possible to eliminate risk, thus risk should be mitigated and, when possible,
shared with the contractor. Furthermore, the design criteria documents should be treated as living
documenta, and should be regularly reviewed and updated from the beginning to the end of the
project, with the objective of minimizing risk for in-the-wet foundation designs.

0. Environmental Considerations. The design basis developed for the project should

address the relevant environmental considerations, such as wind, waves, current, tides, debris,
ice, sedimentation, scour, floods, water density and salinity, water visibility, river gradients, ed-
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dies, sand waves, debris, and water stage, depth, and bathymetry. Furthermore, this information
should be made available to the contractor.

p. Limited Construction Periods Because o Environmental Issues. To limit risk it may
be advisable to limit the in-the-wet construction to periods when the water and environmental
conditions are less severe. Typically, construction engineering design parameters would be se-
lected on a not-to-exceed 5 percnt of the time basis during the construction period; however,
other percentiles may be selected, depending on the consequence of exceedance. In this regard,
the design should evaluate considerations such as the following.

(1) When working afloat, an increase in river stage may, or may not, represent a
construction problem, depending on the details of the construction plan.

(2) Scour and sedimentation problems associated with moveable riverbeds can frequently
be avoided by avoiding construction during certain periods, or by the construction of physical
features, such as sedimentation traps, or deflection vanes.

(3) Suitable construction, engineering, and environmental design parameters for a given
construction period depend on the contractor’s ways and means, and the designer should clearly
indicate both environmental design parameters and the ways and means that were used and as-
sumed for the in-the-wet design.

(4) Needless to say, construction will almost certainly need to be temporarily halted dur-
ing warning periods for severe weather conditions, such as for hurricanes, thunder/lighting
storms, tornados, flood events, etc.

g. Specialized Equipment. Specialized equipment is frequently required to do in-the-wet
foundation work properly, which presents several risks including the following.

(1) The limited supply of specialized equipment may lead contractors, or sub-contractors,
to charge inappropriately high costs for this equipment.

(2) The specialized equipment may not be available at bid or construction time.

(3) The specifications (or bid documents) need to be written to require the use of
appropriate equipment, and personnel, otherwise the contractor may use inappropriate equipment
and personnel, thus increasing risk (fiscal, environmental and personnel safety).

r. Decreased Ability for QC. In-the-wet foundation work can decrease the accessibility,
or cost, both of quality control, QC, and quality assurance, QA. This requires a plan for the
QA/QC means and methods to minimize the risk of accepting sub-standard work. Means and
methods to minimize this risk include the following (see also Paragraph A-9).

(1) Using advanced technology and equipment, frequently associated with the offshore
industry, such as: 1) advanced acoustic imaging, ii) robotics (Remotely Operated Vehicles,
ROV’s, such as those used for side scanning, or Autonomous Underwater Vehicles, AUV’s,
more common for deep water work), and iii) geophysical investigations.
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(2) Using mock-up tests onshore, or nearshore, to verify the contractors’ ways and means
for such operations as tremie concrete mix design and placement, drilled shaft construction, con-
struction joint construction, or underwater repair methods.

(3) Specifying that selected foundation element either be constructed using templates, or
be pre-assembled in-the-dry and then placed underwater (such could be the case for pile cap as-
semblies).

(4) Prefabricating foundation elements.

s. Risk Mitigation, Repair. The previous sub-paragraphs identify many of the measures
associated with risk mitigation and repair of in-the-wet foundation construction; and the follow-
ing list expands on the points already presented.

(1) In-the-wet foundation work requires considerable planning, and this planning can
substantially mitigate risks.

(2) Risks can be mitigated by arranging for input from in-the-wet experts, including the
incorporation of Independent Technical Review (ITR) teams, and expert consultants, during the
design process.

(3) Risk can also be mitigated by better project-wide: 1) communications, ii) training and
education, iii) site investigation, and iv) mock-up tests.

(4) Anything built in-the-wet can either be repaired in-the-wet, or removed from the wet,
repaired in-the-dry and then returned to the wet. The details and cost of the repair depend highly
on the nature, and logistics, of the problem. Common underwater repair techniques include: 1)
using high-pressure water jets (with, or without, grit) to demolish either a concrete or steel ele-
ment, followed by replacement; ii) pulling, or replacing, piles inappropriately driven; and iii) un-
derwater epoxy injection of cracks and construction joints.

(5) Underwater cutting and welding.

A-3.  Summary of In-the-Wet Foundation Types.

a. Introduction.

(1) Numerous foundation types are constructed onshore (as land-based construction), and
they broadly fall into either the “shallow” or “deep” foundation category. By definition, the
shallow foundation embedment depth is less than its minimum lateral dimension and includes
spread footings and mats. The deep foundation embedment depth is much greater than its mini-
mum lateral dimension. Examples include piles and shafts (Herrmann et al. 1972).

(2) Underwater foundations may be classified into one or more of the following general

categories: improved-site, gravity-based, and pinned. Improved-site foundations include those
that are dredged, excavated, backfilled, leveled, or site-modified. Gravity (or gravity-based)
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foundations include those that distribute the structure’s loads over a soil or rock area wide
enough to adequately resist the imposed loads. Pinned foundations distribute the structure’s loads

deeper into the soil and rock materials.

b. Driven Piles.

(1) Displaced Soil. These methods include driving piles into the soil or weak rock by
impact, vibratory oscillation, hydraulic pushing or jacking methods, rotating, jetting, or suction
techniques and equipment. Hydraulic pile-driving is virtually noiseless and vibration-free, while

pile jetting is a time-saving pile-driving method (Tsinker 1988). A brief discussion of several
types of displaced-soil piles follows.

L
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Figure A-11. Underwater impact-
driven pipe pile installation without a
template (after Jansz and Brockhoff
1979).

(2) Driven Preformed Piles.
(a) Examples of driven preformed piles include tubular steel (open or closed end pipe)
piles, solid steel (H-, X-, A-, or sheet) piles, timber piles, precast (prestressed or reinforced, or

both) concrete piles, and polymer piles. Figure A-11 illustrates an underwater impact-driven pile
installation procedure. The advantages of driven preformed piles include the following:
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The pile materials are preformed and subject to fabrication and site (quality con-
trol/quality assurance) inspection.
The pile materials can withstand high bending and tensile stresses.

Numerous choices for pile materials, equipment, and installation procedures are avail-
able.

Waterborne delivery and onsite fabrication permit very long lengths of piles for site-
specific conditions.

(b) The disadvantages of driven preformed piles include:

Above-water noise may affect local communities. Underwater noise affects sea mammals
and fish.

Excessive vibration may cause local liquefaction.

Soil disturbance may affect surrounding structures.

(3) Driven Cast In-situ Piles.

(a) An example of the driven cast in-situ pile includes an open- or closed-ended steel cas-

ing or pipe pile that is driven and then backfilled with concrete. The advantages of this type of
pile are as follows:

The length can be easily adjusted to match the bearing stratum.

Site-specific modifications, such as an enlarged base or bells, are possible.

Noise and vibration during driving may be reduced.

The internal pile material, such as concrete or grout, will not be affected by handling or
driving stresses.

(b) The disadvantages of driven cast in-situ piles include these:

Mixing and placement of the concrete or grout may require special equipment and
inspection.

The inspection and placement of the reinforcing bar cage may require special considera
tions or techniques both in design and construction.

(4) Pipe Piles. Pipe piles come in a variety of materials but most consist of either steel,

or prestressed concrete and come in a variety of diameters ranging from a few inches (tens of
millimeters) to over 33 feet (10 meters) (note that the Yokohama Bay Bridge in Japan used 10-
meter-diameter prestressed concrete piles, and the Ohnaruto Strait Bridge also in Japan used 6-
meter-diameter cylinder piles). Steel pipe piles, available from the offshore industry, commonly
range from 3 up to 13 feet (1 up to 4 meters), with ultimate axial compressive capacities of over
10,000 tons, far exceeding conventional onshore piles. API provides standards for the design of
such large offshore piles.

(a) Larger diameter pipe piles are more commonly used for in-the-wet construction for a

variety of reasons including: 1) large diameter vertical pipes have more lateral stiffness than an
equal area of smaller piles; ii) the expense of mobilizing and using marine pile driving equip-
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ment warrants driving fewer large diameter pipe piles, rather than more smaller diameter pipe
piles; ii1) if the pipe piles are to be socketed, it may be more practicable to clean-out and socket a
few large diameter piles rather than many smaller diameter piles, iv) in hard driving conditions it
may be more practicable to drive large diameter piles, rather than small diameter piles; and v) it
may be more practicable to transform a larger diameter driven steel pile into a composite steel
and concrete pile (by the addition of tremie concrete) than for smaller diameter piles.

(b) Nevertheless, smaller diameter pipe piles offer their own unique advantages. Indeed,
one of the largest uses of pipe piles for in-the-wet foundation construction for the inland water-
ways is the Olmsted Dam, which uses over 3250 steel pipe piles having a 2-foot (0.61-meter)
diameter (with 12- to 16-inch [305- to 406-millimeter] top pipe extensions to increase structural
flexibility), for reasons including: 1) the smaller diameters increased the period of the structure,
which decreased the seismic loading on the structure; ii) the unit price of the pipe was lower than
for larger diameter pipes; and ii1) the smaller pipes introduced lower local bending moments into
the concrete portions of the dam, thus allowing the concrete portions of the dam to be thinner.

(c) Aside from the tendency toward the use of larger diameter pipe piles, other unique
considerations of using pipe piles for in-the-wet construction include: 1) availability of pile driv-
ing procedures and equipment; ii) convenient jetting procedures; iii) common splicing proce-
dures and equipment; iv) potentially reduced environmental impact; v) ease of driving potential
with increased positional accuracy, and vi) suitability for tie-in with other sub-structure elements
and tremie concrete, as briefly discussed in the following:

e Driving Pipe Piles In-The-Wet. Considerations include: 1) providing vents in the pile, or
in the driving head, to relieve water pressure built up on the interior of the pile during
driving, ii) using hydraulic, or vibratory hammers, for underwater pile driving; iii) fitting
rubber diaphragms to the ends of pipe piles to provide buoyancy to facilitate transport
and handling of submerged piles; and iv) using the very large hammers that are available.

e Marine Splicing. Considerations include: 1) field splicing of large diameter marine piles
requires careful planning and quality control, and the number of splices required should
be minimized by using pipe segments as large as can be transported and handled eco-
nomically, and ii) field splicing of large cylindrical pipe piles must be strong enough to
resist repeated hammering during driving, and the splice itself can be made using any
one, or combination, or means, including: welded steel end fittings, steel dowels epoxy
grouted into corrugated ducts, mechanical connectors, and friction sleeve connectors. In
the Netherlands prestressed splices have been made on 12-foot (3.5-meter) diameter con-
crete cylinder piles.

e In-The-Wet Connections. Considerations include: i) when tremie concrete is used to con-
nect pipe piles to other elements, underwater care should be taken to ensure that the tre-
mie concrete does not inadvertently fall inside the pipe pile and flush water from inside
the pile into the fresh tremie outside the pile. One way to address this is to attach a screen
near the top of the pile prior to driving. ii) Grouted connections to pipe piles can be made
either using standard offshore technology used on steel jacket platforms, or by grouting
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the pile into a socket to another underwater element. And iii) concrete plugs may be in-
stalled at top of piles after driving.

(5) H-Piles. H-piles are frequently used onshore owing to their economy and availabil-
ity, and they should be considered for use on in-the-wet foundations for the same reasons. H-
piles have both a strong and a weak bending axis and thus must be aligned accordingly, and fre-
quently must be battened to resist large bending moments. Where alignment and batten of H-
piles are important for in-the-wet work, templates should be used, or a very accurate lead. For
hard driving, H-piles may require driving shoes. Figure A-12 illustrates how a precast concrete
stay-in-place template was used to guide underwater battened H-piles for the Richmond-San
Rafael Bridge in San Francisco Bay, California. The precast concrete template was subsequently
incorporated together with the H-piles and the other precast concrete shells using tremie concrete
infill.

(6) Precast Prestressed Concrete Piles. Modern precast concrete piles are almost all
prestressed and pretensioned (if, for no other reason, to address both handling and driving
stresses), and come in a large variety of shapes, sizes, and strengths. Cylindrical concrete pipe
piles are addressed in Paragraph A-3a(4), while solid precast piles are addressed in the follow-
ing.

(a) Where established precast yards are available, standard sizes of prestressed concrete
piles can be more economical than even H-piles, and thus potential in-the-wet use of these stan-
dard sizes should be carefully evaluated. Standard solid precast pile shapes include square, oc-
tagonal, and round, with sizesand diameters commonly ranging from 10 inches (254 millimeters)
to about 54 inches (1370 millimeters). For such standard shapes and sizes, the reinforcing and
prestressing can economically be customized to adjust such factors as: 1) concrete cover, i) spiral
size and pitch (to provide better concrete core confinement), iii) varying the prestressing level
from about 300 psi (2 MPa) to over 1000 psi (7 MPa); iv) varying the longitudinal steel along the
length of the pile, v) incorporating or casting items such as jets, driving shoes, lifting eyes, or
steel H-piles into the concrete pile, and vi) using epoxy coated steel. It is also economical to
customize the concrete to be used in the pile, potentially using i) high-strength, lightweight con-
crete (not only to reduce weight for transport and handling but also to reduce the foundation
weight in weak soils and for seismic cases); ii) very high-strength, standard-weight concrete,
where strengths in the range of 12,000 to 14,000 psi (80 to 100 MPa) are practicable; iii) con-
cretes with various admixtures including microsilica fume, anti-corrosion admixtures, and air
entrainment (for freeze—thaw protection). Furthermore, in addition to standard load bearing piles,
precast concrete sheet piles and fender piles can also be procured from existing precast yards.
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Figure A-12. Use of a precast concrete element as a template for battened H-pile on bridge
pier for the Richmond-San Rafael Bridge, California.

(b) Precast concrete piles typically exhibit superior durability, as compared to either steel
or timber piles, for marine applications where the piles extend up through the water. Such issues
as corrosion, biological attack, weathering, pollution, or erosion may be a larger concern for
other types of piles. Other potential reasons for considering concrete piles include: 1) they can
stand-up to hard driving and can penetrate debris or rip rap; ii) they can develop good friction
with the soil; ii1) they have high axial load carrying capacity; iv) they can be easily spliced and
connected, and v) they can penetrate into soft and partially decomposed rock. High-capacity
prestressed concrete piles are particularly well suited for deep foundations with heavy loads in
weak soils, conditions that are frequently encountered with in-the-wet foundations.

(7) Timber. Timber piles have been used for thousand of years in-the-wet, and have exhibited
excellent durability where they have been buried and thus protected from biological attack, weathering
and oxygen, pollution, or erosion.

(8) Steel Sheet Piles. Flat sheet piles are frequently used to form cells and other arched
structures, and z sheet piles are frequently used to build walls and planar structures, which are
very commonly used for in-the-wet marine foundations. Tie-in of the sheet piles into the in-the-
wet foundations may require careful consideration.

(9) Composites. Polymer composite materials are becoming more commonly used for

marine applications, primarily because of their corrosion resistance. Commonly available shapes
include: 1) sheet piles; ii) wide-flange and H-shapes; and iii) pipe sections. Polymer composite
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members typically cost more than steel, concrete, or timber piles, and when used are commonly
justified for marine applications based on reduced maintenance and replacement costs.

c. Drilled Elements.

(1) Cast In-situ Piles. Examples of cast in-situ piles include stone columns (Cemcol),
compacted concrete piles (Vibro-Franki, not commonly placed underwater), Atlas screw piles,
see Figure A-13 (not yet commonly used underwater according to Reese and Isenhower 2000),
and micropiles (which are grouted minipiles or pinpiles installed without drilling).

Rotary
displacement

Figure A-13. Cast in-situ pinned
foundation (Atlas screw pile
method) (after Hollingsworth
and Imbo-Burg 1992).

(a) The advantages of cast in-situ piles are:

e No need for permanent casing.
e May be more economical for specific sites.
e No cuttings and, hence, no disposal of cuttings required.

(b) The disadvantages of cast in-situ piles include:

e Limited experience in underwater environments and (for certain proprietary systems,
such as Cemcol, Atlas, Vibro, Franki, Vibrex, and Fundex) extremely limited specialized
contractor experience.

e Cannot be extended above riverbed without casing and special procedures.

(c) A special case of the cast in-situ pile is represented by the soil and grout cast in-situ
foundation, which is generally designed as an improved-site foundation instead of pinned. This
type of foundation improvement is used primarily for onshore applications, although deep ce-
ment mixing has been used offshore (although primarily outside the United States).
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(d) Two examples of the soil and grout cast in-situ foundation improvement are jet-
grouted columns (grout injected into soil from high-pressure jets) and mixed soil columns (grout
mixed with soil, also called deep cement mixing). The advantages and disadvantages mirror
those for cast in-situ, as previously noted.

(2) Drilled Shafts. The construction of drilled shafts through open water involves drilling
holes through underwater soil or rock, and maintaining the hole open long enough to install a
reinforcing cage and tremie concrete. Large-diameter drilled shafts (6 feet and larger) are par-
ticularly well suited for in-the-wet structures. The primary factors limiting the diameter and ca-
pacity of drilled shafts are availability of larger drilling equipment and the stability of larger di-
ameter drill holes during the drilling process.

(a) Installation techniques and equipment have been developed to efficiently install
drilled shafts in the 6- to 10-foot range, and drilled shafts have been successfully installed up to
16 feet in diameter. These large diameters are a cost efficient replacement for a large number of
smaller driven piles, and can be a determining factor in whether a pile cap is required, and if re-
quired, where that cap can be positioned. Because of the high stiffness of large diameter drilled
shafts, the pile cap can either be eliminated or be positioned off the bottom of the riverbed or
seabed. Positioning pile caps off the bottom offers significant cost advantages, because it elimi-
nates the need for costly conventional cofferdams typically used for dewatering the construction
site. This technique was used on the piers for the Bath-Woolwich Bridge. See Figures A-14
through A-16.

PIER DOWELS

+1.280 MHW

Figure A-14. Pile cap and temporary follower coffer-
dam used on Bath-Woolwich Bridge.
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Figure A-15. Bath-Woolwich Bridge cofferdam being dewatered.

(b) Applying this foundation type to in-the-wet construction requires use of an external
casing through the water column. The casing extends from the high water elevation into stable
soil or into the top of rock. The external casing is installed in a manner to produce a positive seal
at the bottom of the casing so that no piping of water or other material enters or exits the shaft
excavation (O’Neill and Reese 1999). See Figure A-17, showing temporary casings used on the
Bath-Woolwich Bridge Project.

Figure A-16. Bath-Woolwich Bridge dewatered cofferdam.
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Figure A-17. Pile template and temporary casings used
on the Bath-Woolwich Bridge.

(c¢) The primary purpose of the casing is to protect the shaft concrete from water action
during placement and curing of the drilled shaft concrete. For drilling in unstable rock, where
drilling fluids such as bentonite or polymer slurries are used, the casing also provides the primary
containment system for keeping the drilling fluid from the surrounding water. The casing can be
either temporary or permanent.

(d) Drilled shafts cause less soil disturbance during installation in comparison to driven
piles. Therefore, there is less danger of disturbing adjacent structures or underwater embank-
ments.

e Small-Diameter Drilled Shafts (less than 6 feet). The stiffness of the structure being sup-
ported will dictate the maximum spacing of the drilled shafts. This spacing will determine
the load carrying requirements of each shaft and drilled shaft diameter. Small-diameter
drilled shafts are therefore better suited to relatively thin structures such as tailraces on
low-head dams.

e Large-Diameter Drilled Shafts (6 feet or greater). As a general rule for a given in-the-
wet foundations, fewer large-diameter drilled shafts are more economical than a larger
number of smaller diameter shafts. This is attributable to the relatively high cost and
complexity associated with the underwater connection of the drilled shafts to the struc-
ture. However, drill-hole stability tends to decrease with increasing drill-hole diameter. In
some cases, the decrease is so great that only by casing the drilled hole can the pile be
constructed.

(3) Augered Cast-In-Place Piles. The augered cast-in-place pile system has been used

onshore since the 1940s. Two methods are available. One consists of drilling a hollow-stem au-
ger to depth and then pumping grout or concrete into the hollow stem as the auger is withdrawn.

24



ETL 1110-2-565
30 Sep 06

Reinforcing rods may be inserted into the concrete through the hollow-stem auger (Neate 1989).
The excavated soil is brought to the surface as cuttings. For use of this system under water, ex-
ternal casing would be required if the concrete extends above the mudline. The second method
uses a continuous-flight auger to excavate soil inside a driven casing. Numerous equipment
manufacturers and techniques are available for this popular (onshore) method.

(4) Pin Piles (Micropiles) (5-12 inch diameter). The use of pin piles (or micropiles) has
increased in recent years, especially in situations with difficult access or restricted vertical clear-
ance. For example, bridge foundation rehabilitation has become a major market for these piles
(Pearlman et al. 1997). Pin piles are small-diameter drilled and grouted piles. Their diameters
range from 5 to 12 inches (127 to 305 milimeters), and their axial compression and tension ca-
pacities range from 50 to 200 tons (445 to 1780 kN). The most common installation technique is
to rotary-drill an open-ended steel pipe into the subsurface. A reinforcing bar cage is then in-
stalled inside the casing, and pressurized grout (or tremied grout in rock formations) is pumped
into the casing to extend the “bond zone” below the open end of the pile.

(5) Stone Columns.

(a) Underwater stone columns have been placed to increase a soil’s shear strength and
bulk modulus. Pennine, Ltd. (1998) reported the installation of 2.6-foot- (0.8-meter-) diameter by
66-foot- (20-meter) long stone columns in water depths up to 108 feet (33 meters) from a float-
ing barge using vibro-compaction. The productivity rate was greater than one column per hour,
including barge positioning.

(b) Hayward Baker (1999b) reported installing 270 stone columns (3-foot- [1-meter-] di-
ameter) using a vibro-replacement method through water depths up to 40 feet (12 meters) to pre-
vent liquefaction damage to existing underwater piles at a Vancouver port facility.

(6) Multiple closely spaced driven steel piles were driven at water depths of up to 70 me-
ters as a means of enhancing the bracing and shear resistance for the foundations of the Rion-
Anterion Bridge in Greece and concrete piles are now being installed under the Venice (Italy)
Storm Surge Bassin. They are conceptually planned to stabilize an underwater clay slope against
seismic-induced failure.

d. Gravity Base.
(1) Introduction.

(a) Gravity-based foundations are broadly classified because their load-carrying capacity
is primarily determined by the size and weight. These foundations are similar in function and de-
sign to the land-based foundations that are classified as “shallow,” as their embedment depths are
generally less than their lateral dimensions. Typical gravity foundations are constructed of pre-
cast concrete elements that are either floated or lifted in and seated on the seafloor or an
improved-site foundation. Once installed, the underbases may be filled with cast-in-place con-
crete or grout via underwater tremie tubes or other type of ballasting materials. For example, the
main pier bases supporting the Confederation Bridge in Canada are lift-in precast concrete ele-
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ments resting on a tremied concrete bed over mudstone and siltstone layers. Each of the 44 pier
bases weighing 6000 tons rests on a ring footing of tremied concrete having an approximate di-
ameter of 67 feet (20 meters) and an approximate thickness of 6 feet (1.8 meters ).

(b) Smaller gravity-based foundations have been constructed of steel instea