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CHAPTER 1
[ NTRODUCTI ON

1-1.  Purpose. Provisions for the design of sheet pile cellular cofferdans
are set forth in ER 1110-2-2901. This manual is intended to provi de gui dance
for the design of these structures. Geotechnical considerations, analysis and
design procedures, construction considerations, and instrumentation are dis-
cussed. Special enphasis is placed on all aspects of cellular cofferdans,
such as planning, hydraulic considerations, and |ayout.

1-2.  Applicability. The provisions of this manual are applicable to al
divisions and districts having civil works responsibilities

1-3. References. References and bibliographical material are listed in
Appendi x A, The references are referred to by the official nunber and

bi bl'i ographical itens are cited in the text by nunbers (item1, 2, etc.) that
correspond to itens in Appendix A-2.

1-4. Definitions. A list of synbols with their definitions relating to
Chapter 4, Paragraph 4-9, is shown in Appendix B.

1-5. Types and Capabilities.

a. Uses. Sheet pile cellular structures are used in a variety of ways
one of the principal uses being for cofferdans.

(1) Cofferdams. \When an excavation is in a |arge area overlain by
water, such as a river or lake, cellular cofferdans are widely used to forma
water barrier, thus providing a dry work area. Cellular structures are eco-
nom cal for this type of construction since stability is achieved relatively
i nexpensively by using the soil cell fill for nass. Ring or nenbrane tensile
stresses are used in the interlocking steel sheet piling to effect a soil con-
tainer. The sane sheet piling may be pulled and reused unless it has been
damaged from driving into boul ders or dense soil deposits. Driving danage is
not usually a major problemsince it is rarely necessary to drive the piling
to great depths in soil.

(2) Retaining Walls and Qther Structures. Sheet pile cellular struc-
tures are also used for retaining walls; fixed crest dams and weirs; | ock
gui de, guard, and approach walls; and substructures for concrete gravity
superstructures. Each of these structures can be built in the wet, thus elim
inating the need for dewatering. Wen used as substructures, the cells can be
relied upon to support noderate |oads from concrete superstructures. Varying
desi gns have been used to support the concrete |oads, either on the fill or on
the piling. When danger of rupture fromlarge inpact exists, the cells should
be filled with treme concrete. In the case of concrete guard walls for
navi gation | ocks, bearing piles have been driven within the cells to provide
added | ateral support for the load with the cell fill. Precautions nust be
taken to prevent loss of the fill which could result in instability of the
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pile-supported structure. Bearing piles driven within the cells should never
be used to support structures subjected to lateral [ oads.

b. Types. There are three general types of cellular structures, each
depending on the weight and strength of the fill for its stability. For typi-
cal arrangerment of the three types of cells, see Figure 1-1

(1) Grcular Cells. This type consists of a series of conplete circular
cells connected by shorter arcs. These arcs generally intercept the cells at
a point making an angle of 30 or 45 degrees with the longitudinal axis of the
cofferdam  The primary advantages of circular cells are that each cell is
i ndependent of the adjacent cells, it can be filled as soon as it is con-
structed, and it is easier to form by means of tenplates

(2) Diaphragm Cells. These cells are conprised of a series of circular
arcs connected by 120-degree intersection pieces or crosswalls (diaphragns).
The radius of the arc is often made equal to the cell width so that there is
equal tension in the arc and the diaphragm The diaphragmcell will distort
excessively unless the various units are filled essentially sinultaneously
with not over 5 feet of differential soil height in adjacent cells. Diaphragm
cells are not independently stable and failure of one cell could lead to fail-
ure of the entire cofferdam

(3) doverleaf Cells. This type of cell consists of four arc walls,
within each of the four quadrants, forned by two straight di aphragmwalls nor-
mal to each other, and intersecting at the center of the cell. Adjacent cells
are connected by short arc walls and are proportioned so that the intersection
of arcs and diaphragns forms three angles of 120 degrees. The cloverleaf is
used when a large cell width is required for stability against a high head of
water. This type has the advantage of stability over the individual cells,
but has the disadvantage of being difficult to form by neans of tenplates. An
addi tional drawback is the requirement that the separate conpartnents be
filled so that differential soil height does not exceed 5 feet.

c. Design Phil osophy.

(1) Cellular cofferdans, in nost instances, serve as a high head or
noderately high head dam for extended periods of time, protecting personnel
equi pnent, and conpleted work and maintaining the navigation pool. Planning,
design, and construction of these structures must be acconplished by the sane
procedures and with the sanme high |level of engineering conpetency as those re-
quired for permanent features of the work. Adequate foundation investigation
and | aboratory testing nust be performed to deternmine soil and foundation
paraneters affecting the integrity of the cofferdam Hydraulic and hydrol ogic
desi gn studi es nmust be conducted to determine the npbst economical |ayout.

(2) The analytical design of cellular cofferdans requires close coordi-
nation between the structural engineer and the geotechnical engineer. Cose
coordination is necessary, not only for the soil and foundation investigations
noted above, but also to ensure that design strengths are applied correctly
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a. Plan circular cel

SHETT T
BE YN

h. Plan arc and di aphragm
cell

—

c. Plan clover |eaf cel

Figure 1-1. Typical arrangenment of circular, diaphragm
and cloverleaf cells
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and that assunptions used in the design, such as the saturation level within
the cell fill, are realistic. Though cofferdans are often referred to as tem
porary structures, their inportance, as explained above, requires that they be
designed for the same factors of safety as those required for permanent
structures.

(3) To ensure conpliance with all design requirements and conformty
with safe construction practices, the cellular cofferdam construction shoul d
be subjected to intensive inspection by both construction and design person-
nel. Periodic and tinely visits by design personnel to the construction site
are required to ensure that: site conditions throughout the construction
period are in conformance with design assunptions, contract plans, and speci-
fications; project personnel are given assistance in adapting the plans and
specifications to actual site conditions as they are reveal ed during con-
struction; and any engineering problens not fully assessed in the origina
design are observed and evaluated, and appropriate action is taken. Coordina-
tion between construction and design should be sufficient to enabl e design
personnel to respond in a tinmely manner when changed field conditions require
modi fications of design.

(4) Not all features of a construction cofferdamwill be designed by
the Governnent. In particular, the design of the dewatering system gen-
erally, will be the responsibility of the contractor so that the contractor
can utilize his particular expertise and equipment. However, the dewatering
system nust be designed to be consistent with the assunptions nade in the cof-
ferdam design, including the elevation of the saturation level within the cel
fill and the rate of dewatering. To achieve this, the requirements for the
dewat eri ng system nmust be explicitly stated in the contract specifications,
and the contractor's design nust be carefully reviewed by the cof ferdam de-
signer to ensure that the intent and provisions of the specifications are net.
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CHAPTER 2
PLANNI NG, LAYOUT, AND ELEMENTS OF COFFERDAMS

2-1. Areas of Consideration. For a construction cofferdam to be functional

it nust provide a work area free fromfrequent flooding and of sufficient size
to allow for necessary construction activities. These two objectives are de-
pendent on several factors and are interrelated as described bel ow.

a. Height of Protection. The top of the cofferdam shoul d be established
so that a dry working area can be econonically maintained. To establish an
economi cal top elevation for cofferdam and fl oodi ng frequency, stage occur-
rence and duration data covering the practical range of cofferdam hei ghts nust
be evaluated, taking into account the required life of the cofferdam Factors
whi ch affect the practical range of cofferdam heights include: effects on
channel width to accommodate streanflow and navi gati on where required; in-
creased flow velocity during high river stages and the resultant scour
effects on conpleted adjacent structures to which the cofferdamjoins (the
"tie-in"), i.e., these structures nust be designed to resist pools to top of
cofferdam and practical limtations on the size of cell due to interlock
stresses and sliding stability. By conparing these factors with the effects
of lost time and dewatering and cl eanup costs resulting fromflooding, an
econonmical top elevation of cofferdam can be established.

b. Area of Enclosure. The area enclosed by the cofferdam shoul d be
m ni m zed for reasons of econony but should be consistent with construction
requirenents. The area often will be limted by the need to maintain a mni-
mum channel wi dth and control scour and to mnimze those portions of com
pleted structures affected by the tie-in. The mninum area provided nust be
sufficient to accomrmodate berns, access roads, an internal drainage system
and a reasonable working area. M nimum functional area requirenents should be
established in coordination with construction personnel

¢c. Staging. When constructing a cofferdamin a river, the flow nust
continue to be passed and navigation maintained. Therefore, the construction
must be acconplished in stages, passing the water tenporarily through the com
pl eted work, and making provisions for a navigable channel. The nunber of
stages should be limted because of the costs and tinme delays associated with
the renoval of the cells in a conpleted stage and the construction of the
cells for the following stage. However, the nunber of stages nust be consis-
tent with the need to ninimze streanflow velocities and their associated ef-
fects on scour, streanbank erosion, upstream flooding, and navigation. Wen
devel oping the layout for a nultistage cofferdam special attention should be
given to maximzing the nunber of itenms common to each stage of the cofferdam
Wth proper planning sone cells may be used for two subsequent stages. In
those cells that will be commmon to nmore than one stage, the connecting tees or
wyes that are to be utilized in a future stage nust be located with care.

d. Hydraulic Mdel Studies. Hydraulic nodel studies are often necessary
to devel op the optimum cofferdam | ayout, particularly for a nultistage
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cofferdam  From these studies, currents which mght adversely affect naviga-
tion, the potential for scour, and various renedies can be determn ned

2-2. El enents of Cofferdans.

a. Scour Protection. Flowi ng water can seriously damage a cof f er dam
cell by undernmining and the subsequent loss of cell fill. Still further,
scour caused by flowi ng water can | ead to damage by increased under seepage and
increased interlock stresses. The potential for this type of damage is depen-
dent upon the velocity of the water, the eddies produced, and the erodibility
of the foundation material. Damage can be prevented by protecting the founda-
tion outside of the cell with riprap or by driving the piling to a sufficient
depth beneath the anticipated scour. Deflectors designed to streamine flow
are effective in mnimzing scour along the face of the cofferdam  These de-
flectors consist of a curved sheet pile wall, with appropriate bracing, ex-
tending into the river fromthe outer upstream and downstream corners of the
cofferdam  Figure 2-1 shows a schemmtic deflector |ayout. As noted previ-
ously, hydraulic nmodel studies are useful in predicting the potential for
scour and in developing the nost efficient deflector geonetry. For a detailed
di scussion of deflectors, refer to EM 1110-2-1611.

b. Berms. A soil bermmnmay be constructed inside the cells to provide
additional sliding and overturning resistance. The bermwll also serve to
| engt hen the seepage path and decrease the upward seepage gradients on the
interior of the cells. However, a bermw |l require a larger cofferdam enclo-
sure and an increase in the overall length of the cofferdam and will increase
construction and maintenance costs. Al so, an inside berminhibits inspection
of the inside piling for driving damage and makes cel| drainage naintenance
more difficult. It is generally advisable, therefore, to increase the diane-
ter of the cells instead of constructing a bermto achieve stability since the
anount of piling per lineal foot of cofferdamis, essentially, independent of
the dianmeter of the cells. Any increase in the dianeter of the cells nust be
within the limtations of the maxi rum allowable interlock stress, as di scussed
in Chapter 4. In order for a bermto function as designed, the berm nust be
constantly maintai ned and protected agai nst erosion and the degree of satura-
tion nust be consistent with design assunptions. Bermmaterial properties and
design procedures are discussed in Chapters 3 and 4.

c. Flooding Facilities. Flooding of a cofferdam by overtopping can
cause serious damage to the cofferdam perhaps even failure. An overflow can
wash fill material fromthe cells and erode bermmaterial. Before overtopping
occurs, the cofferdam should therefore be filled with water in a controll ed
manner by providing floodgates or sluiceways. The floodgates or sluiceways
can also be used to facilitate remval of the cofferdamby flooding. Flood-
gates are constructed in one or nore of the connecting arcs by cutting the
piling at the appropriate elevation and capping the arc with concrete to pro-
vide a nonerodible surface. Control is maintained by installing tinber needle
beans that can be renpved when flooding is desired. Figure 2-2 shows a typi-
cal floodgate arrangenent. Sl uiceways consist of a steel pipe placed through
a hole cut in the piling of a connecting arc. Flow is controlled by neans of

2-2



EM 1110-2-2503
29 Sept 89

N\ Lock waL (ExisTING)

CURRENT

TEMPORARY CHANNEL

DEFLECTOR ODEFLECTOR

1ST STACE COFFERDAM
(DAM CONTRACT)

Figure 2-1. Schematic deflector |ayout
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a slidegate or valve operated fromthe top of the cell. The size, nunber, and
invert elevations of the flooding facilities are determ ned by conparing the
volune to be filled with the probable rate of rise of the river. These ele-
nments nust be sized so that it is possible to flood the cofferdambefore it is
overtopped. For either system the adjacent berm nust be protected against
the flows by neans of a concrete flume, a splashpad, or heavy stone

d. Tie-ins. Cofferdanms often nust be connected to |and and to conpl eted
portions of the structure

(1) Tie-in to Land. Where the cofferdamjoins a steep sloping shore-

line, the first cell is usually located at a point where the top of the cel
intersects the sloping bank. A single wall of steel sheet piling connected to
the cell and extending landward to forma cutoff wall is often required to

increase the seepage path and reduce the velocity of the water. The length of
the cutoff wall will depend upon the permeability of the overburden. The wal
should be driven to rock or to a depth in overburden as required by the per-
meability of the overburden. The depths of overburden into which the cells
and cutoff wall are driven should be limted to 30 feet in order to prevent
driving the piling out of interlock. Oherwise, it will be necessary to exca-
vate a portion of the overburden prior to driving the piling. Were the cof-
ferdam abuts a wide floodplain which is |ower than the top of the cofferdam
cells, protection fromfloodwaters along the |and side can be obtained by con-
structing an earth dike with a steel sheet pile cutoff wall. The dike may
join the upstream and downstream arns of the cofferdamor extend fromthe end
of the cofferdaminto the bank, depending upon the type of overburden, |oca-
tion of rock, and extent of the floodplain.

(2) Tie-in to Existing Structures. Tie-ins to a vertical face of a
structure can be acconplished by enbedding a section of sheet piling in the
structure to which a tee pile in the cell can be connected. Another nethod of
tie-in to a vertical face consists of wedging a shaped-to-fit tinber beam
between the cell and the vertical face. As the cofferdamenclosure is de-
watered, the hydrostatic pressure outside the cofferdam seats the beam thus
creating a seal. Tie-ins to a sloping face are sonewhat nore conplicated, and
it is necessary to develop details to fit each individual configuration. The
most common schenes consi st of tinber bul kheads or tinber cribs tailored to
fit the sloping face. See Figure 2-3 for typical tie-in details

e. Cell Layout and Ceoretry. The cofferdam | ayout, generally, should
utilize only one cell size which satisfies all design requirenents. In sonme
areas it mght be possible to neet all stability requirenments with snaller
cells; however, the additional costs resulting fromthe construction and use
of nore than one size tenplate will usually exceed the additional cost of an
increase in the cell diameter. The geonetry of the various cell types was
discussed in Chapter 1. For individual cell and connecting arc geonetry, the
arrangenents and criteria contained in the Steel Sheet Piling Handbook pub-
lished by the U S. Steel Corporation (itens 87 and 88) are recommended
These suggested arrangenents should, however, be nodified to require an odd
nunber of piles between the connecting wyes or tees as shown in Figure 2-4.
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FABRICATED
CONNECTION

Figure 2-4. Arrangenments of connecting wes and tees

This will allow the use of only one type of fabricated wye or tee rather than
two types if an even nunber of piles are used between connections. Although
two additional piles mght be required for each cell, this cost would be off-
set by the ease of checking shop drawings and sinplifying construction, i.e.,
the tees or wyes could not be placed and driven in the wong location. In
devel oping details for other configurations, special attention should be given
to the location of tees or wes and the nunmber of piles between connections.

f. Protection and Safety Features. O her features which nust be consid-
ered in the planning and |ayout of a cofferdam include: a rock or concrete
cap on the cell to protect the cell fill fromerosion and to provide a suit-
able surface for construction equipnent; personnel safety facilities including
sufficient stairways and an al arm system and navigation warnings, including
pai nting of cells, reflective panels, and navigation |ights.
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CHAPTER 3
GEOTECHNI CAL  CONSI DERATI ONS
Section |. Subsurface Investigations

3-1. | ntroduction

a. The planning, design, and construction of cofferdams should be ap-
proached as though the cofferdamis the primary structure of the project, the
end result rather than the neans to an end. The sanme degree of care, particu-
larity, and conpetence should be exercised with the cofferdamas with the main
structure. This necessarily involves detailed investigations because the
foundation conditions, perhaps nore than any other factor, inmpact on the cost
and degree of difficulty in construction and eventual integrity of the coffer-
dam  Though inpractical, if not inpossible, to accurately deternine all of
the subsurface details, the mpjor details should be determned to avoid need-
| ess delays and clains as well as possible failure resulting frominadequate
subsurface investigations.

b. The investigative program should be such that the cofferdaminvesti -
gations form an integral part of the overall program for the main structure.
By integrating the investigative prograns for the various structures, the use
of resources and information is maximzed. Typically, there are three main
investigative stages in the development of a project: the survey investi-
gation which is a conbination reconnai ssance and feasibility stage nmade prior
to Congressional authorization to determ ne the nost favorable site, engineer-
ing feasibility, and costs; the definite project or specifications investiga-
tion which is made after Congressional authorization to provide required
geol ogi ¢ and foundation data for preparation of contract plans and specifica-
tions; and the construction investigation which is nade as the work progresses
to fill in details

3-2. Prelininary |Investigations.

a. Ofice Studies. Ofice studies of the general area of the cofferdam
| ocation should be initiated prior to any field work. These prelimnary stud-
ies should include a review of all geotechnical data conpiled during the sur-
vey investigation stage for the project, including reports, maps, and aeria
phot ographs.  The investigation should include a study of the topography,
physi ography, geologic history, stratigraphy, geologic structure, petrography,
and ground-water conditions. This information should include: bedrock type
occurrence, and general structural relationship; |eakage and foundation prob-
| ems possible if soluble rocks are present; possible results of glaciation
(buried valleys, pervious divides, lacustrine deposits); presence or absence
of faults and associ ated earthquake probl ens; extent of weathering; depth and
character of overburden materials; general ground-water conditions; and
availability of sources of construction materials. It is essential that the
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regional and | ocal geol ogy be known and understood prior to devel opi ng and
implemrenting a plan of subsurface investigation.

b. Field Studies. As with the office studies, field reconnai ssance and
perhaps, a linited nunber of subsurface borings and geophysical studies are
conducted for the survey investigation. The results of those initial field
studi es should be incorporated into investigations which are designed to
reveal specific information on the cofferdam foundation conditions. The re-
sulting information should include if possible: nature and thickness of the
overburden; maps of rock outcrops denoting type and condition of rock, discon-
tinuities, presence or absence of geologic structure; and prelimnary ground-
wat er conditions.

3-3. Developnent of a Boring Plan

a. Prelimnary. After a careful evaluation of all available site data
a limted nunber of borings should be laid out along the center line of the
proposed cofferdam | ocation.

(1) This initial exploration can ordinarily be acconplished with split-
spoon standard penetration sanpling of the overburden and NX-size di anond
coring of the bedrock, supplenmented by a nunber of borings drilled with non-
sanpling equi prent such as roller rock bits. Standard penetration resistances
should be obtained at |east at 5-foot-depth intervals or at material changes,
whi chever is the lesser. The NX-size (or conparable wireline equipnment) is
the smallest size coring equipment that should be used, and only then if ac-
ceptable recovery is obtained. The nonsanpled borings wll provide inform-
tion on the overburden thickness, the presence or absence of boul ders, and the
top of rock configuration. A number of the borings should be selected to
remai n open and function as piezoneters to provide ground-water data. |f
avai |l abl e, downhol e geophysical equi pnent should be used to obtain additiona
data from each hole. The type of probes used will be necessarily dependent on
the foundation material. For exanple, a gammma probe would be one of the nost
useful tools in logging interbeds of sand and clay or |imestone and shal e
while a caliper probe mght prove invaluable in cavernous |inestone. O her
i nportant geophysical instrunents that might be utilized for the prelimnary
i nvestigative stage are the portabl e sei snmbgraph and the electrical resistiv-
ity instrument. EM 1110-1-1802 covers other methods that are useful. The
portabl e seisnograph may be used to obtain information on the bedrock surface
that will be invaluable in planning the detailed exploration. The electrica
resistivity apparatus nmay be used to determ ne approxi mate depths of weather-
ing, the extent of buried gravel deposits, and the ground-water table. In
using these instrunents, the investigator nust keep in mind that data derived
fromsuch tools are general in nature and intended to be used as suppl enenta
data. Care nmust be exercised to prevent erroneous assunptions or interpreta-
tions on unsupported or unconfirmed geophysical data

(2) Prelimnary investigations are intended to provide the general in-

formation necessary to supplenent the office studies and provide the basis
needed to plan a conprehensive final investigative program Data obtained
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fromthe prelimnary program shoul d answer the general questions as to clas-
sification of materials including index properties, consistency or relative
density, overburden thickness, and ground-water conditions.

b. Final.

(1) After the prelimnary investigative program has disclosed the gen-
eral characteristics of the subsurface materials, a more specific program nust
then be designed. Econonmic and tine limtations often control the amount of
effort expended on subsurface investigations, and although there will never be
enough time or noney to uncover all defects and their |ocations, the program
nust be adequate to define the essential character of the subsurface nate-
rials. The programresults should enable the investigators to deternine the
nature of the overburden and the bedrock.

(2) As with any dam the final nunber, spacing, and depth of borings
for foundation exploration of a cellular cofferdamare determi ned by severa
factors, principal amng which is the conplexity of the geol ogic conditions
The hol es should extend to top of rock if practicable, or at least to a depth

where stresses from the structure are small. Again as a general rule, the
borings should extend to a depth at |east equal to the designed height of the
cofferdam In applying these general rules, care nust be exercised to avoid

formulating a plan of borings on a predetermined pattern to predeternined
depths, possibly losing available information to be gained fromthe flexibil-
ity afforded by a know edgeabl e use of the geology. Additional borings should
be located, oriented, and drilled to depths to fully and carefully explore
previously disclosed trouble areas, such as |ayers of weak conpressible clay,
fault zones or zones of highly dissolved rock, or irregular rock surfaces

(3) The program shoul d be detail ed enough to adequately cover sources
of comon problens in cellular cofferdam construction. Typical obstacles such
as boulders in the overburden may cause difficulty in driving the cell sheets
and lead to interpretations of a false top of rock. The program should al so
fully cover foundation features which have resulted in past cellular cofferdam
failures, i.e., foundation failures precipitated by faults, slip planes, and
high uplift pressures.

(4) The final plan of investigation should include continuous undis-
turbed sanpling of the overburden to provide the necessary sanples for |abora-
tory testing. The type, nunber, and depth of undisturbed sanple borings
shoul d be determined after an evaluation of infornation derived fromthe dis-
turbed sanple borings. Bedrock cores should be taken to adequately define the
top of rock as well as the presence or absence of discontinuities in the rock
Large dianeter cores for testing may not be necessary if such testing has been
perforned for the main structure and if there is no change in the geol ogy.

(5) The location, orientation, and depth of core borings should be ad-
justed to recover as nuch information as possible on the nore probabl e problem
defects in the particular rock. For exanple, the major problem in sandstone
is generally the jointing, especially if subjected to folding, whereas the
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major problemin linestone is generally associated with solution cavities.
Regardl ess of the degree of care exercised in the core drilling operations,

all core may not be recovered. Particular enphasis should be accorded this
"lost core," and for design purposes, this loss should be attributed to soft
or weak materials unless there is incontrovertible evidence to the contrary.
The possibility of such potential sliding planes should al ways be consi dered
regardl ess of rock type, because seeningly conpetent rock may contain weak
clay seans and adversely oriented clay-filled joints along which sliding can
take place. Borings for top of rock determ nation should go into the rock
sufficiently to deternine depth of discontinuities. This depth should be ad-
justed to fit conditions as determined by other studies, e.g., the depth
should be increased if geologic interpretations fromcore borings and outcrops
indicate an average depth of 25 feet of cavernous rock. In addition, if there
is evidence of an abrupt change in the top of rock elevation, such as an ero-
sional scarp or severe and w despread solution activity in the linestone, a
nunber of roller rock bit borings should be drilled on close centers to better
define the condition.

(6) Areliable estimate of water inflow as well as an accurate deter-
m nation of the elevation and fluctuation of the ground-water table are pri-
mary concerns in the design and construction of any hydraulic structure. One
net hod of obtaining information is the field punping test which may be per-
formed to determine the perneability of the foundation materials.

(7) The investigation plan should be flexible so that infornation may be
eval uated as soon as possible and adjustnents nade as needed. The program
shoul d begin as soon as possible and should carry through the design stage
until adequate information is available for preparation of contract plans and
specifications. The program must be refined through analysis of the geologic
details to provide specific and reliable information on the character of the
overburden; the depth to and configuration of the top of rock; the depth and
character of bedrock weathering; the structures or discontinuities, such as
faults, shear zones, folds, joints, solution channels, bedding, and schi stos-
ity: the physical properties of the foundation materials; the elevation and
fluctuation limts of the ground water; and potential foundation problens and
their treatnent, such as |eakage and stability.

(8) The final investigations should supply the necessary information to
conplete the interpretation or "picture" of subsurface conditions, dispel any
reasonabl e doubts or fears on the practicability of the design, and provide
adequate information for reliable estinates on foundation-related bid itens
for the contract.

3-4. Presentation of Data.

a. Report. Following a conplete and thorough eval uation of all geo-
technical data, a report should be prepared for inclusion in the design nmeno-
randum  Scheduling on a project is usually such that design exploration and
actual design are done concurrently. Consequently, the data should be dis-
cussed with the design engineers as the data are evaluated. |In npbst cases,
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the cellular cofferdamw |l be included in the feature design nenorandum for
the primary structure. In any case, the report should include a brief summry
of the topography, of the regional and site geology including the seismc his-
tory, and of the subsurface investigations and tests that were performed. The
summary of the site physiography and geol ogy shoul d enphasi ze those conditions
of engineering significance, i.e., those nost pertinent to the engineering
structure, in this case, the cofferdam  Such conditions that should be cov-
ered are the character and thickness of the overburden with particular note of
any potential trouble naterials; the estimated top of rock; the type, strati-
graphi c sequence, and geologic structure of the rock; the nature and depth of
rock weathering; and site ground-water conditions. The detailed account of

t he geotechnical investigations should include the nunber, type, and | ocation
of the explorations as well as an explanation for the particular explorations.
A brief description of the various pieces of equipnent used should al so be
provided. The account should contain a sunmary of the type of tests, both
field and laboratory, that were performed and the results that were obtained
And finally, any search for sources of construction naterials, whether speci-
fically for the cofferdam or not, should be summarized. The report shoul d

i nclude a detailed account of the data that were obtained, conclusions as to

t he subsurface conditions and their inmpact on the cellular cofferdam and
recommendations, particularly as to foundation treatnent and construction
materials. The preponderance of the information contained in this report,
mnus interpretations, should be presented to contractors for bidding purposes
in accordance with the Unified Soil Cassification System (item 89).

b. Drawings. Draw ngs are a necessary part of the report and shoul d
include a plan of exploration, boring | ogs, top of rock map, and geol ogic
interpretations of subsurface conditions at the cofferdam site. The sections
must provide the location of the borings; the character and thickness of the
overburden with particular note of any potential trouble materials and an
interpretation of their extent and configuration; the estimated top of rock
[ine, both weathered and unweathered; the character of the weathered rock
zone; overburden and bedrock classification; structural features such as
faults, joints, and bedding planes; and ground-water conditions. The boring
| ogs shoul d show the designation and | ocation, the surface elevation, and the
over burden/ bedrock contact, and shoul d describe the material in terns of the
Unified Soil Cassification System The boring | ogs should al so show the
depths of material change, blow counts in the overburden or areas of rapid
drill penetration, defects, core loss, drill water increase or |oss, water
| evel data with dates obtained, pressure test data, the date hole was com
pl eted, percentage of core recovery, and size and type of hole. The results
of any geophysical survey should be presented to support or suppl ement other
exploratory data. The proposed cellular cofferdamlocation should be included
on the drawings to nore accurately depict the founding of the structure in
relation to the subsurface conditions and to facilitate review

3-5.  Investigations During and Follow ng Construction.

a. Construction and Postconstruction Data Acquisition. The subsurface
i nvestigations nust continue throughout the construction and postconstruction
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peri od. I nformation on foundation conditions should be obtained and recorded
whenever and wherever possible during construction and operation of the cof-
ferdam  This infornmation should include volune and thicknesses of any del ete-
rious material such as a weak conpressible clay bed that mght necessarily be
excavated and the depth or elevation of the excavation, increased sheet pile
resi stance and the reason for the increase such as |lenses or zones of cobbles
or boulders, depth of sheet pile refusals, and water inflows as evidenced by
the volume of punmping required to maintain a dry working area. This inforna-
tion should be continuously conpared with data devel oped for design and for
preparation of plans and specifications. The information obtained during and
followi ng construction of the cofferdammay prove invaluable in the event that
problens with the performance of the structure develop, resulting in renedia
action and/or a contract claim

b. Construction Foundation Report. After conpletion of the cofferdam
construction, an as-built foundation report on construction of the cofferdam
nmust be prepared in conpliance with ER 1110-1-1801. Although this report in
nost cases will be included with the foundation report for the entire project,
its initiation and conpletion should not be delayed. The report nust contain
all data pertinent to the foundation, including but not linmted to a com
pari son of the foundation conditions anticipated and those actually encoun-
tered; a conplete description of any materials necessarily excavated and the
nethods utilized in the excavation; a description, evaluation, and tabul ation
of the sheet pile driving including method, type, date, and depth; a descrip-
tion of the nethods used and any probl ems encountered in the foundation treat-
nment and any deviations fromthe design treatnment (including reasons for such
change); a tabulation and evaluation of the water punping required as well as
a conmparison with the anticipated inflow, a detailed discussion of any sol u-
tions to problens encountered; and the results and evaluation of, and recom
mendati ons based on the instrunentation.

Section Il. Field and Laboratory Testing

3-6. Estimation of Engineering Properties. Field and |aboratory testing are
used to estinmate the engineering properties needed for the rational design of
both the foundation and the structure. The foundation design requires an
estimate of both the strength and seepage qualities of the foundation, The
engi neering properties of the cell fill can usually be estimated with suffi-
cient accuracy from laboratory index tests.

3-7. Field Testing. During the initial phase of exploration, field tests are
generally nmade to obtain a rough estimate of the strength of the foundation
Later stages may require simlar testing to refine or extend the subsurface
profile, or nore sophisticated testing nay be required where better estinates
are needed. Field or in situ testing of rock strength is usually expensive
and difficult; consequently, nbst such testing is reserved for projects that
are large and/or have conplicated or difficult foundation problens. These
various in situ rock tests are listed in Table 4-4 of EM 1110-1-1804. Pre-
limnary estinmates are commonly nmade for soils using the nethods listed in
Table 3-1. Two of these nethods are summarized bel ow.
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Table 3-1

Met hods of Prelinminary Appraisal of Foundation Strengths

Met hod

Penetration resistance from
standard penetration test

Natural water content of dis-
turbed or general type sanples

Hand exam nation of disturbed
sanpl es

Position of natural water con-
tents relative to liquid limt
(LL) and plastic limt (PL)

Torvane or pocket penetroneter
tests on intact portions of
general sanples

Vane shear

Quasi -static cone penetration

Remar ks

In clays, test provides data helpful in a

relative sense; i.e., in conparing dif-
ferent deposits. Cenerally not helpful
where nunber of blows per foot, N, is

| ow

In sand, N-values less than about 15
indicate low relative densities

Useful when considered with soil
classification and previous experience
is available

Useful where experienced personnel are
avail able who are skilled in estimting
soi |l shear strengths

Useful where previous experience is
avai |l abl e

If natural water content is close to PL,
foundation shear strength should be
hi gh

Natural water contents near LL indicate
sensitive soils with |ow shear
strengths

Easily performed and inexpensive, but

results may be excessively | ow, useful
for prelimnary strength estinmates

See FHWA-TS-78-209, 1977 (item 26)
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a. Vane Shear Tests. The vane shear test is an in situ test and is
often val uable for soft clay foundati ons where considerabl e di sturbance may
occur during sanpling. A disturbance, especially when using conventional
sanpling nmethods, usually reduces the undrained strength of the sanpled soil
to a value that often would result in an uneconomnical design. Because this
test is performed in situ, sanple disturbance is nminimzed. The test usually
overestimates the soil's undrained strength and nmust be reduced by an applica-
ble correction factor. Bjerrum(item9) recomended a correction that is a
function of the clay's plasticity index and varies as shown in Figure 3-1.
Appendi x D of EM 1110-2-1907 describes this test in detail. The testing pro-
cedure should be followed closely because the results can be very sensitive to
the testing details. Because of the uncertainty of the results fromthis
test, an independent nmethod of estimating the foundation shear strength shoul d
be included in any testing program Often unconsolidated-undrained triaxial
testing of good quality undisturbed sanples is a good independent check. A
bracket for estimating the foundation shear strength can sonetines be estab-
l'ished by taking corrected field vane tests as an upper bound and good quality
undi st urbed sanples tested in undrai ned conpression as a | ower bound for shear
strength.

b. Standard Penetration Test. This test is one of the nost w dely used
met hods for soil exploration in the United States. It is a neans of neasuring
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the penetration resistance to the split-spoon sampler as well as obtaining a
di sturbed-type sanmple. Correlations between the penetration resistance and

t he consistency of cohesive soils and the relative density of granular soils
have been published and are often used to estimate soil strength. These cor-
relations are very rough and, except for the smallest of structures, should be
l'iberally supplemented with other, better quality, strength testing. The de-
signer should be aware of the severe limtations of using the results of this
test. For exanple, the values obtained when testing soft clays, coarse gra-
vels, or mcaceous soils are often of little or no val ue. Procedures for per-
formng the standard penetration test are given in EM 1110-2-1907

3-8. Field Seepage Testing. The perneability of pervious foundation soils
can usually be estimated with sufficient accuracy by using existing correl a-
tions with the foundation's grain-size distribution, Figure 3-2. Field punp-
ing tests are a nmuch nore accurate nmeans for determning the perneability of
the foundation soils, especially for stratified deposits. These tests, how
ever, are expensive and are usually justified only for unusual site

10,000

| RAL i 1§ -
= N RRRLI NS
i /"0 :
5,000
2 n a® /q, -
S ad ¥ 7
- 2,000 -OO::-Q“/
[ 8
o o v %  LEGEND
Y o ’/ o
ta a’ wELL
a3 1000 oy —
o0 -y o 0 H-151A ]
< ® A
2, - qu\:,v ® H.es
e - Q1 fFc.108 ]
2 A
gx s00 B ES® -
aT - A ES64 —
o= [ / & OR-t
o y v Lo T
i % v | A
G 20 0 tos
< y
19
w /] o
Q /
0 100 —— t
/ NOTE: k,, BASED ON FIELD
/ PUMPING TESTS.
o LYI byl
.08 0.1 0.2 0.5 1.0 20

EFFECTIVE GRAIN SIZE OF STRATUM, MM

Figure 3-2. Effective grain size of stra-

tum versus in situ coefficient of pernme-

ability. Based on data collected in the

M ssi ssippi River Valley and Arkansas
River Valley (item 1)

3-9



EM 1110-2-2503
29 Sept 89

conditions. Cay foundations are usually considered inpervious for estinates
of seepage quantities. However, the effects of discontinuities and thin beds
of granular materials are inportant and should not be neglected. A nunber of
field tests are available to neasure rock mass perneability including punping
tests, tracer tests, and injection or pressure tests. The nost frequently
used field test is the borehole pressure test which is relatively sinple and
i nexpensive. Anpbng the three types of pressure tests, water, pressure drop
and air, water is the nost comon because it is sinple to perform is not
overly tine-consumng, and can be perforned above or bel ow the ground-water
table. A brief description of this test is included in Paragraph 4-22 of

EM 1110-1-1804. A suggested nethod for borehole water pressure testing is
presented in the Rock Testing Handbook 381-80 (item 91).

3-9. Laboratory Testing

a. A laboratory testing program should be designed to suppl emrent and
refine the information obtained fromthe subsurface investigation and field
tests. The ambunt and type of testing depends on the type and variability of
the foundation and borrow areas, the size of the structure, the consequences
of failure, and the experience of the designer with local conditions. A dis-
cussion of further laboratory investigations is presented in Chapter 5 of
EM 1110- 1-1804.

b. Descriptions of current |aboratory testing procedures are detailed
in EM 1110-2-1906 and in the Rock Testing Handbook 381-80

c. The laboratory testing programis typically performed in phases that
follow the subsurface investigation program Initially, index tests are per-
formed on sanples obtained fromthe exploration program These results are
then used as a basis for the selection of sanples and the design of a | abora-
tory testing program

3-10. | ndex Tests.

a. Index tests are used to classify soil in accordance with the Unified
Soil Cassification System (Table 3-2), to develop accurate foundation soi
profiles, and as an aid in correlating the results of engineering property
tests to areas of simlar soil conditions. Both disturbed and undi sturbed
soil sanples should be subjected to index-type tests. Index tests should be
initiated, if possible, during the course of field investigations. Al sam
ples furnished to the | aboratory should be visually classified and natura
wat er content determinations nade; however, no water content tests need be run
on clean sands or gravels. Mechanical analyses (gradations) of a |large number
of sanples are not usually required for identification purposes, Atterberg
limts tests should be perforned on representative fine-grained sanples se-
lected after evaluation of the boring profile. For selected borings, Atter-
berg limts should be determined at frequent intervals on the sane sanples for
which natural water contents are deternined.
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UNIFIED SOIL CLASSIFICATION
(Including Identification and Description)

Field Identification Procedures 5 : N :
. " Information Required ftor Laboratory Classification
Magor Divisions L,Gfguf Typical Numes (Excluding particles larger than 3 in. Pesoribing tor s ot
vymhols and basing fractions on estimated weights)
1 2 3 5 5 6 T
=
5.8 | wo Doy
ag o & o Well-graded gravels, gravel sand mixtures, Wide range in grain sizes and substantial . C, = p— Creater than &
I vy f g 5 little or no fines. amounts of all intermediate particle sizes. For undisturbed soils add information g§ 10
5 go oy 2oy on stratification, degree of compact- £ 2
: : % g ;ﬁ g ness, cementation, moisture conditions, B¢ ks (DBO)
i hy eristies. = C = ~—=—5— Between 1
3 g"u? H 35 - GP Poorly graded gravels or gravel-sand mixtures Predominantly one size or a range of sizes with and drainsge characteristies § 5:9‘ c 17lO X DSO end 3
@ ES-Ea -4 oo little or no fines. some intermediate sizes missing. ez &
§ T .9 RN - Not meeting all gradation requirements for GW
fug & 3w o
& o R B 0 . .
5 ] 5§ ° 5 8 A oM Silty gravels, gravel-sand-silt mixture. Nonplastic fines or fines with low plasticity Ldr sl g'g Atterberg limits below "A" line Above "A" line with
= 85 2 l%.9,.2 (for identification procedures see ML below). 5B+ kg or PI less than & PI between 4 and 7
o § s PRl o EgEE Give typical name; indicate approximste E.8 _ eo% are borderline cases
EE % agl3 fgaw percentages of sand and gravel, maxi- | mdv wgEy requiring use of dual
o = - AN mum size; angularity, surface condi- £ ERA o Atterberg limits above "A" line symbols
5 ] a B8°% _ N s ic fi {cati c 3 ; § ] Y5 ymbols.
2 8l o “‘ % & = sC Clayey gravels, gravel-sand-clay mixtures. Plas:lgLf;nizwgfor identification procedures tion, and hardness of the cosrse 4 23 g Py % w8 with PT greater than T
eyl el Sao Sql° se e ) grains; lrx_:al or geologic_: name and 3 '35 @ ] )
a7 - other pertinent descriptive informa- Fel sl g 8 Sl )
] g . = N i the . - R o|a
CREE - gw | Well-graded sends, gravelly sands, little or | Wide range in grain size and substantial amounts | F1ORi 8nd symbol in parentheses B PES - hld c, = Dﬁ Grester than €
o é ba &= B Ew no fines. of all intermediate particle sizes. 4 ghg LA 10
- @ 5y 3 ° g = B & wu
25 2| Ep LE| gl o |03 2
°e v K g o a5* . 3 Sop \&& (930)
g o 2w S8 t 8o sp Poorly graded sands or gravelly sands, little Predominantly one size or a range of sizes & PR Cc e iy Between 1 and 3
o * 9. & ga s or no fines. with some intermediate sizes missing. w %g 2 g55¢ 10 60
: % El 8 s é Example: E) b=t § g 8 5; Not meeting all gradation requirements for SW
s #|5%% 7 Silty sand, gravelly; about 20% hard, g | ggo ses
A ogdla g e o Silty sands, sand-silt mixtures. Nonplastic fines or fines with low plasticity angular gravel particles 1/2-in. s | fem yeEw Atterberg limits helow "A" line | Above "A" line with
g o 48 < a 8 e (for identification procedures see ML below). maximm size; rounded and subangular g LN or PI less than 4 P between 4 and 7
£ 2 R Ho,2 sand grains, coarse to fine; about 15% ® Lo are borderline cases
v B a8 %’ ¥ $o85 nonplastic fines with low dry strength; @ Eg o requiring use of dual
& < o @ &9 ted oist i lace; al- @ £ o Wan
§8) %3 % | BEEgS sc | Clavey sands, sand-clay mixtures. Plastic fines (for identification procedures ;’i}]i;"’:‘;ﬁ;e(s‘j’)‘d mOLST in place; & . | 884 Atterberg limits above "A" line symbols.
- g E & 0° see CL below). 4 : g L& with PI greater than 7
o w 8 = =
H RN £
= @
8 g Identification Procedures &
w @ on Fruction Smaller than No. 40 Sieve Size ©
s}
4 -g Dry Strength Dilatancy Toughness »
L, (Crushing {Reaction {Consistency 4
- characteristics) to shaking) near PL) 2,
g % ] &
@ Inorganic silts and very fine sands, rock ¥
s ML flour, silty or clayey fine sands or None to slight | Quick to slow KNone For undisturbed soils add information 3 Comparing Soils at Equal Liquid Limit
= g 5 4 clayey 5ilts with slight plasticity. on structure, ctratification, con- - Toughness and Dry Strength Increase —
i S &R sistency in undisturbed and re- 5 50 with Inereasing Plasticity Index — -
af o © g Inorganic clays of low to medium plasticity, None to ve molded states, moisture and drain- o
S E S2 cL gravelly clays, sandy clays, silty clays, | Medium to high on vy Medium age conditions. E
IR o lean clays. o %0
o o "o
118 g 3% |
5 a5 oA Organic silts and organic silty clays of low | Slight to . H g
T v . oL Lastiolt mediym Slow Slight [l
5™ 2 P Leity. Give typical name; indicate degree and = 30 Zd
o d 5 - character of plasticity; amount and a E 1
kel A N s
Pl . . o maximum size of coarse grains; color = Z
LA M Ingrv‘gsni;nznlts,srini:aceol'xi or ii%t?macigt“ SliggF to Slow to none 313‘52; to in wet condition; odor, if any; local 8 [
g % AR ine sandy or ¥ solls, elastic silts. medium um or geologic name and other pertinent = g 2 vl
& 2 5 descriptive information; and symbol b CL__| ;}H
: Z E '5 . in parentheses. // ME
e g5 AT H Inorganic clays of high plasticity, fat clays ng?;" very None High 13 -
ki o
2 33 e ATEwy At
: ERY —
B @ ® Organic clays of medium to high plasticity, ) None to very Slight to Example: o
e o organic silts. Medluw to high slow med]um Clayey silt, brown; slightly plastic; 0 10 0 Y ko 20 60 I % * 100
2 small percentage of fine sand; LIQUID LIMIT
numerous vertical root holes; firm
d dry in place; loess; (ML). PLASTICITY CHART
; Readily identified by cok an ;
Highly Organic Soile Pt Peat and other highly organic soile. ean?i i"req\i:ntly by txibro::’tgziru;e.spow feel - . N
or laboratory classification of fine-grained soils

(1) Boundary classifications: Soils possessing characteristics of two groups are design

These procedures are to
screen:

Dilatancy (reaction to shaking)

After removing particles larger then No. 40 sieve size, prepare a pat of moist
s0il with & volume of about one-half cubic inch. Add enough water if necessary
to make the soil soft but not sticky.

Place the pat in the open palm of one hand and shake horizontally, striking
vigorously against the other hand several times. A positive reaction consists
of the appearance of water on the surface of the pat which changes to a livery
conslstency and becomes glossy. When the sample is squeezed between the
fingers, the water and gloss disappear from the surface, the pat stiffens, and
finally it cracks or crumbles. The rapidity of appearance of water during
shaking and of its disappearance during squeezing assist in identifying the
character of the fines in a soil.

Very fine clean sands give the guickest and most distinct reaction whereas a
plastic clay has no reaction. Inorganic silts, such ac a typical rock flour,
show a moderately quick reaction.

ated by combinations of group symbols. For example GW-GC, well-graded gravel-sand mixture with clay binder.

FIELD IDENTTFICATION PROCEDURES FOR FINE-GRAINED SOILS OR FRACTIONS
be performed on the minus No. L0 sieve size particles, spproximately 1/6k in.
ing is not intended, simply remove by hand the coarse particles that interfere with the test

Dry Strength (erushing characteristics)

After removing particles larger than No. 40 sieve size, mold a pat of seil to the
consistency of putty, adding water it necessary. Allow the pat to dry completely
by oven, sun, or air-drying, and then test its strength by bresking and crumbling
between the fingers. This strength is a measure of the character and quantity of
the colloidal fraction contained in the soil. The dry strength increases with
increasing plastieity.

High dry strength is characteristic for clays of the CH group. A typieal inor-
ganic silt possesses only very slight dry strength. Silty fine sands and silts
have about the same slight dry strength, but can be distinguished by the feel
when powdering the dried specimen. Fine sand feels gritty whereas a typical silt
has the smooth feel of flour.

s.

(2) All sieve sizes on this chart are U. S. standard.

For field classification purposes,

Toughness {consistency near plastic limit)

After particles larger than the No. 40 sieve size are removed, a specimen of soil
about one-half inch cube in size, is molded to the consistency of putty. If too
dry, water must be added and if sticky, the specimen should be spread out in a
thin layer and ellowed to lose some moisture by evaporation.
is rolled out by hand on a smooth surface or between the palms into a thread about

The thread is then folded and rerolled repeatedly.

During this manipulation the molsture content is gradually reduced and the speci-

men stiffens, finally loses its plasticity, and crumbles when the plastic limit

one-eighth inch in diameter.

is reached.

After the thread crumbles, the pieces should be 1
action continued until the lump crumbles.

The tougher the thread near the plastic limit and the stiffer the lump when it
finally crumbles, the more potent is the colloidal clay fraction in the soil.
Weakness of the thread at the plastic limit ang quick loss of coherence of the
lump below the plastic limit indicate either inorganic clay of low plasticity, or
materials such as keolin-type clays and organiec clays which occur below the A-line.

Highly organic clays have a very wesk and spongy feel at the plastic limit.

umped together and a slight kagading

Then the specimen

0212604
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b. Normally, Atterberg linmts, determnations, and mechanical anal yses
are performed on a sufficient nunber of representative sanples fromprelim -
nary borings to establish the general variation of these properties within the

foundation, borrow, or existing fill soils. A typical boring log is shown in
Figure 3-3.
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Figure 3-3. Typical boring log with results of Atterberg limts
and water content tests

c. Al rock cores should be logged in the field by a geol ogist, prefer-
ably as the cores conme fromthe hole. A nunber of |aboratory classification
and index tests for rock are listed in Table 5-4 of EM 1110-1-1804. These
tests include water content, unit weight, porosity, and unconfined conpres-
sion, all of which should be performed on representative sanples

3-11. Engineering Property Tests. A good estimate of the strength and seep-
age characteristics of the foundation is necessary for an adequate foundation
design. The estimate of the foundation strength is usually the nost critica
design parameter. Seepage characteristics are usually estinated based on the
gradation of the foundation soils and an evaluation of geol ogic properties,
especially discontinuities. The properties of the cell fill are usually esti-
nmat ed based on gradation anal yses and the anticipated method of placenment of
the fill.
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3-12. Perneability of Soils.

a. Fine-Gained Soils. There is generally no need for |aboratory per-
neability tests on fine-grained fill material or clay foundation deposits. In
under seepage anal yses, sinplifying assunptions must be made relative to thick-
ness and soil types. Furthernore, stratification, root channels, and other
discontinuities in fine-grained materials can significantly affect seepage
condi tions.

b. Coarse-Gained Soils. The problem of foundation underseepage re-
qui res reasonabl e estimates of permeability of coarse-grained pervious
deposits. However, because of the difficulty and expense in obtaining undis-
turbed sanples of sand and gravel, laboratory perneability tests are rarely
performed on foundation deposits. Instead, correlations devel oped between
grain size and coefficient of perneability, such as that shown in Figure 3-2
are generally utilized. This correlation explains the need for performng
gradation tests on pervious materials where underseepage problens are
i ndi cat ed.

3-13. Perneability of Rock. The determination of rock mass permeability
quite often depends on secondary porosity produced through fracturing and
solution rather than on primary porosity of the rock. Consequently, geologic
interpretations and evaluations are extrenely inportant in deternmining the
discontinuities that serve as ready passageways for ground-water flows.

3-14. Shear Strength--General.

a. There are three primary types of shear strength tests for soils,
each representing a certain loading condition. The Qtest represents
unconsol i dat ed-undrai ned conditions; the R-test, consolidated-undrained condi-
tions; and the S-test, consolidated-drained conditions. The unconsolidated-
undrai ned strength generally governs the design of foundations on fine-grained
deposits. R-tests are generally not needed for nost cellular structure de-
signs. S-tests are used where long-termstability of a fine-grained founda-
tion is to be checked or if the soil to be tested is a granular naterial.

b. Q and Rtests are perforned in triaxial testing devices while
S-tests are performed using direct shear and triaxial testing devices. The
unconfined conpression (UC) test is a special case of the Qtest inthat it
al so represents unconsol i dat ed-undrai ned conditions but is run with no confin-
ing pressure. Also, rough estimtes of unconsolidated-undrained strength of
clay can be obtained through the use of sinple hand devices such as the pocket
penetroneter or Torvane. However, these devices should be correlated with the
results of Q@ and UC-tests.

c. The discussion in paragraphs 3-15 and 3-16 relates the applicability
of each test to the different general soil types. The applicability of the
results of the different shear tests to field loading conditions and the dif-
ferent cases of stability are discussed in Chapter 4.
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d. There are two basic types of shear strength tests utilized to obtain
val ues of cohesion and angles of internal friction to determ ne strength
paranmeters of the foundation rock: the triaxial and the direct shear. The
data to deternmine rock strength in an undrained state under three-dinmensiona
| oading are obtained fromthe triaxial test. This test is performed on intact
cylindrical rock sanples not |less than NX core size, i.e., approximtely
2-1/8 inches in diameter. The direct shear test, an undrained type, is per-
formed on core sanples ranging from2 to 6 inches in diameter. In this test
the sanples are oriented such that the normal |oad is applied perpendicular to
the feature being tested. These normal | oads shoul d be conparable to those
| oads anticipated in the field. Details of these tests are presented in the
Rock Testing Handbook. For noisture-sensitive rocks such as indurated clays
and conpaction shales, soil property test procedures described in EM 1110-2-
1906 shoul d be used.

3-15. Shear Strength--Sand. Since consolidation of sand occurs simultane-
ously with loading, the appropriate shear strength of sands for use in design
is the consolidated-drained, S-strength. However, the shear strength of sand
in the foundation or cell, regardl ess of the method of placenent, is not nor-
mally a critical or controlling factor in design. Therefore, excessive |abo-
ratory testing to deternmine the shear strength of sand is usually not war-
ranted. Satisfactory approxi mations for nmobst sand can al so be made from
correlations with standard penetration resistances and relative densities.
Such correlations can be found in npst standard engineering texts on soi
mechanics (Figure 3-4). Seepage forces, discussed in detail in Chapter 4, can
reduce the shear resistance, especially at the toe of the structure, to
undesirable |evels.

3-16. Shear Strength--Clay and Silt.

a. The undrai ned shear strength paraneters should be determined for al
fine-grained materials in the foundation. In areas of soft, fine-grained
foundations, it is inperative that an adequate shear testing programbe accom
plished to establish the variation in unconsolidated-undrained shear strength
with depth within the foundation (usually expressed as the ratio of undrained
shear strength s, to effective vertical stress c;) as shown in Figure 3-5.

A sufficient number of Qtests, supplenmented by UC tests, where appropriate,
should be performed throughout the critical foundation stratum or strata

Data obtained fromany field vane shear strength tests may al so be hel pful in
establishing this variation.

b. R-tests can be helpful in estimating the variation in undrained
shear strength with depth, and in determining the increase in undrained shear
strength with increased effective consolidation stress. This may be necessary
in estimating the gain in shear strength with tine after I oading

c. The results of S-tests are used in evaluating the long-term stabil -

ity of the foundation and in judging the stability of structures where pore
pressure data, such as those obtained from piezoneters, are available.
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Figure 3-4. Angle of internal friction versus den-
sity for coarse-grained soils (item 50)

3-17. Procedures. Procedures for the performance of previously discussed
shear tests are outlined in EM 1110-2-1906 and in Rock Testing Handbook 381-80
(item 91). In performing these tests, one should be sure that field condi-
tions are duplicated as closely as possible. Confining pressures for triaxial
tests and normal |oads for direct shear tests should be chosen such that the
anticipated field pressures are bracketed by the |aboratory pressures based on
depth and location of sanple and anticipated field |oadings. Al sanples
shoul d be sheared at a rate of |oading slow enough that there will be no
significant time-rate effect. The specinmen size should also be chosen such
that scale effects are nininized. Standard size of sanples for triaxial test-
ing of soils is 1.4 inches in diameter by 3 inches in height. However, if the
sanple is fissured or contains an appropriate anount of |arge particles such
as shells, gravel, etc., then a larger size sanple (2.8 inches in diameter by
6 inches in height) can be utilized in order to obtain valid results. Guid-
ance on mnimzing the effects of rate of |oading, size, etc., is also con-
tained in EM 1110-2-1906.
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Section II1. Foundati on Treat nent

3-18. Probl em Foundati ons and Treat nent

a. Foundation treatment is sonmetimes considered for foundations with
insufficient bearing capacity or problem seepage conditions. Problem seepage
conditions can be the result of excessive seepage quantities or high seepage
forces.

b. The follow ng foundation treatment nethods can be used to inprove a
deficient foundation.

(1) Renoval of objectionable material. Renoval nay be before or after
the piles are driven to formthe cell

(2) In situ conpaction. Several nmethods are available and include
vibroflotation, conpaction piles, surcharge |oads, and dynamc surface | oads.

(3) Deep penetration of sheet piling. For design purposes, a trial
penetration of two thirds of the cell height is usually considered when the
cell is sited on a pervious foundation. An adjustnment of this |length should
be based on a careful analysis of the seepage forces at the toe of the
structure

(4) Berns and blankets. Inpervious blankets may be | ocated on the out-
side of the cells to reduce seepage quantities and pressures. Interior berns
reduce the likelihood of boiling at the toe of the structure

(5) Consolidation. The strength of foundation material, especially
fine-grained material, may be increased by consolidation. Surface preloading
of the foundation and the use of sand drains are two of the nmethods used to
accel erate consolidation of the foundation.

3-19. G outing.

a. Correctional Methods. As for all such structures, foundation treat-
nment should be carefully considered for cellular cofferdans. |In nany cases,
renoval of the unfavorable foundation nmaterial may be inpracticable, if not
i npossi bl e, and other nethods of treatment nust be selected. Gouting is one
such nethod which should be considered, especially in instances where the
piling of a cellular cofferdamw |l be driven to rock. During the eval uation
of the data devel oped during the subsurface investigations, special note
shoul d be made of any unfavorable foundation condition that would justify at
| east some consideration of grouting. Such unfavorable foundation conditions
m ght be noted as a result of evidences of solution activity such as sol uble

rock or drill rods dropping during drilling, open joints or bedding planes
joints or bedding planes filled with easily erodible material, faults, |oss of
drill fluid circulation, or unusual ground-water conditions, Cenerally, the

problens related to such unfavorabl e foundation conditions can be grouped into
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two categories: problens related to the strength of the foundation nateria
and problens related to the perneability of the foundation naterial

b. Problens Related to Strength. Among the problenms related to strength
that should be anticipated are: insufficient bearing capacity, insufficient
resistance to sliding failure, and general structural weaknesses due to under-
ground caverns or solution channels, or due to voids that develop during or
following construction. Problem3 is closely related to Problenms 1 and 2 and
shoul d be considered jointly. In developing paraneters for all owabl e bearing
capacity, deficiencies noted in Problem 3 nust be carefully considered. Al
too often, rock strength parameters are used in stability anal yses that are
based on rock sanple strengths rather than nass rock strengths. The various
di scontinuities that reduce the foundation rock strengths may result in conse-
guential reductions in the ultinmate bearing capacity. As nentioned above, the
bedrock may contain bedding plane cavities and solution channels that can
extend to considerable depth (low crossbed shear strength). In recognizing
the presence of such discontinuities, the possibility nust also be recognized
that an unfavorabl e conbination of these discontinuities could exist under the
cellular cofferdam thus adversely affecting the sliding stability of the
structure. The presence of these weak planes nust be carefully considered
when doing a sliding stability analysis.

c. Problems Related to Permeability. Anong the problems related to
perneability that should be anticipated are: reduction in the strength of the
foundation materials due to high seepage forces, high uplift forces at the
base of the structure, and inability to economically maintain the coffered
area in an unwatered state. In many cases, the piling of a cellular cofferdam
will be driven to rock. The presunption should be that sone seepage will
occur not only at the piling/bedrock contact, but also through openings in the
bedrock. This seepage may result in piping of materials through the bedrock
openi ngs below the cofferdam greatly reducing the strength of the foundation.
These openings al ong beddi ng planes can also result in high uplift pressures.
Quite often, the vertical perneability of the rock above the open bedding
plane is only a small fraction of the pernmeability along the plane. |If such a
situation exists, it is possible that the high uplift pressures will jack the
foundation. The size and continuity of solution channels acting as water
passageways may have a serious econonic inpact on the dewatering of the work
area within the cofferdam Unfortunately, there is no way to accurately
estimate the dewatering problens and costs that might result from such
solution channels in the foundation.

d. Selection of Treatnment. Treatnent of the cofferdam foundation by
grouting may be used to lessen, if not elimnate, defects in the foundation,
resulting in a strengthened foundation with reduced seepage; see EM 1110-2-
3506. Grouting should be selected as a method of foundation treatnment only
after a careful and thorough evaluation of all pertinent factors. Primary
factors that nust be necessarily considered before selection of grouting as
the nethod of treatnment are the engineering design requirenments, the subsur-
face conditions, and the econom c aspects. Al though cost is just one factor
to consider, in many circunstances, cost may be the controlling factor. The
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cost of grouting nust be weighed against such other costs as that of punping
del ays, clains, and/or failure. It may be that there is no benefit in re-
ducing ninor |eakage by costly grouting

(1) General. Information obtained and evaluated during the subsurface
i nvestigations for design of the structure should be adequate to plan the
grouting program If the grouting program is properly designed and conducted,

it becones an integral part of the ongoing subsurface investigations. A com
prehensive program nmust necessarily take into account the type of structure
the purpose of the structure, and the intent of the grout program As an
exanpl e, foundation grouting for a cellular cofferdamis not intended to be
permanent nor 100 percent effective. The program should be designed to pro-
vide the desired results as econonmcally as possible. The program should be
flexible enough to be revised during construction and performed only where
there is a known need.

(2) To Strengthen. Gouting has been used on occasion to strengthen the
foundation by area or consolidation grouting under the cells to increase the
| oad-bearing capacity of the rock. This may be a viable option if the grout-
ing is intended to increase the already acceptable factor of safety. However,
if it appears that the factor of safety falls appreciably below the allowable
factor of safety, total reliance should not be placed on grouting. The effec-
tiveness of such grouting is inpossible to predict or to evaluate. Certainly
conpl ete grouting is inpossible because of the irregularity of the openings as
wel | as the amount and character of any filling material.

(3) To Reduce Seepage. The principal purpose of grouting for cellular
cof ferdans has been in conjunction with seepage control and drainage. Curtain
grouting is one nmethod used to reduce uplift pressures and | eakage under the
cof ferdam and thus reduce total dewatering costs. Although a single line
curtain will suffice in nost cases, the rock conditions may be such that it
will be necessary to install a nultiline curtain or a curtain with multiline
segments.  The exact location of the grout curtain will be influenced by a
nunber of factors including the type of structure, the foundation conditions
peculiar to the site, and the time the curtain is installed. For nost cell u-
lar cofferdans, the grout curtain is located on or near the axis of the struc-
ture. However, if the curtain is not installed until the cofferdam has been
constructed, it may be inpracticable to drill holes through the cell fill. In
this case the grout line should be moved off and just outside the cells. Wen
installing the grout curtain, the flow of grout nust be carefully controlled
to prevent the grout from flowing too far, resulting in grout waste. To pre-
vent such waste, it may be necessary to limt the quantity of grout injected,
or to add a "stopper" line grouted at |ow pressure. The orientation and
inclination of the holes should be adjusted to intercept the principal water
passageways. (Cccasionally, however, conditions may render this inpracticable
and it nay be that vertical holes on closer centers are nore feasible.

(4) Devel opnent of Program  Following an eval uation of the foundation

conditions and the selection of grouting as a method of foundation treatnent,
the evaluations, conclusions, and recomendations should be included in the
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report of the subsurface investigations. Using data devel oped fromthe inves-
tigations, the pertinent reference manuals, and especially past experience

pl ans and specifications should be prepared for the grouting program After
having reviewed all avail able and pertinent data and having deci ded on the
particular grouting programto be inplenented, a nunber of basic factors nust
be decided: the area selected for grouting, the selection of the grout, the
selection of the type of grouting, and the need for special instructions, pro-
visions, or restrictions.

(a) Selection of Location. The area indicated for grouting should be a
zone large enough to include any anticipated treatment. This is especially
important in installing a grout curtain for a cellular cofferdam This should
be coincidental with provisions to provide for grouting anytinme within the
contract period without additional nobilization and denobilization costs to
the Covernment. The drawings rightfully should show a grout curtain to be
installed beneath the cofferdam al ong an approxi mate alignnment and to definite
limts. However, because of the nunerous unknowns inherent in a grouting
program the plans and specifications should provide that the area of grouting
extend some distance beyond the limts shown.

(b) Selection of Gout. The selection of the grout should be nmade only
after a careful evaluation of the foundation conditions or materials being
tested. The type of grout used in reducing or stopping high velocity flows
woul d be different fromthat used for slow seeps, or the grout used to fil
large cavities might be different fromthat used to fill snall voids. A fac-
tor to be considered in sealing high velocity flow would be the time of set;
the large quantities and costs woul d necessarily be considered in filling
large cavities; while in filling small voids, the size of the void and the
particle size of the grout are necessary considerations.

(c) Selection of Type of Gouting. Gouting may be done before, during
and/or after installation of the cofferdamor other construction activities in
any given area. In the installation of a grout curtain, all or portions of
the curtain nay be constructed fromthe original ground surface and/or from
floating plant in the river. [If done from floating plant, in general
stop-grouting nethods shoul d be used because it is not practical to stage
drill and grout from floating plant. Drilling and grouting fromfloating
plant by the stop-grouting method should be considerably |less costly than
stage grouting, the holes being drilled and grouted to the bottom of the cur-
tain in one setup.

(d) Special Instructions. In drilling from floating plant, it should be
expressly understood that the depth of water penetrated will not be credited
to the drilling footage for payment. If drilling and grouting are perforned
fromthe cofferdam only drilling that is required bel ow the original ground
surface should be paid for. To effectively grout water-bearing openings
associated with cavernous rock, the followi ng general procedure should be
followed: the grout holes should be drilled through the overburden and the
casing should be seated a minimumof 1 foot in rock; the hole should be
drilled at least 5 feet into rock, if the top of rock is |ower than
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anticipated; if stop-grouting methods are used, grouting of the rock should be
perforned through a packer set just below the bottom of the casing; should a
special feature be encountered in the hole, the packer setting may be varied
to isolate and treat this feature. Gouting of the overburden, if necessary,
can then be done immediately following the rock grouting. The specifications
should provide that if, as the work progresses, supplenmental grouting is re-
quired at any area within specified limts at any tinme, such additional grout-
ing will be at the established contract unit prices for the itenms of work
involved. Although pressure testing should be provided for in the specifica-
tions, the condition of the foundation may be such that all grout holes should
be grouted, in which case, pressure testing would not be necessary. |[If at al
possible, the initial dewatering of the cofferdam should be perforned at the

| owest possible river stage or other neasures should be taken to ensure a
stabl e cof ferdam capabl e of being unwatered until the foundation and the ade-
quacy of the foundation treatnent can be checked

Section IV. Sources and Properties of Cell Fil

3-20. Borrow Area. Borrowrelated problens occur frequently in earth-work-
rel ated construction, and sonetines result in costly design changes and con-
tract nodifications. Special diligence during the exploration and characteri -
zation of borrow fill will be beneficial during both the design and
construction of the project.

3-21. Location. Borrow areas are generally located as close to the project
site as possible to reduce hauling costs. The final selection of the borrow
site, however, is governed by several additional considerations

a. Cell Fill Properties. \When the nbst desirable cell fill is not
locally available, the cost of processing or designing the structure around
margi nal cell fill should be conpared with the increase in cost due to |onger

haul di stances.

b. Land Use. Athough cell fill is often dredged from river channels
it is sometimes desirable to locate the borrow areas outside of the river.
Wien this occurs, special consideration and planning should be initiated to
provi de proper reclamation of the area

c. Environnental Aspects. Environnmental considerations may restrict the
use of certain potential borrow sites. An early review of the probable borrow
sites for any detrinental environmental consequences should be considered
These consequences are sonetinmes mitigated by placing restrictions on the use
of the borrow area and by special reclamation of the site. For exanple, wild-
life habitats or recreational areas can sonetimes be created at these sites
with a small additional cost.

3-22. Sel ection of Cell Fill.

a. Alnost all nodern cellular sheet pile structures are designed based
on the assunption that a free-draining granular fill will be available near
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the construction site. Soils with less than about 5 percent of the particles
by wei ght passing the No. 200 sieve and 15 percent passing the No. 100 sieve
are usually termed free draining. Ganular fills with many fines and even
fine-grained fills have occasionally been used in the past; however, the poor
performance of these fills usually favors use of better quality fill.

b. The performance of the sheet pile structure is directly related to
the drainage characteristics of the cell fill. Free-draining fill will have a
| oner seepage line within the fill than |less pervious material. The | ower
seepage line inproves the cell perfornmance by:

(1) Reducing the sheet pile interlock force. (Reducing this force is
especially beneficial for high cells or where marginal material is used
However, a reduction in the interlock force may reduce the stiffness of the
structure, with slightly larger structural novenents.)

(2) Increasing the effective stress at the base of the cell, increasing
lateral sliding resistance

(3) Increasing the internal shear resistance.
Section V. Seepage Control

3-23. Seepage Through Cell.

a. The location of the free water surface in a cell is usually esti-
mated using enpirical relationships based on the type of cell fill. The rec-
ommendations in Figure 3-6 serve as a guide and starting point for estimating
the location of the seepage line. These recomendations are conservative for
most applications; however, each design should be evaluated for conditions
that would tend to raise the seepage line. If both the quality of the cel
fill and the assurance of proper inspection cannot be guaranteed during the
design of the project, full saturation of the cell should be considered for
design purposes. Sonme conditions that require evaluation are

(1) Possible | eakage from pipelines crossing the cells.

(2) Waves overtopping the outboard piles.

(3) Excessive |eakage through the outboard piles.

(4) Poor drainage through the inboard piles.

(5) Lower perneability than expected of the cell fill.

(6) Hydraulic filling of cell fill.

b. The quantity of seepage through the cell is a function of both the

tightness and integrity of the outboard piles and the type of cell fill, the
chief barrier being the outboard piling. The tightness of the outboard piling
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Figure 3-6. Estimate of free water location in fill

depends on the physical condition of the piling and the piling interlock
force. An increase in seepage through the cell can generally be expected

when:

(1) Second-hand piling is used. New piling in good condition should be
considered for mmjor structures. For other structures, used piling may be
consi dered when either seepage conditions are slight or pose little threat to
the safety to the structure.
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(2) Rough driving is experienced during construction. The foundation
exploration program should investigate conditions that lead to rough driving
Contract specifications, discussed in Chapter 7, should restrict hard driving

(3) The interlock forces are small. The increase in seepage due to this
condition is usually small, and is usually not considered

3-24. Foundation Underseepage.

a. Foundation underseepage is generally not a problemfor structures
built on clay or good quality rock foundations. Problens al st always are
confined to coarse-grained soil such as gravel and sand and sonetines silty
materials. The nost treacherous conditions occur where undetected pervious
seans exist in the foundation.

b. Cofferdans on sand are often designed using a trial sheet pile
penetration of two thirds of the height of the structure above-the dredgeline.
A flow net is nobst often used to estimate the seepage forces. |If the exit
gradient at the toe of the structure is large, a loaded filter or a w de-base
berm shoul d be consi dered

c. Depending on the site conditions, up to 50 percent of the passive
resistance, even with 2/3H penetration, at the toe can be |ost due to seepage
forces. This loss increases the possibility of excessive penetration of the
inboard piles. Methods and criteria for seepage control are discussed in
Chapter 5.

Section VI. Seism c Consi derations

3-25. Structure-Foundation Interaction. The susceptibility of cellular
structures to damage due to earthquake | oadi ngs depends on the conplex inter-
action of the structure and the foundation. Structural design for dynanic
loading is reviewed in Chapter 4. In addition to these |oads, a reduction in
strength of the foundation, cell fill, or backfill behind a cellular bul khead
can also simultaneously occur during an earthquake. Structures founded on
saturated, cohesionless nmaterials or cohesive soils that contain | enses of
saturated, cohesionless soil can lose practically all of their foundation sup-
port when subjected to a vibratory l|oading, such as an earthquake. Similarly,
the cell fill or the backfill can also liquefy, increasing the lateral |oading
agai nst the cell

3-26. Liquefaction Potenti al

a. The significant factors influencing the liquefaction potential of the
foundation or fill include: soil type, relative density or void ratio, ini-
tial confining pressure, intensity of ground shaking, and duration of ground
shaking. The vulnerability of |iquefaction-susceptible foundations can be
initially estinmated using sinplified nethods and charts that incorporate the
most inportant variables that contribute to |iquefaction.
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b. Seed and Idriss (item 67) and Christian and Swiger (item 17) discuss
these methods. Figures 3-7 and 3-8 define conditions where |iquefaction is:
very likely to occur, not very likely to occur, or a marginal condition exists
where additional factors or further analysis should be considered. Charts of
this nature are frequently updated and inproved. For this reason, nore recent
material should be consulted for marginal or conplex conditions. An estimate
of the degree of seismic activity in the region can be obtained from
ER 1110- 2-1806.
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CHAPTER 4
ANALYSI S AND DESI GN
Section |. Characteristics

4-1. Structural Behavior. The stability of a sheet pile cell results from
the conmposite action of the soil fill and the interlocking steel piling. The
structural behavior of a cellular structure is governed by the engineering
properties of the cell fill and the steel pile shell that contains and
stiffens the cell fill. Because of this conposite action, cells cannot be
classified as a traditional concrete gravity nonolith or a flexible earth
embanknent .

4-2. For ces.

a. Applied External Forces. Steel sheet pile cells are subject to
external forces resulting fromstatic water head, wave action, lateral earth
pressure, and surcharge due to live load, earthquake, etc. These forces
should be conputed and applied as specified in the various engineer manuals
referenced in Appendix A

b. Reactive Berm Force. The passive force devel oped by a berm should be
determned by a wedge analysis that accounts for the intersection of the
failure wedge with the back slope of the berm  The Coulonb nmethod of analysis
or a Culmann graphical solution can be used when appropriate. The resistance
provided by the bermshould be linmted to a val ue consistent with the berm
reaction resulting from a sliding analysis.

4-3. Equivalent Cell Wdth. The equivalent width B of a sheet pile cellu-
lar structure is defined as the width of an equival ent rectangul ar section
having a section nodulus equal to that of the actual structure. For design
purposes this definition can be sinplified to equivalent areas as follows:

wher e
B = equivalent width
A= area of main cell, plus one connecting cel

2L = center-to-center distance bhetween main cells

See Figure 4-1
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Figure 4-1. Typical cellular cofferdam
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Section Il. Loading Conditions

4-4, Cofferdans. The followi ng | oading conditions and requirenments nust be
i nvestigated

a. Case |, Maxi num Pool Condition. River pool to top of cell; cell fil
saturation line assuned to slope fromtop outboard face of the cell to the
i nboard face, the slope being dependent upon the type of fill, the presence of

a berm and any positive measures taken to control the phreatic surface in the
cell or the bermsuch as weep holes in the cell or drains and punped wells in
the berm Figure 4-2a. It should be enphasized that the saturation |eve
within the cell fill is perhaps the single npbst inportant consideration in the
design of the cells; therefore, its location nmust be estimated with extrene
care.

b. Case Il, Initial Filling Condition. Balanced pools on both the
inside and outside of the cofferdam for determ nation of maximm interlock
stress, cell fill is assumed to be conpletely saturated to top of cell unless
positive measures are taken to preclude fill saturation, Figure 4-2b

c. Case Ill, Drawdown Condition. Pool |evel inside cofferdam sone
specified distance bel ow pool |evel outside cofferdam cell fill saturation

| evel varies uniformy between the outside pool |evel and sone specified dis-
tance above the pool level inside the cofferdam Figure 4-2c. This condition
is checked to determine the maximum rate of dewatering. This condition

can be critical for stability and interlock stress. The designer establishes
the maximum rate of dewatering, as influenced by the cell fill saturation

| evel, at which level the allowable interlock stress should not be exceeded
and all factors of safety should be net. Since the cell fill saturation leve
is critical, the actual saturation level nust be nonitored in the field during
dewatering to verify the assumed conditions. Instructions to this effect and
the critical paranmeters should be included in the contract specifications
and/or in "Special Instructions" to the resident engineer. Note that the
forces acting upon a cofferdam can change with tine. For exanple, overburden
may be present on the inside of a cofferdamwhen it is initially dewatered;
however, the overburden may subsequently be excavated, thus perhaps adversely
affecting the stability of the cofferdam In short, |oading conditions not
present during construction and initial dewatering nust be anticipated and
taken into account during design.

4-5. Retaining Structures. Cellular-type retaining walls are designed in
accordance with those |oading conditions and forces specified in the engi neer
manual s listed in Appendix A The application of these loading criteria is
basically the sane if the structure is constructed of mass concrete or is a
sheet pile cell filled with soil, the exception being that cells are not rigid
structures; therefore, they should be designed for active earth backfill pres-
sures. The nost critical elenent in designing a stable cellular retaining
structure is the degree of saturation of the cell fill. Consequently, the
desi gn shoul d be based on the worst saturation condition both during construc-
tion and in-service
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4-6. Mooring Cells. Mdoring cells are individual cells designed to resist
live loads due to barge inpact or line pull and the acconpanying earth pres-
sures depending on the direction of loading. The magnitudes of the inmpact and

line pull loads are dependent on such circunstances as the size of tows, tow
winch capacity, and other sinilar considerations. Attention should be paid to
special loading cases such as fill placed hydraulically during construction,

the placenent of which could govern design because of the high interlock
stresses due to the saturated fill.

4-7. Lock Walls. Cellular lock walls, including chanber walls and approach-
type walls, are designed in accordance with the | oading conditions outlined in
the engineer manuals listed in Appendix A Essentially, land lock walls are a
special type of retaining wall and, due to the rapidly fluctuating pool of the
| ock chanber, care must be taken in establishing the nost severe saturation
condition for each load case. The degree of saturation of the cell fill is
critical in the design. Controlling |oad cases nust be determined for the
various types of walls for which cells are adaptable. These include |ock
chanber land, river, and internediate walls, and upper and |ower approach
wal | s.

4-8. Spillway Weirs. Cellular fixed weir structures consist of circular
cells and connecting areas filled with rock or other granular material topped
off by a concrete cap with a fixed concrete crest. Because of the flow over
the weir, permanent upstream and downstreamrock berns extending the ful

hei ght of the cells are usually constructed for stability and scour preven-
tion. In-service lateral |oads are produced by upper and |ower pool levels
earth pressures, and such special considerations as earthquake and ice thrust.
Maxi muminterlock stresses will probably occur in the construction condition
when the cells are filled and before the berns are built. Again, cell fil
saturation is critical in designing for interlock stresses, especially if the
cells are hydraulically filled or if construction is in the wet with the pos-
sibility of a rapidly fluctuating river.

Section Ill. Analysis of Failure Mdes

4-9. External Cell Stability.

a. Sliding. For design and investigation of sheet pile cellular struc-
tures, the procedures outlined in the foll owi ng paragraphs should be used to
assess sliding stability on rock and soil foundations.

(1) Design Process. An adequate assessnent of sliding stability must
account for the basic structural behavior, the mechanism of transmitting com
pressive and shearing loads to the foundation, the reaction of the foundation
to such loads, and the secondary effects of the foundation behavior on the
structure. A fully coordinated team of geotechnical and structural engineers
and geol ogi sts should ensure that the results of the sliding anal yses are
properly integrated into the design. Critical aspects of the design process
which require coordination include: prelimnary estimtes of geotechnica
data, subsurface conditions, and type of structure; selection of |oading
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conditions, loading effects, potential failure mechanisns, and other related
features of the analytical nodels; evaluation of the technical and economc
feasibility of alternative structures; refinement of the prelimnary design to
reflect the results of detailed geotechnical site explorations, |aboratory
testing, and numerical analyses; and nodification of the structure during
construction due to unexpected variations in the foundation conditions

(2) Method of Analysis. The sliding analysis is based on the principles
of structural and geotechnical mechanics, which apply a safety factor to the
material strength paraneters in a manner that places the forces acting on the
structure and foundation wedges in sliding equilibrium The factor of safety
(FS) is defined as the ratio of the shear strength and the applied shear
stress as foll ows.

T
FS = —
T

and

_T_F__dtancb_*_c
FS FS FS

wher e

Tp = shear strength

T = applied shear stress

g = normal stress

angle of shearing resistance, or internal friction

¢

cohesi on

c

See Figure 4-3. A sliding node of failure will occur along a presunmed failure
surface when the applied shearing force exceeds the resisting shearing forces.
The failure surface can be any conbination of plane and curved surfaces, but
for sinplicity, all failure surfaces are assumed to be planes which form the
bases of wedges. The critical failure surface with the |owest safety factor
is determned by an iterative process. Sliding stability of nost sheet pile
cel lular structures can be adequately assessed by using a limt equilibrium
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Figure 4-3. Shear strength envel ope

approach. Designers must exercise sound judgnent in performng these analy-
ses. Assunptions and sinplifications are as follows:

(a) A two-dinensional analysis is presented. These principles should
be extended if unique, three-dinmensional, geonmetric features and loads criti-
cally affect the sliding stability of a specific structure

(b) Only force equilibriumis satisfied in this analysis. Mnent
equilibriumis not used. The shearing force acting parallel to the interface
of any two wedges is assumed to be negligible. Therefore, the portion of the
failure surface at the bottom of each wedge is |oaded only by the forces
directly above or below it. There is no interaction of vertical effects be-
tween the wedges.

(c) Analyses are based on assuned plane failure surfaces. The cal cu-
| ated safety factor will be realistic only if the assumed failure nmechanismis
kinematically possible

(d) Considerations regarding displacenents are excluded fromthe limt
equilibrium approach. The relative rigidity of different foundation materials
and the sheet pile cellular structure may influence the results of the sliding
stability analysis. Such conplex structure-foundation systems may require a
more intensive sliding investigation than a linit equilibrium approach. The
effects of strain conpatibility along the assuned failure surface may be
included by interpreting data fromin situ tests, l|aboratory tests, and finite
el ement anal yses.
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(e) Alinear relationship is assumed between the resisting shearing
force and the normal force acting along the failure surface beneath each
wedge.

(3) Miultiwedge System Analysis. A general procedure for analyzing
mul ti wedge systens includes:

(a) Assuming a potential failure surface which is based on the strati-
fication, location and orientation, frequency and distribution of discontinui-
ties of the foundation material, and the configuration of the structure

(b) Dividing the assuned slide mass into a nunber of wedges, including
a single structural wedge.

(c) Drawing free body diagrans which show all the forces assuned to be
acting on each wedge.

(d) Solving for the safety factor by direct or iterative nethods. A
derivation of the governing wedge equation for a typical wedge is shown in
Appendi x B. The governing wedge equation is

tan ¢,
[(Wi + Vi) cos a; - Ui + (HLi - HRi) sin ai] -—ng—
(Pi-l - Pi) - tan ¢,
cos o, - sin ay S
i
€1
(Hy = Hy) cos ag + (W + V) sin o, + FS, Ly
tan ¢,
cos oy = sin a FSi

wher e

i = nunber of wedges
(P,.; - P) = summation of applied forces acting horizontally on the ith
wedge. (A negative value for this termindicates that the

applied forces acting on the ith wedge exceed the forces
resisting sliding along the base of the wedge. A positive
value for the termindicates that the applied forces

acting on the ith wedge are less than the forces resisting
sliding along the base of that wedge.)

h

W = total weight of water, soil, rock, etc., in the it wedge
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V; = any vertical force applied above top of the ith wedge
a, = angl e between the inclined plane of the potential failure
surface of the ith wedge and the horizontal (positive is
count ercl ockwi se)
Ui = uplift force exerted along the failure surface of the ith
wedge
npg S any horizontal force applied above the top or below the
bottom of the left-side adjacent wedge
HRi = any horizontal force applied above the top or bel ow the

bottom of the right-side adjacent wedge

¢y = angl e of shearing resistance or internal friction of the
th

i wedge

c; = cohesi on or adhesion, whichever is the smaller on the
potential failure surface of the ith wedge. (Cohesi on
shoul d not exceed the adhesion at the structure-foundation
interface.)

Li = length along the failure surface of the ith wedge

The governing equation applies to the individual wedges. For a system of
wedges to act as an integral failure nechanism the factors of safety (FS) for
all wedges nust be identical, therefore

}E‘S1 = F82 = ...FSi_1 = FSi = FSi+1 = ...FSN
where N = nunber of wedges in the failure nechanism The actual FS for
sliding equilibriumis determ ned by satisfying overall horizontal equilibrium
(zFH = 0) for the entire system of wedges; therefore

N
z (B, | - 2) =0
i=1

and P, = Py = O Usually an iterative solution process is used to deternine

the actual FS for sliding equilibrium The anal ysis proceeds by assum ng
trial values of the safety factor and unknown inclinations of the slip path
until the governing equilibriumconditions, failure criterion, and definition
of FS are satisfied. An analytical or a graphical procedure may be used for
this iterative solution.
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(4) Design Considerations. Some special considerations for applying the
general wedge equation to specific site conditions are discussed bel ow

(a) The interface between the group of active wedges and the structura
wedge is assumed to be a vertical plane located at the heel of and extending
to the base of the structural wedge. The magnitudes of the active forces
depend on the actual values of the FS and the inclination angles, aa , of the
slip path. The inclination angles, corresponding to the maxinum active forces
for each potential failure surface, can be deternmined by independently ana-
lyzing the group of active wedges for a trial FS. In rock, the inclination
may be predeternm ned by discontinuities in the foundation. The general equa-

tion only applies directly to active wedges with assumed horizontal active
forces

(b) The governing wedge equation is based on the assunption that shear-
ing forces do not act on the vertical wedge boundaries; hence there can only
be one structural wedge because the structure transnits significant shearing
forces across vertical internal planes. Discontinuities in the slip path
beneath the structural wedge shoul d be nodel ed by assuming an average slip
pl ane along the base of the structural wedge

(c) The interface between the group of passive wedges and the struc-
tural wedge is assuned to be a vertical plane |located at the toe of the struc-
tural wedge and extending to the base of the structural wedge. The magnitudes
of the passive forces depend on the actual values of the safety factor and the
inclination angles of the slip path. The inclination angles, corresponding to
the mni mum passive forces for each potential failure mechanism can be deter-
m ned by independently anal yzing the group of passive wedges for a tria

safety factor. The general equation only applies directly to passive wedges
with assumed horizontal passive forces.

(d) Sliding anal yses should consider the effects of cracks on the
active side of the structural wedge in the foundation material due to differ-
ential settlement, shrinkage, or joints in a rock nass. The depth of cracking
in cohesive foundation material can be estimated in accordance with the

fol | owi ng:
2c )
i+ 2 an 150 - 2)
c Y 2
wher e
dc = depth of crack in cohesive foundation materia
c, = =
d FS
_ -1 ftan ¢
¢d tan ( FS)
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The value d. in a cohesive foundation cannot exceed the embedment of the

structural wedge. Cracking depth in nassive strong rock foundations should be
assuned to extend to the base of the structural wedge. Shearing resistance
along the crack should be ignored, and full hydrostatic pressure should be
assuned to act at the bottom of the crack. The hydraulic gradient across the
base of the structural wedge should reflect the presence of a crack at the

heel of the structural wedge.

(e) The effects of seepage forces should be included in the sliding
anal ysis. Anal yses should be based on conservative estimtes of uplift pres-
sures. For the estimation of uplift pressures on the wedges, it can be
assuned that the uplift pressure acts over the entire area of the base of the
wedge and if seepage from headwater to tailwater can occur across a cell, the
pressure head at any point should reflect the head | oss due to water flow ng
through the nedium The approximate pressure head at any point can be deter-
mned by the line-of-seepage nethod, which assunes that the head loss is
directly proportional to the length of the seepage path. The seepage path for
the structural wedge extends fromthe upper surface of the untracked nateria
adjacent to the heel of the cell, along the enbedded perinmeter of the struc-
tural wedge, to the upper surface adjacent to the toe of the cell. Referring
to Figure 4-4, the seepage distance is defined by points "a" and "b." The
pressure head at any point is equal to the elevation head minus the produce of
the hydraulic gradient tinmes the distance al ong the seepage path to the point
in question. Estimates of pressure heads for the active and passive wedges
should be consistent with those of the heel and toe of the structural wedge
Uplift pressures can be reduced by pressure relief systenms. The pressure
heads acting on the wedges devel oped fromthe |ine-of-seepage anal ysis should
be nodified to reflect the effects of pressure relief systens. Uplift forces
used for the sliding anal yses should be selected in consideration of condi-
tions which are presented in the applicable design nenoranda. For a nore
detailed discussion of the |ine-of-seepage nmethod, refer to EM 1110-2-2501.
For the majority of structural stability conputations, the |ine-of-seepage
method is considered to be sufficiently accurate. However, there nay be
special situations where the flow net method is required to eval uate seepage
forces.

(5) Seismic Sliding Stability. The sliding stability of a sheet pile
cel lular structure for an earthquake-induced base notion should be checked hy
assunming that the specified horizontal earthquake accel eration, and the verti-
cal earthquake acceleration if in the analysis, will act in the nost unfavor-
able direction. The earthquake-induced forces on the structure and foundation
wedges can then be determined by a rigid body analysis. The horizontal earth-
quake acceleration can be obtained from seismc zone naps (ER 1110-2-1806) or,
in the case where a design earthquake has been specified for the structure, an
accel eration devel oped from analysis of the design earthquake. The vertica
eart hquake acceleration is normally neglected but can be taken as two-thirds
of the horizontal acceleration, if included in the analysis. The added mass
of the retained pool and soil can be approxi mated by Westergaard' s parabol a
(EM 1110-2-2200), and the Mononobe- Ckabe method (EM 1110-2-2502),
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respectively. The structure should be designed for a sinultaneous increase in
force on one side and decrease on the opposite side of the cell when such can
occur.

b. Overturning. A soil-filled cellular structure is not arigid gravity
structure that could fail by overturning about the toe of the inboard side
Before overturning could occur, the structure must have failed from causes
such as pullout of the sheet piles at the heel and subsequent |oss of cel

fill. Nevertheless, a gravity-block analysis may serve as a starting point
for determining the required cell dianmeter. Considering that the cel
fill cannot resist tension, the cell should be proportioned so that the re-

sultant of all forces falls within the mddle one third of the equival ent rec-
tangul ar base. This type of analysis will also serve to determ ne foundation

pressures wth
_W 6e
¥ (s )

wher e
FP = conputed foundation pressure

effective weight of cell fill

w
A

area of base = B x 1.0 for |-foot strip
e = eccentricity of resultant of all forces from center of cel
B = effective width of cel

See Figure 4-4. Again, it must be enphasized that overturning conputations
based on the gravity bl ock concept do not give a true indication of cel
stability.

c. Rotation (Hansen's Method).

(1) This nethod considers cellular structures to act as rigid bodies.
For cells founded on rock, failure occurs along a circular sliding surface in
the cell fill intercepting the toe of the sheet piles; however, for ease of
calculation it is convenient to assume a logarithmc spiral of radius

- 6
r, = Tr,e tan ¢

wher e

r, and 8 = variables in the polar coordinate system

radius for 6 =0

La}
1
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e = base of natural logarithns
¢ = angle of internal friction of cell fill

As shown in Figure 4-5 the resultant of the unknown internal forces on the

spiral will pass through the pole w of the spiral and thus not enter into
the equation of nonents about the pole

MAX. WATER B —
SURFACE -
AY4
-
\ (— SATURATION
\\ LINE
N
N
w;\\
TOP OF Pw | TOP OF OVERBURDEN
OVERBURDEN = 22 .0 FalLURE 2 OR BERM
Pa : . Pr
TOP OF ROCK
R Z\ 28 72 \Z

LOCUS OF POLES OF
LOGARITHMIC SPIRAL

2 2
re —r
A = ") 0 h

4tan @ 2

o = INTERSECTION OF TP AND W¢

ow = TANGENT FROM O TO LOCUS OF POLES OF
LOGARITHMIC SPIRAL TO LOCATE «
Figure 4-5. Rotation--Hansen's nethod,

cell founded on rock
(2) The FS against failure is defined as the ratio of nmoments about the

pole, that is, the ratio of the effective weight of the cell fill above the
failure surface to the net overturning force. Thus
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Fs=;-('-l
wher e
MB = monment about pol e of w;
w; = effective weight of cell fill above failure surface
Mw = moment about pole due to resultant overturning force IP

P =P,+P,- P ) as shown in Figure 4-5

(3) The pole of the logarithmic spiral may be found by trial until the
m ni mum factor of safety is determined. However, since the pole of the fail-
ure spiral is on the locus of poles of the logarithmc spirals which pass
through the toes of the sheet piles, the failure plane pole can be found by
drawi ng the tangent to this locus fromthe intersection of w; and IP .

(4) Hansen's nethod, as applied to cells founded on rock, is applicable
only where the rock is not influenced by discontinuities in the foundation to
at least a depth h (Figure 4-5).

(5) The Hansen method of analysis for cells founded on soil is simlar
to that of cells founded on rock, except that the failure surface can be con-
vex or concave, i.e., the surface of rupture can be in the cell fill or in the

foundation. Both possibilities must be investigated to determ ne the m nimum
FS. The FS is defined as

=

B
M
w

FS =

wher e
MB = moment about pole due to IR
IR = resultant of W' , Pe , Pe_, and U
s a R

W; = total weight of cell fill above failure surface

Pea and PeR active and passive forces on émbedded portion of cell,
respectively

Mw and IP as previously defined

See Figure 4-6
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LOGARITHMIC SPIRAL

a. Rupture surface into the cell fill

MAX. WATER b 8
SURFACE [
—  [Y ~e—saTURATION
N LINE
~ Ws
~
pe - LOCUS OF POLES OF
~ LOGARITHMIC SPIRAL
TOP OF TOP OF OVERBUR
OVERBURDEN OR BERME URDEN
o ¥
X

FAILURE SURFACE
U

¥ * ANGLE OF WALL FRICTION
b. Rupture surface into the foundation

Figure 4-6. Rotation--Hansen's nethod, cell founded on soil
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(6) Stability, as determned by the Hansen method, is directly related

to the engineering properties of the cell fill and the foundation and properly
considers the saturation level within the cell as well as seepage forces
beneath the cell. This nmethod of analysis is particularly appropriate for

cells founded in overburden. A nore detailed explanation of this nethod can
be found in discussions by Hansen (item 35) and Ovesen (item 55)

4-10. Deep-Seated Sliding Analysis.

a. | ntroduction

(1) Sliding stability has been discussed in Paragraph 4.9a. In general
a cell on rock will very rarely fail on its base, probably because of friction
of the fill and anchoring of the sheet pile penetrated to some distance into
the rock (itens 7, 19, 76, 77, and 78). Analysis and tests on sheet pile
cells driven into sand indicated that failure by tilting due to overturning
nmonent shoul d occur |ong before the maxi mum sliding resistance is reached
(item 55). Failure by sliding would occur if the resultant |lateral force acts
near the base of the cell, which is an unlikely event (item47).

(2) However, sedinmentary rock formations frequently contain clay seams
bet ween conpetent rock strata (item 31). Slickensides or a plane of weakness
in a rock shelf nay exist beneath the cell (itenms 7 and 77). Seans of per-
vious sand within the clay deposit, which may permit the devel opnent of excess
hydrostatic pressure bel ow the base of the cell, may also exist. Excess
hydrostatic pressure reduces the effective stress and, subsequently, reduces
shearing resistance to a very small value. This is a very conmmpn occurrence
in alluvial soils (items 97 and 43).

(3) Drop of shear strength of clay shale to its residual strength due
to renoval of overburden pressure after excavation was observed by Bjerrum
(item8). Fetzer (item 30) reported a progressive failure of clay shale bel ow
Cannel ton cof ferdam

(4) Hence, the possibility of a deep-seated failure along any weak seam
bel ow a cellular structure always exists before any other type of failure
could occur. A detailed study of the subsurface bel ow the design bottom of
the cell and an adequate sliding analysis should, therefore, be conducted at
the tine of a cellular cofferdam design. |If any potential for a sliding fail-
ure exists, adequate measures to prevent such failure should be incorporated
in the cell design. Details of such investigation and preventive neasures are
di scussed in subsequent paragraphs. Figure 4-7 illustrates how a deep-seated
sliding failure may occur below a cell.

b. Study of Subsurface Conditions. The subsurface investigation should
be extended to at least 15 to 20 feet bel ow the design base | evel of the cell
Conti nuous sanpling of soils or coring of rock should be performed in the
presence of experienced geotechnical personnel to identify and | ocate any weak
seam bel ow the base. The presence of any cracks or joint pattern in the ap-
parently conpetent rock nmass bel ow the base should be carefully investigated
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Figure 4-7. Deep-seated sliding failure
(item13). If soft seams or presheared surfaces due to faulting are found

extrenely | ow shear strengths approaching the residual strengths should be
used in the analysis. Unless 100 percent core recovery is achieved, the pres-
ence of a soft or presheared seam shoul d be assumed where the core is m ssing
(item 30). Investigation of any weak seam bel ow the cell should be extended
to some distance beyond the inboard and the outboard sides of the cofferdam
This information will be useful in conducting sliding stability anal yses.

c. Methods of Sliding Stability Analysis

(1) Wedge Method.

(a) The FS against sliding failure along a weak seam bel ow the cell can
be determ ned by using the nethod of wedge anal ysis described in para-
graph 4.9a. This nethod is discussed in detail in ETL 1110-2-256

(b) For deep-seated sliding, a major portion of the failure nass slides
along the weak seam Hence, for each trial analysis, a large part of the
failure surface should pass through the weak seam  The structural wedge is
formed by the boundary of the cell section extended downward to the assuned
failure surface. This wedge acts as the central block between the active and
the passive wedge systems. Ot her assunptions including some sinplifications
made in the sliding analysis are the same as those discussed in

paragraph 4-9a.
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(c) The effects of cracks in the active wedge system and of seepage
within the sliding nmass including the uplift pressure beneath the structura
wedge should be considered in the manner described in paragraph 4.9a(4). For
each trial failure surface system the nminimm FS should be determned. The
| owest value fromall of these trials is likely to be the actual FS agai nst

sliding failure. A FS of 1.5 is adequate agai nst a deep-seated sliding
failure.

(2) Approxinmate Method. The approxi mate nethod may be used when the
weak seam is |ocated near the bottom of the sheet pile. The active and pas-
sive pressures acting on the sheet pile walls and the shearing resistance of
the weak seam near the cell bottom are shown in Figure 4-8. Notation for Fig-
ure 4-8 follows:

B = equivalent width of cell, as discussed in paragraph 4-3
H, = head of water on the outboard side

Hs = height of overburden on the outboard side
Hg = height of bermor overburden on the inboard side

W= weight of cell fill above the weak seam

pw= hydrostatic pressure due to head, Hy

T
®
|

= active earth pressure due to overburden of height, Hg

Pr = resultant of passive earth pressure due to buoyant weight of the
berm + hydrostatic pressure due to height, Hg

Rs = lateral resistance along weak seam

Considering unit length of the cofferdam wall,

_ 1
W=7 (vg + vIB(Hy - Hy) + v BHy
wher e

unit weight of cell fil

<
I

submerged unit weight of cell fil

<
1

RS = W tan ¢ + Bc

wher e
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¢ = angl e of shearing resistance
c = cohesion of materials in the weak seam
For clay, $ =0 and c=c

For sand, $ =¢& and c=o

_ 2
Py = /2y Hy

wher e = unit weight of water

Yw
2
S

wher e Ka = active earth pressure coefficient of overburden nmaterials, and

= '
Pa 1/2Kay H

y' = subnerged unit weight of overburden materials.

_ _ 2
PR = PP = 1/2YWHB

where Pp = passive earth pressure of the saturated berm or overburden.

Hence, the FS against sliding is

W tan ¢ + Bc + PR

FS =
+
PW Pa
MAXIMUM RIVER B
POOL - >
] =
lw
L SATURATION LINE
2
x
P BE
OVER- — \V/ < M
BURDEN = -
~a ./O VERBURDEN
h‘k\W\ g —_——;- AR S S
H}~=—
WEAK SEAM
COMPETENT SOIL

OR ROCK ——»—

Figure 4-8. Sliding along weak seam near bottom of cell
(approxi nat e net hod)
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(3) Culmann's Method. For a bermwith conbined horizontal and inclined
surfaces, passive pressure should be cal cul ated using Cul mann's graphica
method or any other suitable nethod. The lateral resistance at the interface
of the berm and the weak seam should also be calculated. The smaller of the
| ateral resistance and the passive pressure should be considered in calculat-
ing the FS against sliding (item 27). For overburden with the horizontal sur-
face to a great distance on the inboard side, the passive pressure can be
cal culated, using the passive earth pressure coefficient K. Since no

effect of the weak seamis considered in the passive pressure calculation, the
FS based on this passive pressure may be somewhat approxinmate. For nore pre-
cise analysis, the wedge nethod described previously should be adopted.

d. Prevention of Sliding Failure. The potential for sliding stability
failure can be considerably reduced by adopting the follow ng measures.

(1) Seepage Control Below Cell. The extension of the sheet piles to
consi derably deeper levels belowthe cell wll develop |onger drainage paths
and reduce the flow rate through the foundation naterials, thereby decreasing
the uplift pressure below the structural and the passive wedge systens and
increasing the FS against sliding failure

(2) Dissipation of Excess Hydrostatic Pressure. Excess hydrostatic
pressure within a sand seam between clay strata below the cell will be dis-
sipated quickly if adequate relief wells are installed within the seam  The
shear strength of the sand seamw || be increased and the potential for slid-
ing failure along the seam will be reduced

(3) Berm Construction on the Inboard Side. An inside bermw | increase
the passive resistance and will also aid in | engthening the seepage path dis-
cussed above only if inperneable bermis used. The berm should be constructed
of free-draining sand and gravel so as to act as an inverted filter maintain-
ing the free flow of pore water fromthe cell fill and the foundati on mate-
rials. The increase in the passive resistance due to berm construction wll
improve the FS against sliding failure

4-11. Bearing Capacity Analysis. The cells of a cofferdamnust rest on a
base of firmmterial that possesses the bearing capacity to sustain the
weight of the filled cells (EM 1110-2-2906). Presence of weak soil beneath
the cell may cause a bearing capacity failure of the entire structure inducing
the cell to sink or rotate excessively (item 46). Figure 4-9 shows graphi-
cally bearing capacity failure of a cell supported on weak soil. The bearing
capacity of rock is usually controlled by the defects in the rock structure
rather than the strength alone. Defective and weak rock, such as sone chal ks
clay shales, friable sandstones, very porous |inmestones, and weathered, cav-
ernous, or highly fractured rock may cause very large settlenents under a
relatively small load and reduce the load bearing capacity. Interbedding of
hard (such as cenented sandstone) and very soft (such as claystone) |ayers my
al so cause bearing capacity problens (itens 33 and 74). A cofferdam on rock
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Figure 4-9. Bearing capacity failure

may not function properly due to shear failure of soil on the base of the rock
or by deep-seated sliding along any weak seam within the rock. This aspect of
the design has been discussed in paragraph 4-10. The nethods of determ ning
bearing capacity of soils and rock to support a sheet pile cellular structure
are discussed bel ow

a. Bearing Capacity of Soils. The bearing capacity of granular soils is
generally good if the penetration of the sheet piles into the overburden is
adequate and seepage of water underneath the cell base is controlled. The
seepage which reduces the shear strength of the soil on the inboard side of
the cof ferdam and thus reduces the bearing capacity can be controlled by using
an adequate berm on the inboard side. Cellular structures on clay are not
very common. The bearing capacity of clay depends on the consistency of the
soils; the stiffer or harder the clay, the better the bearing capacity. For a
good bearing capacity, the clay should be stiff to hard. However, even on
relatively soft soils, cellular structures have been successfully constructed
usi ng heavy sand or rockfill berms (EM 1110-2-2906 and item 19). The bearing
capacity of both cohesive and granular soils supporting cellular structures
can be determ ned by Terzaghi's nethod of analysis (EM 1110-2-2906 and
items 52, 27, and 85). However, the failure planes assumed for the devel op-
ment of the Terzaghi bearing capacity factors (item 80) do not appear to be as
realistic as those devel oped specifically for cellular structures by Hansen
(item 36). Hence, for bearing capacity investigation, the Hansen nethod of
anal ysis should also be used (item 31). The investigation of failure along
any weak stratum below the cell can be conducted by using the limt
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equilibrium analysis, as discussed previously in paragraph 4-9a. Methods of
determi ning bearing capacity of soils are given below

(1) Terzaghi Method, The ultimate bearing capacity is given hy

q = I/ZYBNY + eN_ + YDqu [4-1]

for strip loaded area and by

= 0.6yBN_ + 1.3 cN_ + yD.X [ 4-2]

¢ £q

for circular |oaded area

wher e
y = unit weight of soil around cel
B = equivalent cell width, as discussed in paragraph 4-3
NC, N , N = the Terzaghi bearing capacity factors (item 82) depending on
! Y the angl e of shearing resistance, 'y of the soi
c = cohesion of soi
D; = distance fromthe ground surface to the toe of the cel

The relevant tests to determne the strength paraneters c¢ and for the
bearing capacity analysis are nentioned in EM 1110-2-1903. The F§ agai nst
bearing capacity failure should be determ ned by the maxi mum pressure at the
base of the cellular structures. Figure 4-10 shows the section of cofferdam
of equivalent width, B, and subjected to a hydrostatic pressure of P, , and
active and passive pressures of P, and Py , respectively. The net over-

turning nonent due to these lateral pressures is given by

M = 1/3(PwHw + P Ho - PRHB) [4-3]

where H, , Hs , and Hy are as shown in Figure 4-10. The bearing soil is

subjected to a uniformvertical conpressive stress of WB , where Wis the
weight of the cell fill. In addition, the soil is also subjected to a com
pressive stress devel oped due to the net overturning nonent, M (equa-

tion [4-3]). This stress is equal to 6MB* (Figure 4-10). Hence, the FS
agai nst bearing capacity failure

where ¢ can be deternmined from equation [4-1] or [4-2]. The FS for sand
should not be less than 2 and for clay not less than 3, as given in Table 4-4.
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(2) Hansen Method. In the Hansen nethod of analysis, cells supported on
soils are assuned to have surface of rupture within the cell fill (convex

failure surface) or in the foundation soils below the cell (concave failure
surface). Both possibilities must be investigated to deternmine the m ninmum
FS. Details of this nethod of analysis have been discussed in paragraph 4-9c.

(3) Limt-equilibrium Method. This analysis is based on assumed pl ane
failure surfaces which formthe bases of the failure wedges. A FS is applied
to the material strength paranmeters such that the failure wedges are in limt-
ing equilibrium The critical failure surface with the | owest safety factor
is determined by trial wedge nethod. Details of this method of anal ysis have
been discussed in paragraph 4-9. For the prelimnary design of a cofferdam on
soils, bearing capacity can be deternmned by the Terzaghi nmethod. However,
nore rigorous analysis by the limt-equilibriumnmethod should be applied for
the final design. Hansen's nethod of analysis should be used to deternine
FS against a rotational failure of the cellular structure.

b. Bearing Capacity of Rock. The bearing capacity of rock is not
readily determ ned by | aboratory tests on specinens and nat henmatical anal ysis,
since it is greatly dependent on the influence of nonhonogeneity and mcro-
scopi ¢ geologic defects on the behavior of rock under load (items 20, 33,
and 74). The bearing capacity of honpbgeneous rock having a constant angle of
internal friction ¢ and unconfined conpressive strength g, can be given as

9 = q,(Nyp + 1) [ 4- 4]

wher e 1:an2 (45" + %) . To allow for the possibility of unsound rock, a

high value of the FS is generally adopted to determine allowabl e bearing
pressure (item 11). A FS of 5 may be used to obtain this allowable pressure
from equation [4-4]. Even with this FS, the allowable | oads tend to be higher
than the code values sanpled in Table 4-1. In the absence of test data on
rock sanples, the sonewhat conservative values in Table 4-1 nmay be used for
prelimnary design. Wen the rock is not honbgeneous, the bearing capacity is
controlled by the weakest condition and the defects present in the rock. For
a rock nmass having weak planes or fractures, direct shear tests conducted on
presawn shear surfaces give |ower bound residual shear strengths (item 18). A
m ni num of three specinmens should be tested under different nornal stresses to
deternm ne cohesion ¢ and angle of internal friction ¢ . The ultimte
bearing capacity can then be deternmined from equations [4-1] and [4-2]
(Terzaghi nethod) by using the ¢ and val ues obtained as described above.
A FS of at least 3 should be adopted to deternine allowable bearing pressure
Cel ls founded on rock should al so be checked for rotational failure using
Hansen's nethod as discussed in paragraph 4-9c. The mininum FS for this fail-
ure is 1.5 as given in Table 4-4.

4-12. Settlenment Analysis. Generally two types of settlenent can occur
within a sheet pile cellular structure supported on conpressible soils: the
settlement of the cell fill and the settlenent of the sheet piles. [In sone
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Al'l owabl e Bearing Pressures for

Table 4-1

Fresh Rock of Various Types (According

to typical building codes, reduce values accordingly to account for
. . . 1
weat heri ng unrepresentative fracturing. Val ues are from
Thorburn (item 83) and Wodward, Gardner,
and Greer (item 96).)
Al | owabl e Beari ng
Pressure (MPa)
Rock Type Age Locati on (1 MPa = 10.4 tsf)
Massi vel y bedded United Ki ngdon? 3.8
| i mest one®
Dol omi te Late Pal eozoic Chi cago 4.8
Dolom te Late Pal eozoic Detroit 1.0-9.6
Li mest one Upper Pal eozoic Kansas Cty 0.5-5.8
Li mest one Upper Pal eozoic St. Louis 2.4-4.8
M ca schist Precanbri an Washi ngt on 0.5-1.9
M ca schist Precanbri an Phi | adel phi a 2.9-3.8
Manhattan schist* Precanbri an New Yor k 5.8
For dham gnei ss* Precanbri an New Yor k 5.8
Schist and slate Uni ted Ki ngdon? 0.5-1.2
Argillite Precanbri an Canbri dge, MA 0.5-1.2
Newar k shal e Triassic Phi | adel phi a 0.5-1.2
Hard, cenented United Ki ngdon? 1.9
shal e
Eagl eford shale Cret aceous Dal | as 0.6-1.9
Oay shale United Ki ngdon? 1.0
Pierre shale Cr et aceous Denver 1.0-2.9
Fox Hlls Tertiary Denver 1.0-2.9
sandst one
Solid chalk Cr et aceous United Kingdom 0.6
Austin chal k Cr et aceous Dal | as 1.4-4.8
Friable sandstone Tertiary Gakl and 0.4-1.0
and claystone
Friable sandstone Quat ernary Los Angel es 0.5-1.0
(Pica formation)
Not es:
1. When a range is given, it relates to usual rock conditions.
2.  Thickness of beds greater than 1 m joint spacing greater than 2 m uncon-

fined conpressive strength greater

3. Institution of
rock such that it
Cracks are unweathered and open

4, Sound

2-26

than 7.7 MPa (for
Engi neers Code of
rings when struck and does not
less than 1 cm

Practice 4.

a 4-inch cube).
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areas settlement nay also be caused by dewatering of the cofferdam area
Details of these settlements are discussed bel ow

a. Settlement of Cell Fill. The settlement of cell fill occurs under
the self load of the fill placed within the cell. In normal construction pro-
cedure hydraulic fill is punped into the cell in layers. Each increment of
fill consolidates under its own weight and al so under the | oad of the |ayers
above it. Thus, the settlement of the lower fill has progressed by the time
the last fill is placed (item 92). For granular fill, generally a majority of
the settlement will have been acconplished soon after the fill placenent
Hence, the postconstruction settlenent of granular cell fill under its own
weight is, generally, insignificant. No reliable nethod of settlenment esti-
mate of the cell fill during placenent is currently available. This settle-
ment is also of not nuch inportance, since nost of this settlement occurs
before any additional vertical or lateral |oads are applied to the cell. Any
vol ume decrease of the cell fill due to settlenment can al ways be conpensated
by placing additional fill in the cell before any other load is applied to the
cell. Hence, no nethod of settlement estinmate of the cell fill has been
included herein. Cell fill can be densified by using vibratory probes to pre-
vent seismically induced |iquefaction, nmninmze settlenents, and obtain neces-
sary density of the cell fill required for cofferdamstability (itens 65
and 72). However, generation of excess pore pressure in the cell fill and in-
crease in interlock tension were reported during conpaction by vibration.
Hence, a pore pressure relief systemshould also be provided within the cel
fill tolimt excess pore pressures and to aid the conpaction by draining
water from the soil.

b. Settlenent of Sheet Pile Cofferdam A cellular cofferdam underlain
by conpressible soils belowits base will undergo settlenent due to the
wei ghts of the cell and berm fills. As observed by Terzaghi (item81), if the
conpressi bl e soils below the cofferdam continue to consolidate after the over-
turning nonent has been applied, a relatively small nonment suffices to produce
a very unequal distribution of pressure at the base of the cell. This reduces
the capacity of the cofferdam to carry overturning nonent. Large postcon-
struction settlenments of cellular wharf structure mght damage the deck slab
and interfere with all normal operations from the deck. A study of settlenent
behavior of a cellular structure is an essential part of the design; This
settlement can be conputed by the Terzaghi method (item44) if the cell is
underlain by clay, and by the Schnertmann (item 63) or Buisman (item 62)
nethod if underlain by granular soils. Details of settlenent analysis are
di scussed bel ow.

(1) Settlement of Cofferdamon Clay. |In a clay |ayer beneath the cof-
ferdam nore settlenent will occur below the center than will occur bel ow the
edges of the cofferdam because of |arger stresses below the center than the

edges under the uniformflexible load of the cell fill at the base of the
cells. Additional unequal settlenents will occur belowthe cells if bermor
backfill is present on one side of the cofferdam Figure 4-11 is a sketch of

a cell on conpressible soils underlain by rock
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Figure 4-11. Cellular cofferdam on conpressible soils

(a) Stresses Below Cell. Stresses at various |evels below the center
and the sides of the cellular cofferdamcan be determ ned using Boussinesq' s
theory of stress distribution. The load due to cell fill in the cofferdam my

be assuned to be a uniformy distributed contact pressure of a continuous
footing of equivalent width B as defined in paragraph 4-3. For prelimnary
cal cul ati on, B may be taken as 0.85 tines the cell dianeter. I[f no rock is
encountered at a relatively shallow depth, Fadumis chart in conjunction with
the nmethod of superposition of areas as given in EM 1110-2-1904 nay be used to
conpute stresses in the conpressible soil below any point in the cofferdam

If rock is encountered at a relatively shallow depth, stresses may be conputed
fromthe influence values given in the Sovinc (item 73) chart which includes
correction for the finite thickness of the stressed nmedium (Figure 4-12). The
trapezoi dal section of the bermfill may be approximted to a rectangul ar sec-
tion and the stresses may then be conputed as described before. Aternately,
the berm section may be divided into a rectangular and a triangular section.
The stresses below the cell, due to these rectangular and triangul ar surface
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Figure 4-12. Influence val ue |P for vertical stress a,

at depth 2 below the center of a rectangular |oaded area
on a uniformy thick layer resting on a rigid base
(item 73)

| oadings, may then be cal cul ated using vertical stress tables by JumKkis

(item 41) or from appropriate charts given in textbooks. Stresses bel ow
surface can also be deternmined by using a suitable conputer program e.g

"Vertical Stresses Beneath Embanknment and Footing Loadings," devel oped by
US Arny Engineer District, St. Paul, and available from WES

(b) Settlement Conputation. The clay stratum below the cell should be

divided into several layers of smaller thicknesses. The stresses at the cen-
ter of these layers should then be determined fromthe charts, tables, or by
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conputer, as discussed above. The sett |enment of each |ayer can be given as

chc Oo + Ao
My = T3 108 5
[o] [0}
wher e
AHl = settlement of layer of thickness, H

C. = conpression index determined fromthe e versus log o' curve

e = void ratio at any effective stress, o

e, = initial void ratio

o, = effective overburden pressure

Ac = stress increnent at the center of the layer due to cell and berm

fills
Total settlenent of clay belowcell is
HCc Go + Ac
M =§ : T+e %8107 5 [4-3]
o (¢}

(2) Settlenent of Cofferdam on Sand. The settlenment of a foundation on
sand occurs at a a very rapid rate following application of the load. For a
cellular cofferdam on sand, a large part of the settlement of the foundation
soils would occur during placement of fill inside the cells. As discussed
before, the estimate of the total and differential settlenents of a cellular
structure is very inportant to exam ne any possibility of damage due to such
settlenents. The settlement of a structure on granular soils can be cal cu-
lated by the Schmertmann or Bui sman nethod, as described bel ow.

(a) Schrmertmann Method. This nethod is generally suitable for conputing
settlement below a rigid foundation, where the settlement is approxi mately
uni form across the width of the foundation. However, the Schnertmann nethod
has earlier been successfully used by Davisson and Salley (item21) to predict
average settlements of flexible foundations. Hence, the average settlenent of
a cellular cofferdam on granular soils may be determined using this nethod
To calculate the central and edge settlenments bel ow the flexible bottom of the
cof ferdam the Buisman nethod with necessary correction suggested by
Schmertmann may be used, as described later. The Schnertmann nethod utilizes
the static cone penetration test values to estinate the elastic nodul us of the
soil layers. The settlement is calculated by integrating the strains, shown
as follows:

4-30



EM 1110-2- 2503

29 Sept 89
[+ 4 <O Iz
S=[ezdz=A0[E— dz
S
o o]
[ 4- 6]
n IZ
1Cp80 Z ) 2
1 s
wher e
S = total settlenent
Cl = foundati on enbednent correction factor
C2 = correction factor for creep settlenent

Ao = net foundation pressure increase at the base of the cel

= '
= g - g0

[e)
g = stress due to fill load at the base of the cofferdam
gé = effective overburden pressure at the base of the cofferdam
I = strain influence factor at the center of each sub!ayer with con-
stant q versus depth diagrams are shown in Figure 4-13(a)
q, = static cone penetration resistance
Es = nodul us of elasticity of any sublayer
Az = thickness of the sublayer

As reconmmended by Schrertmann, Hartman, and Brown (item 64), the peak val ue of

the strain influence factor
1/2
1 =o.5+o.1<£f—>
Z0 [¢) o

y

o! = effective overburden pressure at depth B/2 or B, as explained
in Figure 4-13(b)
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n = nunmber of . sublayers to depth below footing which is equal
2B (square or circular footing--axi symetric case) or 4B (con-
tinuous footing--plane strain case).
B = equivalent width of the cofferdam as explained before
RIGID FOOTING VERTICAL STRAIN INFLUENCE FACTOR =1,
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
) — | I
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w —> ~N Oyo
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3 /
Ex‘ 28 Va
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w
Q
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< 3B - ‘
-l
« /
(a) MODIFIED STRAIN INFLUENCE
FACTOR DISTRIBUTIONS
//
48 F
| 8 Acg=o0-0,
B o S
% Cass i cn LTS
1 872 (axisym) Syg
¥ B (PL STR) m
DEPTHTO |, 5 —=
(b) EXPLANATION OF PRESSURE TERMS IN
EQUATION (1) IN FIG (a) ABOVE
Figure 4- 13, Recommended values for strain influence factor diagrans

and matching Eg

val ues (item 64)

4-32



EM 1110-2-2503
29 Sept 89

The enbedment correction factor
0'
¢, =1- 0.5(-A—‘;>
However, C, shoul d equal or exceed 0.5. The correction for creep settlenent

t
= T
C2 1 +0.2 log10 (0'1)

wher e
tor = tine in years fromapplication of Ao on the foundation. The
y nodul us of elasticity
Es = 2.5q. for square or circular footing

and

Es = 3.59q. for continuous footing

The follow ng procedures should be adopted to conpute settlenent by the
Schnert mann net hod

e (btain the static cone bearing capacity g, for soils fromthe bottom

of the cells to the significant depth which is equal to 2B for an
axi symmetric case, or 4B for a plane strain case, e.g. for a coffer-
dam (L/B > 10), or to a boundary layer that can be assuned inconpres-
si bl e, whichever occurs first.

« Divide the soil depth, discussed above, into a succession of |ayers
such that each |ayer has approxi mately a constant q. .

* Superinpose the appropriate strain factor diagramshown in Figure 4-13

over the g, - log discussed in step above. The strain influence
factor diagramshould be truncated at any rigid boundary |ayer if
present within the significant depth discussed in step above. In this

case, no vertical strains occur below this rigid boundary.

o Conmpute the total settlement, summng the settlenents of individual
| ayers using equation [4-6] and correcting for the enbednment of the
foundation and creep. In the expression for creep correction, GC, ,
t,, may be assumed as 5 years.

» For a cofferdamhaving 1 < L/B < 10 , the settlenent should be com
puted for both axi symmetric and plane strain case, and then
i nterpol ated
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The settlement can also be calculated, but with somewhat reduced accuracy,
usi ng standard penetration test data (N) which should be converted to cone
penetration resistance as suggested by Schrmertmann (item 63). The ratios
shown below are valid only for g, values in tons per square foot.

Soi | Type ./ N

Silts, sandy silts, slightly 2.0
cohesive silt-sand mxture

Clean, fine to medi um sands, 3.5
and slightly silty sands

Coarse sand and sands with 5.0
little gravel
Sandy gravel and gravel 6.0

(b) Buisman Method. As discussed before, the Schnertmann nethod is

suitable for predicting settlenent of a rigid foundation. The settlenment com
puted by this method thus gives a somewhat average settlenent of the cofferdam
foundation which is essentially a flexible foundation. The Buisman nethod,
i ke the Terzaghi nethod, determ nes settlenent at any point within the soils
bel ow foundation. For the flexible foundation of the cofferdam the stresses
within the soils bel ow the foundation can be determ ned using any of the suit-
abl e methods mentioned earlier for settlement on clay. The settlenent of any
granul ar stratum under these stresses can then be cal cul ated using the Bui sman
expression:

Hl o + Ao
AH =E—ln°———

1 o}

o}

wher e AHl . H1 > O, and Ao are sane as explained in Schrertmann's

nmet hod, and

l.5qC

C =
(o]
o

Since the Buisman method highly overestimtes the settlenment, Schmertmann
(item 63) suggested use of 2q. instead of 1.5q. as the elastic nodulus of

the soils in the above expression for C. Hence,
2q
C = _C
g
(o)
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shoul d be used to incorporate Schrmertmann's correction in settlenment calcul a-
tion. Substituting this value of C in the settlenent expression on the
preceedi ng page

Hloo o + Ao
AH1 = 7q x 2,303 1og10 S
c o
1.15100H 9% + Ao
i x logig =
c o

Hence, total settlenent at the point under consideration is given by

ooH oo + Ac
AH = 1,151 E a—— 1og10 — [4-7]
c o

This expression can be used to determ ne settlenments at the center and the
edges of the cofferdamto examine any possibility of the failure of the

cof ferdam due to excessive tilting under the loads of the cell fill, berm or
backfill.

c. Settlenment Due to Dewatering of Cofferdam Area. Dewatering nay cause
drawdown of water levels within soil |ayers below existing structures or util-
ity lines in the vicinity of the cofferdam area. This drawdown increases the
effective weight of the soil layers previously submerged. Drawdown of water
| evel s bel ow the dredge | evel increases the effective stress in soils bel ow
the base of the cell. This increase in effective stress causes settlenments of

conpressi bl e soils underneath the structures within the drawdown zone

(item 45). An estimate of these settlenments is possible by using the methods
di scussed in paragraph 4-12b utilizing the drawdown depths to be determ ned by
procedures described in Chapter 6.

4-13. Seepage Analysis. Cenerally two types of seepage are to be considered
for designing a cellular cofferdam  seepage through the cell fill and founda-
tion underseepage

a. Seepage Through Cell Fill.

(1) The free water surface within the cell fill is to be estimated in
order to check the stability of the assumed cell configuration. In general
the slope of the free water surface or saturation line may be assumed to be as
shown in Figure 4-2. The effects on the saturation line during maximm pool
initial filling, and drawdown conditions have been discussed in paragraph 4-4.
For sinplifying seepage conputations, a horizontal |ine may be chosen at an
el evation representative of the average expected condition of saturation of
the cell fill (item 86). However, adequate neasures (e.g., providing weep
hol es and keeping free-draining quality of cell fill) should al ways be adopted
to assure a reasonable |ow elevation of saturation.
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(2) The zone of saturation within the cell fill is influenced by the
following factors

(a) Leakage of water into the cell through the outboard piles.
(b) Drainage of water fromthe cell through the inboard piles.
(c) Lower perneability than expected of the cell fill.

(d) Flood overtopping the outboard piles or wave spl ash.

(e) Possible | eakage of water into the cell fill fromany pipeline
crossing the cells.

(3) Sonetines |eakage through torn interlocks may occur if secondhand
piles are used. For a permanent structure to retain high heads of water, new
sheet piles in good condition should preferably be used (item 77)

(4) The hoop stresses due to cell fill are nuch smaller near the top
than at the bottom of the cell. Hence, during the high flood period when the
water rises near the top of the cell, water may leak into the cell through the
top of the interlocks because of relaxation of the interlock joints. There-
fore, the drainage facilities of the cell fill should always be well
mai nt ai ned

(5) Floodgates should be provided such that the interior of the coffer-
dam can be flooded before the cells are overtopped by the rising water.
Details of flooding the cofferdamare discussed in Chapter 6.

(6) Very hard driving in dense stratum or rock may open the sheet pile
joints near the bottomof the cell causing |eakage of water into the cell. If
subsurface investigation indicates presence of such stratum linmitations
regarding hard driving of sheet piles should be included in the contract
specifications.

b. Foundation Underseepage. Cofferdans are primarily used for dewater-
ing of construction areas and nust sonetimes withstand very high differentia
heads of water. [If the cofferdamis supported on sand, seepage of water from
the upstreamto the downstream sides will occur through the sand stratum
underneath the sheet piles due to the differential heads. Foundation prob-
| ems, because of this seepage, have been discussed in EM 1110-2-2906 and vari -
ous other publications (items 31, 52, and 81). Major problens associated with
seepage below a sheet pile cellular structure are

 Formation of pipe, boils, or heave of the soil mass in front of the toe
because of the exit gradient exceeding the critical hydraulic gradient.
Boils and heave will considerably |ower the bearing capacity of the
soil resulting in toe failure of the cell. Piping causes |loss of mate-
rials underneath the cell foundation and may cause excessive settlenent
and eventual sinking of the cell.
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* Upward seepage forces at the toe may excessively reduce the passive
resistance of the soil. This loss of lateral resistance may cause
sliding failure of the cell.

» Seepage forces acting on the soils at the inboard face of the cell may
increase the hoop stress excessively in the sheet piles (item 46)
This may increase the possibility of interlock failure of the sheet
piles and result in the loss of cell fill.

(1) Studies of seepage by flow nets. The possibilities of different
types of failures due to seepage through granular soils can be studied by flow
net analysis. The quantity by seepage into the excavation can al so be com
puted fromthe flow net. This can be used in designing punping requirenents
to maintain a dry construction area. A typical flow net under a cell on sand
is shown in Figure 4-14. The perneability of sand can be determned by field
method (e.g., punping test) or indirect method (e.g., grain size distribution
curves) (EM 1110-2-1901 and item 79). The flow net below the cell can be con-
structed using a graphical, trial sketching method, generally called the
Forchheimer solution (item 79). For anisotropic soil conditions the flow net
must be drawn on a transforned section which can be used to determine the
quantity of seepage. However, to determine magnitude and direction of seepage
forces this transforned section should be reconstructed on the natura
section (item 16)

(2) Seepage Quantity. The quantity of seepage can easily be determ ned
once the flow net is available. The total nunber of flow channels and the
total nunber of equipotential drops al ong each channel can be counted on any
flow net. These nunbers are N; and N, , respectively. If h is the head

causing flow (Figure 4-14), then the quantity of seepage under the unit length
of the cofferdamin unit time can be given by

Ne
Q=g kh [ 4-8]
P

where Kk is the coefficient of perneability which can be determ ned by the
punping test or the indirect method nentioned before

(3) Heaving and Boiling. The average hydraulic gradient for any
elenent, such as an elenment e in Figure 4-14, can be determned by the
equation

Ah
1=
where Ah is the head | oss between the two potential boundaries of the square
el ement and ALis the average length of the flow path between these bound-
aries. For the element e which is at the discharge face, the gradient is
termed as the exit gradient or the escape gradient. The seepage force F
acting on a volume V of an elenent is given by
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F = iYwV [4-9]

where vy is the unit weight of the water. The direction of this force is
appromrﬁﬁely along the average direction of flow through the element. Heav-
i ng and subsequent piping failures can be expected to occur at the downstream
side when the uplift forces of seepage exceed the downward forces due to the
subnerged weight of the soil. For sand, the subnerged unit weight is very
close to the unit weight of water. Hence, at the point of heaving, from equa-
tion [4-8], the hydraulic gradient becomes approxinmately equal to 1. This hy-
draulic gradient is ternmed as "critical hydraulic gradient i.," For clean
sand, exit gradients between 0.5 and 0.75 will cause unstable conditions for
men and equipnment (item 52). To provide security against piping failures

exit gradients should not exceed 0.30 to 0.40. H gh values of the hydraulic
gradi ent near the toe of the cell greatly reduce the effective weight of the
sand near the toe and decrease the passive resistance of the soils. This wll
increase the possibility of sliding failures of cofferdans.

"o+ le——eq |.GRANULAR BERM

Figure 4-14. Partial flow net beneath a cell on sand

(4) Factor of Safety Against Piping Failure. It was observed from node
tests that the heaving due to piping failure extends laterally fromthe
downstream sheet pile surface to a distance equal to half the depth of sheet
pile penetration (item 82). Figure 4-14 shows the prism 'abcd subjected to
seepage force causing piping failure. The distribution of the excess hydro-
static pressure at the base of the prismcan be calculated fromthe flow net.
If Uis the excess hydrostatic force acting per unit length of the prism
then the FS against piping can be given by
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FS =

C'S_

[ 4-10]

where W is the subnerged weight of the prismof unit length. To avoid any
unst abl e condition of the downstream surface, a FS of at least 1.5 should be
provided against piping failure. |If the FSis less, adequate seepage control
as discussed bel ow should be done.

c. Control of Seepage. The following methods may be adopted to prevent
seepage probl ens:

(1) Penetration of Sheet Piles to Deeper Levels. The penetration of
sheet piles deep into the sand stratum bel ow the dredgeline will increase the
| ength of the percolation path that the water nust travel to flow fromthe
upper to the |ower pool under the cofferdam (EM 1110-2-2906, itens 52, 81,
and. 94). The exit gradient to be determned fromthe new flow net can be
lowered to an acceptable value of 0.3 to 0.4, as discussed before, by adequ-
ately increasing the penetration depth of the sheet piles. The excess hydro-
static force U acting on prismabcd (Figure 4-14) will also be reduced to
yield a higher value of the FS as given by equation [4-10]. Terzaghi recom
mends a penetration depth equal to (2/3)H to reduce hydraulic gradients at
critical locations, where His the upstream head of water. However, criti-
cal hydraulic gradients should always be checked by actual flow net analysis.

(2) Providing Berm on the Downstream Surface. Deeper penetration of
sheet piles in some cases may be uneconom cal and inpractical. A pervious
berm can then be used on the downstream side to increase the FS agai nst piping
failures. The berm being nore perneable than the protected soil will not have
any influence on the flow net, but will counteract the vertical conponent of
the seepage force. |If the added weight of this bermacting as inverted filter
is W, then the new FS according to equation [4-10] wll be

W+ W'

FS = T

(3) Increasing the Wdth of Cofferdam The equivalent width of the
cof ferdam can be increased by using larger diameter cells. This wll increase
the percolation path of water under the cell fromthe outboard to the inboard
sides. Adequate design nay conpletely elinmnate the necessity of bermon the
downstream side. This may be very convenient for construction but is very
expensi ve.

(4) Installation of Pressure Relief Systens. The exit gradient can also
be reduced using adequate pressure relief systens that will |ower the artesian
head bel ow the bottom of excavation to control upward seepage force (item 48).
The relief wells act as controlled artificial springs that prevent boiling of
soil (EM 1110-2-1905). |If the discharge required to produce head reduction is
not excessive, a wellpoint system can be effectively used. To relieve excess
hydrostatic pressure in deep strata, a deep well system can be used. The well
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can be punped individually by turbine punps or connected to a collector pipe
with a centrifugal wellpoint punp system Details of design of the relief
wel | system have been discussed by Mansur and Kaufman and in EM 1110-2-1905.
Details of dewatering are also included in Chapter 6 of this nanual.

4-14. Internal Cell Stability.

a. Pile Interlock Tension. A cell nust be stable against bursting pres-
sure, i.e., the pressure exerted against the sheets by the fill inside the
cell must not exceed the allowable interlock tension. The FS against exces-
sive interlock tension is defined as the ratio of the interlock strength as
guaranteed by the nmanufacturer to the maximm conputed interlock tension. The

interlock tension developed in a cell is a function of the internal cell pres-
sure. The internal horizontal pressure p at any depth in the cell fill is
the sum of the earth and water pressures. The earth pressure is equal to the
effective weight of the cell fill above that depth times the coefficient of
horizontal earth pressure K . This coefficient should ideally vary with the
| oading condition and the location within the cell; however, the actual varia-
tion is erratic and inpossible to predict. It is recomended that a coeffi-

cient in the range of 1.2K, to 1.6K, is the coefficient of active earth

pressure. The coefficient is dependent upon the type of cell fill material
and the method of placenent. See Table 4-2 for recomrended val ues.

Table 4-2

Coefficients of Internal Pressure

Type of Material

Met hod of Crushed Coarse Sand Fine Silty Sand Cayey Sand
Pl acenent St one and G avel Sand and G avel and Gavel
Hydraul i ¢ dredge 1. 4K, 1. 5K, 1. 6K,
Pl aced dry and
sl ui ced 1. 4K, 1. 5K,
Vet cl ammred 1. 3K, 1. 4K, 1. 5K,

Dry material
placed in dry 1. 3K, 1. 4K,

Dunped through
wat er 1. 2K, 1. 3K, 1. 4K,
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Interlock tension is also proportional to the radius of the cell. The maxi num
interlock tension in the main cell is given by
t = pr
wher e
P = maximum inboard sheeting pressure

radi us

r

The interlock tension at the connections between the main cells and the con-
necting arcs is increased due to the pull of the connecting arcs, as illu-
strated in Figure 4-15, and can be approximated by

tnax = pL sec
wher e
tnax = interlock tension at connection
p = as previously defined
L = as shown in Figure 4-15

It nust be enphasized that the above equation is an approxi mation since it
does not take into account the bending stresses in the connection sheet pile

produced by the tensile force in the sheet piles of the adjacent cell. Con-
sequently, for critical structures, special analyses such as finite elenent
should be used to determne interlock tension at the connections. In conput -

ing the maxinmum interlock tension, the location of the maximum unit horizontal

-Q CELL

L

g

Figure 4-15. Interlock stress at connection
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pressure p should be assumed to occur at a point one fourth of the height of
the cell above the level at which cell expansion is fully restrained. Ful
restraint can be assunmed to be where the external passive forces, due to over-
burden or a berm and hydrostatic forces equal the internal cell pressures.

In this case, it is generally sufficiently accurate and conservative to assune
the point of maximum pressure to be at the top of the overburden or berm

Wien there is no overburden or berm full restraint can be assuned to be at
top of rock if the piling is seated on and bites into the rock. Maxi mum pres-
sure should be assumed to occur at the base of cells which are neither seated
in rock nor fully restrained by overburden or berm See Figure 4-16 for typi-
cal pressure distributions. As stated previously, future changes in the depth
of overburden, renoval of berms, changes in saturation level in the cell fill
rate of dewatering, etc., nust be anticipated when determning the maxi mum
interlock tension.

b. Interlock Tension. In order to mnimze interlock tension, the
following details should be considered

(1) Adequate weep hol es should be provided on the interior sides of the
cells in cofferdams to reduce the degree of saturation of the cell fill. The
weep hol es shoul d be adequately naintained during the life of the cofferdam

(2) Interlock tension failure has often occurred imediately after
filling of the cells and can usually be traced to driving the sheets out of
interlock. This results fromdriving through excessive overburden or striking
boul ders in the overburden. Overburden through which the piling nust be
driven should be linmted to 30 feet. If the overburden exceeds this depth,
consi deration should be given to renoving the excess prior to pile driving.
The degree to which boulders may interfere with watertightness and driving of
the cells can be estimated after a conplete foundation exploration program

(3) In an effort to reduce the effect of the connecting arc pull on the
main cells, we connectors are preferable to tees since the radial conponent
of the pull on the outstanding leg is less for arcs of equal radius.

(4) Pull on the outstanding |eg of connector piles can be reduced by
keeping the radius of the connecting arc as small as practicable. The arc
radi us should not exceed one half of the radius of the nmain cell.

(5) Since tees and wyes are subjected to high local bending stresses at
the connection, strong ductile connections are essential. \Welded connections
do not always neet this requirenent because neither the steel nor the fabrica-
tion procedure is controlled for weldability. Therefore all fabricated tees
wyes, and cross pieces shall utilize riveted connections. In addition, the
piling section from which such connections are fabricated shall have a m ni mum
web thickness of one-half inch.

(6) Only straight web pile sections shall be used for cells as the

hoop-tension forces would tend to straighten arch webs, thus creating high
bendi ng stresses.
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(7) Used piling is often utilized with little regard to the nmanufac-
turer. Because of small differences in interlock configuration and dinen-
sional tolerances, sheets from different manufacturers nay not be conpatible
and nmay not develop the assuned interlock strength. Splices have been nmde
wi thout considering the dinensions of the sheets joined. Splicing two sheets
that do not have exactly the same width can cause a stress concentration in
the narrower sheetWiere previously used piling is enployed, care should be
taken to ensure that the sheets are gaged and will interlock and that the
sheets are conpatible for splicing.

c. Shear Failure Wthin the Cell (Resistance to Tilting). Tilting of
cofferdam cells is resisted by both the vertical and horizontal shear resis-
tance of the soil in the cell, to which the frictional resistance of the steel
sheet piling is addedVertical shear resistance is determned by the theory
devel oped by Terzaghi (item 81). The horizontal shear resistance is deter-
mned by the theory proposed by Cummings (item 19). Both of these nethods of
anal ysis should be used independently to determne the adequacy of the cell to
resist tilting.Additionallytilting resistance of cells founded in over-

burden should be investigated by the theory proposed by Schroeder and Mitl and
(item 66).

(1) Vertical Shear Resistance. Excessive shear on a vertical plane
through the center line of the cell is a possible node of failure by tilting.
For stability, the shearing resistance along this plane, together with the
frictional resistance in the interlocks, nust be equal to or greater than the
shear due to the overturning forces. The frictional resistance in the inter-
| ocks must be included since shear failure cannot occur wthout sinultaneous
slippage in the interlocks. Figure 4-17a shows the assuned stress distribu-
tion on the base due to the net overturning nonent. The total shearing force
on the neutral plane at the center line of the cell is equal to the area of

the triangle. Therefore
Q - (L)(B)(e) - M
2J\2 B2 2B

wher e
Q = total shearing force
M = net overturning nonent

To prevent rupture, the shear resistance on the neutral plane nust be equal to
the shearing force Q on this plane. The shear resistance on the neutral

plane is due to the lateral pressure of the cell fill and is equal to this
pressure tinmes the coefficient of internal friction of the cellhusill.

as illustrated in Figure 4-17b

2
1

Ps =

N ==

2 1
YK(H - H)® + yK(H - H)) H + 5 yKH
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wher e

Ps = total lateral pressure, per unit length of cofferdam due to cel
fill

= unit weight of cell fill above saturation |ine
= submerged unit weight of cell fil

2

kK= —C25 ¢_  empirical coefficient of earth pressure as

2 - cos ¢
suggested by Kryine
¢ = angle of internal friction of cell fil
The total center-line shear resistance per unit |length of cofferdamis
Ss = Ps tan ¢
wher e
Ss = total vertical shear resistance
tan ¢ = coefficient of internal friction of cell fil
The frictional resistance in the sheet pile interlock is equal to the inter-

| ock tension times the coefficient of friction of steel on steel. The resis-
tance against slippage per unit length is therefore

Se = fP;
wher e
Se = frictional resistance against slippage
f = coefficient of friction of steel on steel at the interlock = 0.3
P = resultant interlock pressure (area abc on Figure 4-16)
The total shearing resistance S; along the center line of the cell is then

ST = Ss + SF = Ps tan ¢ + fPT
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Q B/2

Ps

H|

¥ KHj ¥ K(H-Hy)

VERTICAL PLANE ON b.
CENTER LINE OF CELL.

Figure 4-17. Vertical shear resistance,

Terzaghi net hod
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and the FS against tilting by vertical shear is thus

(Ps tan ¢ + fPT)ZB
3M

The foregoing is applicable to cells founded on rock, sand, or stiff clay.
The determination of P; is dependent upon whether the piling is seated on
rock, the presence of a berm or overburden, and the degree of restraint pro-
vided thereby, as discussed previously. In the case of cells on soft to
medium clay, a relatively small overturning nonent will produce an unequa

di stribution of pressure on the base of the fill in the cell causing it to
tilt. The stability of the cell is virtually independent of the strength of
the cell fill since the shear resistance through vertical sections offered by
the cell fill cannot be nobilized w thout overstressing the interlocks.
Therefore, for cells on conpressible soils, the shear resistance of the fil
in the cells is neglected, and the factor of safety against a vertical shear
failure is based on the nmonment resistance nmobilized by interlock friction as

foll ows:
+ 0.25B
PRf( )(L 3. 5013)
wher e
P = pressure difference on the inboard sheeting
R = radius
f = coefficient of interlock friction
B and L = as shown in Figure 4-1

M= net overturning nonent

(2) Horizontal Shear Resistance. The stability of a cell against fail-
ure by tilting is also dependent on the horizontal shear resistance of the

cell fill and on the resisting nmonent due to the frictional resistance of the
pile interlock. This theory, as proposed by Cunmmings (item 19), is based on
the premise that the cell fill will resist lateral distortion of the cel

through the buildup of soil resistance to sliding on horizontal planes. This
resistance will be developed in a triangle forming an angle ¢ to the hori-
zontal as shown in Figure 4-18a. The triangle of soil will be in a passive
pressure state and will be surcharged by the overlying fill. The magnitude of
the resisting force F is

F = yHB tan ¢

wher e
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H=a+c
B =c/tan ¢
t herefore
F = acy + czY

The lateral force F is represented graphically by Figure 4-18b, the area of
this diagram being equal to F. The total nmonent of resistance M about

the base of the cell is
= £ c
M= F1(2) + Fz(:a)

wher e
F1 = acy
_ 2
F2 =c Y
therefore
2 3
M =23cY ey
T 2 3

Interlock friction also provides shear resistance equal to the maxi numinter-
| ock tension tines the coefficient of interlock friction, with the nmaxi num
interlock tension being determined in accordance with the criteria set forth
in paragraph 4-14a. Thus, the resisting moment M against tilting due to
interlock tension is

Mf = PT fB

wher e
P: = area abc as shown in Figure 4-16
B and f = as previously defined
The FS against tilting due to horizontal shear is defined as
Mr + M

f
M
o

FS =

where M, = driving nonment. Excessive tilting results fromthe use of weak

cell fill; therefore, the fill should be well graded and free draining to the
maxi mum extent possible. Further, since the shear resistance of the cell is
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Figure 4-18. Horizontal shear resis-
tance, Cummi ngs nethod
derived fromthe material in the lower portion of the cell, it may be neces-
sary to excavate any weak material encountered in the overburden. Should the
shear resistance of the cell fill material be inadequate to withstand the
external forces, consideration should be given to the use of a bermto assist
in stabilization of the cell. If a bermis used, the resisting noment due to

the effective passive pressure of the berm should be included. Thus, the FS
against tilting due to horizontal shear is
M+ M.+ Pp(Hp/3)

M
¢}

FS =

All variables are as previously defined
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(3) Vertical shear resistance (Schroeder-Mitland nmethod, item 66).
This design approach is a variation of the Terzaghi nethod of vertical shear
resi stance (see paragraph 4-14c(l)). It is particularly applicable to cells
founded on sand or stiff to hard clay. The nain prem ses, as determ ned from
field and laboratory studies, are: the coefficient of lateral earth pressure
K should be taken as 1 as a result of the conpression the cell fill undergoes
during the application of the overturning force; and the height of the cel
over which vertical shear resistance is applied should extend fromthe top of
the sheet piles on the cell center line to the point of fixity for the
enbedded portion of the sheets. Thus, as illustrated in Figure 4-19

ST = % yK(H')z(tan ¢ + £)
wher e
S; = total shearing resistance along the center line of the
cell
K = coefficient of lateral earth pressure = 1.0
H = height of cell over which vertical shear resistance is

applied

v, ¢, and f = as previously defined

The point of fixity and the required depth of enbednent, as deternined by
Mat | ock and Reese (item 58) for laterally |oaded enbedded piles, is 3.1T
and >5T, respectively, where

wher e

m
1

modul us of elasticity of the pile

monent of inertia of the pile

n,= constant of horizontal subgrade reaction

Application of this method has the effect of satisfying the FS requirenent

agai nst vertical shear failure with a smaller dianmeter cell than that required
by the Terzaghi nethod. In installations where seepage resulting froman
unbal anced head is not a critical consideration, i.e., a bulkhead installation
as opposed to a cofferdam the depth of enbedment of the piling should be that
required to provide passive resistance to translational failure rather than

D = 2H 3 as recommended by Terzaghi. Sheet pile cells are flexible struc-
tures with a plane of fixity only a short distance below the dredgeline. In
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b TOP OF QOVERBURDEN
121/ S

H/3 |

o

PLANE OF FIXITY {

VERTICAL PLANE ON CENTER LINE OF CELL

Figure 4-19. Vertical shear resistance Schroeder-
Mai tland nethod (item 66)

deternmning the depth of enbedment, the plane of fixity should be determ ned
by the anal ytical nethods noted previously and the passive resistance avail -
abl e be calculated above this plane.

d. Pullout of Qutboard Sheets. The depth of enbedment of sheet piling
is generally deternined by the need to control seepage by increasing the flow
path. However, the penetration nmust be sufficient to ensure stability with
respect to pullout of the outboard piling due to tilting. The calculated
overturning noments are applied to the sheet piles which are assuned to act as
arigid shell. Resistance to pullout is conputed as the frictional or cohe-
sive forces acting on the enmbedded length of piling. Thus

FS =

O'O
o ie

wher e

Q =ultimate pullout capacity per linear foot of wall

Q, clay = (Ca) (perineter) (embedded |ength D)
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Ca = adhesion
perimeter = interior and exterior surfaces of a |-foot-wide strip,
i.e., 1x2 =2 feet
D = enbedded |ength
Q, granular = (1/2 Ka vye D2 tan §) (perinmeter)

Ka = coefficient of active earth pressure by Coul onb
vye = effective unit weight of underlying soil

tan § = coefficient of friction for steel against underlying soil.
See Table 4-3 for recommended val ues.

Q = average pile reaction due to overturning noment on

PWH“\7 + PaHs - PRHB

3B(1 + B/4L)
are as shown in Figure 4-5.

outboard piling = , Where all variables

Table 4-3
VWall Friction

Steel Sheet Piles Against the Following Soils tan &

O ean gravel, gravel-sand m xtures, well-
graded rock fill with spalls 0. 40

Cean sand, silty sand-gravel mxture,
single size hard rock 0.30

Silty sand, gravel or sand mixed with silt or
clay 0.25

Fine sandy silt, nonplastic silt 0. 20

e. Penetration of Inboard Sheets. The penetration of the sheet piles
on the inboard side nust be sufficient to prevent further penetration. The
FS agai nst sheet pile penetration is defined as the ratio of the shear resis-
tance on both sides of the enbedded portion of the piles on the unloaded side
to the internal downward shear force on the unloaded side as follows:
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fl
=)
~~
A

FS

wher e
F, = Prtan §
pr = area abc as shown in Figure 4-16

coefficient of friction between steel sheet piling and cell fill

,_,.
QD
S
[=2]
1

= net overturning nonent
= enbedded length
Section IV. Design Criteria

4-15. Factors of Safety. The required FS for the various potential failure
modes described in paragraph 4-4 are listed in Table 4-4. As previously
stated in Chapter 1 cofferdans are not classified as tenporary structures, nor
are the | oads inposed upon them generally considered tenporary as far as FS's
are concerned. However, sonme |oading conditions can be classed as tenporary
where failure would not result in loss of life, severe property damage, or

| oss of the navigation pool, e.g., initial dewatering of a cofferdam which
does not maintain a navigation pool.

4-16. Steel Sheet Piling Specifications. Steel for sheet piling should con-
formto the requirements of the follow ng Arerican Society for Testing and
Materials (ASTM standards (item 4):

A328 Steel Sheet Piling

A572 Hi gh-Strength Low Al l oy Col unbi um Vanadi um Steels of Structural
Quality

A690 High-Strength Low Al loy Steel HPiles and Sheet Piling for Use in
Marine Environments

A328 is the basic sheet piling specification and is satisfactory for npst
installations. A572 specifies high-strength sheet piling and is applicable
for use in large dianmeter (>70 feet) cells where high interlock strength is
required. A690 steel sheet piling provides greater corrosion resistance than
other steels and should be considered for use in permanent structures in
corrosive environments. The nechanical properties of the steel sheet pile
grades are shown in Table 4-5. Cold-formed steel sheet piling is also
available. Presently, there is no ASTM specification covering this piling.
Al'though this piling has limted applicability, it may be used subject to the
approval of Headquarters, US Arny Corps of Engineers (CEEC-ED). An extruded
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Table 4-4
Design Criteria--Factors of Safety
Required Factor of Safety
Loadi ng Condition
Fail ure Mbde Nor nal Tenpor ary Sei snic

Sli di ng 1.5 1.5 1.3
Overturning (gravity block)"? I nside Kern I nside Kern I nsi de Base
Rotation (Hansen)? 1.5 1.25 1.1
Deep seated sliding 1.5 1.5 1.3
Bearing capacity

Sand 2.0 2.0 1.3

d ay 3.0 3.0 1.5
Seepage contro
Interlock tension® 2.0 1.5 1.3
Vertical shear resistance

(Terzaghi) 1.5 1.25 1.1
Hori zontal shear resistance

(Cunmi ngs) 1.5 1.25 1.1
Vertical shear resistance

(Schr oeder - Mai t | and) 2 1.5 1.25 1.1
Pul | out of outboard sheets? 1.5 1.25 1.1
Penetration of inboard?

sheet s 1.5 1.25 1.1

Not es

1. These FS s/criteria are for cofferdams only. Refer to the appropriate
engi neer manual for the required FS for other installations or
applications.

2. Design should not be based on these nodes of failure, but rather these
anal yses should be enployed as sensitivity checks only.

3. The FS against interlock tension failure should be applied to the inter-
| ock strength val ue guaranteed by the manufacturer for the particular
grade of steel. The guaranteed value for used piling should be reduced as
necessary depending upon the condition of the piling
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Table 4-5
Mechani cal Properties
M nimum Yield M ni num Tensile I nterlock

ASTM Grade Poi nt, psi Strength, psi Strength, pli.'
A328 38, 500 70, 000 16, 000
A572(G. 50) 50, 000 65, 000 28, 000
A690 50, 000 70, 000 28, 000

Not e

1. As guaranteed by the manufacturer.
wye, using A572, Grade 50 steel, is available on a linmted basis. These wyes

have a small cross section and are extrenely flexible, thus creating handling
and driving difficulties. As a result of this characteristic, together with
their limted availability, the use of extruded wyes is not reconmended.

4-17. Corrosion Mtigation. Pernmanent sheet pile structures |ocated in pol-

| uted, brackish, or salt water should be protected against corrosion. A690
steel sheet piling, which offers greater corrosion resistance than A328 pil -
ing, should be considered for corrosive environnents. A328 steel sheet piling
with a protective coating in the splash zone, such as a coal -tar epoxy, should
al so be considered. For naxinum protection, coatings can be applied to A690

piling.

Section V. Finite Element Method (FEM for Analysis and Design

4-18. Background. The application of FEM analysis to date has been to de-
velop its state of the art to the point where it can be used to refine exist-

i ng design techniques and to anal yze potential failure nbdes which cannot be
checked by other nmethods. All studies so far have been made by researchers or
engi neers who are extrenely famliar with the FEM techni ques using specialized
FEM prograns for soil and structure nodeling. The FEM analysis does not yet
lend itself to application by typical design engineers working with currently
avai |l able general-use prograns. Due to FEMtechniques currently being used
for research applications, the information provided by this section will be
limted to a review of available literature and nethods used for analysis.
Relatively little has been published concerning finite el ement anal yses of
cellular cofferdam structures. Kittisatra (item42) was one of the first to
apply FEM to cellular cofferdanms by using a linear elastic axisymetric nodel.
Cl ough and Hansen (item 18) were the first to utilize FEM soil-structure
interaction techniques in the analyses of cellular cofferdans. They devel oped
a vertical slice nmodel which was used to analyze the US Arny Corps of Engi-
neers Wllow Island Cofferdam Later, Dr. Cough used this mdel along with
two others, axisymetric and horizontal slice mdels, to analyze the US Arny
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Corps of Engineers Lock and Dam No. 26 (Replacenent) for Shannon and WIson
Inc. (item 69)

4-19. Finite Element Cofferdam Mdels. Due to the difficulty of early inves-
tigations to define exactly the forces involved with interaction between sheet
piles, soils, and the foundation, enpirical methods for design of cellular

cof ferdans have been adopted over the years. Recent studies of the finite

el ement nmethod have shown that two dinmensional mobdels of a circular cell cof-
ferdam can, with a few basic assunptions, fairly accurately determne interac-
tive forces between cell elenents. A finite element program nust contain four
special capabilities: nonlinear stress-strain material behavior, slip ele-
ments, construction simulation, and orthotropic shell response. Soils are
known to have a conplex stress-strain response. The stress-strain behavior of
a sand is characterized by a famly of nonlinear curves in |oading and a
second fam |y of essentially linear responses in unloading-rel oadi ng which
depends upon the confining stress level. Currently only one set of variations
of the finite elenent program "Soil-Struct," developed by Dr. Wayne d ough,
contains all of the special capabilities needed for soil-cofferdaminteraction
nodeling. This programis described in item 69. Three types of finite ele-
ment nodels have been perforned on cellular cofferdans as described bel ow

a. Vertical Slice Analysis. The first and nost common nodel is a "Ver-
tical Slice" analysis through the center of a circular cell fromupstreamto
downstream side. This nodel has been used with good results by Dr. C ough for
Shannon and Wlson, Inc. to sinmulate analysis of all stages and construction
for cells resting on soil. A vertical slice nodel was also used in the report
on Wl low Island Cofferdam by C ough and Hansen (item 18), in which cells
founded on rock with an underlying soft clay seam are analyzed. Figures 4-20
and 4-21 show this particular finite element nodel

b. Axisymmetric Cell Analysis. The second nodel type is a vertica
slice cut through the cell from center line out called an "Axisymetric
Model ," shown in Figures 4-22 and 4-23. This analysis technique conputes
stresses and deflections of the sheet piling, cell fill, and foundation during
cell filling. This nodel is not useful for other construction steps due to
the assunption of axisymetric |oading. Axisynmmetric Mdel Analysis is used
by Dr. dough for Shannon and Wlson, Inc. in their analysis of the Lock and
Dam 26 (Replacenment). Both this and the vertical slice types of mbdels are
anal yzed with interface slip elements between sheets and cell fill, and on any
planes in the foundation where slippage could occur.

c. Horizontal Slice Analysis. The third analysis model, Figures 4-24
and 4-25, is a "Horizontal Slice" including from center-line main cell to
center line of arc cell and from outernost edge to center line of cofferdam
This horizontal slice nodel may be used at nmany different elevations in the
cell to obtain a better analysis of interlock tension and sheet pile stresses.
Since a symetrical loading is assumed on the structure, this analysis tech-
nique can only be used for analyzing forces due to cell filling
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Figure 4-20. Schematic draw ng, vertical slice nodel
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Figure 4-22. Schematic drawi ng, axisymetric nodel

4-59



EM 1110-2-2503
29 Sept 89

SUTTTTI TI®O ufew JO S3aSATeuUR OTIJoWWASTXE 10J YSoW JUIWITD IITFUTI

¢

)

*gZ-% 2In3yj

L 4 £
11
| - I
— f
—tf
—_—t} i
- — It
—4———]—1}¢

-

S1UDWI ] ddeysdIu| T Mwu 1T
- —1f
- —tf

T
“I—t—]—{—
-
3(1d 10y — ¢
— ¥
¢
-4 i

113)
¥vInJjyt )
d

4-60



EM 1110-2-2503

89

29 Sept

Topow 20TTS T[eE3IUOZFIOY

p_r._.w.. .;_r.w:,:w.

~~ As13umkg jo sauyy) ——

V-V NOILD3S
321715 INOZ 1 yOH

ey 112y~

‘BurmBIp OF3JBWAYDS ‘47— 9an8T4g

v oo

~

WYA¥34403 AINTIVLISNI

=

L Y

.

1t 12




89

EM 1110-2-2503
29 Sept

SuTTTTJ TT2° JO STSATeue 2OT[s TBIUOZTIOY I0F YSOW JUSWITI 9IFUTY "GZ-y 2IN3L4

2 4_« & 1 —F A\EA
/ SN RSN S —
—pt
VL
w AW
q WA ML
3
RC
¥ Z T
" fs. EANEE 1
¥ $2114 193y$
M Ltep uowwo)
o S
S L <o o TR .
| 3

4-62



EM 1110-2-2503
29 Sept 89

d. General Mbdeling Techniques. Best results have been achieved on the
three nodel s by assuming the cell acts as an orthotropic shell by reducing the
stiffness of sheet piles in the radial and circular directions during cel

filling and acts as an isotropic material for all future construction steps.
This is acconplished by reducing the nmodulus of elasticity in these direc-
tions. It is inportant for the analysis technique to breakdown the analysis

into a series of increnental construction steps to allow deflections, settle-
ment, and stresses to uniformy increase in the cell and foundation. Sinula-
tion of the actual sequence of loading is inportant because the stress-strain
response of soil is nonlinear and stress-path dependent. Al three node
types are used in the Shannon and WIson report.

4-20. Estimates of Cell Defornmmations.

a. Cell Buldging During Filling. During filling, the cell walls de-
flect outward as the fill pressures increase. This deflection in the radia
direction, resisted by the sheet pile structure and foundation, causes the
cell to forman area of maxi num deflection and maxi muminterlock tension in
the lower one third of the height above dredge line. This process of radia
deflection transforns the cellular structure froma |oosely pinned set of
sheets into a structure nore closely resenbling a rigid cylinder. Because the
cell is not arigidcylinder the finite element npbdel assumes that the sheet
piles act orthotropically with less stiffness in the radial and circunferen-
tial directions than in the vertical. Three factors, other than stress-strain
defl ections, in the sheet piles support this assunption and contribute to
hi gher deformations. First, interlocks are not perfect pins and gaps formin
connections, The slack produced by gaps is taken up when pressure is applied
to the inside of the cell by filling. Second, the interlocks provide a very
smal| bearing area to transmt radial and circunferential forces from sheet
pile to sheet pile. This allows for a small ampbunt of rotation and |oca
yielding in the interlocks. Third, due to the slack in the interlock it is
possi ble for misalignnent to occur during driving and, consequently, the cells
have an irregular shape. The cells will tend to realign to a nore perfect

cylindrical shape during filling. To account for these deformations, the
assunption of the cell's acting as an orthotropic cylinder is made by reducing
the nodulus of elasticity, horizontally and not vertically. In the Shannon

and Wlson studies (item69) at Lock and Dam 26 (Repl acenment), three different
rati os of horizontal-to-vertical nodulus were used in FEM solutions. These
ratios were 1.0, 0.1, and 0.03. The E-ratio of 0.03 yielded results very
close to actual field instrumentation. Vertical slice and axisymetric nodels
should be used for analyzing deflections during cell filling,

b. Deflections Produced by Berm Placenent. Deflections of the filled
cell during berm placenent are nornmally small. Analysis of deformations for
this stage can only be done using the vertical slice nodel and should be
anal yzed using uniform stages of berm construction. Previous FEM solutions in
Lock and Dam 26(R) have shown slight deflections toward the outboard side of
the cell of approximately 1 inch at the top. Soil stresses also increase on
both sides of the sheet pile at the bermlocation and in the foundation soils
under berm  Foundation pressure increases on the outside of the outboard side
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of the cofferdam indicate the filled cell is now acting as a unit and trans-
ferring inboard pressures through the circular cell to the outboard
foundati on.

¢c. Cofferdam Unwatering and Exterior Flood. Deflections and soil pres-
sures resulting from cofferdam unwatering and exterior flood conditions are
simlar and, thus, are discussed together. Modeling of both conditions should
be done by using a vertical slice nodel analysis and increnmental |oad steps as
the water |evel changes to allow for nonlinear soil deformations to take ef-
fect. Loads caused by seepage under the cofferdam should al so be included
using a flow net or uplift type analysis. From FEM nodeling it can be seen
that the cofferdam deforns by rotating and causing sliding forces toward the
inboard side. These deformations increase the soil pressures in the cell fil
and foundation directly under cell. Noted are higher soil pressures in the
exterior foundation of the inboard side and in the bermdue to passive soi
resistance. Deflections of top of cell and high soil pressures in bermduring
exterior flooding indicate from previous analysis that the cell is nmoving as a
unit with a tendency toward rotation for high exterior water levels. These
nodel techniques are used in Lock and Dam 26(R) and WI | ow Island Cof f erdam
where, in addition to flood conditions, it was necessary to analyze an extra
filling and unwatering of the cofferdam

d. Construction Excavation. From previous analysis nodels, construc-
tion excavation has not been shown to cause significant cofferdam defornations
except in the case of a cofferdamover a potential slip plane where excavation
woul d reduce passive resistance to planar sliding. The potential slip plane
shoul d be nodel ed using frictional slip elenents as shown by Cl ough and Hansen
on the Wllow Island Cofferdam study (item 18)

4-21.  Structural Continuity Between Cells and Arcs. Cell and arc interaction
can be analyzed by using a horizontal slice nodel and plane strain fill ele-
ments due to the perpendicular fill loading. A separate nodel analysis nust
be nade at each elevation for which results are needed to obtain |oads. Bar
elements are used to represent sheet pile walls, with orthotropic nateria
properties discussed earlier as bar properties. The Y-sheet pile connection
between cell and arc shoul d be nodel ed using exact piling widths as |engths of
bar elenents with pins at ends and at the Y-connection to nobre correctly
simulate forces in the Y-connection. The sinulation of construction steps for
the horizontal nodel is |oaded using results of the axisymmetrical nodel

This is due to the two-dinmensional nmodel's inability to account for arching in
the cell and support provided by foundation passive resistance. Al so, because
of the nodel‘s inability to account for cell arching, fill stresses for each
construction step must be obtained from the axisynmetrical analysis. Results
for interlock tension and horizontal deflection that show close correlation to
field instrunentation have cone fromthis type of analysis. The horizonta
model can only be used to analyze the symretrical condition of cell filling
Only one study (item69) of this type of analysis has been nmade to date, the
Shannon and WIlson, Inc., Lock and Dam 26 (Replacenent)
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4-22. Structure--Foundation Interaction.

a. Foundation Stress at Cofferdam Base. Interaction between structure
and foundation is nobdeled using a vertical slice analysis with a nodel cut
wi de enough and deep enough for foundation stresses to distribute evenly into
foundation. The nodel should al so include any planes of weakness in the foun-
dation near the cofferdam FEM analysis to date has shown foundation stresses
are caused by two types of cofferdam action. First, due to filling of the
cell, the sheet piles deflect outward and cause a buildup of passive resis-
tance pressure in the foundation outside of the sheet piling. Vertical pres-
sures in the foundation under the cell fill increase as a result of fil
hei ght above foundation. Second, after filling of the cell is conpleted, the
cof ferdam acts agai nst horizontal forces as a nonolithic cylinder resisting
sliding by shear and passive pressures in the soil and overturning by the
masses' resistance to tipping nonent. The cell gains additional resistance to
both sliding and overturning by the sheet pile's depth and, thus, interaction
with the foundation

b. Investigation of Foundation Problems. Investigation of foundation
problems is one inportant advantage of FEM analysis. In cofferdam nodeling,
an el enent known as a planar frictional slip element can be used between el e-
ments to nodel a natural slippage plane between materials. These elenents
al low a buildup of shear stresses on the plane, and at an ultimte stress the
two sides of the slip plane are allowed to slide in relation to each other.
This action allows the adjacent el enent nodes to separate at the plane under a
constant frictional resistance. These elenents also have properties that will
allow the two sides of the slip plane to pull apart, transverse to the plane
when placed in tension. Possible causes of foundation problens such as cof -
ferdam dewatering, exterior flood, and interior excavation are failure |oad
cases which should be investigated. A detailed description of use of this
slip element is given in the Cough and Hansen study at Wl Il ow I sl and
Cof f er dam

4-23. Fill Interaction Between Cells and Arc. Interaction of the main cel
fill and arc cell fill has not currently been nodel ed due to cylindrica
structure assunptions used in the vertical slice and axismetric nodels. In
the horizontal slice nodel the fill was assumed to be placed sinultaneously in
the main cell and arc which does not nodel the true sequence of construction.
More research is needed in this area and would be nore applicable for nodeling
with a three-dinensional soil-structure FEM analysis.

4-24.  Special Cofferdam Configurations.

a. GCoverleaf Cells. doverleaf cofferdamcells at WIllow Island were
model ed in the Clough and Hansen study. The results of this analysis showed
inconsistent patterns of deflection and indicated more research is needed
Part of the problemwi th nodeling cloverleaf cells in two dinmensions is accu-
rately accessing the stiffness provided to the cell by center cross-walls.
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b. Diaphram Cells. Past literature shows no attenpts to analyze
di aphram cells or other cell configurations by the FEM anal ysis. Devel opnent
of a three-dinmensional soil-structure finite elenent programw th all of the
necessary capabilities will enable nodelers to nore accurately anal yze forces
present in any special configuration of cell.

4-25. Research and Mdeling Developnents. Currently, research is being con-
ducted by US Army Engi neer \Waterways Experinent Station (WES), Information
Technol ogy Laboratory (ITL), fornerly Automation Technology Center (ATC), to
develop a Corps of Engineers three-dinensional, soil-structure finite elenent
program Wth all of the capabilities necessary to nodel cellular cofferdans,
the program will be tested on the Lock and Dam 26 (Replacenent) cofferdam
since it is the nost extensively instrumented cofferdam of current practice.
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CHAPTER 5
ENG NEER CONSI DERATI ONS PERTAI NI NG TO CONSTRUCTI ON
5-1.  Ceneral. The safety and performance of sheet pile cellular structures

are very sensitive to site conditions and construction practices. This is
particularly true for cellular cofferdans since nmany failures have been
attributed to site conditions or construction practices, the effects of which
were not properly taken into account in the design. Geat care nmust be taken
to ensure that the effects resulting fromall potential construction and in-
service site conditions, and construction techniques, are properly antici-
pated, considered, and accounted for in the design. In addition, construction
progress nust be closely nonitored by design personnel in order to evaluate or
verify design assunptions and to recognize any changed conditions which nm ght
require a design nodification.

5-2. Fai | ures.

a. Failure Modes. The primary reported causes of cofferdamfailures
are:

(1) Structural

(a) Fabricated Tees and Wes. Nunerous failures have invol ved wel ded
connector piles. Such failures in welded tees nornally occurred in the web of
the main sheet pile, the web often rupturing on both sides of the tee stem and
separating the tee into three pieces. Wakness in these tee menbers is at-
tributed to inproper welding of steel with a high carbon content and | am na-
tions in the steel sheet piles used in fabricating the tees.

(b) Sheets and Interlocks. Interlock failure has resulted primarily
fromhard driving through dense or excessively deep overburden, overburden
containing boulders, or fromattenpting to drive sheets of the connecting arcs
past distortions in previously filled main cells. Splicing new and used sheet
piling of different manufacturers has resulted in unpredictably high localized
stresses in the interlocks and in the webs of sheets with resulting failure.

(2) Environnmental Conditions. Scour and other effects of river currents
have contributed to a nunber of cofferdam failures. Were the overburden is
susceptible to erosion, scour due to high velocity flow is a serious problem
By renoving the | ateral support provided by the overburden interlock, stresses
have increased. \Were driving through the overburden was difficult, sone
sheets have not penetrated to rock or have been driven out of interlock. Con-

tinued scour exposed these deficiencies and resulted in loss of cell fill and
subsequent failure. Hi gh water has contributed to several failures by raising
the level of saturation in the cell fill thus increasing interlock stresses

(3) Stability.

(a) Soil Mechanics. Cofferdams built in accordance with current design
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practice have generally proved adequate as far as the soil mechanics aspects
of the design are concerned. However, there is the exception of piping fail-
ures at cofferdam cells tying into existing structures or into high ground

In these cases, failures have resulted fromloss of cell fill due to piping
caused by inadequate provision for seepage control

(b) Foundations. A few cofferdam failures have occurred because of
foundation failure well below the base of the cells. This node of failure has
been precipitated by faults, slip planes, or high uplift pressures not recog-
nized as problens during design. Also, foundation failure has occurred be-
cause of excavations |located too near the cofferdamcells which allowed stress
relief and relaxation of the rock

(4) Saturation of Cell Fill. Saturation of the cell fill is associated
with many failures. The pressure of the water when added to the lateral pres-
sure of the cell fill increases the interlock stresses. The saturation of the
fill in the connecting arc is a particularly potent danger because of the nmag-
nitude of the tension that can be created on the outstanding |eg of a connec-
tor. It should be noted that saturation can be caused by neans other than the
common | eakage through the interlocks, holes, splices, and filling by the hy-

draulic dredge nethod. Waves splashing over the top of the cells, |eakage
or breaks in the discharge lines of unwatering punps over the cells can
qui ckly cause saturation of the fill.

(5) Construction Practices. A nunber of failures have occurred during
construction of cofferdans which may have been attributable, in part, to con-
struction practices. Unless the sheet piling is driven in overburden, the

|ateral stability of the cell is largely dependent on the support furnished by
the tenplate until fill is placed in the cell. If this support is inadequate
or the filling operations inpose severe |oads on the sheet piles, |ocal dis-

tortion or collapse may occur. The practice of driving sheet piles in pairs
may be detrimental if the bedrock is uneven. Wndows or split interlocks can
occur with possible loss of cell fill and subsequent failure. Therefore, when
piles are driven in pairs, the sheets should be seated in rock individually.

b.  Concl usi ons. Based on available information, as sunmarized above
the follow ng conclusions can be drawn:

(1) Current soil mechanics design practices are adequate to produce a
stable cell. Analytical nethods for investigating foundation stability also
appear to be satisfactory. Reported failures due to foundation failure have
generally resulted froma failure to recognize potential failure planes or
when recogni zed, failure to assign realistic strengths to such pl anes.

(2) Saturation of the cell fill is present in a large nunber of coffer-
dam failures

(3) Structural failure of 90-degree wel ded tees has been the npst
preval ent cause of cofferdam failure.
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(4) Scour due to high velocity flowis a common cause of cofferdam
failure.

5-3. Recommended Practices. The following recomendations regarding design,
construction, and maintenance of cellular sheet pile cofferdans have al ready

been discussed in preceding chapters. However, their inportance should again
be stressed

a. Analyses should evaluate the effect of full saturation of the cel
fill unless positive neasures are taken to control the saturation |eve
throughout the life of the cofferdam

b. Wl ded connector piles have not proven satisfactory in the past and
shall no longer be used. Riveted or bolted connections with mnimm 1/2-inch
thick webs shall be required

c. We connectors are preferable to tees. The tension in the outstand-
ing leg of the connector is less for a we since the load is applied nore
nearly tangent, rather than at right angles, as is the case with a tee

d. Pull on the outstanding |eg of connector piles should be linted by
keeping the radius of the connecting arc as snall as possible. The arc radius
shoul d not exceed one half of the radius of the main cell.

e. Wiere there is used piling in a cofferdam care should be taken to
nmake sure the sheets are gaged and will interlock properly. Special care
shoul d be taken in splicing used sheets to make sure the spliced sheets are
conpati bl e.

f. Al handling holes in the sheet piling on the |oaded side of the
cof ferdam should be plugged. This is necessary to prevent an objectionable
amount of water from entering the cell or loss of cell fill.

g. Sheet piling should not be driven through overburden containing
boul ders. Extrenely dense overburden shoul d be excavated to a depth such that
it can be penetrated without damaging the piling. Although dependent on the
nature of the overburden, 30 feet is generally accepted as a maxi mumdepth to
drive through overburden.

h. Wen driving is difficult, jetting may be used to facilitate driving.
However, this technique should be used with caution since there is a danger
that the sheet piles will followthe jetted hole and will split out the
i nterlock.

i. If it is not possible nor practical to fully penetrate the over-

burden with the sheet piles and if scour by river flowis a possibility, the
overburden should be protected against scour.
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j.  Setting sheet piling on bare rock should be avoided wherever possible
since support from the overburden is beneficial in helping maintain the
desired cell configuration.

k. Each run of piling shall be driven to grade progressively fromthe
start, so that the bottomend of any pile shall not |ead the adjacent pile by
more than 5 feet. This requirement will reduce the chances of splitting the
i nterlocks.

|. The direction of the pile hammer advance should be reversed after
each pass in order to ensure that the piles are driven plunb.

m  Connecting arcs should be driven and filled after the adjacent main
cells have been driven and filled. However, at least the first two sheets of
the connecting arc adjacent to the main cells should be driven prior to
filling the main cells; otherwise, barrelling of the nain cells would nake
driving of the arcs extrenmely difficult.

n. Diver inspection of the interlocks, after filling of the cells
should be required.

0. Wierever cells and fill are placed against sloped or stepped faces
of existing concrete, care should be taken to seal the contact between the
sheet piles and concrete to prevent infiltration of water which could saturate
the fill or cause piping.

p. The cofferdamcells should be |located a sufficient distance from open
excavations to protect them from any instability of the excavated faces.
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CHAPTER 6
DEWATERI NG AND PRESSURE RELI| EF

6-1. Purpose of Design. A cellular cofferdamis a tenporary structure con-
structed in a river, lake, etc., to exclude water from an encl osed area
(item53). This allows the interior of the cofferdamto be dewatered and the
permanent structure to be constructed in the dry. Usually cofferdans nust
withstand large differential heads of water; therefore, it is inperative that
surface water and seepage be controlled, artesian pressure be relieved, and
energency facilities to prevent overtopping be made a part of the cofferdamto
ensure a stable and conpetent structure.

6-2. Dewatering and Pressure Relief. Dewatering of a cofferdam can be ac-
conplished in tw phases. The first phase is initial dewatering (or punp
down) to renove water fromthe interior of the cofferdam The second phase is
foundation dewatering to | ower (or draw down) the ground water, to ensure a
dry and stable construction area. The size and type of the dewatering system
depends on the size of the cofferdamed area to be dewatered, total quantity
of water to be punped, geological conditions, and soil characteristics. Ac-
cording to TM5-818-5 (item 1), a properly designed, installed, and operated
dewatering and pressure relief systemcan greatly facilitate construction in
the cofferdanmed area by: intercepting seepage that would otherw se energe
fromthe slopes or bottom of the excavation; increasing the stability of the
sl opes and preventing the loss of material fromthe slopes or bottom of the
excavation; reducing lateral |oads on cofferdans; and inproving the excavation

and backfill characteristics of sandy soils.
a. Initial Dewatering. The maximumrate of dewatering is controlled by
the stability of the inside |and bank, by cell drainage, and by cell interlock

st resses. CGenerally, the first 15 feet are dewatered without restrictions so
that differential pressure can be devel oped quickly to close the interlocks
tightly. Thereafter, the rate for dewatering is 5 feet per day, which is nor-
mal for large cofferdans (itens 56 and 76). Drainage of the cells and con-
necting arcs nmust closely follow the dewatering of the cofferdamed area, and
shoul d cell drainage lag, the dewatering rate should be slowed down. For
"clean" cell fill, weep holes should be burned in the inboard sheet pile of

all cell and connecting arcs during dewatering. Current practice is to burn

| -inch-dianeter weep holes at about 5- to 6-1/2-foot centers vertically on
every third to sixth sheet pile down to the top of the bermor to the inside
ground surface if no bermis used (item 12). Throughout dewatering opera-
tions, the weep holes should be systematically rodded to naintain cell drain-
age. For nmarginal or "dirty" cell fill, weep holes by thenselves nay be
insufficient to drain the cells; therefore, well points or deep wells should
be installed in the cells to ensure adequate drai nage and to increase cel
rigidity (item 52). Cccasionally, cell drainage is inpeded by tremendous in-
flows through the interlocks on the outboard side of the cofferdam Dropping
clay, slag, cinders, or coal dust around the outside of the cofferdamto plug
openings in the interlocks will rectify this condition (item 38). The need to
keep the cells and connecting arcs free-drai ning cannot be overstated for the
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reason cited in paragraph 5-2a4. As the cofferdammed area is dewatered the
sheet pile should be exam ned for damage. |If split sheets or separated inter-
| ocks are reveal ed, dewatering nust be stopped, according to Patterson

(item 56). Should the damage extend for some distance, it may be necessary to

reflood the cofferdam excavate the fill fromthe questionable cell, and re-
place the damaged piling. |f the damage is not extensive, straps should be
wel ded across the split a short distance above the top of the split. Strapping

should be carried closely along as the dewatering is continued. Dewatering of
the cofferdammed area dictates that maximum punping capacity be provided

Pl enty of reserve punping capacity should al so be available in case of ne-
chani cal breakdowns. The punps should be placed as near the water |evel as
possi bl e because the punps will push water nore efficiently than they wll

pull it, as explained in item 38

b. Foundation Dewatering. After conpletion of the initial dewatering
phase, the ground water in the foundation must be controlled throughout con-
struction of the permanent structure. The ground water must be drawn down so
that a dry and stable construction area is provided. The prinary sources of
ground water are seepage through and underneath the cells and surface water
which percolates into the ground before it can be collected and punped out
The quantity of seepage can be estinated using those nethods discussed in
paragraph 4-9ad4e. The nobst commonly used dewatering method for soils that can
be drained by gravity flow is the conventional wellpoint system It is
l[imted to about 15 feet of drawdown per stage; however, nmultiple stages may
be used. This systemis nobst practical for |arge excavations in the cofferdam
basin where the depth of excavation does not exceed 30 to 40 feet. For large
excavations deeper than 40 feet or where artesian pressure in a deep aquifer
nmust be relieved (discussed in paragraph 6-2c) deep wells with turbine or sub-
mersi bl e pumps should be used. Deep wells can be installed around the periph-
ery of the excavation, thus leaving the construction area free of dewatering
equi pment.  For nore detailed information concerning dewatering nmethods and
equi prent refer to item 1.

C. Pressure Relief. Artesian pressures fromunderlying aquifers which
endanger the stability of the cofferdam and berns or excavation in the inte-
rior of the cofferdam nust be relieved. Depending on the piezonetric |evel
pressure reduction in the aquifer may be required before dewatering of the
cofferdam (item 72). Conplete relief of artesian pressures to a |level bel ow
the bottom of the excavation is not always required depending on the thick-
ness, unifornity, and perneability of the materials. Artesian pressure can be
relieved by deep wells or wellpoints as previously discussed in 6-2b. The
penetration of the wells or wellpoints should be no nore than that required to
achieve the drawdown required to nminimze artesian flows. The formulas for
artesian flow presented in Appendix IV of TM 5-818-5 (item 1) should be used
to design or evaluate the pressure relief system Because of the critica
nature of pressure relief and the rapid rate at which an aquifer would recover
if punping were interrupted, backup systens should be provided. The system
shoul d be designed for a capacity approximtely 50 percent greater than that
expected to be required. For nore detailed information concerning design of
relief wells, refer to EN 1110-2-1905
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6-3. Surface Water Control. A well-designed dewatering and pressure relief
system nust include provisions for collecting and punping surface water so
that dewatering punps cannot be flooded. Surface water, which includes rain-
water, inflow through the interlocks, drainage through the weep hol es, and
seepage which energes fromthe surfaces of bermand excavation slopes, nay be
controlled with ditches, French drains, or sunps. The area enclosed by the
cof f erdam shoul d be sloped to drain toward one or nore centrally |ocated sunps
where the surface water is collected and punped out. In addition, ditches or
French drains should ring the perineter of the cofferdanmmed area to divert

i nflow through the interlocks and drainage through the weep holes to the

sunps. The nunber and size of the ditches, French drains, and sunps depend on
the size of the cofferdammed area, characteristic of the soil, rainfall fre-
quency and intensity, and the estimated inflow and drai nage through the inter-
| ocks and weep holes, respectively. The estimated inflow through the inter-

| ock should be assuned to equal at |east 0.025 gallons per mnute per square
foot of wall per foot of net head across the wall for installations in noder-
ately to highly pernmeable soil (item 86).

6-4. Emergency Flooding. Large cellular cofferdams in areas where they may
be overtopped should be constructed with sluiceways, floodgates, or both to
control floodwaters (item 78). Flooding of the interior of the cofferdam by
al l owi ng uncontrolled floodwaters to overtop the cells may cause serious
danmage to the cofferdam by washing material fromthe cells or by eroding the
berm not to mention the damage to the permanent structure under construction.
Frequently the cells are capped with 6 to 12 inches of |ean concrete to pre-

vent the washing out and saturation of cell fill. Enough floodgates should be
provided so that, the cofferdanmed area can be flooded at |east two-thirds
full within 4 to 6 hours, or before any cell is overtopped, if the cofferdam

is in inmnent danger of being overtopped (item 77). The size and nunber of
fl oodgat es depend on the size of the cofferdamred area to be flooded and the
anticipated rate of rise of the river.

a. Construction of a floodgate is best done by using a connecting arc
area between two circular cells at the downstream end of the cofferdam  The
connecting arc sheet piles should be burned off near normal pool, and the area
shoul d be capped with 18 to 24 inches of reinforced concrete. A recess should
be forned in the concrete cap to support the bottomof a tinber or steel bul k-
head. The area adjacent to the connecting arc should be sloped and protected
with stone to prevent scouring as floodwaters enter the interior of the
cof f erdam

b. Flood-stage predictions nmust be carefully nmonitored as a basis for
determi ni ng when equi pnment shoul d be evacuated fromthe cofferdamed area, and
the floodgates should be opened to prevent overtopping, |If serious inflows
through the interlocks occur due to the flood stage, it nmay becone necessary
to flood the cofferdamed area to equalize pressures and prevent serious dam
age to the cofferdam even though predictions do not anticipate that the cof-
ferdam will be overtopped by floodwaters. Floodgates and sl uiceways are al so
used for flooding the interior of the cofferdam upon conpletion of the con-
struction and just prior to the removal of the cofferdam
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CHAPTER 7
[ NSTRUMENTATI ON

7-1. Systematic Monitoring. Planning the monitoring program should be
approached systematically. Ideally, the planning process begins with a
definition of objectives and ends with actions dictated by an eval uation of
the data. A hasty and unplanned approach is likely to onit consideration of
many pertinent factors. The planning process should include appropriate steps
as outlined below. Onmission or inadequate consideration of these key planning
steps will guarantee a high probability of failure and vice versa

7-2.  Proper Planning. A check list for planning will include the follow ng
steps (item 28)

a. Definition of Project Conditions. This will entail an understanding
of the type, function, and duration of the structures, subsurface stratigraphy
and engineering properties, ground-water conditions, status of nearby struc-
tures or other facilities, environnmental conditions, construction nethods
scheduling, and funding.

b. Purpose of Instrunentation. Details are discussed in paragraph 7-3

c. Selecting Variables to Mnitor. The variables selected for nonitor-
ing will depend on the project conditions and the purpose of the instrunenta-
tion. These may include water levels in the fill and stabilizing berm pore
pressure in the foundation, earth pressure in the soil mass and at the soil -
structure contact, surface and subsurface horizontal deformation within the
foundation, the fill, and along a sheet pile nenmber, strain in the sheet pile,
and load in anchors and tiebacks.

d. Predicting Behavior. This step helps to establish the range and
accuracy or precision of the instruments. It also helps to determne where
instruments should be |ocated, Predi cti on of behavior also establishes a
nunerical value of deviation fromanticipated performance at which sone action
must be taken to prevent failure, protect property and human life, or alter
construction procedures.

e. Responsibility. It nust be decided who will be responsible for
procurenent, calibration, installation, nonitoring, and naintenance of the
instrumentation system The data nust be pronptly processed and eval uated by
responsible individuals. It nust also be decided who will react to the data
and who has overall responsibility.

f. Selection of Instrunents. The nost desirable feature to be con-
sidered in selecting an instrument is reliability. It should be the sinplest
instrument that will get the job done, be durable to wthstand the ambient
environnent, and not be very sensitive to clinatic and ot her extraneous con-
ditions. Qher factors to be considered are cost, skills required to process
the data, interference to construction, instrunent calibration, special access

7-1



EM 1110-2-2503
29 Sept 89

while nonitoring, accuracy, and the range of predicted responses conpared with
the range of the instrument.

g. Instrument Layout. A few selected critical zones should be instru-
mented fully; whereas, other locations may be equi pped with fewer and |ess
expensive instruments. The layout should facilitate obtaining appropriate
infornmation during each critical stage and be flexible enough such that
changes can be made should there be nmalfunctions and as new i nformation
becomes avail abl e.

h. Preparation of Plans and Specifications. A general plan and appro-
priate sections and details should be devel oped which clearly show the | oca-
tions, quantity, and installation details of each instrument. The specifi-
cations should specify who has responsibility for each activity (e.g.,
procurenent, installation, calibration, maintenance, data collection, and
eval uation) and give special instructions pertaining to each. The nethod of
paynent should be spelled out, overall responsibility designated, and author-
ity to make changes specified. These two docunents nust be consistent and
conplete to avoid ambiguity and subsequent clains by the contractor.

i. Processing and Evaluating Data. This step includes preparing data
sheets; establishing monitoring schedules; setting requirenents for collecting

and transnmitting data; data reduction, analysis, and interpretation; and data
eval uati on.

j. Oher Considerations. Determining factors that may influence nea-
sured data, planning to ensure reading correctness, listing specific purpose

for each instrument, and acquainting new personnel with the system nmust be
st udi ed.

7-3.  Purpose of Instrunentation.

a. The purpose of the monitoring program nust be known, understood, and
accepted by all pertinent parties to ensure success. Mich tinme, energy, and
noney can be saved if the purpose is derived early in the process. Under-
standi ng the purpose helps to direct available resources toward specific
activities, and extraneous efforts are essentially elininated

h. The purpose of the nonitoring program may be singular or pluralis-
tic, including one or nore of the follow ng:

(1) Verifying design assunptions and nethods.

(2) Verifying contractor's conpliance with the specifications.
(3) Verifying long-term satisfactory performance.

(4) Safety.

(5) Legal reasons.
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(6) Advancing the state of the art.

(7) Verifying adequacy of a new construction technique.
(8) Controlling the rate of progress of construction.
(9) Accessing inpact on environmental conditions.

c. The purpose will be influenced significantly by such project condi-
tions as the type, function, and duration of the structure, the subsurface
conditions, the nature and extent of the ground-water conditions, the proposed
construction methods and procedures, environnental conditions, confidence in
the design approach, potentials for litigation, etc. Mst of this information
is developed in the design stages, with new data and changes provided as the
project progresses. The designer of the nonitoring program shoul d assume the
responsi bility of acquiring, understanding, and keeping abreast of all factors
that may inpact upon the nonitoring program

7-4.  Types of Instrunments. The kinds of instrunents selected will depend on
the purpose, project conditions, and the variables that will be nonitored.

Each variable nonitored will require a specific kind of instrument, e.g., pore
pressure will be nonitored with sonme type of piezoneter. A variety of instru-
nments varying in the degree of sophistication is available fromboth donestic
and foreign manufacturers and suppliers. The following is a brief description
of the nore comon instruments used in a programto nonitor steel sheet pile
structures.

a. (Oobservation Wlls. The observation well consists of a riser pipe
connected to a perforated or porous tip at the lower end and is installed in a
borehole to sone specified depth or attached to the sheet pile before driving.
The annul ar space of the borehole is backfilled with sand or fine gravel and
seal ed at the ground surface with grout or other suitable inpervious nateria
to prevent entrance of surface water. (Observation wells are mainly used to
neasure unconfined ground-water |evels and are nonitored directly by a probe

or tape. |f observation wells penetrate nore than one aquifer or penetrate a
perched water table and an underlying aquifer, the resulting water levels are
average ground-water levels and are generally not very neaningful. This is a

deci sive disadvantage of observation wells, but if the subsurface conditions
and the nature of the ground-water regime are well defined, observation wells
can be installed to provide very neaningful data. Cbservation wells nay be
installed to nonitor ground-water levels in the cell fill, backfill naterials
and stabilizing berms. Installation can be nmade during sheet pile driving by
attaching the casing and slotted or perforated tip (an inexpensive well point
can be used) to the sheet pile. Provisions should be nade to protect the tip
and casing during driving if damage is likely to occur.

b. Piezometers. The term piezonmeter is used to denote an instrument for
monitoring pore pressures in a sealed-off zone of a borehole or fill. Piezom
eters can be classified into five types, depending on the principle used to
activate the device and transnit the data to the point of observation. The
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five types of piezoneters include the open standpi pe piezoneter, the closed
hydraulic piezometer, the diaphragm piezometer, the vibrating wire strain gage
pi ezoneter, and the semiconductor strain gage piezoneter. A variety of each
type of piezometer is available from domestic and foreign nanufacturers and
suppliers. Piezometers are used to nonitor pore pressures in the cell fil

and foundation, in the stabilizing berms, and in the backfill material. The
type of piezoneter selected should be based on such things as reliability,
ruggedness, suitability, sinplicity, cost, interference to construction, etc
The open standpi pe piezoneter has the advantage of sinplicity and its use is
wi despread. In those cases where mnimumtine lag is a significant factor and
when high artesian pressures nust be nonitored, a pneumatic or a vibrating
wire strain-type gage piezoneter would be nore suitable. Installation can be
made during pile driving by securely attaching the piezonmeter to the sheet
pile and protecting the tip and riser pipe or tubes from damage. Installation
after fill placenment is conplete can be done by any appropriate conventiona
et hod

c. Inclinometers. Inclinometers can be used to nonitor horizonta
deformation within the cell fill, along the length of a sheet pile section, in
the cell foundation, and within the stabilizing berm The inclinonmeter system
consists of a pipe installed in a vertical borehole or securely attached to
the surface of a sheet pile in the cell. Normally, the lower end of the cas-
ing is anchored in rock and serves as a reference point. Casing attached to
sheet pile is normally not anchored in rock. The top of the casing is refer-
enced to nonuments outside the construction area. A sensor, which neasures
the inclination of the casing at depths determ ned by the observer, is used to
monitor the full length of the casing. The sensor is connected to a graduated
el ectrical cable which is used to |lower and raise the sensor in the casing
The upper end of the cable is attached to a readout device that records the
inclination of the casing fromthe vertical. Tilt readings and depth neasure-
nents are conpared with initial data to determ ne novenents that have occur-
red. Plastic, alumnum and steel casing of various sizes and shapes have
been successfully used with sheet pile cellular structures. Circular casing
wi th gui de grooves and square casing are available from US nmanufacturers.
Casing within the cell fill and in the stabilizing bermare installed in bore-
holes. Casing connected to sheet pile sections nust be attached so that the
casi ng remai ns undamaged and securely fastened to the sheet pile after the

pile has been conpletely driven to the design depth. In-place inclinoneters
may be installed to provide continuous or automatic nonitoring with alarm
capability. In-place inclinoneters can be nonitored manually or automati -

cally. The manual system consists of one or nore sensors, a readout station,
and a portable indicator. The automatic system consists of one or nore sen-
sors, a junction box, power supply, and data |ogger. For safety, the alarm
option automatically generates an al arm when novenent of one of the sensors
exceeds a preset threshold.

d. Earth Pressure Measuring Devices. Earth pressure nmeasuring devices
fall into two categories. One is designed to measure the total stress at a
point in an earth nmass and the other is designed to nmeasure the total stress
or contact stress against the face of a structural elenment. Devices in the
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latter category are relatively accurate and reliable, provided the device is
designed to behave sinmlarly to the structure. In addition, the earth pres-
sures on a structure may be reasonably uniform for the structure as a whole,
but are usually very nonuniformover an area the size of a pressure cell

This condition results in a wide scatter of data that is difficult to inter-
pret. Earth pressure neasuring devices designed to measure stress at a point
in a soil mass are not considered as accurate and as reliable as devices to
measure stress against a structure. The main problemcenters around the nea-
suring device and the difference in the elastic properties of the surrounding
backfill and the mass fill. Devices in this category are still in the devel -
opment stages. A nore conplete discussion on earth measuring devices is
presented by Sellers and Dunnicliff (item 68) and in EM 1110-2-1908. Earth
pressure cells nust be inspected and tested for leaks in a water bath prior to
instal |l ation. The cell should be calibrated while undergoing the |eak test
and rechecked i nmedi ately before and after installation to ensure that the
cell is still responsive to pressure change. The earth pressure cell my be
installed by bonding the cell to a thin steel plate which is bolted or wel ded
to the sheet pile nenber. This type of installation will cause the face of
the cell to protrude beyond the face of the sheet pile. Attaching the cel
such that the face of the cell is flush with the surface of the sheet pile is
a nmore desirable installation. Measures should be taken to protect the |eads
and transducer from damage during driving.

e. Strain Cages. Several types of strain gages are in commobn use today.
They may be grouped according to the principles by which they operate. Basi-
cally, three principles of operations are used: nmechanical, electrical resis-
tance, and vibrating wire. The latter two are nore commpn in gages used to
monitor sheet pile structures. Each is designed to neasure very small changes
in length of the structural nmenmber at the point of installation. The change
in length is converted into stress, load, or bending nonent. In cellular
structures, strain gages have been used principally to observe interlock ten-
sion within sheet pile members. The gages are made such that they can be
attached to a surface by neans of an epoxy adhesive or by welding. Two types
of electrical resistance strain gages are available, including the bonded
types and the weldable types. Bonded types are designed to be bonded to the
surface of a structural menber by neans of an adhesive epoxy. The success of
this type of gage depends on the surface preparation of the structural mem
bers, which should be perfectly clean and dry, the gage bondi ng, waterproofing
of the gage, which is absolutely essential, and the physical housing provided
to protect the gage and lead wires. The wel dabl e-type gages are spot wel ded

to the structural surface with a portable welder. The resistance elenent is
bonded or welded to a very thin stainless steel shimstock, which is spot
wel ded to the clean snooth surface of the structural nenmber. The success of

this gage depends very much on the sane factors as those affecting the success
of the bonded-type gage. Vibrating wire strain gages are usually arc wel ded
or spot welded to the surface of the structural nenber. (Gages that are arc
wel ded are bolted into fixed end bl ocks under the correct tension. The end

bl ocks are arc welded to the structural nmenmber at the proper spacing. In
gages that are spot welded to the surface, the wire is pretensioned and welded
to a shimstock, and the shimstock is spot welded to the surface of the
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structural nenmber. Vibrating wire strain gages are equipped with a plucking
and cable assenbly. This assenbly is detachable with nost nodel s and can be
used with nmore than one gage if they are in proximty. The vibrating wire
strain gage operates on the principle that the natural frequency of a vi-
brating wire, constrained at both ends, varies with the square root of the
tension in the wire. Any change in strain in the menber to which the gage is
attached is indicated by a change in tension in the wire. The frequency of
the wire is determned by plucking the wire and neasuring its frequency. Zero
drift in vibrating wire strain gages, caused by stretching or creep in the
wire or by slippage at the wire grips, has been reduced by heat treating the
wire during manufacturing, by keeping the tension in the wire to | ess than

25 percent of the yield stress, and by using no |oad gages. (Gages wth

therm stors for tenperature neasurenents are available if tenperature neasure-
ments are desired. Table 7-1 lists advantages, limtations, and other per-
tinent information for various types of strain gages used to nonitor stee
sheet pile structures.

f. Precise Measurenent Systems. Horizontal and vertical surface dis-
pl acement can be detected by making precise neasurenents of |engths, angles,
and al i gnnents between reference monunments and sel ected points on the struc-
ture. These nmeasurenments can be grouped into three categories: precise
al i gnnent measurenent, precise distance and el evation neasurenents, and
triangulation and trilateration surveys. The instruments comonly used to
nmake these neasurenents include |aser transnmitters and receivers, precision
theodolites and levels, electronic distance neasurement instrunents, alignnment
targets and reflectors, and auxiliary equipnment. The reference nonunents
shoul d be set in rock or stable soil, |located outside the influence of the
construction area, and protected from incidental disturbances. At least two
reference nonunents, each with a clear line-of-sight to the other and the
selected points on the structure, should be installed. The selected points on
the structure should be permanently marked such that the exact sane points are
used during each survey. In addition to the foregoing neasurement systens,
plunb l'ines can be used to neasure bending, tilting, or deflections of sheet
pile structures fromexternal |oading, sliding, and deformation of the founda-
tion. A thorough discussion of precise measurenment systens is given in
EM 1110-2-4300

7-5.  Accuracy of Required Measurenents. Accuracy indicates the degree of
agreenent between the nmeasured value and the true val ue. It signifies the
range the measured value will deviate fromthe true value. Accuracy is not to
be confused with precision or sensitivity. Precision indicates the degree of
agreenent between repeated neasurenents of the sane quantity and sensitivity
represents the smallest quantity observable as a measurement is made. Severa
factors influence the accuracy of field measurements. Anong these factors are
t he physical features of the device, installation procedures, environnenta
conditions, conformance of the instrument to the actual changing conditions,
data reduction procedures, and observer errors. Accuracy should be verified
This can be done by nmonitoring two or nore systens independently or by using
instruments that can be renoved, checked and/or recalibrated periodically, and
reinstalled. The last will be virtually inpossible with many instrunments and
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installations. The required accuracy is related to several factors, includ-
ing: the sensitivity of the structure to the required measurenments, the
magni t ude of the neasurenents during the observational period, the |length of
the observational period, and the purpose of the monitoring program  These
factors should be carefully considered in connection with the type of sheet
pile structure being nonitored and the field neasurements desired. Generally,
the accuracy of nost readily available instruments will neet the accuracy
requirenents for perfornmance eval uation of nost nmonitoring prograns, provided
the instrunent is installed, operated, and maintained in accordance with the
manuf acturer's recommendations. The accuracy of npst instrunents can be
obtained from the nmanufacturer's literature. Gould and Dunnicliff (item 34)
and Wlson and M kkel son (item 95) presented tabular data on the accuracy of
vari ous neasurenent nethods and instruments common to neasuring defornation
and pore pressure

7-6. Collection, Processing, and Evaluation of Data. Data nust be collected,
processed, and evaluated as expeditiously as possible if the nonitoring pro-
gramis to have any chance of success. Careful attention nmust be given to
whormever will collect the data. This can be the responsibility of the con-
tractor or the owner. In any event, the person collecting the data nust have
experience or be trained to collect the data. This person nust be aware of
what constitutes abnornmal data, mal functioning nonitoring equiprent, and in-
struments that have been damaged. |f the data are to be collected by the con-
tractor, the specifications nust be definite regarding who will collect the
data, when and how it will be collected, transmtting the data to the owner,
processing and evaluating the data, reporting mal functions, repairing and

repl aci ng damaged equi pment and instruments, and other factors unique to the
monitoring program A nonitoring schedul e should be established to provide
data that are needed to evaluate the structure under all conditions of con-
cern. The schedul e should include special nonitoring during critical |oad

phases of the structure. Input by the design engineers will be very hel pfu
in establishing a meaningful nonitoring schedule. [Initial observations should
be made on all instrunents inmmediately after installation. This is base data,

and nost subsequent data will be compared with this initial data. Collected
data should be pronptly processed for easy review and evaluation. This can be
done manually or by conputer technology, if conputer facilities and suitable
software are readily available. The choice of processing the data by conputer
or manual |y should be wei ghed against the volunme of data to be processed, the
cost of the conputer systens, the personnel available, and the convenience of
each nethod to the people evaluating the data. Regardless of the nethod
chosen, the data should be presented in sone graphic formthat is readily up-
dated as new data are acquired. Gaphic presentation of data hel ps to estab-
lish trends, pinpoint variations, and guards against overlooking inportant
data. Data that have been collected and processed should be pronptly eval u-
ated by design engineers and others involved in the design and construction
process. The eval uation shoul d include an assessnment of the validity of the
data, a determination of the existence of any adverse situation that calls for
imediate attention, a correlation of the data with other activities, and a
conparison of the data with predicted behavior. Care nust be taken not to
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rej ect what seens to be abnornmal data wi thout due consideration of the factors
likely to produce the data.

7-7. Exanple of Instrunentation. Figures 7-1 through 7-8 illustrate the
instrunentation used to nonitor the first-stage cofferdamfor the replacenent
of Lock and Dam No. 26 on the Mssissippi River. The objective of the program
was to nonitor the response of the cofferdamduring construction and at vari -
ous stages of l|oading and eval uate the design assunptions as well as the

met hods of design and analysis. The results of this programwere to be used
to devel op recommendations for a nore cost effective design of the second- and
third-stage cofferdans. The intent of these figures is to provide an exanple
of the layout and installation details of the instrumentation used in a prac-
tical situation. The details of each nonitoring program nust be worked out in
light of the many factors unique to that program  The nonitoring program for
Lock and Dam No. 26 was performed under the direction of the US Arny Engi neer
District, St. Louis, by Shannon and WIlson, Inc., St. Louis, Mssour

(item 24).
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APPENDI X B

SYMBOLS AND SLI DI NG STABI LI TY ANALYSI S OF A
CGENERAL WEDCGE SYSTEM

Includes a list of synbols and their definitions as found in draw ngs show ng

a derivation of the Governing Wedge Equation for a Typical Wdge. Material in
this appendix relates to text in Chapter 4, paragraph 4-9.
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FS

NOTE:  Subscripts containing
surface forces,

LI ST OF SYMBOLS

Definition

di nensions associated with the |

For ces.

In general, any horizontal force applied
above the top or below the bottom of the
adj acent wedge.

Length of wedge along the failure surface

The resultant normal force along the failure
surf ace.

The resultant pressure acting on vertica
face of a typical wedge

The factor of safety.

The shearing force acting along the failure
surf ace.

The maxi mum resisting shearing force which
can act along the failure surface

The uplift force exerted along the failure
surface of the wedge.

Any vertical force applied above the top of
t he wedge.

The total weight of water, soil, or concrete
in the wedge.

Cohesi on

The angl e between the inclined plane of the
potential failure surface and the horizontal
(positive counterclockw se).

The angle of shearing resistance, or
internal friction

i-1, i , i+1, ... refer to body forces,

j wedge

Subscripts containing R or Li refer to the right or left side of

the i'"
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+y
t+y
4 4 *n
X
+q
L - + X -+ X
=q
*y
POSITIVE ROTATION NEGATIVE ROTATION
OF AXES OF AXES

The equations for sliding stability analysis of a
general wedge system are based on the right hand sign
convention which is commonly used in engineering mechanics,
The origin of the coordinate system for each wedge is
located in the lower left hand corner of the wedge. The X
and y axes are horizontal and vertical respectively. Axes
which are tangent (t) and normal (n) to the failure plane
are oriented at an angle (&)with respect to the +x and +y
axes. A positive value of &€ is a counter-clockwise rotation,
a negative value of &is a clockwise rotation,

Figure B-1. Sign convention for geonetry
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v
1:___=:_-_
Top of the
ith Wedge +yi+t
Top %fthe $
(i_is ) Wedge +yi
T Top of the
(i+15")Y Wedge
+Yi-i
di+1
> +Xi+1
d; 0
/("’*i M

Figure B-2. Geonetry of the typical i'" wedge and adjacent wedges
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-.L_‘
h

/1 Vi
)
;|
i |
[

’:
Top of the
Top of the / L4 'st Wedge
i ~st. Wedge Hist. 9
Wi
Pi
~N
Ti
[ e
-
I
Ui
N
Figure B-3

Distribution of pressures and resultant forces acting on
a typical wedge
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\
A
\
Vi |di\
\
\‘
| J
/)‘\
=€ J \ Pt S
HL; \
\
Wi di\\
\
A
/)\‘ ) P /}/(
e 3 =
Pi-1
X

Ti
i
Ui \Ni

Figure B-4. Free body diagram of the P " wedge
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Equilibrium Equations

+n *y
O=N;+U;- W, cos¢i-Vicos¢i—HLisin (i+HRi sina;+. ..
...—Pj-tsinqj +Pjsinq;

Ni= (W; + Vi)cosqj —Uj+(HLj—HRj)sinaj+ (Pj-1 —Pjlsing;

" 2Fs0

if‘i 0=-Tj = Wjsinx;— Vjsingj+Hjcosaj ~HRj cosaj+. ..

+x
.. .+Pi -1 COSdi—PiCOSdi

Ti= (HLj - HRj)cosq; = (Wj+ V) sinaj+(Pj-{—Pi)cos d;

Mchr-Caulomb Failure Criterion

Te= Njtang;+c;L;

Safety Factor Definition

_Tg _Njtangj +cilj
A T Ti

Figure B-5. Derivation of the general equation (Continued)
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Governing Wedge Equation

; {(Wi +V.)cosq— U, + [(HLi- He) +(Pi_ —P,)]sin qi}tampi-rc L

i

FS
! [(HLi -HRl )+(Pi"1-Pi )]COS di- (W|+Vi )Sindi
. tan®; tan ¥,
(Pj —1=Pi)Mcos aj~sina; —F—S—i-')= ((w; +Vi)cosqi-Ui+(H|_i-HRi)sinai]—(:—,%t.
i
S
...+F§.Li—(H|_i-HRi)cosqi+(w;+Vi)sin¢i
i

(W, +V)cosa—uU +( ]mn‘i ind, +=
jTvcosa U|"’ HLi-HRi)Si"d‘i 'Fs—l' -(HLi-HRi)COSﬁ‘f(Wi'{' Vi)smdi+E-S_~Li
(P_Pi)= '
\ '0n¢i
(Cosdj—sinaj o
i

NOTE: 4 negative value of the difference (P-4 —Pi)
indicates that the applied forces acting on the
ith wedge exceed the forces resisting sliding
along the base of the wedge. A positive value
of the difference (Pj—q-Pi) indicates that the
applied forces acting on the ith wedge are less
than the forces resisting sliding along the base
of that wedge.

Figure B-5. (Concl uded)
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APPENDI X C

EXAMPLE PRCBLEMS

I ncl udes exanple problens dealing with the follow ng:

1. Cellul ar Cofferdam on Rock

2. Cellular Retaining Wall on Sand
3. Cellular Retaining Wall on C ay

C1
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Cel I ul ar Cof f erdam on Rock
v EL 614
D =63.67" _ 56" 1 567 15°
OVERBURDEN

EL 572
K%}\% TOP OF ROCK

EL 557\

D o L3005 00, 0 e o000 0 STRUCTURAL
2 0.00%00 Of 5o »OO ,,ooo 000 tCLAY SEAM 3000 e oOo EXCAVATION

EL 542\

DESI GN DATA

Dia of cell, D= 63.67 : effective width, B = 53.06'
Cuaranteed piling interlock strength, tg = 16,000 PLI

Cell Fill, Overburden and Berm Properties:

¢ = 30°, tan ¢ = 0.577

110 pcf (roist)

<
1]

y' = 72.5 pcf (subnerged)

1 - sin ¢ 1 - 0.50 _ 1 +sin ¢ _ 1 + 0.50 _
Ky " TFeing 1T70.50 03B K, =T—Smmys~"T-0.50 - 3%
P, = YK, = 110(0.33) = 36.7 psf/ft
Py = v'K, = 72.5(0.33) = 24.2 psf/ft 5 p! = y'K = 72.5(3.00) = 217.5 psf/ft
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Rock and Clay Seam Properties:
Y = 155 pcf
6Tk = 20° | tan ¢ = 0
c = 750 psf
Coefficient of Friction:
Soil on rock, tan¢ = 0.50
Steel on steel at interlocks, f =0.30
LOADI NG
Service Condition - Water to top of cell; cell fill saturated to top of berm
berm saturated
EL 614
~ w,
\-
E-SiOG’ 567 | 56 15°
W ~ — SATURATION
: ~_] LINE l EL 585
R
EL 572 W3 E
v & P 3
& R| I
| & EL 557 AT
& o094 068 KSAFT
K/SQFT
EL 542 Wr
4.50K/SQFT L 180.06" ' N
I g
: 2
? . aF
X Y
%/.——//' S
-

G3



EM 1110-2- 2503
29 Sept 89

SLIDING STABILITY

El 557 w/o Berm

W H
1/2  53.06 x 28 X 0,0725 55.8
53.06 X 28 X 0.0725 107.7
S
1/2 % 0.36 x 15 2.7
>
1/2 x 3.56 * 57 101.5
>
248.,1% 104. 2%

tan ¢

[(w +V,) cos @ - U, +<HL H.R)sina:] FSi

i
tan ¢
o - o
cos i sin i FS

i

€4

(HL HR ) cos a + (w + V ) sin ai + To (L )

i
tan ¢
cos @, - sin @ _—___1
i i FS

i

Solve for FS when 1 =1, H =0, V. =0, o =0 and ¢ =20
Ri 1 1
gs = W tan ¢ _ 248.1€0.50) _ ; 19 < | 50 perm required.
HL 104.2
i
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El 557 w/ Berm

Wy = (gg_%%}12> (28)(0.0725) = 170.5¥

Sliding resistance of bermon rock = 170.5(0.50) = 85. 3"
Passive resistance of berm Py = 1/2(6.09)(28) = 85.3
Passive failure of bermw Il occur concurrent wsliding of entire bermon

rock.

(W+Wp) tan ¢ (48,1 + 170.5)(0.50)

FS = HL 104 .2 = 2,01 > 1.50 ok
1
El 542
W H
See Page 2 84.6
Wy
' 55. 8
W,
" 107. 7
W3
See above 170.5
Wg
180.06 x 15 x 0.155 418. 6
Wgr
0.94 x 180.06 -169. 3
Vq
1/2 x 3.56 x 180.06 -320.5
Vo >
See Page 2 2.7
P,
1/2 x 4.50 x 72 161 .0
Pw _— Y
347. 4 164.7%
pg - W tan ¢ + cL _ 347.4(0.364) + 0.75(180.06) _ | <o 5 1 59 o

HL 164.,7

1
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OVERTURNI NG STABI LI TY

El 557
+
W H Arm M
Wl See Page 2 84.6 17.69 1,497
W2 " 55.8 35.37 1,974
W3 " 107.7 26.53 2,857
>
P " 2.7 5.00 -14
a >
Pw " 101.5 19.00 -1,929
+
PR 1/2 x 0.68 x 28 9.5 9.33 89
a ->
248.1% 94.7% 4476587k
M/W = 18.03
B/3 = 17.69
0.34' inside kern ok
VERTI CAL SHEAR RESI STANCE
cos2 ¢ 0.75
Ke .~ 7~ 7-0.75 90
cell 2 - cos” ¢
¢ = 30°
p = YK = 110(0.60) = 66.0 psf/ft p' = Y'K = 72.5(0.60) = 43.5 psf/ft
Kinboard = 1.6Ka = 1.6(0.33) = 0.53
sheeting
p = YK = 110(0.53) = 58.3 psf/ft p' = vy'K = 72,5(0.53) = 38.4 psf/ft
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.4 ; \
0
h
"y -
3
Q
|
\
281 K/SQFT
VERTICAL PLANE ON INBOARD
CENTER LINE OF CELL SHEETING
Point of Fixity:
= pl') - (p' +p) = 217.5 - (38.4 + 62.5) = 116.6 psf/ft
_1.41 .
h = 51166 = 12!
H' = 14.5 + 14,5 + 12,1 = 41,1' , H'/4 = 10.3'
use 12.1'
= k/ft
Ps = 1/2(0.96)(14.5) + 1/2(0.96 + 2.81)(42.5) = 87.1
k/ft

PT = 1/2(0.85)(14.5) + 1/2(0.85 + 1.41)(14.5) + 1/2(1.41)(12.1) = 31.1

C 3[R (B /3) + P (B /3) - P(Hy/3)]

=M
Q=73 2B
_ 3{101.5(19.00) + 2.7(5.00) - 85.3(9.33)] _ 32 4k/ft
2(53.06) :
P tan ¢ + fP
FS = -8 T _ 87.1(0.577) + 0.3(31.1) _ 1.84 > 1.50 ok

Q 32.4
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HORI ZONTAL SHEAR RESI STANCE

!
1-— C=Btan ¢= 30.5

H=57"

a=H-c = 26.5

} ¢=30°

{ B =53.06"

1

Assume entire cell saturated.

_y'ac? |y’ _ 0.0725(26.5)(30.5)° | 0.0725(30.5)°
T 2 3 2 3

1,579f67k

M. = P_fB = 31.1(0.30)(53.06) = 495 t7K

£ = Pr
M =P (H/3) +P (H/3) = 101.5(19.00) + 2.7(5.00) = 1,943ft7K
o wiw a''s ’ * : *
Mo+ M+ PR(HE/3) 599 4 405 + 85.3(9.33) .
FS = - - T = 1.48 % 1.50 ok

(o]
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| NTERLOCK TENSI ON

¢ r=31.83
4 | 0 = 30°
L =37.76"
L ——

"

max pL

li%l (37.76) = 4.44 k/Lin. in.
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HANSEN S METHCD

B =53.06 N
EL 614
\\
~ 7 =110 PCF
~N
~
. \\\\ W,
v =725PCF ~
\\
W, N TOP OF BERM
EL 585
Y|
2H =
W3 . _ “‘J\
X <
EL 572 2 - - N
~ 7 IW-G .
& -
N =
A p A
o
¥ 4 3 mc R
N} EL 557 P
3.56 K/SQFT 0.36 K/SQ FT f, w, 91t Ei 6.09 K/SQ FT
QW N
rf, 827 < <
) o N I
fid (,_)2 ) LN <
A3
ﬁ% ro, <=
w3
QA
Wy #
— (14
az
Try 6y = 1.5 rad. ¢ = 30°
r63 63 tan ¢
—_— = e = 2.37
%
3
re = 52", r = 22" , h3 = 20.5' , a3 = 7.0
3 3
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r2 - r2
G va o 63 o3 _ Bh3
Y Y 4 tan ¢ 2
[(52)2 - 2%  53.06(20 5)] K
= 0.0725 T > = 30
K\
+
W H Arm M
wl See Page 3 84.9 17.69 1,497
W, " 55.8 35.37 1,974
W " 107.7 26.53 2,857
c ~30.0 26.53 (1) ~786
—)
Pa See Page 3 2.7 5.00 -14
>
P " 101.5 19.00 ~1,929
w «
Py 1/2 x 6.09 x 28 85.3 9.33 796
>
218.4% 18.9% 4,3855t7K

= 20.0'

ol

(1) Approximate.

MR = 84,9(17.69 - 7.0) + 55.8(35.37 - 7.0) + 107.7(26.53 - 7.0)
ft-k
-30.0(26.53 - 7.0) + 85.3(9.33 + 20.5) = 6,553
ft-k
MO =2,7(5.00 + 20.5) + 101.5(19.00 + 20.5) = 4,078
MR 6,553
FS = ﬁ; = Z767§ = 1,61 > 1.5 ok
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Sunmmar
*

e Do
| 2.5 10
2 2.0 14
3 1.5 22
4 1.0 36

*

*

h a
5.0 10.0
11.5 10.0
20.5 7.0
35.0 0.5

X 0 FS
19.7 4,575 2,463 1.86
20.0 5,130 3,141 1.63
20.0 6, 553 4,078 1.61
20. 4 9,208 5, 589 1.65

* Scal ed val ue.
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Cel lular Retaining Wall on Sand

EL 500
7S W
EL 488 \v4
D = 52.52" o
DREDGE LINE
EL 460\
NZSZS ISZN% YNNG
EL 433
DESI GN DATA
Dia of cell, D= 52.52" ; effective width, B = 43 99

Guaranteed piling interlock strength, tg = 16,000 PLI

Cell Fill, Backfill, and Overburden Properties:

¢ =30° , tan ¢ = 0.577
Yy = 110 pcf (moist)

y' = 70 pcf (submerged)

1 - sin ¢ _ 1
a 1 + sin ¢ 1

19,1 19,
oo
—

+ sin ¢ _ 1 + O,
- sin ¢ 1 - 0.

—
g
[« [o)

-+

p. = YKa = 110(0.33) 36.7 psf/ft

p! = y'Ka = 70(0.33)

G 13

EM 1110-2-2503

29 Sept 89

= 3.00

23.3 psf/ft ; p; Y'Kp = 70(3.00) = 210.0 psf/ft
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Coefficient of Friction:
Soil on steel, tan
Steel on steel at interlocks, f
LOADI NG

Service Condition -

¢ = 0.40

27’

Cell fill and backfill both saturated to el 500. Pool
el 480.
EL 500
/
N
[
w
-
w
B
Q
1]
3
i
-‘
Pa
2.50 K/SQ FT 0.93 K/SQ FT

8 =43.99"

C14
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VERTI CAL SHEAR RESI STANCE

cos2 ¢
K = = - = 0.60

Ccell 2 - cos2 ¢

30°

-©
]

p' = ¥Y'K = 70(0.60) 42.0 psf/ft

Koutboard = 1'4Ka = 1.4(0.33) = 0.46

sheeting

Pp=YK + Y, = 70(0.46) + 62.5 = 94.7 psf/ft

p' = Y'K = 70(0.46) = 32.2 psf/ft
(0, 7?)
o
w \
2 N
© J -
> ! _
® ! A
g 2 . C m
"_)\ PS % o % @ u';
:3 . N 2‘ 8 1
2|z
v Ry
"1.68K/SQFT ' 5t
Ty &ﬁ p
VERTICAL PLAN ON .
o~
CENTER LINE OF CELL POINT OF
Jk FIXITY
OUTBOARD
SHEETING

Point of Fixity:

Py = P, — P' =210.0 - 32,2 = 177.8 psf/ft

2,04 ,
h = 51778 = 1.5

H' = 11 + 28 + 11.5 = 51,5' , H'/4 =12.,9'

C-15
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P_ = 1/2(1.68) (40) = 33.6%/ £t

PT = 1/2(1.14)(12) + 1/2(1.14 + 2.00)(26.6) + 1/2(2.00)(12.9) = 61.5k/ft

3slp. (5 /3 +P (M /3) -P (H /3)]
_3M _ [ W1( Y1 ) a s Wz( Y2

Ry 78
_ 311/2(2.50) (40) (13.33) + 1/2(0.93) (40) (13.33) = 1/2(1.75)(28)(9.33)]
- 2(43.99)
- 23.4k/fE

P_tan ¢ + P, _ 33.6(0.577) + 0.30(61.5)

FS = ) 37,4

=1,62 > 1.50 ok

HORI ZONTAL SHEAR RESI STANCE

4
ml
{ c=BTAN ¢ = 26.4’
-""g a=H-c¢c =14.6'
D
X
Q
¢ = 30° )
LA B =4399" |
| g |
L2 .3 2 3
w - XY'act L y'cd _ 0.070(16.6)(25.4)% | 0.070(25.4) fr-k
= - + = 712
T 2 3 2 3
M, = P fB = 61.5(0.30)(43.99) = 8127F7K

=
[l

p <H ﬂﬁ + P (H /3) = 50(13.33) + 18.6(13.33) = 9147t7%
O Wl Wl a S

M_+ M.+ P (H /3)
* Y2\ "2/ _ 712 + 812 + 24.5(9.33)

M 914
)

FS

=1.92 > 1.50 ok
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| NTERLOCK TENSI ON

s r=26.26'
i | 6 =30°
L =3228'
— L -

tmax = pL
= gigg (32.28) = 5.38 k/Lin. in.
_ _tg _16.0 _
FS T 538 2.97 > 2.0 ok
max

PULLOUT RESI STANCE OF LAND FACE SHEETS

1/ ZYKaD2 tan d(perimeter)

L
i

1/2(0.070) (0.33) (27)2(0.40) (2 x 1) = 6.7%

PWI(HWI/3> +_(H_[3) - PWz(#“z(i)

P 3B(1 + B/4L)

_ 50(13.33) + 18.6(13.33) - 24.5(9.33) _ 5 4k

43,99

FS = — = —= = 1,72 > 1.50 ok
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PENETRATI ON RESI STANCE OF QUTBOARD SHEETS

1.75 K/SQ FT

P

343 K/SQFT
A ‘
R 4
PN
) =
g N %
Q N [=]
~ -
5 2
8 | | 5,
407 K/SQFT

Pg
—_—
5.75 K/SQ FT
_ {1.75 + 4.07 . 3.43 + 5.75 )

= (2, + Pp) tan § = ( : : >(27)(o.40) - 81.0
P, tan & = 51.4(0.40) = 20. 6K/ £t
81.0
20.6

= 3.93 > 1.50

ok

qg = 1/2YBN_ + CN_ + YD

= 72.4 ksf

M=P
w

1

(H,/3) + P_(H_/3) - PWZ(H

W = yBH = 0.070(43.99) (40)

qu -

= 1/2(0.070) (43.99)(20) + 0.070(27)(22)

123.2%

w2/3})

= 50(13.33) + 18.6(13.33) - 24.5(9.33) = 686ft7K

q
£ 72.4 ]

“W, M T3z, ecesey | 20720
BT 7 1399 T 45 00)2

ok
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VERTI CAL SHEAR RESI STANCE ( Schroeder-Mitl and)

PS28 sheet piling: E = 29,000,000 p/in.2 , I = 2.8 in.”

n, = 160,000 pcf (medium dense sand)
y' = 70 pcf, K =10
!
S
<+ ST
B
hs Ki
1% it B
1 I
in|
©0
[}
Q
_ 5 |EI _ 29,000,000(2.8) _ -
T = \jrl \/7 160,000 15.44 1in. 1.3 ft
1,728

d' = 3.1T = 3.1(1.3) = 4.0’
D = 5T = 5(1.3) = 6.5"'
H' = 40 + 4.0 = 4.4'

S.. = 1/2y'K(H")2(tan ¢ + £) = 1/2(0.070) (1.0) (44)%(0.577 + 0.30)

T
- 59.4%/1
Q= 23}.41{/1 — See Page 3
S T N S ok
5. =7 " 33a

C 19
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HANSEN S METHOD

) 8 = 4399’
r EL 500
EL 488
2 5
2 2
= 3
3
]
PW1 Pa
5.67K/SQFT 344 K/SQFT 419K/SQFT 1.56 K/SQ FT
a2
-
e
Try 82 = 2.0 rad. , ¢ = 30° Neglect wall friction
rez 8, tan ¢
— = = 3,15
o
2
= ' = 1 = 1
rez = 39,5' , ro2 12.5' , h2 9.5

» A, = 8.0'

G20



EM 1110-2-2503

29 Sept 89
r2 - r2 Bh
G = A = ' 5] 0_ 2
Y Y \% tan ¢ 2
2 2
o0y |39:9)° - (12.5)7  43.9909.5) | _ .k
. 5(0.577) 2
N
+
W H Arm M
W 43.99 x 67 x 0.070  206.3 22.00 4,539
G ~28.0 22.001 ~616
«
B, 1/2 x 4.19 x 67 138.7 22.67 ~3,144
1
(—-
P, 1/2 x 1.56 x 67 52.3 22.67 -1,186
>
P 1/2 x 3.44 x 55 94.6 18,33 1,734
2
->
P, 1/2 x 5.67 x 27 76.5 9.00 689
«
178.3 19.9¥ 2,0165 7K
x = 11.31"

(1) Approxinmate.

M.R = 206.3(22 - 8.0) - 28(22 - 8.0) + 94.6(18.33 + 9.5)
+76.5(9.00 + 9.5) = 6,5445F7K
ft-k
Mo = 138.7(22.67 + 9.5) + 52.3(22.67 + 9.5) = 6,144
FS = EB = é;éﬂﬁ = 1,07 < 1.5 11 diameter should be increased
Mo 6.144 . . ce e e

G 21
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Sunmmar

* * * *

6 %o Tg h a

1 2.5 9.0 35.5 4.5 8.0

2 2.0 12.5 39.5 9.5 8.0
3 1.5 18.0 42.5 16.0 6.0
4 1.0 29.5 52.5 29.5 1.0

29
28
20
12

x MR Yo FS
11.12 5,675 5,194  1.09
11.31 6,544 6,144  1.06
11.71 8,141 7,386 1.10
12.19 11, 550 9, 964 1.16

* Scal ed val ue.

G 22
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EL 500

EL 488

5.67K/SQFT

344 K/SQFT

714 Ds/871€€C

a; &a

¢ = 30° - neglect wall friction

T
0 6, tan ¢
3. e 3 = 2.36
To
3
= 1 = ' = 4 = '
Ty 42.5' , r 18' , h3 16' , a, 6.0
3 3
r2 - r2 Bh
G=A=| 8 0_ K)
YA =Y \%Ztan ¢ 2

2 2
) (42.5)% - (18)° _ 43.99(16) | _ ,ok
0.07 [ Z(0.577) 2 ] 20

G 23
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4.19K/SQFT

1.56 K/SQ FT



EM 1110-2-2503

29 Sept 89
+
W H Arm M
W See Page 9 206.3 4,539
G 20,0 22.00(1) 440
+
P See Page 9 138.7 -3,144
Y1
“+
P d 52.3 -1,186
a o
5>
P d 94.6 1,734
w o
2
>
P d 76.5 689
R 0 = —_—
226.3% 19.9% 3,072f¢7K
X = 13.57'

(1) Approximte.

M, = 206.3(22 - 6.0) + 20(22 - 6.0) + 94.6(18.33 - 16) = 3,841 18K

Mo = 138.7(22.67 - 16) + 52.3(22.67 - 16) - 76.5(9.00 - 16) = 1,810ft—k

MR 3,841
FS = i = g5 - 212 7 1.5 ok
[o]
Sunmary
* * * *
8 T n a G _X MR I
1 25 9.0 355 45 80 29 13.90 4,946 3,470 1.42
2 20 125 39.5 9.5 80 28 13.86 4,115 2,553  1.61
3 1.5 18.0 42.5 16.0 6.0 20 13.57 3,841 1,810 2.12
4 1.0 29.5 52.5 29.5 1.0 12 13.27 5,889 2,625 2.24

* Scal ed val ue.

C 24
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Cel lul ar Retaining Wall on O ay

EL 487

EL 480 AV

D = 66.85"

DREDGE LINE

EL 450\

EL 443

DESI GN DATA

Dia of cell, D = 66.85" ; effective width, B = 58.57
Guaranteed piling interlock strength, tg = 16,000 PLI

Cell Fill and Backfill Properties (sand and gravel)

¢ = 30°, tan ¢ = 0.577

Y = 110 pef (moist)

Y' = 70 pcf (saturated)

P = YKa 110(0.33) 36.7 psf/ft

Pl = Y'K_=70(0.33) = 23.3 psf/ft

G 25
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Overburden Properties (medium stiff clay)

n = 150,000 pcf, c,6 = 1,000 psf , Y = 120 pcf, Y' = 65 pef

Coefficient of Friction:

Soil on steel, tan ¢= 0.40
Steel on steel at interlocks, f = 0.30

LOADI NG

Service Condition - Cell fill and backfill both saturated to el 487. Pool at
el 480.

EL 487

B8 =58.57"

C 26



VERTI CAL SHEAR RESI STANCE

K utboard - l-6K, = 1.6(0.33) = 0.53

sheeting
p=vy'K+ Yy = 70(0.53) + 62.5 = 99.6 psf/ft

p' = y'K = 70(0.53) = 37.1 psf/ft

9,
e

<,
23
4 '0.1 @o
o

a.70

'e: ;?, :e PT
o
[+]
1.44K/8Q FT
6P =By - B
P, = 1/2(0.70)(7.0) + 9;19_%_1;&& (20) = 23.9¥/ £t

1]

e ()0
M

36.04

~23.9(33.43) 0. 3y (3827 [6_;_02&.5_71

3
(27) (1.25) 200 (20)

(1 69 + 0.63)

G 27
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04 ]

6.04 + 0.50(58.51)) _ 1 55 , 1.50
1
-2
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HORI ZONTAL SHEAR RESI STANCE

X c=B TAN ¢ = 33.82° - USE 27
‘;‘ a=H-¢c =0
X
¢=30°
L B = 5857 |
o
1ac?  y'e 0.070(27)° fr-k
M o=Y38 L XC _ g4 2R o459
r 7 3 3
M, = P_fB = 23.9(0.30)(58.57) = 40tk
ft-k
M =P fu /3\+P (H/3) = 22.8(9.0) + 8.5(9.0) = 282
[o] Wl Wl a S
Mr + Mf + Pw (Hw /3)
oS - 2\ Y2 ) _ 459 + 420 + 12(6.61) _ 4 ,0 , 1.s0

M 282
o

G 28

ok
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29 Sept 89
| NTERLOCK TENSI ON
r=33.43'
6 = 45°
L =36.04
<
8
|
- L -—

tmax - pL

1i24 (36.04) = 4.32 k/Lin. in.

PULLOQUT RESI STANCE OF LAND FACE SHEETS

Q, = CaD(perimeter) = 1.50(17)(2 x 1) = 51k
q = M - 282 - 12(6.67) - 0.8
p - 3B(1 + B/4L) l _28.57 )
3(58.57) |1 + 5(36.08)
Q .
FS_T—O.S 64 > 1.5 ok
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BEARI NG CAPACI TY

ag = 1/2Y'BN_ + oN_ + YN = 1.00(5.70) + 0.070(17)(1.0)
= 6.9 ksf
W = y'BH = 0.070(58.57)(27) = 110.7%
M= 282 - 12(6.67) = 19917k
’S = g jfgg - 5 i.96(199) =3.1 >3.0 ok
BT G2 58.57 ' (55592

G 30
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VERTI CAL SHEAR RESI STANCE ( Schroeder-Mitl and)

PS28 sheet piling: E = 29,000,000 p/in.2 , 1 =2.8 in.4

"h

¥' 70 pef , K =1.,0

150,000 pcf (medium dense sand) - cell fill

27
7

Z\k :

_ ,EI 29,000,000(2.8) _ -
T = \/r 150,000 = 15.64 in. = 1.3 ft
1,728

d' = 3.1T = 3.1(1.3) = 4.0'

[D=6.5

D =5T = 5(1.3) = 6.5
H' = 27 + 4,0 = 31.0°"

S, = 1/2Y'K(H')2(tan ¢+ £f) = 1/2(0.070)(1.0)(31)2(0.577 + 0.30)

- 19.4%/1
_3M _3(199) K/ £t
Q=35 = 7058.57y ~ °-!
St 194
FS=Q—=—5—;—1—380>150 Ok
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HANSEN S METHCD

B =5857

EL 487

EL 480

200K/5Q FT  EL 460

c
. A

P, EL 443
2.31K/SQFT 3.105K/SQFT

2.75K/SQFT
K/SQ FT/FT

Pago = 2¢/K, =2.00 K/SQFT Peso = 7 h - 200K,

Paaz = 2/K +7h =0.07 (27)-2.00=- 0.110° USE 0
2.00 +0.065 (17) = 3.105 K/SQ FT
Pagz = 7 h=0.066 (17)

=1.1056 K/SQFT

Try o = 45° , C = 1,000 psf

_F Arm /Mz </M:)

P, 1/2 x 2.31 x 37 42.7 41.62 1,777
P, 1/2 x 1.105 x 17 9.4 34.96 329
P, 2.00 x 17 34.0 37.79 1,285
P, 1/2 x 0.63 x 27 8.5 55.29 470
P, 1/2 x 1.105 x 17 9.4 34.96 329
P, 1/2 % 2.75 x 44 60.5 43.96 2,660
c, 2 x 1,00 x 17 34.0 29.29 996
c, 1.00 x %%%%% x 2 65.1 41.43 2,697

7,084 3,459

FS = g% = %f%%% = 2.05 > 1.5 ok
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Summary

45
60
70
75
80
85

7,084
3,920
2,985
2, 645
2,352
2,095

C 33

3,459
2,488
1,992
1,777
1,567
1, 362

EM 1110-2- 2503
29 Sept 89

FS
2.05
1.58
1.50
1.49
1.50
1.54
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B = 58.57°

4

EL 480

2.00K/SQFT
EL 460

]

EL 443

\ \3. 105 K/SQ FT

2.31K/SQFT

Try o = 45° , C = 1,000 psf

P1 See Page 6
P, do
P3 do
P4 dO
P5 do
P6 do
C1 do
CZ do
My 4,828
FS = M- T1.653 2.92 > 1.5

42.7
9.4
34.0
8.5
9.4
60.5
34.0

65.1

ok

G 34

Arm

-16.96
-23.62
-20.79

-3.29
-23.62
-14.62

29.29

41.43

275K/SQFT

724

222

707
28
222
885
996
2,697

4,828 1,653



Summary

4,828
1,316

1,431

C 35

1,653
493

757

EM 1110-2-2503
29 Sept 89

FS
2.92
2.67

1.89



