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Suggested Allowable Design Stresses—Sheet Piling

use in a design unliess an adequate ton-
nage can be ordered at one time to assure

a minimum rolling.

Complete data regarding these sections
will be found in a separate publication
entitled '‘USS Steel Sheet Piling.”

H—Homestead, Pa. (Pittsburgh District)

Minimum Yield Allowable Design Stress,
Steel Brand or Grade Point, psi psi*
USS-EX-TEN 55 (ASTM A572 GR 55) 55,000 35,000
USS EX-TEN 50 (ASTM A572 GR 50) 50,000 32,000
USS MARINER STEEL 50,000 32,000
USS EX-TEN 45 (ASTM A572 GR 45) 45,000 29,000
Regular Carbon Grade (ASTM A 328) 38,500 25,000

S—South Chicago (Chicago District)

*Based on 65% of minimum yield point. Some increase for temporary overstresses
generally permissible.
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Fig. 3 (b) — Coulomb earth pressure

For a smooth wall (zero wall friction) with level backfill or if § = 8 for a sloping backfill,
the Rankine and Coulomb Theories give identical results.

Log-Spiral Theory — The Coulomb Theory of earth pressure assumes that the surface
of sliding or failure is a plane. This assumption deviates somewhat from reality. For the
active case the error introduced is small. However, for the passive case the error can be
large and is always on the unsafe side. If the angle of wall friction, 6, is low the failure
surface is almost plane. However, if & is high, the passive failure plane deviates
considerably from Coulomb’s assumption, which predicts unrealistically high passive
pressures. Large angles of wall friction that cause a downward tangential shearing force
will increase the vertical pressures in the soil close to the wall, thus causing a curved
failure surface as shown in Figure 4(a). The soil fails on this curved surface of least
resistance and not on the Coulomb plane, which would require a greater lateral driving
force. Figure 4(b) shows the reduction in the passive earth pressure coefficient, Ky, for
increasing values of wall friction for the actual curved surface of failure.
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Fig. 4 — Comparison of Coulomb and log-spiral failure surface (after Terzahgi??)

The method of computing earth pressures for a log-spiral failure surface is summarized in
Soil Mechanics in Engineering Practice by Terzaghi and Peck. Table 1 lists values of
passive lateral earth pressure coefficients for a curved surface of failure and level backfill
for various relative values of the angle of internal friction, ¢, and the angle of wall
friction, 8. The charts in Figure 5(a) give the active and passive coefficients for a log-spiral
failure surface for the case of wall friction and sloping backfill.

o= 10° 12.5°| 15° |17.5° 20°| 25° | 30°| 35° | 40°

6=—¢ |1.65|1.89 [2.19]2.55 |3.01|4.29/6.42{10.20{17.50

6=—¢/2|156|1.76 |1.98(2.25 |2.59|3.46(4.78| 6.88{10.38

6=+0 [142]155 [1.70(1.85 {2.04|2.46(3.00| 3.70| 4.60

6=+¢ [073]|0.68 [0.64|0.61 |0.58/0.55/0.53| 0.53| 0.52

Table 1. Values of Passive Lateral-earth-pressure
Coefficients Ky (Curved Surfaces of Failure)

(after Caguot and Kerisel')
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SURCHARGE LOADS

The function of a sheet pile structure is often to retain various surface loadings as well as
the soil behind it. These surface loads, or surcharge, also exert lateral pressures on the
wall which contribute to the active pressure tending to move the wall outward. Typical
surcharge loadings are railroads, highways, buildings, ore piles, cranes, etc.
The loading cases of particular interest in the determination of lateral soil pressures

are:

1. Uniform Surcharge

2. Point Loads

3. Line Loads Parallel to the Wall

4. Strip Loads Parallel to the Wall

For the case of a uniform surcharge loading, the conventional theories of earth pressure
can be effectively utilized. On the other hand, for point, line and strip loads the theory of
elasticity (Boussinesq Analysis) modified by experiment provides the most accurate
solutions. These solutions are summarized in Foundation Design by Wayne C. Teng! and
“Anchored Bulkheads”” by Karl Terzaghi.??

Uniform Surcharge — When a uniformly distributed surcharge is applied at the surface,
the vertical pressures at all depths in the soil are increased equally. Without the surcharge

" the vertical pressure at any depth h would be 7h, where 7 is the unit weight of the soil.

When a surcharge of intensity q (force/area) is added, the vertical pressures at depth h
become 7h + q.
The lateral pressure, oy, due to the uniform surcharge g, is equal to Kq, as shown in

Figure 7 below.
q Ib/ft?

<

\__aH {due to q) =aK (Ib/ft?)

Fig. 7 — Lateral pressure due to uniform surcharge

The K value is either the active coefficient Kq or the passive coefficient K, depending
upon whether the wall tends to move away from or toward the surcharge area. The
uniform lateral pressure due to the surcharge is then added to the lateral dead weight
earth pressures as described in previous sections.

For the case of a uniform surcharge loading, lateral movement of the plane on which
the horizontal stresses are being computed is taken into account by considering that the
entire “‘active wedge” of soil is in a state of impending shear failure. On the other hand,
computations of lateral stresses due to surcharge applied on a limited area (point, line and
strip loads) is complicated by the lack of a rational approach to the distribution of shear
stresses in the soil adjacent a yielding vertical plane. Therefore, semi-empirical methods of
analysis have been developed based upon elastic theory and experiments on rigid
unyielding walls. The lateral pressures computed by these methods are conservative for
sheet pile walls since, as the wall deflects, soil shear resistance is mobilized and the lateral
pressure on the wall in reduced.
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Fig. 9 — Lateral pressure due to line load (Boussinesq equation modified by experiment) (after Terzaghi®?)

Strip Loads — Highways and railroads are examples of strip loads. When they are
parallel to a sheet pile wall, the lateral pressure distribution on the wall may be calculated
as shown in Figure 10.

q Ib/ft?

Y

=2
UH“—ﬂq—[ﬁ—sinBcosz a ]

Sheet Pile Wall

Elevation View

Fig. 10 — Lateral pressure due to strip load (Boussinesq equation modified by experiment) (after Teng')

VALUE OF n = Z/H

Based on the relationships given above, Figure 11 shows plots of the lateral pressure
distributions under point and line loads and gives the positions of the resultant force for
various values of the parameter m.
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The effect of downward seepage in the soil behind the piling is very small and may be
neglected.

It must be anticipated that some seepage will occur through interlocks, although the
amount is difficult to predict. As an approximation, the seepage should be assumed to
equal at least 0.025 gallons per minute per square foot of wall per foot of net head across
the wall for installations in moderately to highly permeable soils.

OTHER LATERAL LOADS

In addition to the lateral pressures described previously, sheet pile structures may be
subjected to some of the lateral loads described below.

Ice Thrust — Lateral thrusts can be caused by the volume expansion of ice in
fine-grained soils (very fine sand, silt and clay). The possibility of lateral thrust from ice
or frozen ground should be eliminated by placing free-draining coarse granular soil above
the frost line behind a sheet pile wall. Steel sheet piling also offers the advantage that it
can yield laterally to relieve any thrust load due to ice.

Wave Forces — There are many theories concerning wave pressure against a vertical
surface. In general, wave pressure is a function of wave height, length, velocity and many
other factors. The reader is directed to the following references for a detailed explanation
of methods of analysis. Design and Construction of Ports and Marine Structures by
Alonzo DeF. Quinn, Substructure Analysis and Design by Paul Anderson, Pile
Foundations by Robert D. Chellis and Shore Protection, Planning and Design, TR No. 4
Dept. of the Army, Corps of Engineers.

Ship Impact — Sheet pile dock and waterfront structures may often be subjected to the
direct impact of a moving ship. Fender systems should be used in this case to spread out
the reaction and reduce the impact to a minimum. Allowance for the effect of a ships’
impact is sometimes made by the inclusion of an arbitrary horizontal force such as 50 to
100 tons. The reader is directed to the above mentioned references for further discussion.

Mooring Pull — Sheet pile dock and water front structures generally provide mooring
posts for anchoring and docking ships. The magnitude of the mooring pull in the
direction of the ship may be taken as the winch capacity used on the ship. When the
spacing of the mooring posts is known, an evaluation of moor post pull on the structure
can be made. . :

Earthquake Forces — During an earthquake the vibration of the ground may
temporarily increase the lateral pressure against a retaining structure. This increase is a
result of a number of factors including inertia force, direction, horizontal accelieration
and period. For the design of retaining walls of moderate height, the lateral pressure for
design may be increased by about 10 per cent. In the case of high retaining structures, the
trial wedge method of analysis should be used. The trial sliding wedge is assumed to be
acted upon by a horizontal force in additional to all other forces. Some engineers assume
that the horizontal force is equal to 18 to 33 percent of the weight of the sliding wedge.
The designer, of course, should consider the location of the structure relative to previous
earthquake history. - )















where Ag¢ = displacement in inches

P; = total applied load over length in pounds
£ = H + %D in inches
in which  H = exposed length of sheeting in inches
and D = penetration of sheeting in surface stratum, plus one-half of

penetration in any lower, more dense, coarse grained
stratum. Neglect any penetration in rock (inches).

Simplified Method — A simplified method of design is illustrated in Figure 15(b). The
passive resistances are simplified by assuming a right triangular pressure on the left side of
the piling and by substitution of a concentrated force C for the net passive resistance on
the right side of the piling. This method results in some error but saves greatly in the
computations. The distance, Do, must satisfy both the requirements of equilibrium. The
calculated value of Dg should be increased by 20 to 40 percerit to get the total design
depth of penetration.

Figure 18 gives a useful method to design cantilever sheet piling in homogeneous
granular soil, analyzed by the conventional method. This chart allows the designer to
obtain directly the depth ratio, D/H, and the maximum moment ratio, Mmax/Y'KqH? as
a function of the ratio of passive to active pressure coefficients, Ky/Kq, for various
positions of water level. It is, therefore, independent of the method of obtaining K, or
Kg. The chart was developed for a wet unit weight, 7, equal to twice the submerged unit
weight, Y’'. To use Figure 18, one may determine ¢ and Y from Table 2, § from Table 4
and K,/Kg and Kq from Figure 3 (a). A design example is given at the end of problem
No. 1 (pages 86-90).

Cantilever Sheet Piling in Cohesive Soils — Two cases of cantilevered walls in cohesive
soils are of interest: (1) sheet pile walls entirely in clay and (2) walls driven in clay and
backfilled with sand. Different lateral earth pressures develop for each case.

Wall Entirely in Cohesive Soil — Design of sheet piling in cohesive soils is complicated
by the fact that the strength of clay changes with time and, accordingly, the lateral earth
pressures also change with time. The depth of penetration and the size of piling must
satisfy the pressure conditions that exist immediately after installation and the long-term
conditions after the strength of the clay has changed. Immediately after the sheet piling is
installed, earth pressure may be calculated on the assumption that undrained strength of
the clay prevails. That is, it is assumed that the clay derives all its strength from cohesion
and no strength from internal friction. The analysis is usually carried out in terms of total

stress using a cohesion value, c, equal to one-half the unconfined compressive strength, -

qu- The method is usually referred to as a “¢ = 0’ analysis.
Figure 19 illustrates the initial pressure conditions for sheet piling embedded in
cohesive soil for its entire depth.

Original q, = unconfined comp.

= ground strength of clay
2 q"_r—- Y = unit weight (effective)
T

i ToTwaN:
A z of soil Passive
T, \ pressure ay
i qu\\ Py=TeZ +q, (H—;—)
m Qu C &
Qla o &n ~
E TQH -qy = ] _I' g )
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= Pg=7YeZ—q pressure / S o B
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Fig. 19 — Initial earth pressure for design of cantilever sheet piling entirely on cohesive soil (after Teng')
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Fig. 20 — Initial earth pressure for design of cantilever sheet piling:
in cohesive soil backfilled with granular soil (after Tepql)

The long-term condition for sheet piling in clays must also be considered, as mentioned
previously, due to time dependent changes in ¢ and c. The analysis should be carried out
using effective stress parameters ¢’ and ¢’ obtained from consolidated-drained tests, or
from consolidated-undrained tests in which pore pressure measurements are made.
Limited experimental data indicates that the long-term value of ¢ is quite small, and that
for design purposes ¢ may be conservatively taken as zero. The final value of ¢ is usually
between 20 and 30 degrees. The lateral pressures in the clay over a long period of time
approach those for a granular soil. Therefore, the long-term condition is analyzed as
described in the preceding section for granular soils.

Figure 22, page 26 provides design curves for cantilever sheet piling in cohesive soil
with granular soil backfill based upon the simplified method of analysis. This chart allows
the designer to obtain directly the depth ratio, D/H, and the maximum moment ratio,
Mmax/v'KqH?, as a function of the net passive resistance, 2qy — veH, divided by the
expression y'KgH. The chart is, therefore, independent of the method of obtaining K,
and was developed for a wet unit weight, v, equal to twice the submerged unit weight, .
To use Figure 22, the values for g, and y¢ may be obtained from Table 3. For the sand
backfill, § may be found in Table 4 and K, from Figure 3 (a). A design example is given
at the end of Problem No. 2 (pages 91-94).

ANCHORED WALLS
General — Anchored sheet pile walls derive their support by two means: passive pressure

on the front of the embedded portion of the wall and anchor tie rods near the top of the

piling. This method is suitable for heights up to about 35 feet, depending on the soil

conditions. For higher walls the use of high-strength steel piling, reinforced sheet piling,
relieving platforms or additional tiers of tie rods may be necessary. The overall stability
of anchored sheet pile walls and the stresses in the members depends on the interaction of
a number of factors, such as the relative stiffness of the piling, the depth of piling pene-
tration, the relative compressibility and strength of the soil, the amount of anchor yield,
etc. In general, the greater the depth of penetration the lower the resultant flexural
stresses.

Figure 21 shows the general relationship between depth of penetration, lateral pressure
distribution and elastic line or deflection shape.

q ]

TWTNWWEANT BEEREH

A

Dredge Line

{a) (b} {c) (d}
Fig. 21 — Affect of depth of penetration on pressure distribution and deflected shape

25









8¢

{'4'S HOd %0¥ OL %0Z A8 ISVIHONI) H/AQ ‘OlLvY H1d3d

1.75

1.50

1.25

1.0

0.75

0.50

0.25

i & T T 1 L 0
MOMENT RATIO
WA =
—T"] et =
\ AA/ - /,_«%ﬂ 1'1 —d_go_‘:;%_:—';:‘ 9——:‘£
// |t o= / =
L~ o o= A m
. j/g /,a/( * 0 [T = =
1 §  aH P ¢~ ANCHOR. PULLT 03 3 |2
« 3]
/ \ % & v 7 = WET UNIT WT. x |-
= = - (@]
\ 7= ¥ = SUB. UNIT WT. 3
04 < |3
\) 4 DL - ; QBANQLAB soiL EE
- ' ' 05 |Z
g
\ ANCHORED STEEL SHEET PILE WALL -
IN HOMOGENEOUS GRANULAR SOIL 0.6
FIGURE 24
0.7
0.2
— | w— -— F -1 =]
4 == X 0.3
N =T 7] >
\< \ 3
N AN = 04 |5
NCNN RSk =
\\\\N P Sl 418
,,’ \ S\\\ >‘<__ 05 : rr:
S NN [ 28
/% NN \>\ N === "| 1 ANCHOR PULL RATIO -
(/ L TN TS -3\’7 ' r'?l
/ 17 >R \ — DEPTH RATIO -
471
W ’A’ \ g
Vid ©
'>- . 0.8 T
NOTE: CURVES BASED ON FREE-EARTH SUPPORT METHOD OF
ANALYSIS WITH Y = 27" AND p = 0.25
| | l | l T 0.9
15 2.0 3.0 40 50 60 7.0 80 9.0 10 30 40

Kp/Kq

20



4. Calculate Pg, the resultant force of the earth pressure above a, and its distance, L,
below the tie rod level.

5. To satisfy equilibrium, the wall must be deep enough so that the moment due to
the net passive pressure will balance the moment due to the resultant active force
Ps . Sum moments about the tie rod level.

2 My = (L)(Pg) - %(pp - pa)D, > (H +y +3 D,) =0

Solve for D, . Since the equation is cubic in Dy, a trial and error method would be
appropriate.
6. Compute the tie rod tension given by

T =Pg-%(pp-pa)D,?

7. The maximum bending moment occurs at the point of Zero shear in the wall,
below the tie rod level.

8. Select the appropriate sheet pile section (Note: Use of Rowe’s moment reduction
theory can be utilized. This theory is discussed in a subsequent section.)

9. Add 20 to 40 per cent to D, to provide a margin of safety, or divide Pp by a
factor of safety of 1.5 to 2.0 in steps 1, 3 and 4.

Design charts have also been developed for anchored walls in homogeneous granular
soil for the free earth support method as shown in Figure 24.

These curves give the depth ratio, D/H, the maximum moment ratio, Mmax/Y'KqH?3,
and the tie rod ratio, T/Y'’KgH?, as a function of the ratio of the passive to active earth
pressure coefficients, Kp/Kq. The curves are independent of the method of obtaining K
or Kg. The curves in Figure 24 were developed for a wet unit soil weight, 7, equal to
twice the submerged unit weight, 7Y’, and a depth of anchor equal to 0.25H as shown.
Resulting moments and tie rod tension are force per unit length of wall. To use Figure 24,
one may determine ¢ and Y from Table 2, § from Table 4, and K,/Kq from Figure 3 (a).
A design example is given at the end of Problem No. 1 (pages 95-100).

Design in Cohesive Soils — Figure 25 shows the resulting pressure distribution and
application of the free earth support method for an anchored sheet pile wall in cohesive
soil. The following design procedure may be used:

nd fill
=L 3
H
H¢ Clay
{ f
/
& / T = tie rod pull per foot of wall
/ \
/ \
1L _ L _ A

.

Fig. 25 — The free-earth-support method of anchored-bulkhead design in clay with granular backfill
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1. Determine the immediate and long-term strength of the soil by undrained tests
(¢==0) and drained tests (c=0), respectively. Check stability to see that the design
height is less than the critical height, H < 2qy/Ye, in order that a net passive pres-
sure will result.

2. Calculate Pg, the resultant force due to active earth pressure (and surcharge, if

any) above the dredge line.
3. To satisfy equilibrium sum moments about the tie rod level:

Z Mt = (L)(Pg) - (4c - YeH)D’ (Ht + %%D’) = 0.
Solve for D".
4. Compute the tie rod tension given by

T =Pa-— (4C —'YeH)D'

5. Determine the maximum bending moment at the point of zero shear.

6. Select the appropriate pile section. (Note: Use of Rowe’s moment reduction

theory can be utilized. This theory is discussed in a subsequent section.)

7. Add 20 to 40 per cent of D’ or use 50 to 75 per cent of the full cohesion in steps

1 and 2.

Figure 26 presents design curves for anchored steel sheet pile walls in cohesive soil with
granular backfill. These curves give the depth ratio, D/H, the maximum moment ratio,
Mmax/Y'KqH3, and the anchor pull ratio, T/Y'’KgH?, as a function of the “net passive
pressure coefficient,” (2qy-YeH)/Y'KqH. The term 2gy-YeH is the net passive pressure on
the left side of the wall below the dredge line where YgH is the vertical pressure at the
dredge line. The term Y'KgH will normally vary from about 300 to 500, therefore
practical values of (2qy-YeH)/Y'KqH can be quite small for low strength soils. For this
reason the curves have been extended to include this lower range. The curves in Figure 26
were developed for a wet unit soil weight, 7, equal to twice the submerged unit weight,
7Y’, and for a depth of anchor rod below the top of the wall equal to 0.25H. To use Figure
26, the values for qy and Ye may be obtained from Table 3. For the sand backfill, § may
be found on Table 4 and Kg from Figure 3 {a). A design example is given at the end of
Problem No. 2 (pages 101-103).

Rowe’s Moment Reduction Theory

Steel sheet piling is quite flexible causing earth pressures to redistribute or differ from the
classical hydrostatic distribution. In particular it has been observed that the bending
moment in sheet piling generally decreases with increasing flexibility of the piling. This is
due to the interdependence between the type of deflection or yield of the buried portion
of the sheet piling and the corresponding distribution of passive earth pressure. With
increasing flexibility, the yield of the buried part assumes the character of a rotation
about the lower edge of the bulkhead causing the center of the passive pressure to move
closer to the dredge line. This in turn decreases the maximum bending moment. As a
consequence, if a reduction in the maximum bending moment calculated by the free earth
support method is neglected, an uneconomical and wasteful design will result. However, if ~
the moment reduction is considered, a lower section modulus will be required introducing
the possibility of using a lighter piling section.

Rowe 2% 25 26. 27 has established a definite relationship between the degree of
flexibility of an anchored bulkhead, expressed as a coefficient p = (H + D)?4/El, and the
reduction of the actual bending moment, M, as compared to the free earth support value,
Mmax- Figure 27 shows the relationship between the ratio M/Mmax and p for both
medium dense and very dense granular soils. For a given wall of height, H, analyzed by
the free earth support method, the designer can develop “‘structural curves’ for various
piling sections and each grade of steel. Any section falling below the moment reduction
curve for the appropriate relative soil density would be inadequate. A design example is
given at the end of Problem No. 1 (pages 95-100) illustrating the use of Rowe's Moment
Reduction Theory.
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Fig. 27 — Rowe’s moment reduction curves (after Navdocks'')

Rowe has also extended the moment reduction theory to cohesive soils by introducing
the stability number concept. The stability number is the ratio of the cohesion below the
dredge line to YeH at the dredge line and is a measure of the net passive resistance. To
account for adhesion, Rowe has proposed the definition:

g=C% /f1+%8-125° (for desi )
= +—=125— or design purposes
YeH c YeH

Figure 28 shows the relationship established between the stability number as defined
above and the ratio of the design moment, M, to the maximum moment, Mmax,
calculated by the free earth support method for various height to total length ratios, c.

oo (H+D)* 1.25¢ R
Flexibility number p = £l Stability number S = Ye (H+D) «(H+D)
H=ft ¢ = cohesion, psf ,,Jm
E=psi Ye =pcf D)
I=in.*/ft of piling H= ft
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Fig. 28 — Moment reduction for cohesive soils (after Teng')



Curves for three wall flexibility numbers are given. The designer, knowing the stability
number, S, and the depth to height ratio, «, can determine the moment reduction and,
therefore, size the piling for a particular flexibility p. Values of p between those given can
be interpolated. The stability number concept will be expanded in a later section.

Fixed Earth Support Method (Equivalent Beam Method)— This method is based on the
assumption that the wall deflections, A, are such that the elastic line of the wall will take
the shape indicated on Figure 29,

Top of Ground
[ *]

. ORI

Fig. 29 — Fixed earth support method

The deflected shape reverses its curvature at the point of contraflexure, ¢, and becomes
vertical at point t. Consequently, the wall acts like a partially built-in beam subjected to
bending moments.

To produce this deflected shape, the wall must be driven deep enough so that the soil
beneath the dredge line provides the required restraint on the bulkhead deformations.
The elastic line method of assuming a depth of penetration and calculating the resulting
deflected shape to see that it agrees with the assumption is very time consuming and very
seldom used in practice. Blum (see Tschebotarioff?) has developed a much simpler
procedure known as the equivalent beam method, utilizing a theoretical relationship
between the angle of internal friction, ¢, and the distance, x, to a point of contraflexure.
Figure 30 illustrates the method, which is limited in its use to granular soils.
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Fig. 30 — Equivalent beam method (after Teng')

The equivalent beam method assumes a hinge at the point of contraflexure, since the
bending moment there is zero. The part above the hinge can then be treated as a separate,
freely supported beam with an overhanging end as shown in Figure 30 (d). The reactions
R and T and the bending moments can then be determined from statics and simple beam
theory. The lower portion, below the point of contraflexure, can also be analyzed as a
separate, freely supported beam on two supports, R and C. Based on these assumptions,
the sheet piling in granular soils may be designed by the following steps:

1. Compute the active and passive lateral pressures using the appropriate earth
pressure coefficients.
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2. Determine the distance, y, from: o= YeHKg
Ps-P4
where 7eH = weight of backfill and surcharge load above the dredge
line, using buoyant weight for soil below the water level
Kg= coefficient of active earth pressure for the soil below the
dredge line

3. Locate the point of contraflexure by the chart shown in Figure 30 (e).

4. Determine the reaction R at the point of contraflexure. R is the horizontal
reaction at point b obtained by treating the piling above b as a simple beam
supported at b and at the tie rod level as shown in Figure 30 (d).

5. Treat the lower portion of the piling, eb, as a simple beam and determine the
dimension eb by equating the moment about the base e to zero.

6. The depth of penetration, D, is equal to the sum of the dimensions eb and x. To
provide a margin of safety, either add 20 to 40 per cent to the calculated depth of
penetration, D, or use a reduced value of K by dividing it by a safety factor of
1.5 to 2.0.

7. Determine the maximum bending moment at the point of zero shear and size the
piling.

Generally the point of contraflexure and the point of zero pressure are very close and

for design purposes the value of x may be taken equal to y. For this case, the depth of
penetration may be expressed by the following equation:

6R
D=y+ /—
Po—Pa

where y = distance from the dredge line to the point of zero pressure
R = horizontal reaction at o, obtained by assuming the piling is
simply supported at point o and at the tie rod level
Pp » Pa = passive and active earth pressures in the soil below the
dredge line
A design example is given illustrating the Equivalent Beam Method (Problem No. 3,
pages 104-106).

Tschebotarioff3 has proposed the use of an even more simplified equivalent beam
procedure, as shown in Figure 31.

'1[_—_'—'—1__

Top of Ground

a{H+D)=.7(H+D)

(a—p)(H+D)

Dredge Line
NN

D D=0.43a(H+D) [7'ta—B)(H+D)]

B N S

(cl—ean sand)

Fig. 31 — Simplified equivalent beam method (after Tschebotarioff’)

By this method, a hinge is assumed at the dredge line and the depth of penetration is set
at 0.43c(H+D). To determine bending moments, the bulkhead above the dredge line is
treated as a statically determinate beam on two supports, T and R, with an overhanging
end. The reader is directed to Soil Mechanics, Foundations and Earth Structures, by G. P,
Tschebotarioff for a more detailed discussion.
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The theoretical penetration, Do, to the point of rotation or zero deflection, c, is
determined by the intersection of the line of moments with the tangent at the top of the
wall. If the tangent does not intersect, more passive pressure is needed and the assumed
depth must be increased. Below this point the wall deflects in the opposite direction
causing passive pressure to develop on the right hand side. The additional driving depth
required to develop the passive pressure to balance forces may be approximated by

0.45R
A= C
Ac
where A = the additional required driving depth
Rc = the reaction at ¢ due to the passive pressure below ¢

dc = the passive pressure (on the left) at c i.e., (Kp— Kq)YeDg
The reaction R is found from the vector diagram and is equal to Py - Pq where

_ acDo
2

Pp

" Therefore, the total depth required below the dredge line is

D=Y+DQ+A

where y is the distance from the dredge line to the point of zero pressure. The elastic line
of the wall assuming fixity at point ¢ can be found by the same method using the
moment diagram as a lateral pressure diagram. In this way, the deflection at the top of
the wall can be checked for tolerance.

Anchored Walls — The vector diagram or string polygon may also be used to design
anchored walls by use of the simplified equivalent beam method. The vector diagram is
drawn as shown in Figure 33. On a horizontal line commencing at the right, the successive
loads for the sections from the bottom to the top of the equivalent beam are laid off end
to end. The pole distance is selected as for cantilevered walls. The moment diagram is
constructed exactly as in the cantilevered case starting at the bottom of the equivalent
beam. The line drawn for the top section of the moment diagram is projected back to
intersect the line of action of the anchor pull at A’. From A’ a straight line is then drawn
to the starting point Q'. This straight line is the base line of the moment diagram and its
inclination depends on the position of O in the vector diagram. The line A-O in the vector
diagram is drawn through O parallel to A’-0’ and gives the magnitude of the anchor
tension and the equivalent reaction at the point of zero pressure. The maximum bending
moment is found by scaling the maximum horizontal distance from A’-0’ to the curve in
the moment diagram. The total depth of penetration is obtained from the equation

6R
D=y+ [/
YelKp—Ka)

where R = the equivalent reaction at the base found from the vector
diagram
y = the distance from the dredge line to the point of zero
pressure
Ye = effective unit soil weight below the dredge line

To provide a margin of safety, D is usually increased by about 20 per cent.









The bending moments and anchor pull can be determined from the pressure
distribution established between A and B. The following approximate relationships may
be used. The tension, T, in the tie rod at point A is

Mo
T=AL+A0+T‘1’§“L
where A| = reaction at A corresponding to the earth pressure diagram
AVZB.
Ao= resultant of the pressure above the tie rod
Mg = cantilever moment at A due to the pressure above the tie rod

The soil reaction at B is B=B - %’——;—qL
where B = reaction at B corresponding to the earth pressure diagram
AVZB
The maximum positive bending moment to be used for design of the sheet piling is
M = ML—M29— % gL?
where ML= the maximum bending moment coresponding to the earth

pressure diagram AVZB

The required depth, D, is determined by the condition that the total passive earth
pressure, calculated according to Coulomb’s Theory (with 8 = %¢), should equal the
reaction B. This necessitates a trial and error approach. The driving depth should be
increased to D4/ 2 to provide a margin of safety of approximately 2.

High Sheet Pile Walls (Two Anchor System) — When the height between the dredgeline
and the anchor is greater than about 35 feet, it may prove economical to utilize a second
tie rod at a lower level. This will reduce both the moment in the wall and the required
depth of penetration. Figure 35 shows two arrangements for a sheet pile wall having two
tie rods. Method (a) is preferred because the different tie rod lengths and separate anchors
used in method (b) tend to cause different horizontal deflections at the two wales.
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Fig. 35 — Typical anchorage for two tie rods

The principles of design for multiple tie rods are the same as for walls having one tie rod.
A convenient method to investigate alternate designs for two ties is as follows:

1. Referring to Figure 36, calculate the deflection, 4,, of a single tie wall at the
proposed level of the second tie. Then the tension, T, in the lower tie is simply
that force applied at the lower tie rod level that is necessary to produce an equal,
but opposite deflection A, in the single tie wall. The wall can be treated as a
simple span between the upper tie rod and the resultant, Rp, of the passive resis-
tance, as shown in Figure 36.
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Fig. 36 — Analysis with two tie rods
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If backfilling is commenced before the installation of the lower tie rod, an initial
deflection, &', will occur in the wall. Consequently, the calculated force in the
lower tie rod will be reduced by the ratio (6,-6")/6,, since the actual deflection,
6’, cannot be counteracted.

2. The reduction of tension in the top tie rod due to the introduction of the lower
tie rod is equal to the reaction of the simple span mentioned above with a single
point load equal to the tension in the lower tie rod. Allowance should be made
for the increased tension in both tie rods if they are inclined, as in Figure 35 (a).
Once T, and T, are determined, the depth of penetration can be revised by
statics; however, it is wise to keep in mind that the above methods are only
approximate. It is recommended that any reduction factor be omitted if a wall
has two or more tiers of tie rods.

STABILITY OF SHEET PILE WALLS

The height of a sheet pile wall driven in cohesive soils is limited by the initial strength of
the clay below the level of the dredge line. This is true for anchored or cantilevered walls
and for either granular or cohesive backfill above the dredge line. For heights in excess of
this limit, the wall will fail. Therefore, the first step in the design of sheet pile walls in
cohesive soils should be the investigation of the limiting height.

Figure 37 shows a sheet pile wall driven in cohesive soil together with the lateral earth
pressures below the dredge line. The net passive resistance below the dredge line is given
by:

Pp —Pa = lay +Y(Z-H)] — [YeH +Y(Z-H) - qy] = 29y~ YeH

where gu = unconfined compressive strength = twice the cohesion, c.
Ye = the effective unit weight of soil above the dredge line =
moist unit weight above water level and submerged unit

weight below water level

Z = depth below ground line.

H = the height of the soil above the dredge line, including the
equivalent height of any unifrom surcharge

Y = unit weight of soil below the dredge line

If the height of the wall, H, is such that the net passive resistance is zero, failure will
occur. This will occur when 2qy = 7eH, that is, when the ratio 2qy/YeH = 1. Rowe?” has
introduced the concept of the stability number, S, defined as:

g=JU
2YeH
Cantilever or " g o
anchored ackfill or original
sheetpiling | soil deposit
H

Dredge line
Qu

- '&—-—

TeH

pp=7e(Z'H)+Qu

Pz=7eH +7(Z-H) —q,

L_-|2qu —YeH

Fig. 37 — Stability of sheet piling in cohesive soils (after Teng')

Since adhesion, cg, will develop between the soil and the sheet piling, the stability

number may be modified as:
=%  /f14Ca
. TeH T c

where ca= the wall adhesion
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DESIGN OF ANCHORAGE SYSTEMS FOR SHEET PILE WALLS

TIE RODS

Tie rods are frequently subjected to tensions much greater than the calculated values. The
conventional methods of calculating anchor pull involve the assumption that the resulting
active pressure distribution is hydrostatic, or triangular. In reality, the real distribution
may be somewhat different and the corresponding anchor tension may be greater than
that computed. The anchor pull may also increase because of repeated application and
removal of heavy surcharges or an unequal yield of adjacent anchorages that causes
overioading. Because of these possibilities, the computed tie rod design tension should be
increased by about 30 per cent for the tie rod proper, and 50 to 100 per cent at splices
and connections where stress concentration can develop. The pull on a tie rod before any
increase is assessed would then be

_ Txd
Ap - COos &
where Ap= the anchor pull in pounds per tie rod

T = the anchor pull in pounds per foot width of wall
d distance between rods in feet (center to center)
o inclination of tie rod with the horizontal

Any soft soil below the tie rods, even at great depth, may consolidate under the weight
of recent backfill, causing the ground to settle. A small settlement will cause the tie rods
to sag under the weight of the soil above them. This sagging will result in an increase in
tensile stress in the tie rod as it tends to pull the sheeting. In order to eliminate this
condition, one of the following methods may be used:

1.  Support the tie rods with light vertical piles at 20 to 30-foot intervals.
2.  Encase the anchor rods in large conduits

Tie rods are usually round structural steel bars with upset threaded ends to avoid a
reduction in the net area due to the threads. In order to take up slack, turnbuckles are
usually provided in every tie rod.

WALES

The horizontal reaction from an anchored sheet pile wall is transferred to the tie rods by
a flexural member known as a wale. It normally consists of two spaced structural steel
channels placed with their webs back to back in the horizontal position. Figure 39 shows
common arrangements of wales and tie rods located on both the inside and outside of a
sheet pile wall. The channels are spaced with a sufficient distance between their webs to
clear the upset end of -the tie rods. Pipe segments or other types of separators are used to
maintain the required spacing when the channels are connected together. If wales are
constructed on the inside face of the sheet piling, every section of sheet piling is bolted to
the wale to transfer the reaction of the piling. While the best location for the wales is on
the outside face of the wall, where the piling will bear against the wales, they are gener-
ally placed inside the wall to provide a ciear outside face.
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SECTION A4 Fig. 39 — Typical wale and anchor rod details

For sizing purposes, the response of a wale may be assumed to be somewhere between

_that of a continuous beam on several supports(the tie rods) and a single span on simple

supports. Therefore, the maximum bending moment for design will be somewhere
between

Mmax = (1/10)Td? ({three continuous spans - simply supported)

Mmax = (1/8)Td*>  (single span - simply supported)

where T = the anchor pull in pounds per foot (before increase)
d = distance between rods in feet (center to center)

The above expressions are only approximations. An exact analysis would have to take
into account the elasticity of the tie rods, the rigidity of the wale and the residual stresses
induced during bolting operations.

The required section modulus of the wale is

S= Mmax
Oall

where S = the section modulus of the wale for both channels
oall = allowable steel bending stress

Wales are connected to the sheet piling by means of fixing plates and bolts. Each bolt
transmits a pull proportional to the width, £, of a single sheet pile, and equal to

Rp=Tx&x F.S.
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Figure 42 shows the effect of anchorage location on the resistance developed.
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Fig. 42 — Effects of anchor location relative to the wall (after Navdocks!!, Terzaghi'®)

If the anchorage is located between bc and bf, only partial resistance is developed due to
the intersection of the active and passive failure wedges. However, the theoretical
reduction in anchor capacity may be analytically determined (see Theoretical Soil
Mechanics by K. Terzaghi,!® p. 232.)

Sheet Pile Anchor Walls — Short steel sheet piles driven in the form of a continuous
wall may be used to anchor tie rods. The tie rods are connected with a waling system
similar to that for the ‘‘parent” wall, and resistance is derived from passive pressure
developed as the tie rod pulls against the anchor wall. To provide some stability during
installation of the piling and the wales, pairs of the piling should be driven to a greater
depth at frequent intervals. The anchor wall is analyzed by conventional means
considering full passive pressure developed only if the active and passive failure zones do
not intersect. However, if the failure wedges do intersect, the total passive resistance of
the anchor wall will be reduced by the amount

P, =(K ) _Y(h2)2
aPp = (Kp-Kq 2 (for granular soils)
where h, = depth to the point of intersection of the failure wedges as
2 . )
shown in Figure 43.
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Fig. 43 — Continuous anchor wall (after Navdocks

The tie rod connection to the anchorage should be ideally located at the point of the
resultant earth pressures acting on the anchorage. Problem No. 4a (pages 107-110)
illustrates the design of sheet pile anchor walls.

Deadmen Anchors — The effects of interaction of the active and passive failure surfaces,
as mentioned above, also apply to the design of deadmen anchors.






ANCHOR SLAB DESIGN BASED ON MODEL TESTS

General Case in Granular Soils

N. K. Ovesen®® conducted 32 different model tests in granular soil and developed a
procedure for designing anchor slabs located in a zone where the anchor resistance can be
fully mobilized. The proposed method considers that the earth pressure in front of the
slab is calculated on the basis of a rupture surface corresponding to a translation of the
slab. This method can be used to solve the general case in Figure 46 (a) for rectangular
anchors of limited height and length located at any depth as shown in Figure 46 (b).
Surface loads behind the anchor slab are not included in this publication since their
influence is small on the anchor resistance for granular soils with an angle of internal
friction equal to or greater than 30 degrees.
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Fig. 46 (a) — Geometrical parameters for an Fig. 46 (b) — Geometrical parameters for anchor
anchor slab. slabs with limited height and length.
Where A = resultant anchor force per slab, Ibs.
GWT = ground water table
Gw = weight per foot of wall of the anchor plus the

soil on top of the slab, Ibs. per foot

H = distance from base of slab to ground surface, ft.

L = distance between centers of two consecutive slabs, ft.

T = resultant anchor force, 1bs. per foot

\ = thickness of anchor slab, ft.

Z = distance from base of slab to resultant anchor force, ft.

hu = distance from base of slab to ground water table, ft.

h = actual height of anchor slab, ft.

2 = actual length of anchor slab, ft.

am = vertical effective stress in earth at midpoint of actual
height of anchor slab, Ibs. per square foot

Y = unit weight of soil, Ibs. per cubic foot

v = submerged unit weight of soil, Ibs. per cubic foot

Ovesen suggests that a two-step procedure be used to find the ultimate resistance of the
anchor per slab Ay|t which equals gmh{R. First the dimensionless anchor resistance
factor, Ry, is determined for the “basic case’’. The basic case is a continuous strip, £ =L,
extending the full height, h = H, of the anchor. Next, the dimensionless anchor resistance
factor, R, which is dependent upon Rg is calculated for the actual anchor dimensions
under consideration. Knowing R, the ultimate resistance of the anchor slab Ayt can be
calculated. A similar two-step procedure is used to find Z, the location of the line of
action of the anchor tie-rod force. The application of QOvesen’s method is described

below and illustrated in Problem No. 4b (pages 111-113).

1. Determine the dimensionless anchor resistance factor, Rg, for the “basic case’’. For
a given angle of internal friction, ¢, and angle of wall friction, &, calculate tan &, and
use Figure 46 (c) to obtain the earth pressure coefficient, K. Calculate the Rankine
active earth pressure coefficient K5, and then solve for Rg.

Kq = tan® (45 - ¢/2)
Ro =Ky -Kg

am H h7L2. A
hyy U_D
T
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Fig. 46 (d) — Dimensionless resistance factor ratio for continuous anchor slab, /L = 1.0
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DESIGN OF COFFERDAMS FOR DEEP EXCAVATIONS

GENERAL

A cofferdam is a retaining structure, usually temporary in nature, which is used to
support the sides of deep excavations. Such structures generally consist of vertical steel
sheet piling braced by a system of (a) wales and struts, (b) circular wales, and (c)
prestressed tiebacks. Cofferdams are used primarily for the excavation of multi-level
basements and trenches in construction situations where adjacent ground must be
supported against settlement or slides. Usually "in urban areas the need to prevent
settlement of the adjacent ground is a matter of prime importance, as such settlements
can have disastrous effects on the structural integrity of adjacent buildings. Sheet pile
cofferdams can also be used with economy in the construction of bridge piers and
abutments in relatively shallow water. :
In general, the method of construction incorporates the following basic steps: (a) steel
sheet piles are driven into the ground to a predetermined depth; (b) during excavation the
sheeting is braced by horizontal wales supported by a system of struts or prestressed
tiebacks; (c) the support system for each wale system must be in place and tightened or
prestressed against the sheeting before further excavation can proceed in order to prevent

. lateral deflection. Figure 49 is a diagram demonstrating the in-place position of the

components of a temporary cofferdam.
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Internal Bracing Prestressed Tieback

Fig. 49 — Steel sheet pile cofferdam (a) after Terzaghi & Peck'*

The design of a temporary cofferdam follows an exploratory subsurface investigation
conducted to provide general information about the site and the soil strata. With this
information, the overall dimensions of the structure can be set. More detailed subsurface
information (such as soil strength properties) is then obtained for design purposes. In this
detailed subsurface study, several borings should extend to bedrock or to a depth below
the design elevation of the bottom of the sheeting roughly equal to the width of the
excavation. The subsurface investigation should also include a determination of the
elevation range of the water table.

After the required soil parameters have been determined, the lateral earth pressures
against the sheeting are computed. The various cofferdam components can then be sized
by selecting a wale spacing, sizing the sheeting (based on the maximum moment
generated between supports), and sizing the struts (based on the maximum strut load) or
determine the prestress tieback spacing. The spacing between wales may be reduced if the
moments in the wall are too large. If the wale sizes are unreasonably large, the strut
spacing may be reduced. However, the strut spacing should be kept as wide as possible to
ease access through the bracing system during construction. Finally, the cofferdam should
be analyzed for overall stability and for safety against piping.

Of significant importance are the benefits of driving the steel sheet piling to a greater
depth than the design depth of excavation. In soft clays this usually results in resisting the
heave of the bottom of the excavation. Greater wall depths may also be advantageous in
excavations in granular soil below the water table thereby serving as a cutoff wall and
reducing the danger of piping and the formation of boils. In addition, the continuity of
sheet pile walls helps prevent excessive material loss from behind the wall.

A detailed explanation of the various stages of design of braced sheeted cofferdams is
presented in the sections that follow.



" LATERAL PRESSURE DISTRIBUTION

After the subsurface data has been obtained, the first step is to determine the loads acting
on the cofferdam. The loads to which the cofferdam may be subjected include earth
pressures, surcharge loads, hydrostatic pressures, wave pressures, and earthquake loads.
With the exception of the earth pressures, the lateral forces on the cofferdam walls may
be calculated in the manner presented in the first section of this manual. However, lateral
earth pressures on braced cofferdams cannot be calculated by the classical theories (Ran-
kine, Coulomb, etc.) because of differences in the behavior of the structure during con-
struction.

At the time the first row of struts is placed (refer to Figure 50) the excavation is not
deep enough to have appreciably altered the original state of stress in the soil. The lateral
pressure at the level of the first row of struts is, therefore, higher than the active pressure
since no significant yielding of the soil mass has occurred. As the excavation continues to
the level of the second set of struts, the rigidity of the first set prevents horizontal
yielding of the soil near the surface. However, the external lateral pressure tends to rotate
the sheeting about the upper support level so that a certain inward displacement of the
sheeting will occur at the level of the second set of struts by the time these struts are in
place. As the excavation continues, greater deflections occur at the lower struts
mobilizing soil strength and producing an arching effect which reduces lateral pressures.
At the completion of the excavation, the sheeting will have deformed to a position
indicated by line ab, in Figure 50. Thus, the resulting lateral pressure diagram will have
the maximum values occurring in the upper portion of the wall which is in marked
disagreement with the pressure distributions given by the Rankine or Coulomb Theories.

Fig. 50 — Deformation of sheet piling in a braced cofferdam (after Terzaghi & Peck'?)

For cofferdams in sand and soft to medium clays, a trapezoidal distribution similar to

that proposed by Terzaghi and Peck !4 (1967) may be used for design. This distribution is -

shown in Figure 51 for granular soils. If ground water is present, its pressure is added to
the trapezoidal soil pressure as shown in Figure 51 (c) and (d).
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Fig. 51 — Earth pressure diagram for braced cuts in sand (after Teng')

Pp = 0.8KgYeH cos &
where Kgq = active pressure coefficient determined from Figure 5a (page 10)
Ye = average effective unit weight
H = depth of excavation
6 = angle of wall friction estimated from Table 4 (page 13)

Problem No. 2, page 117, illustrates the design of a braced cofferdam in sand.
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Experience indicates that this pressure distribution results in conservative designs for
struts near the bottom of the excavation (the actual loads tend to be smaller than the
values predicted). For soft to medium clays the trapezoidal pressure distribution is given
in Figure 52 (a). An alternate method using the stability number concept is given in
Figure 52 (b).

0.30H
HE Py = YH - 2q,
g § 0.55H
a8 » where Y = wet unit weight
0.15H . .
o ay = unconfined compressive strength

Soft to medium clay
(a) Conventional Method

c 2
= 2+
g Pp 150 (7Ng 10Ng)
5(S T where C = Cohesion (psf)
33 gH H
L% No=7 3 (Stability No.} but not > 20
aH _ No
8 =1.1(1— ==} but not > 0.55
Py 20
N -
(b) Stability number method a=03 (1 - ﬁ ) butnot> 0.15

Fig. 52 — Earth pressure diagram for braced cuts in plastic clay

The distribution of pressure in the stability number method acts between the heights of
oH and (o+B)H above excavation level with linear reduction to zero at the top and
bottom. If ground water is present in clay, it is added to the pressure distribution as
shown for granular soil in Figure 51. This pressure distribution for clays also gives
maximum pressure values which result in conservative designs for some struts. However,
with the passage of time creep effects cause the lateral earth pressure to increase
appreciably. This phenomenon was studied in model tests by Kirkdam3* from which it
was concluded that the design of more permanent cofferdams in clay should be based on
earth pressures calculated according to the classical theories (Rankine, Coulomb or
Log-Spiral) using a cohesion value of zero and a ¢-angle as determined by drained triaxial
tests. Problem No. 1 (pages 114-116) is a design example illustrating the Stability Number
Method.

For stratified soils, Peck 3° suggested the use of the pressure diagram given in Figure 52
(a),substituting g and ¥ for gy and 7 in any sand strata that are interbedded with clay.
The values g and 7 are determined as follows:

g % [YeK<HZ tané + (H— Hg)ngy]

Y = Pll [YsHs + (H~ Hs)’yc]
where Ys = saturated unit weight of sand
Ks = hydrostatic pressure ratio for the sand layer, may be taken
as 1.0 for design purposes
Hs = thickness of the sand layer
angle of internal friction of the sand
total depth of excavation
dy = unconfined compression strength of the clay
= saturated unit weight of the clay
n = coefficient of progressive failure, the value ranges usually from 0.5
to 1.0. This value varies with the creep characteristics of the clay, the
length of time during which the excavation remains open, and the
care exercised in construction. In Chicago clay, the value ranges
between 0.75 and 1.0.

Problem No. 3 (pages 118-126) illustrates the design of a braced cofferdam in stratified
soil.
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These moment equations represent the range where the actual moment lies. The accuracy
with which the maximum moment can be determined depends primarily on the accuracy
of the pressure diagram. The required section modulus of the sheeting would then be

given by Mmax
Gall
where 041 = allowable steel bending stress

Wales — The wales are designed to resist the horizontal reactions from the sheeting as
previously described in the section on anchorage systems. However, in braced cofferdams,
since the excavation is usually of closed geometry, the wales are also subject to an axial
load due to the reaction from the perpendicular wales at the corners as shown in Figure
55. Thus, the wales should be designed as continuous beams subjected to both lateral and

axial loads. .
Splice At —— r\o]
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Struts g
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w

Fig. 55 — Plan at corner of braced cofferdam

Struts — Figure 56 illustrates a typical arrangement of struts in a braced excavation.
The struts are designed as compression members, with buckling being the primary
consideration. The spacing between struts in both directions must be designed in such a
manner that the axial loads and the 2/r ratios are kept within acceptable limits. Frequent
cross-strutting is recommended from the design standpoint as it reduces the 2/r ratios.
However, from the construction standpoint the spacing between struts may be dictated
by the required accessibility to the bottom of the excavation. An eight-foot strut spacing
is usually considered the minimum acceptable for construction.

Sheeting /7~ Stiffener Plate

v 7 N

l— Struts

Z iy
Wale m

Fig. 56 — Typical strut arrangement for a braced excavation




The designer must also consider whether or not the tiers of struts should be located at the
same elevation in both directions. If the tiers are located at the same elevation, the struts
must be framed into each other at the points of intersection. This is commonly done by
cutting interlocking notches in the struts at the junctions or by splicing the struts in one
direction. An alternative is to pass the tier of struts in one direction directly above the
tier of struts in the perpendicular direction. However, with such an arrangement the wales
will be at slightly different elevations at the corners and the transfer of reaction will result
in eccentric axial loads in the wales. If such eccentricity does occur, the wales must be
designed for the combined stresses due to the axial load and the biaxial bending moment
from the lateral pressure and the eccentric axial load.

Raking Braces — For large excavations it may not be practical to permit horizontal
braces to extend completely across the excavation. In such cases the sheeting can be
supported by raking braces as shown in Figure 57.
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Fig. 57 — Diagram illustrating the use of raking braces in construction of a deep cut

In such cases the sequence of excavation and installation of braces is quite different from
that normally assumed for a braced cofferdam with horizontal struts. Deflections of the
wall during construction permit mobilization of active pressures according to the classical
theories. Thus, the triangular lateral earth pressure diagram should be used as described
previously for cantilevered and anchored bulkheads. The bending moments in the sheet
piling must be determined for each stage of construction (just prior to installation of each
brace and wale) and will depend on the method and sequence of construction. The
maximum moment is usually assumed using simple span between the lowest brace then in
place and the point of zero net pressure below excavation, as shown on Figure 53 (c). A
safety factor of 1.5 is usually recommended for computation of passive pressure counted
on for support. In addition, an increase of 15 per cent to the load on the upper wale and
brace is also recommended.

Sheet piling penetration below final excavation bottom is controlled by stability
considerations (next section). Penetration requirements are determined by equilibrium of
the cantilever span below point y. By assuming a point of fixity at pointy,

P
PG.IQI —Fsegz'—Mv=0

where My = allowable moment in steel sheet piling at point y
Pg, = resultant active pressure below point y
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Thus it is possible to excavate using large power shovels instead of less efficient methods
such as using clamshells and hand excavation. This allows freer movement within the
excavation. The higher initial installation costs of the tieback system are justified by the
economies of an unobstructed excavation.

The lateral earth pressures exerted against the steel sheet piling may be calculated by
any of the accepted conventional methods using the at-rest coefficient instead of the
active coefficients.

1 t H
Teng’ suggests using Ko = 0.35 to 0.60 for sand and gravel

0.45 to 0.75 for clay and silt
1.00 or more for overconsolidated clays

A typical tieback system uses high strength alloy steel bars, 1% to 2% inches in dia-
meter, of 145,000 psi ultimate strength, or seven-wire strands of 250,000 or 270,000 psi
nominal ultimate strength. i

The tiebacks are installed by augering or driving 4 to 8 inch diameter pipe into the
ground at the desired angle. A pneumatic drifter will drill a 3 to 6 inch diameter rock
socket approximately 10 to 25 feet deep from the same rig that drove the pipe. The holes
in rock are cleaned by an air or water jet prior to installing tendon tiebacks. Quick drying
nonexpanding grout is installed by gravity flow. The tiebacks are then prestressed with
hydraulic jacks to about 25 percent higher than their working stress. The working stress is
equal to about 50 percent of ultimate strength.

The allowable design load on the prestressed tiebacks can be estimated using the bond
strength between the rock or soil and the cement grout. Consideration must be made for
the highest possible pore water pressure conditions. Also, the steel sheet piling must be
driven to rock that is able to withstand the downward compressive stress exerted by the
tieback system.

STABILITY OF COFFERDAMS

Heaving In Soft Clay — For construction in soft clay, heave at the bottom of the
excavation may occur, resulting in settlement of the surrounding ground surface. The
conventional method of analysis for investigating heave was developed by Terzaghi'® and
is illustrated in Figure 60.
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Fig. 60 — Diagram illustrating assumed mechanism for failure by heave
of the bottom of a deep excavation

In this case, the vertical column of soil along the sheeting is assumed to exert a pressure
on the horizontal plane A-A’. When the pressure exerted by this soil column exceeds the
bearing capacity of the soil beneath the sheeting a bearing type failure will occur,
resulting in heave of the bottom of the excavation and settlement of the surrounding
ground surface. Based on this failure model the depth of excavation at which heave will
occur can be expressed by:

Ho=—2'° __ (forH<B)
"-vZ[g
where H¢ = critical height of excavation (feet)
B = width of excavation (feet)
Y = unit weight of soil (pcf)
¢ = unit cohesion of soil (pcf)
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A factor of safety of 1.5 applied to the soil cohesive shear strength is normally
recommended. This method of analysis gives reliable results for excavations in which the
width of the cofferdam is larger than the depth of excavation and the cofferdam is very
long. In cases where the cofferdam is square, rectangular, or circular in geometry and the
depth of excavation exceeds the width, the proximity of the four walls aids in overall
resistance to heave. In such cases a method of analysis developed by Bjerrum and Eide 3!
can be used. Their method visualizes the cofferdam as a deep ‘‘negative footing.” That is,
the excavation produces shear stresses in the soil similar, but of opposite direction, to
those caused by a deep foundation. Using this analogy the depth of excavation that
would cause heave may be expressed by:

He = NC(%) (for H> B)
o sf=Ne
YH+q
where H¢ = critical height of excavation

average unit weight of soil within depth of excavation
= unit cohesion of soil
N¢ = bearing capacity factor — to be determined according to
chart presented in Figure 61. '
q = surface surcharge loading

o <
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<

/— circular or square, B/L = 1.0

N¢

9 . .

8% B = excavation width
z P
E] 7 L = excavation length
) 42 M \ irfiniigiy | /L=0 g
Sz 6/ y long, B/L
£ . .
g2 s>l H = height of excavation
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Ng¢ rectangular = (0.84 + 0.16 B/L) N square

Fig. 61 — Diagram for the determination of bearing pressure coefficient, N¢ (after Skempton)

Where the safety factor falls below a value of 1.5 the sheeting should be extended to a
depth of one-half the excavation width below the excavation level. The additional
pressures thereby incurred on the sheeting may be satisfactorily represented by
inwardly directed horizontal forces acting at the mid-height of the embedded lengths and
having the following magnitude:

P=0.7 (YHB —1.4cH~- ncB)

Piping in Sand — For excavations in pervious materials the possibility of piping or
“sand boiling” must be investigated. Piping occurs when an unbalanced hydrostatic head
causes large upward seepage pressures in the soil at the bottom of the excavation. When
piping takes place, the upward seepage pressure reduces the effective weight of the soil,
thereby reducing the ability of the soil to offer lateral support to the sheeting. In extreme
cases the sand “boils’”” in the bottom of the excavation. That is, a ““quick’’ condition is
produced.



RATIO D/Hu = RATIO OF PENETRATION REQUIRED TO NET HEAD

Piping is controlled by dewatering (lowering the water table) outside the cofferdam or
by driving the sheet piling deeper. The purpose of both corrective measures is to reduce
the upward hydraulic gradient in the soil below the bottom of the excavation. Driving the
sheeting deeper is particulary effective if the piling can be driven into an impervious layer
that will stop or reduce flow around the bottom of the piling. The design of sheeting
penetration to control piping for various subsurface conditions is presented in Figure
62 (a) and Figure 62 (b). Also, research by Marsland®? incorporating a safety factor of
1.5 is published in chart form?.
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Fig. 62 (a) — Chart for obtaining the depth of sheet piling to prevent piping in a braced cofferdam
(after Navdocks'!)
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SHEETING ?

Coarse sand underlying fine sand

Presence of coarse layer makes flow in fine material
more nearly vertical and generally increases seepage
gradients in the fine layer compared to the homogene-
ous cross-section of Fig. 62 (a).

If top of coarse layer is at a depth below sheeting tips
greater than width of excavation, safety factors of
Fig. 62 (a) for infinite depth apply.

If top of coarse layer is at a depth below sheeting tips
less than width of excavation, the uplift pressures are
greater than for the homogeneous cross-section. |f per-
meability of coarse layer is more than ten times that of
fine layer, failure head (Hy) = thickness of fine layer
(H;).

IMPERVIOUS

Fine sand underlying coarse sand

Presence of fine layer constricts flow beneath sheeting
and generally decreases seepage gradients in the coarse
layer.

If top of fine layer lies below sheeting tips, safety
factors are intermediate between those for an imperme-
able boundary at top or bottom of the fine layer in
Fig. 62 (a). ,

If top of the fine layer lies above sheeting tips the
safety factors of Fig. 62 (a) are somewhat conservative
for penetration required.
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Fine layer in homogeneous sand stratum

It the top of fine layer is at a depth greater than width
of excavation below sheeting tips, safety factors of
Fig. 62 (a) apply, assuming impervious base at top of
fine layer.

If top of fine layer is at a depth less than width of
excavation below sheeting tips, pressure relief is re-
quired so that unbalanced head below fine layer does
not exceed height of soil above base of layer.

If fine layer lies above subgrade of excavation, final -
condition is safer than homogeneous case, but danger-
ous condition may arise during excavation above the
fine layer and pressure relief is required as in the preced-
ing case.

Fig. 62 (b) — Depth of sheet piling in stratified sand to prevent piping in a braced cofferdam

(after Navdocks'!)












for small diameter cells, standard bent piles are available as shown in Figure 67. Junction
points in cellular cofferdams required special prefabricated pieces, commonly 90 degree
T’s and 30 and 120 degree Y's. These standard connections are also shown in Figure 67.
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For deflection angles up to 10°,
use straight pile sections. (a) (b) (c) (d)

For deflection angles greater than 10°,
band web of pile to an angle
equal to required deflection angle.

Fig. 67 — Steel sheet piling for cellular cofferdams

Cellular cofferdams acquire a great deal of their stability from the shear resistance of the
cell fill. Therefore, the selection of this material is vitally important for a successful
design. The Tennessee Valley Authority has summarized the following properties as the
most desirable for cell fill material.

1.  Free-draining, granular soils with few fines.

2. High shear strength and high coefficient of friction.

3.  High unit weight.

4 High resistance to scour and leakage; i.e., well graded soils.

General Design Concepts — Cellular cofferdams consist of two very different materials,
steel and soil, resulting in a complex interaction that makes a rational design approach
very difficult. Although various theories have been suggested to derive analytical solutions
for the stresses in a cell, most designers in this field still rely heavily on past practice and
experience. The theoretical considerations presented herein represent the most recent
approaches to this problem and may be used with confidence. However, an attempt has
also been made to supply the reader with past experience to enable him to develop
designs consistant with proven sound engineering practices. It must be pointed out that
good judgement should always prevail. Precise mathematical evaluations can result in
misleading and dangerous conclusions in the hands of inexperienced designers. Under
these circumstances, any cellular sheet pile structure of importance should have the
benefit of the best obtainable professional engineering advice. This is particularly true for
cases where difficult foundation conditions exist.

Generally, the design of a cellular cofferdam proceeds much the same as that of an
anchored wall. Before a design can be initiated, the necessary controlling dimensions must
be set and a site reconnaissance made. The height of the cofferdam must be established -
from flood records so that its top is at least at the level of the anticipated high water
during the life of the cofferdam. For high cofferdams, a berm might also be considered to
reduce the relative height above ground.

Site Conditions — The site reconnaissance should include information on the existing
ground surface and the depth of scour, as well as a complete subsurface investigation.
Exploratory borings extending to rock should be located so as to provide a complete
picture of the soil strata and the general configuration of the rock surface. Laboratory
tests give the engineer first-hand knowledge of the character and the properties of the
materials in design. Care should be exercised, however, in the application of laboratory
test results because of the complicated response of the structure to actual field
conditions. These conditions are almost impossible to duplicate by ordinary testing
procedures. It is advisable to extend several borings into the rock to determine its general
character and competency. Also, the depth and extent of soft soils (soft clay, silt and



organic deposits, etc.) should be carefully ascertained, since these soils must be removed
and replaced by granular soils.

Equivalent Width — After the height of the cofferdam is established and the pertinent
physical properties of the underlying soils together with the cell fill are determined, a
tentative equivalent width, B, .is chosen. The equivalent width, B, of the cofferdam is
defined as the width of an equivalent rectangular section having a section modulus equal
to that of the actual cofferdam. For design purposes this definition may be simplified to
equivalent areas, from which

_ _ : + .
Equivalent Width, B = area of (main cell + one connecting cell)

center to center distance of main cells

TVA engineers have found that the results by the two definitions differ by only about six
per cent. For circular cells the area definition leads to the following relationship between
diameter and equivalent width:

B =0.785 D for o = 30 degrees (90°T) [see Figure 63(a)]
B =0.818 D for a = 30 degrees (30°Y)
B =0.875 D for a = 45 degrees (90°T)

For diaphragm type cells

- area enclosed by cell
distance between diaphragms

For design purposes this can be taken as 0.9 times the total dimension of the cell from
front to back [see Figure 63 (b)].

Saturation Line — Before stability of the assumed cell configuration can be checked
the degree of saturation within the cell fill must be considered, in particular, the location
of the line of saturation must be located. The zone of saturation within the cell will be
influenced by a number of factors including the condition of the pile interlocks, the
permeability of the cell fill, whether a berm is used, and the number and position of weep
holes on the inside row of piling. In general, the slope of the free water surface or
saturation line may be assumed as shown in Figure 68 for the various types of cell fill. In
cases where an earth berm is used, the saturation line slopes to the top of the berm. In the
berm itself, two locations of saturation line should be considered, as shown in Figure 69
to make provision for the more critical location. A horizontal line, at an elevation so
chosen as to represent the average expected condition of saturation should serve just as
well, at the same time simplifying computations.

Eaturation Line z
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| I |
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Grained Fill Grained Fill Fill
Sand and Gravel Gravel, Sand, Silt Very Fine Sands
Mixtures and Clay Mixtures With Silts and

Clays

Fig. 68 — Recommended saturation lines for various soil types

71












Horizontal Shear (Cummings’ Methods) — Cummings®’ has proposed a theory of
cellular cofferdam failure known as the interior sliding theory, where the resistance of a
cell to failure by tilting is gained largely through horizontal shear in the cell fill.
Cummings concluded, based on model tests, that the shear resistance is developed only

- below plane A T (inclined at the angle of internal friction ¢ to the base) and that the cell
fill above A T acts essentially as a surcharge as shown in Figure 72.

B
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w I ] h
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I | ! c al R, R=R,+R; ¢
. E] c =
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(a) (b) () (d)
Fig. 72 — Cummings method

The soil below AT fails by sliding on horizontal planes as shown and thereby produces a
resisting pressure on the outboard sheeting. The following equations derived by
Cummings summarize his method of computing the resisting moment due to this
pressure. The variables in the equations are as shown in Figure 72. The ultimate lateral
shear resistance of the cell is given by:

R = Wtan¢ =7BH tan¢

]

substituting H a+c

and B

c/tang

R = ac¥+c’Y
This equation is represented graphically by the diagram shown in Figure 72 (d), the area
of which is equal to the total resistance, R. This diagram is treated similar to a pressure

diagram, from which the resisting moment about the base can be computed. The total
moment of resistance per foot of wall about the base of the cofferdam is:

Mr = R; (c/2) + Ry (c/3)

where Ry = ac¥
and R, = c27
2 3
ac’Y 7
= 4+ -
thus Mr 3 3

In addition, the interlock friction also provides shear resistance. It is computed as the
tension caused by the pressure of the cell fill acting on a vertical one foot slice times the
coefficient of interlock friction, f.

Interlock friction force, Fi = PT xLxf

where Pt and L are as previously defined.

The friction force Fj is assumed to act equally on all interlocks; therefore, an individual
pile will have equal but opposite friction forces at each end. The resisting moment, M;,
against tilting due to the interlock tension results from the summation of the individual
couples caused by the opposite friction force on each pile. Therefore, resisting moment
per foot width is: '

where L is as shown in Figure 63.
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If a berm is used, the resisting moment due to the effective passive pressure of the berm
should be included. Thus, the safety factor against tilting is:

_ Resisting Moment _ M, + Mj + PpHp/3

Driving Moment 1/3 (PwH + Py Hs)

F.S.

As an illustration, using the horizontal shear method, the factor of safety against tilting
for various values of the ¢-angle of the cell fill, varies as shown in Figure 73 due to the
influence of water pressure only.

3.0
L %
W = 10!
(,q\laﬂ‘l ‘OCK Pw‘l‘\’//
20 ;Yy
e 100
= Y=
3 =307 Y2 ]
5 __sﬂ‘l“f//
£ p=20° =100
& L
/ — . .
1.0 B = equivalent width of
cofferdam.
H = height of cofferdam
]
.85 90 95 10

B/H

Fig. 73 — Factor of safety against tilting (after Cummings®’)

Interlock Tension — The interlock tension developed in a cellular cofferdam is a
function of the variation of the internal cell pressure. TVA engineers generally assume
that the maximum pressure occurs at a point one-fourth of the total cell height from the
bottom. The pressure distribution shown in Figure 71 (b) on the inboard sheeting may be
used.

o1 = K Y(H-H,) + KgY'(H,~-H/4) + 7\, (H;-H/4)

where K, =coefficient of active earth pressure (Figure 5). Terzaghi®®

suggests a minimum value of Kg = 0.4, ““Navdock’’ uses
2 .

Kg=K= 5%. For hydraulic fill, TVA uses the Coul-

omb active coefficient together with full water pressure.

The maximum interlock tension in the main cell is given by

t= 0T1)2( R {pounds per linear inch)
where o1 = maximum inboard sheeting pressure (pou nds per foot)
R = radius (feet)



The interlock stress at the connections as shown in Figure 74 may be approximated by

_ o1 x L secant a

tmax = 3 (pounds per linear inch)

Fig. 74 — Interlock stress at connection ! |

This value of tmax is smaller than when computed by the “exact’ analysis of combining
the ring tension of the small and large cells into a force polygon.
The interlock stress for straight web piling in pounds per linear inch are given below:

Guaranteed Suggested Factor
Value (pli) Design Value (pli) of Safety
PSA 23 and PSA 28 12,000 3,000 4*
PS 28 and PS 32 16,000 8,000 2
** PSX32 28,000 14,000 2

*Shallow arch sections subject to straightening **Available only in USS EX-TEN 50 Steel
For other grades — inquire.

While no design values are given on interlock tension for connecting arcs, the maximum
allowable tension is probably less than 4000 pounds per lineal inch, based on tests by
Tschebotarioff* and others made on riveted “T’s.”” A “bin effect”” usually results in the
fill within the connecting arcs that generally lessens the interlock tension. However, the
junction between the main cells and connecting arcs should receive full attention. Often
30° Y's are used instead of 90° T's in large cells. The 30° Y's create less tension in the
connecting arcs due to the smaller required radius.

COFFERDAMS ON DEEP SOIL FOUNDATIONS

General — Many of the items and requirements discussed above for cofferdams on rock
are directly applicable to the design of cellular cofferdams founded on deep soil deposits.
In addition several other requirements must be satisfied to insure stability. These
requirements may be grouped into two areas: (1) stability with respect to bearing
capacity failure of the underlying strata and (2) underseepage causing piping which results
in boiling at the inboard toe.

In general, horizontal sliding of the cofferdam at its base will not be a problem on soil
foundations. However, internal shear failures should be investigated as for cofferdams on
rock foundations. The underlying soil may or may not cause sufficient restraint to reduce
the horizontal pressure on the inboard face as shown in Figure 71 (b). Therefore, some
designers prefer to use the full pressure diagram abdc to calculate P (shear failure on
centerline of cell and interlock tension).

Stability — For cellular cofferdams on sand, the inboard sheet piles should be driven to
a sufficient depth to counteract the vertical downward friction force F  caused by the
interaction of the cell fill and the inner face. This friction force is given by

F, = Py tané (force per unit length)

where P is as shown in Figure 71 (b).
tan & =coefficient of friction between steel sheet piling and cell
fill.

Generally a factor of safety of 1.5 applied to F, is sufficient.
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In this instance, stability can be realized if a heavy berm against the inner face of the
cofferdam is provided or if some tieback system is utilized. In general, if an inside berm is
used, bearing capacity should not be a problem. For cellular cofferdams on soft to
medium clay, the shearing resistance of the fill in the cells is neglected, and the factor of
safety against a shear failure on the centerline of the cell is based on the moment
resistance realized by interlock friction and is given by (Terzaghi®®).

AP Rf (% [ 0258}

ES = L+0.5B
M
where AP = pressure difference on the inboard sheeting.
= P1-h
M = net overturning moment (see page 73).
R = radius
f = coefficient of interlock friction (0.3)

The minimum factor of safety of 1.25 for temporary construction and 1.50 for
permanent structures is usually adequate.

Underseepage — Figure 76 is a cross section through a cellular cofferdam founded on
sand. The design of such a cofferdam must satisfy three conditions: (1) the sand along the
outer face of the dam should be adequately protected against erosion, (2) the dam should
be stable enough to withstand the lateral pressures imposed by soil and water; (3) the soil
at the inboard toe must be able to support the pressure on the base of the dam despite
the tendency of the seepage forces to reduce the bouyant weight and liquefy the sand at
the toe.

Fig. 76 — Seepage in cellular cofferdam in sand (after Terzaghi*?)

’

Condition (3} is known as boiling or a ““quick condition,” in which the shear strength
of the sand is reduced to zero. Boiling thus eliminates the passive resistance of the sand
against an inward movement of the buried part of the inner row of sheet piles, and the
cofferdam may fail by toppling inward. The method of computing the upward seepage
force due to the unbalanced hydrostatic head was presented previously on page 17.

The formation of boils can be prevented by two different methods: (1) by increasing
the drainage path of the water by driving the sheet piling deeper, and (2) by covering the
~ danger zone with a loaded, inverted filter as shown in Figure 76. Although the filter will
have no influence on the shape of the flow net, the load that acts on the filter will
counteract the upward seepage forces which tend to lift the sand in the danger zone. The
problem of seepage forces and flow nets is discussed in detail in Theoretical Soil

Mechanics by K. Terzaghi.'®
The filter material must satisfy two independent conditions. It should be coarse

enough to permit free discharge of the seepage water and its largest voids must be small
enough to prevent clogging from the finer soil particles of the underlying soil. Many
empirical criteria are in popular use today to satisfy these conditions. Seepage, Drainage
and Flow Nets by Cedergren*® contains a summary of these criteria.

In general, sheet piling in sand should be driven to a depth of about two-thirds the
height of the cofferdam above the ground surface or until it bears on a hard stratum. If
the water level is lowered to at least H/6 below the inboard ground surface, the
penetration may be reduced about one-half the height.
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-(') : \\ Y Pressure DiagrAm - Aso [7 (4(;7) + 10 (4 (ﬂ)]
o | )_) With Mo Warter. Tanvg
|
TIER lieaq ’\,1 Peessure DiacrAM = 1330 PS4
No.3 }H'io .rf% WiTH WATER TaBLE
2 ,’/ // . A 03 (l" %) But Nor 7Q.15
/ / dH:5~—‘
7 {150 | 4 ‘
TIT=7T =T =7TT=7; A = 0,2%370145; > LETok= OIS
P ) .
1530 psf A=\ (\-’»173) But Nov0.55
Pressure DiaaRAMS [B= 085> o.55; - Ler B0.55

K H: 015 (38) = 5.7’
BH= 0.55(38)= 20.9'

23 CONS\DERTHE SAT\J'RALELD Aue SUBMEECJED Deusities Wirw A Wavee Taere

ns o) + 53(28) + 300 _
No= loco =293

lcoo

P.- 922 [1(293) +10(2.93)] = 590 Ps+.

Note, X=0.5 Awo B= 055. Aoo Hiorostatic Peessues Gee Dinaear)
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BRACED COFFERDAM / 1. Cohesive Soil — Stability Number Method

SueeT Piee WaLL

Assume Maximum Moment Occurs At Tier No.? Ao ls Arerox.
E quaL ToTue Necatwe” Moment AT Aut Wrerior Suepoer oF A
ConTinuous E>E.AM \-\M\NQAUN\?OEM\_Y D\sTR\BuTED \_cm: oF
2000 P2g (Loro AT TIER Me.3 12 1846 Pss PER FT Wiotw ).

Mmax =T"o w® =|lo (2.0003<|?.)1'/l.000
' 28.8 Kip-FT./FT. WiDTH

\ M 28.8(1)
Req'd. Section Moouius, D= o = T-=2=13.8 INYFr.wiom

=
_ 28.8(12) N Requiar Careon SteeL

OR S = Zirsr =108 IN3/FrWinTH
SNUss, Ex-Ten S50 Steed

Use PZ-27 1n Requiar Carron SteEel
OR PDA27 ‘u Ex-TeEn 50 SteEew ALTERNATE SECT\ON

S teutrs

To Compute The Axiac Loas INEack SreruT Assume A Puawtic
\J\\NC-\E A'\‘ EAcH Syrur PowaT CACONSEEVAT\VEA%ﬁUMPT\ON} Awo
Sut MomenT ArourTier No.2 To Sowve For Tier Noi, Sum
MomenTs Arout Tier No.2 To Sowve For Tier No2 Ao Dum:
Mome NT ARouT THe Bortom oF THE E xcAVATION To SoLVvE
For Ther No.3.

Tue SoluTioNs Are:
’ Axiac LOAD lnTiee Nal=4.12 KtPs/F:r. WisTH

W ( Z: \30 "
" 3=214 a
Totar Axint Loan Per Foor Winth = 4452 Kirs

CHECK Tova. LATERAL PreEssurE Loas:
1000 P (kies) = [3C1.5)+204 +% (5] (596)+4 (2.6 Y1500
P= 409 Kirs/Fr Witk OK.(Less Tuan Tigr Lokss )
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BRACED COFFERDAM / 3. Stratified Soil and Structural Design

Tiee #1 AX\AL LOAD = 32.43x 1% X(\f&‘)
Tey WI4x84 LY/r = laxiz

Tor = WS
Fa=16.21 Load = 16.21 x 24.71=402Kips O.K,
(Fy= 3GKSI)

Use Wl14xs4

* -
TiER®2 Axie Loan = 3539 ¢ 18 x (f‘s) =424 Kips
TRY Wi4xet b/r =220 5q

2.9
Fa=11.53 Loap=11.53 % 25.56 =448 Kips OK.
(Fy =36 KsI) .
Ueg W87
e
\
" Tier®3 AxiaL Loan = 47.86 x 1B x (Fs>= Sy Kies
Ty Wl4xl03 Y/ = 8232 - sg

Fa= .62 Loan .62 x 3026 = 533 Kies O.K.
(Fg = 3¢KSI)
Use WI4x10>

©) WaLes
Assume At WaLes Ano Steuts \u Tacen wer Are
AT Same ErevaTion :

Ter¥®1 32.43 K/F,
- 1 EEEERERE N
AxXtAL 18 Fr. AX LA \ *
INTERIOR SPAMS Axia=32.43 x 9x(f35§=\‘\'\ Kies

Max. Mow = Vo (32.43)(18*)(7Gs) = c3c. 5 Fr. Kies

* See Note ATEwo oF Exampre Concerning Permiesisie OvsrstRias

121






BRACED COFFERDAM / 3. Stratified Soil and Structural Design

Tier ¥2 _
Tey Wa3xis52 Usiug A\SC FormuLAE:
PQOPERTWES OoOF

A=44.17 Iu* rx = 1350 I1n. Fy= 30 KsSi
S«=4864 |u? ry = 239 (10N, Kv=Ky =10
Ax!A\_ STRESS : 3
A 5
Sa= £ = %I = 4,37 KS( [P=(3S.35)(9)(\.45) =193 KIP5]
Ky 4y 18 x (2 Kx £x 1@ x 1
= = 40.4 =~ — - =16
Yy 2.39 rx 13.50

Mivor Axis Govermus Use A/ 290.4 Awe Sereer Tue Rremirres
Stress, Fa, From Tue Alsc Corumn Das\qu TamrcLes Fys=3wao KS|

Fa = \ale K| M=% (5.39) (18)* (ius)= 694.9 Fr.Kie

94,
The Mador Axis Beuoimag Srress s, Fex a2 = %;_a%&‘_' 11.14 KS)

DeterminaTion O Compact SecTion

Tue A\%C SpPeciFicATION ‘ND\CATE% Toar Twe - W22x152Does Mt Ths
FLrange WinTth Vo Tuiekness Ratio Auo TueWes Deptn To Tuiexkness

Ratie Reguirements For CompacT SecTions - A ssume Tue Sueet

Pee Provibes Abequare LaTeERAL SurrorT To MesT Dracing Requirements
For Compression FLangE. ThereFore, Tue W3z x 152 (s A CompacT
Mermeer, Aus Fox =066 Fy=24 KSI

' LN E _ rLT\"-(?.qooO) -
Fex= WI(Kn /T ) 7 23 (o)™ - S83KsSI

AL = :
% = liil?’—lG =205 2.5, .Use Formura l.b-la Auo l.C [k

A<s=ume Cwn = o.85

4.3 o.85 (17.14)
(\ G- la) 4.6 (‘_ 3. 37_) 240 - 0.205 0,612 = 0917 < L.O

e .
(i L- lb) o(s@) 240 - 0.200 t o714 0914 < [.0

Uge W33 x 1852

* See ‘NOTE AT Eno oF ExampPLE CoucsRNqu FermissiaLe OversTrEss

123
























CELLULAR COFFERDAM / 1. Circular Type — Founded on Rock

QLipring BDetwneen Piting Awe Ceue Fioo

£ = Resisting MomenT
T ORtviNg MomMENT

_ (Pw +Pa) Tau § B+ HePL/3
a(Pwr+ PaHs)

(14.77)(0.4) (54)+(15)(33)/3 _ 2223

'FS'-'B[HLSxGO+121xS] T 226l

= ] 4.3) .25 OK.

Suear FAILURE @ ¢ QELL—(VE.RT\C—A\_ SHEAR)
_aMm . ()3 s (eo)+227018) - 7.5 (33)]

DriviNg SHesr Q=

1B 2 (s54)
=472 5/Fr
Qos 2 & _ (o.B76 2 -
K= 7_'3_26514) = (?-"(08)-“0 L 0.62% Earvth Mkessure Ar Res~

Ps="2 K Y (H-H )T+ Ky (W-n ) W+ Ve ke (1)
= 2 (o0.022) (o no)(i13.5)* +(o<.u) (ou0)(i3.5 (4(. g )+ ouu)
(o 005)<46 S)

Ps=919%e
Pt = o KaX (R-H )"+ Ka v (H-W ) H + Y2 Ka 3 (| )P el W
o (faw) DywHarKa vt +Ka (Hn, ) ]
'17-(0 3!\)(0 \lo (l% S) +<o 3\\)(0 no (13 5)(4(4 S)* /z(o 31()

(0.065)(46.5)* + 12 (o.0wrs) (33.0)*
g (60) Lo owes (33.0) + oc‘:l(ooc.s)ze(n o lo.io)(13.5)]

Pt= 5% K/F='|',

SHEAR KESISTANCE = Ps ten & '\‘9 Pr.
Fg SHEAR ReEsisTAMCE _ 97.9(0.55)+0.3(53.1) FS=1597125

Driving SHEAR 42

OK,
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