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Abstract

A deep egress shaft was designed for a proposed subterranean library under McDermott Court on
the Massachusetts Institute of Technology Campus. The proposed shaft design utilized secant
piles to construct the shaft before excavation. Detailed geotechnical parameters were calculated
to refine the secant pile design.

This thesis discusses an alternative design consisting of a prefabricated, segmental caisson with
an pneumatically supported excavation face. Geotechnical aspects and structural calculations
were conducted to design a pneumatic caisson capable of maintaining stability at the base of the
excavation while in the soft soils beneath the site. Caisson launch and ballasting issues were
addressed during the design of the pneumatic method. The pneumatic chamber pressure could
not counter full hydrostatic conditions over the entire depth of the opening. The construction
sequence for the caisson was also designed according to site geotechnical parameters.

A comparison and evaluation between the proposed and alternate methods determined that the
pneumatic method was less likely to cause local settlement and groundwater level fluctuations.
Structural stability was more reliable for the pneumatic method due to its precast nature. Basal
stability of the excavation was better due to the capability of problem and misalignment
identification and mitigation by workers at the face. Federal regulations prohibited the
pneumatic pressure from countering full hydrostatic conditions in the glacial till. Cost issues
were the major drawback of the pneumatic method due to labor costs and low productivity.
Mechanization at the face and remote operation could lower costs for the caisson method, which
otherwise appears to be the better construction methodology. The stability analysis suggests that
deep excavations are possible in the Boston Area using pneumatic methods and it is suggested
that it be examined for the sinking of the large diameter library structure itself.

Thesis Supervisor:  Herbert H. Einstein, Ph.D.
Professor, Department of Civil and Environmental Engineering
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1 Introduction

This thesis refers to a library design proposed by graduate students in the 2001 Masters of
Engineering Program of the Civil and Environmental Department of the Massachusetts Institute
of Technology (MIT). What follows is a brief overview of the rationale for the proposed library

as well as the incorporation of a deep egress system into the proposed library design.

1.1 Proposed Underground Library

The MIT library system consists of three main libraries and a network of ten smaller satellite
libraries that serve various academic departments on campus. The MIT library system contains
some 2.2 million volumes. The number of volumes within campus libraries exceeds current
design capacity by 15%. More volumes are kept on campus by employing compact shelving,
which facilitates more storage within a given floorplan. The remaining volumes, nearly 25% of
the collection, are stored at an off-site storage facility. Retrieving volumes from the off-site
storage facility can take upwards of two days. In addition to the storage of the library
collections, student seating has also suffered. The library system can only seat 10% of the

student body, compared to a widely used design capacity guideline of 25%.

The MIT Department of Civil and Environmental Engineering set forth a design project for a
group of Masters of Engineering students in 2000-2001 to propose a solution to the current
issues facing the MIT Library System. A solution for the storage and student seating issues was
established based upon the requirements of the MIT Library administration. The solution
proposed the construction of a new library facility. Since the MIT campus has very limited free
space, which is highly valued by the student body, the facility proposed was an underground
structure. Two sites were considered for the library; Killian Court and McDermott Court.
Killian Court was eliminated due to likely disruption of graduation ceremonies during
construction. Thus, the area of McDermott Court was determined to be the site of the library.

Deep excavations on campus have experienced problems supporting lateral earth loads. In order
to build confidence and stability into the design of the underground library, the excavation and
support structure was designed as a circular diaphragm wall. The circular nature of the structure
would take the lateral earth loads in ring compression along the full depth of the excavation,

without the use of cross-bracing or tie-back supports. The area of the court, coupled with the
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design geometry of the library yielded an underground structure nearly 32,000 ft” and 10 stories
deep. Egress tunnels would run from the top floor of the library through shallow tunnels to
adjacent buildings, minimizing clutter on the surface of McDermott Court. It would be the
deepest excavation MIT Campus had ever witnessed, and one of the deepest structures built in
the Boston Area. Figure 1-1 shows the footprint of the underground library and the egress

tunnels which connect to it within McDermott Court.

/

o4

18

Library

Deep
Shaft

14

Figure 1-1 Underground library location within McDermott Court (from Rehkopf et al, 2001)

The subsurface conditions beneath McDermott Court exhibit a high ground water level,
approximately 8 feet below ground surface, and six soil types underlain by bedrock.
Specifically, fill, peat mud, and silty sand form an upper aquifer beneath the court. Below the
sand is the Boston Blue Clay, which extends down to a layer of glacial till that overlies the

Cambridge Argillite.
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1.2 Need for Deep Egress System

The extraordinary depth of the proposed library made emergency egress an issue with regard to a
fire within the structure. The four primary entrances for the library connect adjacent buildings to
the top floor, therefore making the top floor a critical pathway in the event of a fire. Fire
scenarios and emergency exit routes had to be examined to assure that emergency egress from

the structure didn’t have any fatal flaws.

The layout of the library incorporates a central elliptical skylight that is open from the dome at
the top of the library down to the sixth floor. The top floor along this central skylight shaft is the
level that serves as the main access into and out of the library via egress tunnels to adjacent

campus buildings. Figure 1-2 shows a cross section of the library which shows these features.

Egress Tunnel Level 1 Lobby Entrance ‘ Foress Tonnel

Level 2 High Use
Central Shaft

Level 3 High Use

Level 4 Intermediate

Level 5 Intermediate

Level 6 Intermediate

Level 7 Repository

Level 8 Repository
Level 9 Repository

Level 10 Basement

Figure 1-2 . Cross-section of underground library

Multiple fire scenarios were examined to determine the adequacy of the four first floor egress
tunnels as structural egresses. It quickly became apparent that a fire that occurred on any floor of
the library would obviously separate people in the library into two groups. One group would
have access to the first floor via library stairwells and would be able to escape from the fire. The
second group was comprised of those on floors beneath the fire. If the fire was close to the
stairwells, it could block the route upwards to the first floor and the egress tunmnels, thus

effectively trapping the second group. The critical case is when there is a fire near the stairwells
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and/or egress tunnels on the first floor, which could effectively cut off any or all of the routes of

emergency egress for all library occupants.

Mitigation of the critical case of a first floor fire required an alternate route of egress out of the
library. ‘This alternate route of escape could not be located on the first floor. Location of the
alternate exit on intermediate floors still left a possible second group of library occupants trapped
on the floors below the exit if the fire occurred on that particular floor. Location of an alternate
emergency egress point on the tenth floor at the base of the library eliminated the trapping of
occupants within the library due to egress access. Therefore, an alternate egress tunnel was

designed for the tenth floor.

Several approaches were examined to determine the best way to get occupants to the surface
from the tenth floor, 125 feet below ground surface. A sloped tunnel was determined to be too
costly and the confined site made it an extremely difficult option. The alternative selected is a
vertical shaft with stairs that would access the surface next to the library as shown in Figure 1-3.
The proposed design of the egress shaft is discussed in Section 4.1. The surface connections for
the mechanical and emergency egresses are discussed in Rehkopf et al. (2001) and will not be

discussed as part of this thesis.

Egress Shaft

_Eeress Tunnel Level 1 Lobby Entrance
: Level 2 High Use

Central Shaft

Level 3 High Use

Level 4 Intermediate

Level 5 Intermediate

Level 6 Intermediate

Level 7 Repository

Level 8 Repository

Level 9 Repository | ——

Level 10 Basement

Figure 1-3 . Cross-section of underground library with egress shaft
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In order to justify the additional cost of the deep egress system, 1t was designed as a triple usage
feature. In addition to providing a route of emergency egress from the basement of the
underground library, it also contains the intake and exhaust ducts for exterior ventilation to the
mechanical systems and ductwork on the tenth level. Also, if any large mechanical equipment
on the tenth floor needed to be replaced or new equipment installed it might be difficult to move
it from the first to the tenth level using the structure’s elevators. To solve this problem, the deep
egress system was also designed to serve as a shaft for mechanical egress to the tenth level of the
library. Also, if the shaft were excavated before the main excavation for the library, it could
serve as a test pit, allowing a better understanding of the subsurface conditions of the site and
making it possible to modify the design before a problematic situation was actually encountered

in library construction.
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2 Project Specifications and Requirements

The nature and location of the deep egress system on campus lends itself to a basic set of
requirements for its design. Specifically, the triple usage of the shaft provides a rigid set of
interior requirements for the design. Other issues requiring address include anticipated earth

loads, the factors of safety used in design, and the environmental impacts both during and post-

construction.

2.1 Interior Requirements of Shaft Design
The interior requirements of the design of the deep egress system can be broken down into two
components; the shaft and the connector tunnel at its base. What follows is a brief description of

the internal requirements of the shaft component of this system, shown in Figure 2-1.

Emergency Egress

Mechanicel Egress
Surface v Y &/\ 5

1

Egress Shaft

<— Air
Air —>
|

I Slurry Wall
|

Library

-«——— Air
P —— :::jg
L
L Connector Tunnel

Figure 2-1 Vertical section of proposed shaft/tunnel system (from Rehkopf et al, 2001)

The vertical shaft is designed to provide a route for people, mechanical equipment, and exterior

ventilation air from the tenth floor level to the ground surface. The vertical shaft must extend to
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a depth of 140 feet below ground surface and have a finished internal diameter of 24 feet. The
shaft extends down through saturated soil deposits of fill, peat mud, silty sand, Boston Blue

Clay, and is founded in glacial till.

The emergency egress portion, which allows people to exit the library, consists of a spiral
stairwell the full vertical length of the shaft. The stairwell is located between an inner wall
within the shaft and the interior surface of the permanent liner, which is an annular space 5 feet
in width. The stairs within this stairwell take up 6.66 degrees each, yielding 54 steps per
revolution. The stair height is the standard of 7 inches, yielding a vertical rise of 31.5 feet per
stairwell revolution. The stair surfaces themselves are made of steel grates which permits air to
pass through them rather than moving in a spiral fashion up the stairwell. The stairs are secured
to the adjacent walls and also bear upon a network of beams between the inner wall and the

permanent liner.

The mechanical egress consists of a free and clear vertical shaft that runs the entire depth from
the ground surface to the tenth level. The vertical shaft is located within an inner wall with an
inner radius of 6.5 feet and a thickness of 0.5 feet, yielding an open shaft 13 feet in diameter.
This diameter facilitates the raising and lowering of large mechanical equipment to the tenth

floor by a crane on the surface.

The ventilation function of the vertical shaft uses the mechanical and emergency egress portions
of the shaft as separate ducts. The steel grating of the stairwell allows vertical movement of air
within the shaft annulus. Since it is an emergency egress, it is designed as the fresh air intake
duct, allowing those on the stairwell to be free of smoke in the event of a library fire. The open
mechanical shaft functions as the exhaust duct for exterior ventilation, as air can freely move up

the shaft. Figure 2-2 displays sections of the finished interior requirements of the shaft.
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Vertical Section

Horizontal Section

Ventilation
Intake Air
Downward Moving

Mechanical Egress Shaft

—5.00— L s.00'——
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Figure 2-2 Internal design of vertical shaft

2.2 Factors of Safety

The shaft is deep (maximum depth of 140 feet below the ground surface), which makes the
factor of safety critical during construction and operation. The shaft must resist the lateral earth
pressure imposed on it, as well as the hydrostatic loads at high groundwater levels. This
basically means that even temporary supports must employ a factor of safety of 2.0 in order to
protect both workers from collapse/entrapment within the excavation and the foundations of
adjacent structures from settlements. Furthermore, the proximity of the shaft to adjacent

structures further necessitates a higher factor of safety to prevent damage to those structures.

Taking all of these aspects into account, the design of the shaft requires the use of a factor of
safety greater than that used in typical mining applications, which are usually between 1.0 and
1.5. The proposed design of the library and shaft/tunnel system proposed by Rehkopf et al.
(2001) employs a factor of safety of 2.0 for foundation and earth support structures. The shaft
design that it proposes uses this factor of safety for both the temporary and permanent support

structures of the shaft.
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2.3 Environmental Impacts

The construction of the shaft poses potential environmental impacts to adjacent structures and
the library structure itself. The most significant potential impacts include ground movements
that affect the structures and the drawdown of groundwater levels proximal to the site. These

issues are addressed separately.

2.3.1 Ground Movements

Excavation of the shaft itself presents the possibility of ground movements around the shaft.
This can occur if the support of the excavation wall is allowed to move a significant amount,
allowing the soil to move laterally, which in turn allows for vertical soil movement to replace the
displacing soil. Weaker soil at the base of the excavation, if not properly supported, can also
heave vertically into the excavation, causing movement behind the vertical walls to replace the

displaced soil.

Since the shaft will be excavated within close proximity of an adjacent structure, the foundation
of that structure must be protected from such movements. This can be achieved by either
underpinning the structure or by designing the shaft wall with sufficient stiffness so that it does
not deflect significantly or fail, which would cause horizontal and subsequent ground
movements. The minimization of ground movements under the adjacent structure minimizes the
disturbance to its foundation, which could cause cracking or settlement within the building.

The shaft/tunnel system must be designed so that installation of the liners minimizes local
ground movements. The liners must also be able to resist the range of loads over the life of the

library facility so prevent failure and ground movements in the soil mass around it.

2.3.2 Groundwater Drawdown

Groundwater levels at the site of the proposed library are shallow, approximately 8 feet from
ground surface. The organic or peaty silts, sands, and Boston Blue Clay beneath the site would
be subject to settlement if the groundwater level was lowered below its current level by either the

construction process or by leaks within the shaft after construction.
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The lowering of groundwater levels within silt and clay deposits, such as the Boston Blue Clay,
causes increased effective stress and leads to settlement. Settlement of the soils around the shaft
could affect both the library diaphragm wall and the adjacent surface structure. Thus, the
lowering of groundwater levels around the system must be minimized to prevent adverse effects

on the adjacent structures due to soil settlement.

The shaft must be designed so that it minimizes groundwater inflows into the excavation both
during and after construction. Furthermore, seepage must be minimized to further decrease the
chance of lowering groundwater levels. Measures must be in place to replenish the groundwater

supply by injection if significant lowering occurs near the shaft/tunnel system.

2.4 Other Requirements

Other requirements of the shaft include the feasibility of the design and construction methods,

the amount of time required for construction, and the overall cost of construction.

The design must utilize a previously proven method of construction in order to instill confidence
in the project given the past history of deep excavation failures on the MIT Campus. Feasibility
of the design and construction method will most likely play a critical role in the selection of the

methods employed for shaft construction.

The MIT Campus has few windows of opportunities in which to construct the library and the
shaft. The construction process will likely cause some disturbance to the surrounding campus
area, which is to be minimized. The disruption imposed on campus will be a direct result of the
methods used and also the time involved in construction. The shorter the installation period, the
more confined the environmental impacts of construction on campus. Thus, the method
employed to install the shaft should be able to do so reliably within the minimum amount of time

possible.

Finally, the overall cost of the shaft will be a factor that may ultimately control the selection of a

design and construction method. The impact of the additional cost of the shaft on the overall
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cost of the underground library will be minimized if the most economic methodology is used for

its installation.
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3 Geotechnical Analysis

The design of a vertical shaft in soils requires that the nature of stresses and other properties of
the adjacent ground be quantified. The original shaft design proposed by Rehkopf et al (2001)
was based upon generalized geotechnical parameters. More detailed geotechnical parameters

have been assembled based upon soil information, specifically those beneath MIT Campus Area.

3.1 Proposal Parameters

In order to design the support required for the egress shaft system as well as the library support
walls, the stresses imposed on each component had to first be calculated. In order to simplify the
design, several assumptions about the McDemmott Court subsurface geology were made. The
major component of design involves the sizing of the shaft wall, referred to as a liner. To design
the shaft, the maximum lateral earth pressure (Gymax) On the liner was calculated, and included
both horizontal effective stress and hydrostatic loading. This horizontal pressure was estimated

using Equation 1,
Ohmax = 0h,+u = D(Koysoil + 7waler) (1)

where D is the depth below ground surface, K, is the coefficient of horizontal stress, and vy is the
unit weight of soil and water. The equation is based upon the assumption that the groundwater
surface is as the ground surface. The simplified and conservative values of Yo of 125 pcf, depth
D of 140 feet below ground surface (the same as the depth of the library slurry wall), and a K,
value of 0.66 were assumed and yielded a Gppax = 20,286 psf ~ 21,000 psf. This was the lateral

pressure used in the design calculations of the proposed secant pile egress shaft.

3.2 Detailed Geotechnical Parameters

A more detailed analysis of geotechnical parameters of site soils was needed to better quantify
the design properties and effectively optimize the design of shaft components in contact with
ground forces. In order to procure more accurate geotechnical parameters, a more accurate
geologic profile of McDermott Court was first required. The soil profile for the shaft site was

taken from Boring | and 1A of MIT Facilities (1948), which is located within 100 feet of the
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proposed shaft centerline. This boring provided soil and groundwater depths down to the

Cambridge Argillite, which was also cored. The soils beneath McDermott Court and their depths

of occurrence are summarized in Table 3-1.

'Soil Type ~ Top Depth Bottom
(ft) Depth (ft)

Fill 0 11
Organic Silt 11 35.5
Sand 35.5 39.5
Stiff Boston Blue Clay 39.5 49.5
Soft Boston Blue Clay 49.5 117.5
Glacial Till 117.5 142
Cambridge Argillite 142

Table 3-1 Summary of McDermott Court soil profile (from MIT Facilities, 1948)

_ Next, unit weights (y), friction angles (¢), undrained strengths (sy), and over-consolidation ratios
(OCR) for the Boston Blue Clay (BBC) and other soils within the soil profile beneath MIT
Campus were obtained through personal communications with Professors Charles C. Ladd and
Andrew J. Whittle of MIT (2001). The values obtained represent the current state of
geotechnical knowledge of campus soils based upon past testing and construction projects. The
simplified boring log, soil parameters, and subsequent calculations can be found in Appendix A.
Figure 3-1 shows the estimated strengths of the Boston Blue Clay based on information provided

by Ladd and Whittle (2001).
Depth versus dndrained Swengti: of Bosiva Blue Utay
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Figure 3-1 Undrained shear strength estimates used for Boston Blue Clay
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The coefficient of lateral earth pressure (Kp) was then estimated based upon soil friction angles

using the equation proposed by Jaky (1944) shown below.
K,=1-sin¢ (2)
The top of groundwater is located an average of § feet below ground surface. This elevation was

used, along with soil unit weights and depths, to generate a vertical profile of pore pressures as

well as total and effective vertical stresses, shown in Figure 3-2.

Depth vs. Vertical Pressure
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Figure 3-2 Plot of pore pressures and vertical stresses versus depth beneath McDermott Court

The coefficient of lateral earth pressure of each soil was then used to find the horizontal stresses,

which are shown in Figure 3-3.
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Figure 3-3 Plot of pore pressures and horizontal stresses versus depth beneath McDermott Court

Finally, the coefficient of active earth pressure, K4, was calculated according to Rankine, shown
as Equation 3 below. This coefficient would be needed later to help compute the probable short-

term earth pressures and skin friction values for the various soils beneath McDermott Court.

_ (1-sing)
A (1+sin ¢) )

Using the parameters both given and calculated for campus soils, a more accurate maximum
lateral soil pressure upon the shaft wall was found to be 13,333 psf and occurred at the base of
the glacial till. Given this new value, it appeared that the proposed value used by Rehkopf et al
(2001) was oversimplified and somewhat conservative. Therefore, the proposed value of Ghmax
was revised from 21,000 psf to 13,333 psf for the purposes of liner design. Also, notable
increases in Op, Were seen in the stiff upper portion of the Boston Blue Clay, which is consistent
with this layer’s over consolidated nature. All calculations and estimates of geotechnical

parameters can be found in Appendix A.
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4 Secant Pile Shaft Design

Secant pile design can be considered a pre-construction technique due to the fact that the
structure is assembled before it is excavated and put to use. This permits the structure to be put
together without the interference of increased loads imposed by the excavation of soil material.

The method of design and construction proposed by Rehkopf et al (2001) employs secant piles to
form a temporary liner within which a permanent cast in place liner is constructed. This method
was proposed for construction of the vertical shaft within the library’s deep egress system.

Revision of this shaft design utilizes the more detailed geotechnical analysis of ground stresses.

4.1 Proposal Secant Pile Shaft Design
The shaft was designed to resist the lateral earth pressure and hydrostatic load imposed on the
circular structure, which was calculated as Opmax in Section 3.1. Shaft construction was proposed

in two steps. The first step involves the installation of a secant pile temporary liner. Once this
temporary liner is in place, the center of the shaft can be excavated, the inner shaft foundation
can be installed, and then finally a permanent liner can be cast from the bottom up against the

inside of the temporary liner.

Secant piles or bored shafts are available in a variety of sizes. The thickness of the permanent
liner first had to be calculated in order to find the radius at which the secant piles are to be

drilled, which varies dependent upon the diameter of the secant pile itself.

The finished internal radius of the shaft (ry) is 12 feet. This internal radius (1; = ry), lateral
pressure on the liner (P=0npmax), and the desired factor of safety (F) of 2.00 were used to calculate

the required thickness of the permanent liner using Equation 4 from Summers (2000).

Liner = 1 — 9% -1 (4) (Lame’ Equation from Summers, 2000)
o, - 2PF

A concrete strength of (o) of 5000 psi (720,000 psf) was used, and the permanent liner thickness

(tp) for the shaft was found to be 0.77 feet. After that thickness was determined, the required
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thickness of the temporary liner could then be calculated. The thickness of the liner is a function
of the internal radius, requiring that the overlap thicknesses (1) for the temporary liner (t=l) to be
calculated for each size of secant pile (1;) available using the radius of pile installation (r;) in
Equation 4. The installation radius (r;) from the shaft centerline was dependent upon the finished
interior radius of the shaft (ry), the permanent liner thickness (t,), and the radius of the particular
secant pile being examined (rs), and was calculated using Equation 5. Figure 4-1 illustrates the

overlap thickness of a pair of secant piles of radius r; installed at r; with a spacing S.

rn=rptt, &)

i

\~/ f‘tp

1.

Shaft

/FF Centertine

Figure 4-1 Hlustration of overlap thickness of secant piles

Next, the spacing (S) was calculated for the different pile sizes (rs) taking into account drilling
deviation (d) to assure that in the worse case scenario the required thickness (or overlap) still
occurs at the bottom of the secant piles. The dnlling deviation (d) 1s calculated using Equation 6

and the pile spacing (S) required to reliably achieve the temporary liner thickness (t;) using
Equation 7.

d = %devialian Dborehole (6)
¢ 2
S=2 rsz——(é) -d (N

The spacing on the surface is set equal to S. As the depth of drilling increases, the centerline of

the base of the hole can deviate from the planned alignment by as much as d. The case that
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provides the minimum amount of overlap occurs when adjacent secant piles deviate in opposite
directions away from one another by twice the value of d. The maximum amount of overlap
occurs when the piles deviate the twice the value of d towards one another. If the pile centerline
remains along the planned alignment, the average overlap is obtained. The minimum overlap
(Imin), average overlap (lavg), and maximum overlap (Inax) of the secant piles of each size (1)
could be calculated using Equation 8, 9, and 10 respectively. The spacing from Equation 7 is set
up so that the minimum overlap (Imin) Was equal to the temporary liner thickness (t;) for the
expected value of deviation (d), which is the critical case for design. Each of these overlaps are

illustrated in Figure 4-2.

I =2Jr52 —(%m) (8)

2
Lo =24|1, —(5) : 9)

. (S Y
lmx—2/rs (5 d] (10)

" Secant Pite
Radius Constant

Maximum Deviation A, Minimum Overlop Minimum Spacing B, Moaximum Overlop

Figure 4-2 Examples of overlap lengths

33



Finally, the number of secant piles (n) needed to construct the temporary liner depends on the
installation radius of the particular size of secant pile (r;) and its particular spacing (S) and was

calculated using Equation 11.
n=-—= (1)

A spreadsheet was used to calculate the design parameters using the equation above, as well as
the most cost effective pile size for the temporary liner, and can be found in Appendix B. The
cost analysis revealed that the most efficient design has the parameters Table 4-1 assuming a

borehole deviation of 0.5% to a depth of 140 feet below ground surface.

Pile Size Installation Radius Min. Overlap Pile Spacing Piles
(rs) (ri) (Imin) (S) (l’l)

14.27 ft 0.913 ft 1.458 ft

Table 4-1 Proposed secant pile temporary shaft liner specifications

These parameters were based on the calculated lateral load on the liner (P=Cnmax), the use of

5000 psi concrete (720,000 psf), and a desired factor of safety (F) of 2.00.

Once all the secant piles are in place, the soil material within the temporary secant pile liner is
excavated to the base of the shaft wall. A 2-foot thick mat slab i< constructed at the base of the
shaft, and slip forms are used to cast a permanent liner against the secant piles from the bottom
of the shaft upwards. The permanent liner has an internal radius of 12 feet, a thickness of 0.77
feet, is cast of 5000 psi concrete, and has a factor of safety of 2.00. A cross-section of the
vertical shaft is shown in Figure 4-3. After the permanent liner is in place, the internal finishing,

which includes the interior shaft wall, cross beams, and stairwell is installed.
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Figure 4-3 Vertical section of proposed secant pile shaft

4.2 Revised Secant Pile Shaft Design

A more detailed analysis of soil properties and stress profiles, discussed in Section 3.2, shows a
significant reduction in the Gymax value assumed during the shaft design of Rehkopf et al (2001).
Utilizing the same calculations, a Opmax value equal to 13,333 psf was used to design the
thicknéss of the permanent liner as well as the sécant pile spacing and overlap. These revised

calculations can be found in Appendix C.
The outcome of the revision in the maximum horizontal stress value was the optimization of the

design to fit the ground conditions of McDermott Court. The revised design parameters are

summarized in Table 4-2.
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Pile Size Installation Radius Min. Overlap Pile Spacing Piles
(rs) (ri) (lmin) (S) (l‘l)

13.97 ft 0.548 ft 1.550 ft

Table 4-2 Revised secant pile temporary shaft liner specifications

The result of the revised horizontal stress profile was a reduction in the thickness of the
permanent liner from 0.77 feet to 0.47 feet, as well as a reduction in the installation radius,
minimum overlap, and number of piles required. Pile spacing was also increased. Thus the
more detailed analysis of the ground stress conditions of McDermott Court shows that the
proposed shaft design by Rehkopt et al (2001) was conservative. Figure 4-4 shows the revised

number of secant piles and thinner permanent liner.

-3.00+ Secant Pile 0.47"
Temporary Liner Permanent Liner

Figure 4-4 Vertical section of revised secant pile shaft
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5 Pneumatic Caisson Design and Construction Alternative

The proposed construction method, discussed previously, employs secant piles and is considered
an example of pre-constructing the shaft before it is excavated. This method of construction
relies upon observation at the surface to understand problems that cannot be seen first hand.
Workers installing the piles are unable to verify their exact location or overlap except at the
surface, or that the pile quality is not degraded by soil sloughing into the hole when the casing is
pulled until the excavation process exposes these flaws. The proposed alternative method was

designed to provide far better quality assurance regarding the shaft support structure.

The alternative design and construction method proposed involves the sinking of a prefabricated,
segmental structure , shown in Figure 5-15, by means of excavating beneath its foundation.
Once the bottom edge of the structure is below groundwater levels and within weak soils, air
pressure is applied to the working face to increase basal stability and stop groundwater inflow.
This is design methodology is known as a pneumatic caisson. An overview of this method as
well as the specific design and construction details for the library shaft are discussed within this

chapter.

5.1 Pneumatic Caisson Method

Pneumatic caissons use pressurized air to provide face support during their sinking operations.
Specifically, the air pressure in the excavation chamber is designed to minimize groundwater
inflow during shaft sinking, thereby allowing workers to excavate at the face while in the dry.

Figure 5-1 shows a typical section of a pneumatic caisson.
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Figure 5-1 Typical section of a land pneumatic caisson (from Swatek, 1975)

Pneumatic caissons were first employed during the construction of the Pedee Bridge in 1852.
Their use became widespread in the last century, and was most notably used in the construction
of the foundations for the Brooklyn Bridge in New York. The use of the method suffered a
serious decline due to the inflation of wages and shorter working hours imposed after World War
IT (Swatek, 1975). Workers were unable to spend much time excavating at the face due to the
need for decompression, and the method suffered from decreased worker productivity as a result.

A cross section of the Brooklyn Caisson from Shapiro (1983) is shown in Figure 5-2.
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Figure 5-2 Cross section of the Brooklyn Caisson (from Shapiro, 1983)

The caisson is placed directly on the site surface and excavation is conducted within an airtight
chamber, which is pressurized. The floor of this chamber is the soil that is being excavated. The
caisson walls are made stiff to support the excavation. The excavation proceeds downward by
removing soils beneath the walls and caisson supports. As the caisson moves downward,
chamber pressures are increased to match or exceed the hydrostatic pressure outside the caisson
walls. Robinson (1964) lists obstructions, such as boulders, and resistant stratum as impediments
to caisson driving. These obstructions are more easily mitigated and/or removed with actual
workers at the face, as opposed to excavation in a slurry caisson. He goes on to state that with
the use of pneumatic pressure caissons provide additional support for the excavation face and
significantly reduce inflows of groundwater. Material and workers are moved in and out of the
chamber through airlocks, which allow the chamber pressure to be maintained. The walls of the
caisson slip against the sides of the excavation, creating drag induced by skin friction. Ballast
can be added to overcome this resistance to downward movement. Upon achieving the final

grade of the excavation, the chamber is backfilled with concrete.

The ultimate depth of excavation possible with pneumatic caissons is limited by the fact that

federal regulations prohibit workers from being subjected to chamber pressures greater than
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50psi. Therefore, chamber pressures will no longer be fully able to combat groundwater inflows
beyond a depth of 115 feet below the groundwater surface without the application of

groundwater pumping near the excavation.

5.2 Geotechnical Analysis of Design

The successful installation of pneumatic caissons requires a thorough understanding of ground
stresses, the stability of the base or excavation face of the caisson, the frictional resistance of the
soil against the sinking process, and the ground settlements adjacent to the caisson. Ground
stresses have previously been discussed in Section 3.2. Analysis was conducted to quantify each

aspect of geotechnical design, and is discussed in the following sections.

5.2.1 Basal Stability

Basal stability of the caisson is the critical issue concerning the feasibility of a mechanically-
assisted excavation of an open face in soft cohesive soils. The weight of the overlying soils
exerts a downward force outside the caisson wall. Soft clays will be prone to rotational
undrained shear failure if the vertical stress outside the opening is not significantly countered by
sufficient undrained shear strength. Figure 5-3 displays the rotational undrained shear failure

possible into the open face of the caisson.

Caisson
Wall

Hg Air Presanre
Po

vV

Excavation Face

AN

Undrained Shear Failure Surface

Figure 5-3 Shear failure into pneumatic chamber
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Bjerrum and Eide (1956) propose analyzing such situations at the base of an excavation in
cohesive soils by treating it as a reverse bearing capacity problem. The equation they propose for
computing the factor of safety (FS) of the excavation face involves the undrained bearing

capacity equation of Skempton (1951), and is shown below.

Guir = NeSy + Po (12) (from Skempton, 1951)

Fs = dur _ Nesy +Po

O.VO GVO

(13) (from Bjerrum and Eide, 1956)

In this case, po is the pneumatic chamber pressure applied to the face. This equation was
modified to include the affects of the depth of soil embedment (Hs) of the caisson wall on basal

stability. Equation 14 is the result of the incorporation of this variable into Equation 13.

_Nesy +po+ Hyy
Ovo

FS

(14) (modified from Bjerrum and Eide, 1956)

Basal stability was calculated in the same manner for cohesionless soils utilizing a modified
version of Terzaghi’s (1943) bearing capacity equation using N constants from Vesic (1973) and
plugging the resulting qurr value into Equation 13 shown previously. A value of 1 foot was

assumed for B in Equation 15.
Quir = (Hsy + Do )Nq + %;/BNY (15) (modified from Terzaghi, 1943)

The basal stability of the excavation at incremental depths in cohesive soils within the site
geologic profile were also evaluated employing Peck’s (1969) stability factor, N,, which is

computed using the equation below.

N, = OLS"’Q (16) (from Peck, 1969)
U
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Both the Shansep and Recompression triaxial undrained shear strength values were examined for
cohesive soils within the soil profile of McDermott Court. Separate analyses of these two

different strengths were conducted to look for differences in stability.

First, the ultimate bearing capacity (qurr) was calculated for depths within the soil profile using
Equations 12 and 15. Then the basal stability (FS) of the cohesive soils was calculated using
Equation 13 disregarding chamber pressure. This fits the conditions of open face excavation
without pneumatic pressure where the face is at the same elevation as the base of the caisson
wall. For this case, both the organic silt and the normally consolidated Boston Blue Clay

possessed computed factors of safety less than unity.

Then the factors of safety were recomputed utilizing the added support provided by the allowed
range of pneumatic air pressures (po) and depth of embedment (Hs). The minimum value of the
design pneumatic chamber pressure (pp) was set equal to hydrostatic pressure (u), and the
maximum was constrained to 50 psi following federal regulations. Because the excavation face
is a temporary feature, a minimum required factor of safety was set at 1.25. The cohesive soil
stabilization pressure (pc) was then back calculated using Equation 14 at various elevations to
obtain this value of stability. The design pneumatic chamber pressure (pp) for each elevation of
the excavation face was then taken as the higher value of either the required cohesive soil
stabilization pressure (pc) or hydrostatic (u) pressure. The effect of embedment depth (Hs) upon
basal stability was found to be negligible. The design pressure (pp) is therefore based on the
safest assumption that Hg is equal to zero. The resulting factors of safety, FS’, calculated in
Appendix D for the organic silt and the soft clay, all exceeded the minimum factor of safety with
the application of air pressure and an embedment depth of zero. An example of these calculated

values is shown in Table 5-1.

Elevation (ft) quLr (psf) FS

pp (psh) u (psf) pp (psf) FS’

-11 1550 1.27 -0.2 1.3 1.3 1.5514.13
-15 1550 0.96 3.3 3.0 3.3 1.33 | 4.58
-17 1550 0.85 5.0 3.9 5.0 1.32 { 4.38
-20 1550 0.73 7.6 5.2 7.6 1.31] 4.08

Table 5-1 Example calculation using Shansep sy sequence for stability analysis (from Appendix D)
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The results of the basal stability analysis (N;) using Equation 16, found in Appendix D, confirms
that the soft soils, both the organic silt and the soft, normally consolidated Boston Blue Clay,
present the critical cases regarding excavation face stability during caisson sinking. Thus the
critical cases of basal stability, open face excavation in the cohesive soils beneath McDermott
Court, could be safely mitigated through proper application of chamber air pressures, which

provide additional stability.

The required cohesive soil pressure for stabilization within the shallow organic silt deposit
controlled the design pressure. Here, hydrostatic pressures were below those required for silt
stability, and so the design pressure becomes those that are required to stabilize the excavation
face. When the sand layer is reached, the maximum air pressure required for stability decreased
dramatically, and thus the design pressure line returns to the hydrostatic pressure. This decrease
in pressure also lengthens the time workers can spend at the face. The pressures required to
achieve stability within the deeper Boston Blue Clay were always less than the hydrostatic
pressure. Thus the design pressure mirrors the hydrostatic line until the maximum pneumatic
pressure of 50 psi is reached, at which time it is held constant for the rest of the sinking
operation. During this last part of the sinking operation, when pneumatic pressures are below
hydrostatic levels, groundwater inflows will occur unless the soils surrounding the excavation
are depressurized by groundwater withdrawal. This withdrawal would last until the base slab
sealed the bottom of the excavation chamber at the end of the drive. The resulting design

pneumatic chamber air pressures as they relate to caisson depth are summarized in Figure 5-4.
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Depth versus Chamber Pressure
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Figure 5-4 Pressure requirements for stability and caisson design

The end result of the analysis was to confirm that the application of air pressures to the
excavation face within the federally regulated range could achieve a stable face and prevent
inward movement and subsequent bearing capacity failure into the pneumatic chamber, which

could induce large settlements at the surface and for adjacent structures.

To verify that the stability analysis was correct, the calculated Peck (1969) stability factors (Ny),
shown in Table 5-1 above and calculated in Appendix D, were correlated with his descriptions of
excavation conditions. The resulting stability factors indicated that conditions of small to

moderate amounts of creep would occur at the excavation face, but no serious instability or

failure was predicted.

Therefore, the methods of both Peck (1969) and Bjerrum and Eide (1956) indicate that with the
proper design chamber pressures applied to the excavation face, which are within the federal

limits, basal stability is achievable with a minimum factor of safety of 1.25.
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5.2.2 Seil Skin Friction

The caisson is designed to move downward during the installation, facilitated by the removal of
material at its base, subjecting the sides of the caisson to contact with the soil and subsequent
drag on the caisson induced by soil skin friction. It is important to accurately estimate the values
of friction between each type of soil and the caisson wall, so that the total force needed to
overcome this friction can be included in the design. It is important to note that skin friction
values will vary over time as horizontal effective stresses increase to a maximum value equal to

the in-situ horizontal stress (Gpo).

Different methods were used to calculate the skin friction values for cohesive (f;) and
cohesionless (f,) soils. Also, the friction values for each soil were estimated both for short and

long-term cases.

Short-term unit skin frictions for cohesive soils (silt and BBC) were calculated as clay friction on
piles. Values of a provided by Dennis and Olson (1983) and Shansep undrained shear strengths
(sy) were used in the following equation to estimate short-term clay skin friction between the

caisson and cohesionless soils beneath McDermott Court.

F,ow_con = 0Sy (17) (from Dennis and Olson, 1983)

Lotig-terny cohesive unit skin frictions were estimated -as the Shansep undrained shear strength
(Frigu.cou=su) of the soil, which is the maximum shear resistance the soil could provide. Over
time as the caisson is sinking through the soft soils, it is probable that this value will come to
emulate the remolded undrained shear strength because the cohesive soils adjacent to the caisson
will continue to be sheared past their peak strength values, significantly altering or destroying the

structure of the soil, which contributes some of its strength.

Short-term and long-term unit skin frictions between the caisson wall and cohesionless soils (fill,
sand, till) were calculated utilizing values for interface friction angles (¢m) between formed

concrete and various soil types specified in Department of the Navy (1982). Short-term friction

was calculated utilizing the Rankine active earth pressure coefficient (Ka) from Equation 3 in
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Section 3.2 to calculate the horizontal effective stress (0’yo) at the interface. The unit skin

frictions were then calculated using this active horizontal pressure with the equation below.
Frow-com = K40y tand,, (18)
The long-term cohesionless unit skin frictions were calculated at the full in-situ horizontal
effective stress (G'no) using the interface friction angles (¢m) and the coefficient of lateral earth
pressure (Ko) from Equation 2 in Section 3.2 in the following equation.
Fuion -com = KoO yo tan gy, (19)
Short and long-term unit skin friction values were calculated using Equations 17 through 19
within respective columns in Appendix E. Table 5-2 summarizes the range of unit skin friction

values calculated for each soil within the profile.

Fill 51 91 79 140

Organic Silt 145 145 250 250

Sand 216 216 346 346

Stiff Boston Blue Clay 722 749 1570 1630

Soft Boston Blue Clay 832 1582 1300 1862
[Glacial Till_ [ a8 [ se9 — | 1aso | 1809

Table 5-2 Summary of calculated unit skin friction values (from calculations in Appendix E)

A table of skin friction values by soil type is given in Swatek (1975) as a means of estimating
caisson skin friction during sinking operations. Robinson (1964) also provides a summary of
lateral friction by soil type for caissons. Except for the soft soil values, Robinson and Swatek’s
values appear to be conservative compared to the calculated values for the pneumatic caisson
shown in Table 5-2. Calculated short and long-term soil skin friction values are shown in Figure
5-5. The calculated low unit skin frictions (Fpow) by soil type are compared to those of Swatek

(1975) and Robinson (1964) in Table 5-3.
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Figure 5-5 Variation of unit skin friction with depth below McDermott Court

Soil Type  Swatek (1975) psf Robinson (1964) psf Calculated psf
Soft Clay 150 125 1210
Stiff Clay 1000 1050 740
Dense Sand 700 600 220

““Tabie 5-3 Comparison of low skin friction values

Coller et al (2001) advocate that the injection of bentonite slurry as a lubricant behind the cutting

edge of jacked pipe can reduce skin friction in sands up to 50%. Cases where high skin frictions

had to be overcome involved the over-injection of the bentonite lubricant, which caused a rapid

decrease in skin friction. Over-injection occurs when more slurry is injected than the annular

volume between the wall and soil, which forces the soil away from the wall. This mgthod is not

advisable in the soft Boston Blue Clay deposit, as voids may be formed within the soil mass

adjacent to the caisson, creating a pocket into which soil may flow, inducing surface settlements.

The injection of bentonite is recommended for cohesionless layers and will be discussed further

in Section 5.3.3.

47




5.2.3 Simple Settlement

A simple calculation of the maximum possible settlement was made for the caisson sinking
operation. Various widths of open space are left behind the cutting edge between the caisson
wall and the exterior soil. Assuming that the soil suffers no volumetric strain, the soil around the
shaft will eventually sink and fill in the annular space next to the caisson. The maximum

settlement (Pmax) in this case assuming no soil volumetric strain follows the equation below,

_Hnrm (ri - (rc 2’1)2) (20)

- 2
e

1 c

p MAX

where Hc is the height of the caisson, r;is the radius of influence being examined, r. is the outer
caisson radius, and t is the width of the annular space between the soil and the caisson wall

created by over cutting.

Building 62 is located at an approximate radius of 25 feet from the caisson centerline. The depth
of the caisson is 142 feet, with an outer radius of 13 feet. The simple settlement calculations
based on radii of influence of 15, 20, 25, 30, 50, and 100 feet are calculated for over cut
thicknesses between %4 and 1 inch in Appendix G using Equation 20. The probable maximum
settlements, pmax, calculated for various thicknesses of over cutting for a radius of influence of

25 feet are given in Table 5-4.

Over Cut Thickness, t (inches) pyax (inches)

0.25 1.997
0.50 7.891
0.75 11.847
1.00 15.808

Table 5-4 Probable maximum settlements at a r; of 25 feet as a function of cutting edge thickness

Upon inspection of the resulting probable maximum settlements for the adjacent structure, it was
determined that a grouting program would have to be employed to infill the void once the
caisson reached final depth. Based upon the settlement values, the design over cut of the caisson

and thickness of the resulting annulus was chosen to be 0.25 inches. This space should be
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sufficient to provide adequate separation of the wall and the soil and allow a temporary K
condition to occur during driving. However, the settlements this thickness can induce are still
unacceptable. To counter this, bentonite slurry could be injected during caisson sinking to help
to reduce the magnitudes of lateral soil movement into the caisson/soil annulus and minimize
settlements, while having the added benefit of reducing skin friction along the length of the
caisson as advocated by Coller et al (2001). The reduction in skin friction could ultimately
reduce the force necessary to drive it to final depth, and thereby reduce the ballast costs during
construction. Therefore, the injection of bentonite slurry into the caisson/soil annulus during
construction, followed by the grouting of the annulus once construction is complete, is

recommended for the library shaft pneumatic caisson alternative.

5.3 Structural Design

Once the geotechnical analysis for the caisson has been completed, design of the caisson
structure can take place. The design of the pneumatic caisson follows the methodology proposed
by Swatek (1975). Specific aspects of pneumatic caisson design include the structural
configuration, wall of the caisson, meeting anticipated thrust requirements, the pressure
bulkhead, aspects of assembly, and the airlock systems used to convey workers and material in

and out of the excavation chamber.

5.3.1 Structural Configuration

The structural configuration of the caisson must either facilitate or match the interior
requirements set forth in Section 2. Upon examination of the finished shaft and its internal wall,
it was decided that the stairwell annulus could be used as a ballast chamber to provide additional
driving weight if needed. The stairs would be added to the caisson shaft once sinking had been
completed. Without the stairs in place, the mechanical egress wall within the caisson could serve
as a ballast compartment to satisfy sinking thrust requirements and conform to the internal

finished dimensions (see Figures 5-26 and 5-29).
The mechanical egress shaft within the dividing wall, previously shown in Figure 2-2 of Section

2.1, would then temporarily house the airlock systems used to convey workers and material into

and out of the pneumatic excavation chamber at the bottom of the caisson below the pressure
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bulkhead. The pressure bulkhead would therefore have several round cutouts through its depth.
It was recognized that this structural configuration would require a thick reinforced concrete
bulkhead to account for the added stress imposed by the cutouts. The cutout locations would
also have to be symmetric in plan in order to keep the caisson symmetrically loaded and prevent
weight induced wandering during the driving process. The layout of the airlock cutouts within

the pneumatic chamber bulkhead is shown in Figure 5-6.

A-' Plon of Lock

17 Steel Walls —
Inner Radius 2.67° —

Outer Radius 2.7% J Locks Share Cross Beam Centers
3” Bolted Flange A’ at 120 Degrees

Figure 5-6 Plan of maximum airlock dimensions and cutout locations in pneumatic chamber bulkhead

The large thickness of the bulkhead, coupled with the need for sub-floor connections at the shaft
base for ventilation purposes after installation (see Figure 2-1, Section 2.1), led to the conclusion
that the top of the bulkhead must be driven 5 feet below the elevation of the library’s tenth floor,
which is 125 feet BGS.
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5.3.2 Caisson Wall

The design of the caisson wall must meet three primary requirements. These three requirements
are that the wall must fulfill the function of a shaft liner and resist lateral earth pressures imposed
upon it, have enough area to support the maximum driving thrust at its base without failure, and

that the leading edge be resistant to abrasion by the soils through which will pass.

First, the outer wall of the caisson must be designed thick enough to resist the probable
maximum lateral load imposed upon it. The caisson i1s also designed to be segmental,
significantly reducing the amount of fabrication done on site, and therefore must have enough
area to resist the dynamic movement of the caisson through the soil. The segmental structure
allows segments to be added quickly without interfering with sinking operations or creating cold
joints in the concrete liner that would cause leakage. Proctor and White (1977) state that
pressure in squeezing ground, such as soft clay, increases over time and that an estimate of the

ultimate clay pressure (pq) on the liner 1s given by the equation below.

Py =1¥—5, (21) (from Proctor and White, 1977)

They also suggest the equation below to estimate the liner design load in dense sand for a shaft

deeper than 5 times its diameter (D).

p, =0.2yD (22) (from Proctor and White, 1977)

Finally, Proctor and White (1977) suggest that the short term horizontal loading on shaft liners in
running ground, such as sand, can be calculated utilizing the Rankine active earth pressure
coefficient (Ka), previously calculated in Equation 3, using the following equation.

o= K,» (23) (from Proctor and White, 1977)

However, this neglects hydrostatic loading and also, as time passes, the horizontal effective

stress, O, can be expected to return to the original value of 67y, previously calculated in Section
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3.2. When calculated, the long-term honzontal effective stress dominates as the maximum
pressure that the liner must resist. Therefore, the in-situ horizontal effective stress, G’po,
calculated in Section 3.2, was used as the liner design pressure, ps. Summers (2000) suggests the
use of the Lame’ equation to design the thickness of the shaft liner in concrete having
compressive strength of oy, an internal radius of r;, factor of safety of F, and resisting a pressure

P.

ag,

t

t=r| |———-1 (4) (Lame’ Equation from Summers, 2000)
o, - 2PF

The thickness, t, of the caisson wall must also provide enough area to provide the compressive
strength needed to resist the maximum weight of the structure in the event that all skin friction is
lost between the caisson and the adjacent soil. Therefore, the wall thickness, t, must also satisfy

Equation 24 derived below,

LF
—=Au :”(('} +t)2_’}2)
t
t= 5 24)
o,

where Lc is the maximum vertical load (caisson live and dead factored loads), F is the factor of
safety, O, is the concrete compressive strength, A,y is the plan area of the concrete liner, and 1; is

the inner radius of the caisson wall.

Due to the dynamic nature of the caisson wall during excavation and driving, a higher factor of
safety was desired. Proctor and White (1977) also state that the long-term pressure on shaft
liners can become significantly more than anticipated in squeezing cohesive soils, which
accurately describes the soft clay, and that further reinforces the need for a higher factor of
safety. A preliminary estimate of 1 foot for the thickness of the caisson wall comprised of 5000

psi concrete was used. The compressive loading was determined to be the controlling factor for
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the thickness of the caisson wall. Calculations were conducted in Appendix F to determine the
maximum factored live and dead loads of the caisson structure, a force found to be 30,614,550
Ibs (calculated in p.121 of Appendix F). This is considered the maximum load (L¢) imposed
upon the base of the caisson wall if skin friction is neglected. The resulting factor of safety (F)
of the 1-foot thick caisson wall using Equation 24 was found to be 1.85.  Although this case is
unlikely, over injection of lubrication could cause base loads to approach this end loading
condition. The maximum lateral loading in the liner (P), calculated in Section 3.2 as 13,333 psf,
was calculated using Equation 4 to have a minimum factor of safety (F) of 4.06 for the 1-foot
thickness. Therefore, the design of the caisson wall in Appendix F uses a wall thickness, t =
1.000 feet, which adequately satisfies both the end loading and lateral pressure conditions. The
calculations to find the caisson wall thickness for design can be found in the spreadsheets

included in Appendix F.

The last issue concerning the caisson wall is the design of the leading edge or cutting edge,
which will be in direct contact with moving soil under high pressures. Specifically, the glacial
till near the base of the planned shaft will present a particularly abrasive layer, which will require

some sort of resistant armor to resist erosion of the leading edge.

Swatek (1975) suggests a heavy shoe armored with steel plating for land caissons that will
encounter granular, abrasive soils. A typical cross section of a heavy shoe from Swatek is shown

in Figure 5-7.

Heavy
shoe

4

E% = Steel plate
|
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Figure 5-7 Section of heavy shoe for land caisson (from Swatek, 1975)

Robinson (1964) discusses the use of injected water through a system of nozzles behind the
cutting edge to reduce lateral friction on the caisson. Megaw and Bartlett (1982) state that
bentonite slurry injected around the exterior of the caisson wall has been found an effective
Iubricant against sometimes-unpredictable skin friction. Bentonite slurry has a higher unit
weight, and is therefore better able to hold open any voids between the caisson wall and the
adjacent soil until grout can be injected. Also, the cutting edge must also be designed to cut an
area slightly larger than the caisson wall above it. This facilitates the introduction of bentonite
slurry into this area to reduce skin friction on the caisson walls as advocated by Coller et al
(2001) and also prevent excessive lateral soil movements. Therefore, Robinson’s (1964) type
of injection system will be included in the leading edge design, but bentonite slurry will replace
water as the injected fluid. A diagram of the injection nozzle system Robinson proposes is
shown in Figure 5-8. A diagram of the designed cutting edge of the caisson is shown in Figure

5-9.

conicel noxle

distributing main

Figure 5-8 Lubricant injection system behind cutting edge (from Robinson, 1964)
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J ? Cutting bdge
0.68”

Figure 5-9 Detail of designed cutting edge of pneumatic caisson minus injection system

The caisson wall will consist of precast, steel reinforced concrete segments. A typical steel

reinforcement pattern within the wall of a circular caisson is shown in Figure 5-10.

gintibution steet P b(:]

distribution seci B 16
a0

Figure 5-10 Typical reinforcement within circular caisson wall (from Robinson, 1964)

55



5.3.3 Maeeting Anticipated Thrust Requirements

Using the unit skin friction values calculated in Section 5.2.2, multiplied by the outer perimeter
of the caisson over a total depth of 142 feet, the cumulative skin friction was calculated over that
entire depth within the soil profile. The sums of the skin frictions for the bentonite (TFpgnt),
short-term (TFLow), and long-term (TFuicu) cases were tabulated and can be found within the
spreadsheet columns of Appendix E. Bearing capacities were also calculated at various depths
along the drive. The bearing capacity of the caisson tip will later be considered in thrust
calculations. Both the bearing capacities calculated in Section 5.2.1 and the cumulative skin

friction values summarized in Table 5-5 and are plotted in Figure 5-11.

De } e o Bentonite ) ong
B
0 130,505 32,626 32,626 32,626

20 102,107 640,147 697,918 813,530
40 665,740 1,631,119 | 1,706,621 2,279,730
60 558,138 3,169,911 3,709,950 5,285,326
80 530,958 4,783,223 | 5,677,603 8,050,248
100 657,571 6,544,305 | 7,826,966 11,073,244
120 1,440,744 8,849,994 | 10,694,154 | 14,623,679
142 1,654,187 9,438,937 | 11,723,136 | 17,777,422

Table 5-5 Summary of end bearing and cumulative friction values (from Appendix E)

Depth vs. End Bearing and Cumulative Skin Friction

¢ 2 4 6 * 3 (36 4
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Figure 5-11 Cumulative skin friction on caisson as a function of depth

56



The bentonite slurry cumulative skin friction (TFgent) line was calculated as a result of the
reduction of the short-term friction using the advocated values from Coller et al. (2001).
Assumed skin friction reductions of (Reour) 50% in cohesionless soils and (Rcon) 25% in
c‘(‘)hesivehs_oils were used to calculate a best-case skin friction scenario, shown as “bentonite

slurry” in Figure 5-11. This is assumed to be the lower limit of cumulative skin friction values.

The cumulative skin friction must be overcome in order for the caisson to sink during excavation
at the face. A percentage of 25% of the end bearing value (G) was added as the amount of
additional driving force used to promote the downward movement of the caisson beyond the
amount of cumulative skin friction and upward pneumatic force at the excavation chamber. This
additional force promotes the continual downward movement of the caisson while not
introducing excessive loads at the face that could induce failure into the caisson. An assumed
percentage of the bearing capacity (G) of 25% assures that bearing failure does not occur, but
that a significant amount of thrust still reaches the tip of the caisson to promote downward
movement. There is also an upward force from the air pressure in the excavation chamber that
acts on the area of the bulkhead that must be overcome. The required driving thrust (TR) for the
caisson was calculated as the sum of the cumulative skin friction, 25% of the end bearing (G) of
the soil at the cutting edge, and the total of the upward force exerted on the bulkhead by the
excavation chamber air pressure used. The resulting required best (TRggnt), Worst (TRuigH) »
and anticipated (TRrow) cases of driving thrusts required over the depth range of the pneumatic
caisson are surmnagzed in Table 5-6 a;}d shown in Figure 5-12, resulting in a maximum value of
17.7 millibn pounds. The calculations for end bearing and cumulative skin friction can be found

in the spreadsheets of Appendix E.

57



Depth BGS  Bentonite  Rankine Active Ko Condition

(ft) TRpent (Ibs)  TRpow (Ibs) TRuicu (Ibs)

0 32,626 32,626 32,626
20 640,147 697,918 813,530
40 1,531,119 1,706,621 2,279,730
60 3,162 911 3.709.950 5,285,326
80 4,783,223 5,677,603 8,050,248
100 6,544,305 7,826,966 11,073,244
120 8,849,994 10,694,154 14,623,679
142 9,438,937 11,723,136 17,777,422

Table 5-6 Summary of calculated driving thrusts of library pneumatic caisson (from Appendix E)

Depth vs. Required Driving Thrust
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Figure 5-12 Anticipated driving thrust for the pneumatic caisson

The drop in required thrust at approximately 35 feet shown in Figure 5-12 is due to the reduction

of required pneumatic chamber pressure, which reverts back to hydrostatic values when the sand

layer is encountered.
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The final empty weight of the designed pneumatic caisson was 2,631,507 pounds (from the sum
of segment weights in Appendix G). In order to supply the additional weight to meet thrust
requirements, it was decided to use steel shot as removable ballast within the stairwell annulus of
the caisson. Industrial Supply (2001) prpvides steevzllst_wllot ballasts up to 345 pcf in unit weight.
Using the calcula’téd,v‘;lumes: of th;a st;ifWe]l annulusv miﬁus the cross.beams, the required thrust
for the maximum thrust case could still not be reached. Therefore, shot was also placed within
the annular space between the air and muck locks inside the egress wall, which allowed the
maximum thrust requirement to be satisfied. A view showing the steel shot in the annular space
is shown later in Figure 5-29 of Section 5.4.5. The calculated heights of steel shot ballast at the
end of drive for each caisson segment can be found in Appendix G for best-case (bentonite) and

worst-case scenarios.

Swatek (1975) states that heavy caissons drive the most smoothly, and are the easiest to keep
within verticality when their center of gravity is kept in the lower portion of the caisson. The use

of steel shot ballast also facilitates this situation.

5.3.4 Pressure Bulkhead

The airtight bulkhead at the top of the excavation chamber must provide enough headroom to
allow mechanically-assisted excavation work to be conducted below it unencumbered. Megaw
and Bartlett (1982) recommend that the bulkhead be positioned approximately 2.5m (8.2ft)
abdve the“éutting edge level. This height is based upon the assumption of hand excavation of
soil materials at the face. In order to facilitate the anticipated type of excavation for the caisson,
a chamber height between 9 and 11 feet is recommended. The schematics of the bulkhead within
this report show a bulkhead height of 8 feet for simplicity. This pressure bulkhead also serves as
the floor of the stairwell annulus and egress shaft above it, and will bear the full weight of those
components as well as any ballast added to the caisson. It is anticipated that during construction,
the steel shot ballast, having a porosity of 30%, could fill with rainwater, yielding a unit weight
of 364 pcf. Keeping this in mind, the maximum volume of ballast that the caisson is capable of
holding, as well as weight of the locks, egress wall, and the bulkhead itself were summed in

spreadsheets found on p.123 of Appendix F. The depth of the bulkhead was initially assumed to
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be 4 feet of reinforced concrete with 2% reinforcing steel. The total combined maximum
factored load (L) on the bulkhead is equal to 28,240,078 lbs (weight of outer caisson wall is not
included). The area of the bulkhead surface minus the three airlock and mucklock cutouts (Ag)
was found to be 381.1 ft2. Therefore, the simplified maximum uniform factored bulkhead

loading (Ly) of 74,099 psf was calculated (for calculations, see Appendix F).

In order to approximate the actual required depth of the bulkhead, it was first approached as a
circular plate. After the maximum moment on the circular plate was found, and was used in the

design of a beam to solve for the approximate depth:

The bulkhead could be simplified into a circular plate, with a radius (r,) of 12.00 feet, as
described by Timoshenko (1959). The three holes through the bulkhead for the air and muck
locks, each having a radius of 2.75 feet, were simplified into one hole of equivalent area, which
had a radius (rp) of 4.76 feet. Since the bulkhead is cast as part of the exterior caisson wall, it
essentially has a clamped edge, which provides a resisting moment. Timoshenko’s case 10 most
accurately describes this bulkhead. Equation 25 was used to find the maximum moment (M;) in
the bulkhead, where r, is the radius of the circular plate, 1y, is the radius of the hole in the center
of the plate, q is the uniform load Ly, and v is the Poisson’s ratio of the plate material (assumed

0.15 for concrete).

q 2 2
v =9 aio)?-
M 16( X' ~") (25) (from Timoshenko, 1959)

Once the maximum moment had been determined, the bulkhead was examined as a simply
supported beam in order to estimate its depth. It was to be constructed of reinforced concrete.
The depth determined through beam design of the bulkhead provided a conservative value. The
methodology of Meyer (1996) was employed to design the beam using the maximum moment
obtained from Timoshenko’s equation (25). Various percentages of reinforcing steel were
examined as well as depths to find the optimum beam depth. Using the following equations by
Meyer, coupled with the Timoshenko M,, the adequacy of various beam depths and

reinforcement levels was analyzed for the bulkhead.
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Only beams which satisfied My>M; were considered. An assumption that a 2% steel ratio (p)
would be used was made and used in (fc) 5000 psi concrete. A value for beam width, b, was
held at a constant of 1 foot. Also, a steel yield strength (fy) of 65,000 psi was assumed for the
steel reinforcement in the bulkhead. The result of the calculations, shown in Appendix F, was
that a beam of 48” depth was more adequate to carry the maximum factored live and dead loads

of the bulkhead. The resulting design of the pneumatic chamber and bulkhead segment is shown

a‘: ASfy
0.85/.'b

My = ¢Asfy(d -

in Figure 5-13 and Figure 5-14.

Section 1

ASfy
177,

(26) (from Meyer, 1996)

(27) (from Meyer, 1996)
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Figure 5-13 Vertical section of caisson segment 1

Cutting Edge



AW Section 1 Plan

26.00

Lock Cutouts Centered at 120 Degrees
/1350 From Caisson Center
Joint Grooves Also Shown

Figure 5-14 Horizontal section of caisson segment 1

5.3.5 Caisson Segments

The pneumatic caisson was designed as a segmental structure. The proposed caisson design,

minus locks, is shown in Figure 5-15.
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Figure 5-15 Vertical section.of library shaft segmental pneumatic caisson

The stairwell that rests in this annulus makes 31.5 feet of vertical rise per revolution. A system
of three cross beams was designed on levels spaced at 10.5 feet so that the stairwell could rest on
the top of one out of the three beams in each group, passing though 120 degrees of the stairwell
annulus between each beam group. The cross beam groups at one end of the segment essentially
form an inverted channel. It is recognized that the free end of this channel will require stiffening
elements until the segment is placed on the caisson. This bracing could take multiple forms, and
1s represented in subsequent schematics as temporary steel wires. The beams are 1.5 feet wide in

plan view. The configuration of the crossbeam groups is shown in Figure 5-16 and Figure 5-17.
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Sections 3 Through
in Plan View

Cross Beams Spaced

At 120 Degrees O.C.

Figure 5-16 Horizontal section of segments 3 through 12 showing beam group layout

Sections 3 through 12
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Egress Wall
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Caisson Wall

Figure 5-17 Vertical section of segments 3 through 12 showing beam group layout
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Segments 3 through 12 are identical in dimension. Segment 1, at the leading edge of the caisson,
was shown in Figure 5-13 and Figure 5-14. Segment 2 is slightly longer in dimension, but
possesses the same plan section as Segments 3 through 12. Figure 5-18 shows segment 2 in

vertical section and the elevations of the adjacent connector tunnel and library tenth floor.

Section 2
A A’
13.00° o
| NS e e T Y P T ——\_,:—EOS
1?0_ B Arch
- 1 *
. ¢ Tunnel Centerline
13.50° ,'. -'«4 —— =
' ~| Librory Floor
‘_4.00’
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Figure 5-18 Vertical section of segment 2

Segment 13 was designed with a deepened crossbeam group in order to distribute the load of the
overlying ventilation stage and mechaﬁicql egress cover. Flanges are also designed into the top
of the Segment to facilita;e 6 inch‘ fh;'c;k,concrete seg?nénfsﬂ to cover the stairwell annulus and
comprise the sidewalk on the surface. The plan section of the segment is identical to those of
segments 3 through 12. Figure 5-19 shows segment 13 and the described sidewalk flanges in

vertical section.
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Figure 5-19 Vertical section of segment 13

The crossbeam groups of the segments 2 through 13 must all line up vertically when assembled;
for this a keyway prevents misalignment during construction. The joints shown in the top and
bottom of the caisson segments are designed to be supplemented with a sealant. Bolts or other
connections capable of withstanding large vertical tensile forces that could be imparted by skin
friction, which would pull the segments apart in the ground, should physically connect the

segments. A detail of the joint minus the tensile connections is shown in Figure 5-20.
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Figure 5-20 Detail of segment joints
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The result is a segmental pneumatic caisson that can be precast on or off of the construction site,

saving time spent in the construction of permanent or temporary liners on the site.

5.3.6 Air and Muck Locks

The airlocks used to convey workers and materials to and from the excavation face consist of
both airlocks for workers and mucklocks for materials. Swatek (1975) states that caissons
greater than 150 ft* should are commonly equipped with separate muck and man locks, and
separate locks are preferable even for caissons of smaller areas. Considering that design
excavation chamber pressures reach the maximum federal limit of 50 psi as described by Bickel
et al (1996), the decompression time will be significant for crews returning to the surface; 209
minutes after working 2 hours under 50 psi. Therefore, to provide a continuous flow of workers
to the excavation face, two worker airlocks are needed; one for entry, and one for exit, allowing
the previous crew to decompress during the time the next crew can spend working at the face.
An lower limit of just over 2 hours of working time is reached with two airlocks under 50 psi
pressures.

The remaining lock is a mucklock. Various types of spoil removal systems have been used in the
past that allow the chamber pressure to be maintained. Richardson and Mayo (1941) describe a
3 to 4 inch “blowpipe” which was used to blow sand and mud out of the excavation chamber to
the surface using the differential pressure between the chamber and atmosphere to propel it
upward, and is shown in Figure 5-21. This system is limited in the grain size it can convey to the

surface and is considered a dangerous design because of its propensity to blowouts.
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Figure 5-21 "Blowpipe'' removal of sand and mud (from Richardson and Mayo, 1941)

Another mucklock system used in the Brooklyn Bridge Caisson involved the equalization of
chamber pressure in an open shaft with water. A pipe would rest below water level in a pool at
the face. Workers would shovel muck into the pool, which could then be removed by a
clamshell from the surface through the water column. This method requires careful control of
water levels to work properly. Robinson (1964) discusses the dangerous use of an open water
column used to equalize chamber and atmospheric pressure in muck removal shafts, as shown in

Figure 5-22.
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Figure 5-22 Open water column muck shaft in section (from Robinson, 1964)

The use of this type of muck lock system is only really practical and safe when used in large area
caissons, where the volume of water will not significantly flood the excavation chamber if the
bottom of the pipe was exposed and the water is released. McCullough (1972) describes the

flocding caused by the water type muck locks in the Brooklyn Caisson.

“It was a neat, efficient system, so long as the water in the shafts stayed at the
proper level. But if the volume of water in one shaft became too great-too heavy,
that is, for the compressed air below to support it-then the water in the pit would
flood out into the work area. Or, if for some reason, the volume of water
decreased to the point where its weight was no longer enough to counteract the
pressure in the chamber, then there would be a terrific release of air, or blowout,

Jrom below.”
...David McCullough, 1972
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The airlock and mucklock systems designed for the library shaft pneumatic caisson consist of 5.5
foot diameter, 24 foot length, 1 inch thick steel tubes with three inch bolted flanges. These
internal and external dimensions were shown in Figure 5-6. The thickness of the steel tube was
checked against the maximum lateral load imposed upon it by the steel shot ballast. The steel
shot was assumed to possess a friction angle of 30 degrees, giving the material a Ko value of
0.50 as calculated in Equation 2 of Section 3.2. It was assumed that the worst-case condition
would be that the steel shot would fill the entire height of the caisson, 130 feet. This imposed a
vertical load of 44,850 psf and a resulting horizontal pressure of 22,425 psf. Using Lame’s
Equation (Equation 4) and half the yield stress used previously, (i.e. half of f, = 65,000 psi) to
provide a conservative buckling estimate, the minimum required thickness of the airlock walls,
0.507 inches, was calculated in Appendix F. The design assumed a steel wall thickness of 1

inch, which yields a factor of safety of 2.00 for the wall.

The tubes are capped with 1-inch thick bulkheads that have airtight doors that swing upward for
the mucklock and downward for the airlocks (shown in Section 5.4, Figure 5-26 and Figure 5-29
respectively). The upward swinging doors of the mucklock are used to support an internal pulley
system used to convey muck buckets from the chamber into the lock, where they are
decompressed rapidly and removed to the surface. Steel pipe segments of identical dimensions
in 12-foot lengths are used to extend the top of the locks to the current top elevation of the
highest segment of the caisson. Larger design section drawings and details of the library

pneumatic caisson shaft can be found included in Appendix H.

5.4 Construction Methodology

The construction and driving of the caisson can be divided into specific aspects. These aspects
include the installation of guide piles, the launch of the caisson structure, the start of
pressurization, the addition of subsequent segments, ballasting, deep face excavation, and the

termination of caisson driving.
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5.4.1 Guide Piles

The vertical alignment of the caisson within the ground is a key issue during construction.
Swatek (1975) states that the first 20 to 30 feet of caisson sinking is the most important from the
standpoint of control. He goes on to further state that caissons started with proper alignment

within this depth range are more likely to stay that way over the rest of the drive.

Six guide piles comprised of W12x120 steel sections 20 to 30 feet in length will be driven under
close vertical control to guide the caisson at the start of the drive. These six piles will be
installed so that their flanges rest at the same radius as the outer edge of the cutting edge on
segment 1. They are driven in a pattern 60 degrees apart, as shown in Figure 5-23 surrounding

segment 1.

_]CQiSSOH Launch Plan

Wiex120 Sections Spaced at 60 Degrees
A1 o Radius of 13 025" from Caisson Center

)

Figure 5-23 Guide pile layout in plan view
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5.4.2 Caisson Launch

In order to minimize the friction on the caisson during the drive, the number of delays must be
minimized. Therefore, whether the segments are being cast on or off of the construction site, at
least four finished segments should be on site before the driving is allowed to begin to prevent
stopping the caisson to wait for segments to be delivered or completed. The three locks should
also be on site and ready for installation on the caisson once the water table is reached at a depth
of 8 feet. Three full segments worth of steel shot ballast should also be available at the site to
prevent delays dependent upon delivery. And finally, the guide piles must be installed before

driving can begin.

To launch the sinking process of the caisson, segment 1 is place by crane into position within the
guide piles. Levels are affixed to the sides and top of the pressure bulkhead to provide a means
of vertical control. Excavation then begins in even rounds around the periphery of the opening,
and is removed through the open cutouts in the overlying pressure bulkhead. Figure 5-23 depicts

the launch and guided downward movement of segment 1 in vertical section.
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Figure 5-24 Vertical section of segment 1 launch and excavation

Excavation at the face is assisted by mechanization, such as a bobcat or other type of small

excavation equipment, controlled by 3 to 4 workers, which is the upper limit due to the confined
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area of the chamber. Workers excavate right up to the inside edge of the caisson cutting tip in
even rounds to provide better control of vertical alignment. If the caisson needs to be lowered on
a particular side to bring it back into verticality, excavation is concentrated under that side until
alignment is regained. Obstructions, such as old piles or rubble, are removed using cutting or
chiseling éduipment. Bentonite slurry is introduced into the annulus behind the cutting edge of
the caisson to reduce skin friction. Figure 5-25 from Megaw and Bartlett (1982) illustrates

excavation within the caisson pneumatic chamber.

Figure 5-25 Manual excavation of soil within pneumatic chamber (from Megaw and Bartlett, 1982)

5.4.3 Start of Pressurization

When the tip of the segment 1 reaches a depth of 8 feet, segment 2 is placed atop segment 1 and
affixed to it. Next, the two airlocks and one mucklock are installed within the egress wall of

segment two, connected to the cutouts in the pressure bulkhead. The excavation chamber is then
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pressurized to match the increasing pore pressures within the soil. If the face soil requires higher
air pressures to achieve stability, then additional pressure over that of hydrostatic is employed.
Section 5.2.1 details the design chamber pressures at various depths of the excavation face. The
excavation process can be momentarily stopped while these components are installed, but this

will be the only time excavation is stopped at the face.

Once pressurized, the times that crews can spend excavating at the face begins to decrease from
a value of nearly 8 hours near the surface to shifts only two hours under the full 50 psi pressure
near the end of the drive. The workers will not be able to spend their entire shift excavating at
the face once the excavation chamber is pressurized. Time will also have to be spent in
decompression. The higher the chamber pressure, the longer the decompression time required to
prevent nitrogen narcosis. Decompression tables, such as the one shown in Table 5-7 provided
in Bickel et al. (1996), are used to ensure that workers significantly reduce their chance of

suffering this potentially fatal ailment.
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Work Hours Under Pressure
Pressue, Over
psig 1/2 1§ 1-1/2 2 3 4 5 3] 7 8 8
0-12 3 3 3 3 3 3 3 3 3 3 3
14 6 5 6 8 5 6 8 6 16 16 32
16 7 7 7 7 11 17] 48 63 63 73 87
18 7 7 7 8 11 171 48 63 63 73 87
20 7 7.1 8 |15 4 15 431 83 73 B3 | 103 ] 113
22 9 9 15 124 38 581 98 | 108 | 1181 128 | 133
24 11 12 23 | 27 52 921 117 { 122 |1 127 | 137 | 151
26 13 14 29 | 34 69 | 104 | 126 ] 141 } 142 | 142 | 163
28 15 23 31 |41 98 | 127 1 143 ] 153 | 153 ] 156 | 183
30 17 28 38 | 62 105 |} 143 | 1651 168 | 178 | 188 | 204
32 19 35 43 |85 126 | 163 | 178 | 193 | 203 | 213 | 226
34 21 39 58 |98 151 1 178 1 1951 218 | 223 | 233 | 248
35 24 4 | €3 113 170 | 198 | 223 1 233 | 243 | 253 | 273
38 28 49 73 | 128 178 | 203 | 223 ] 238 | 253 | 263 | 278
40 31 49 84 {143 183 | 213 1 233§ 248 | 258 | 278 | 288
42 37 56 102 | 144 189 | 215 | 245 1 260 | 263 | 268 { 293
44 43 64 118 { 154 199 | 234 | 254 ) 264 | 269 | 269 | 293
46 44 74 138 1 171 214 | 244 | 269 | 274 | 289 | 299 | 318
48 51 89 |.-144 }189 229 | 269 | 299 } 309 | 319 ] 319 —
50 58 94 164 | 209 249 | 279 | 309 | 329 — — —
Notes: Working chamber pressures. Total decompression time, minutes; California Code
of Regulations August 1986.
1. 14-22 psi require a lwo-step decompression;
24-38 require a three-step decompression; and 40-50 require a four-step
decompression.
2. When decompression exceeds 75 minutes, a special decompression chamber must be
provided.
3. Atleast one physician, licensed in the state, must be available at all times 10 provide
* medical supervision. The physician must meet all requirements of the compressed air
workers and be willing to enter the pressurized environment as needed.
4. See applicable regulations for additional details.

Table 5-7 Decompression tables (Table 6-4 of Bickel et al, 1996)

5.4.4 Additional Segments Added

Once pressurized, the excavation of the face continues downward, as does the caisson, until the
top of each subsequent section comes within 4 feet of ground level, at which time a new segment
is added and the more lock pipe extensions are installed. Bentonite slurry is being injected into
the thin annulus around the caisson to reduce the increasing skin friction. The pneumatic
chamber pressure is increased to match the design pressure profile shown in Section 5.2.1.
Workers at the face place excavated material into buckets, which are hauled up into the muck
lock, where depressurization and haulage to the surface occurs. Figure 5-26 shows a vertical
section through the pneumatic caisson, which is comprised of segments 1 through 4 and displays

the muck lock.
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Figure 5-26 Vertical section showing caisson driving and mucklock

5.4.5 Ballasting

Additional weight in the form of steel shot ballast is added once the empty weight of the caisson
is insufficient in providing the required thrust to continue sinking the caisson. Steel shot is fed
into the annulus between the egress/locks and the stairwell area to meet the required thrust. The
nature of the steel shot allows it to be recycled at the end of the constiuction process. 1t aiso
eliminates the need for manual digging to remove the ballast, as a crane fitted with an
electromagnet can pull large amounts of shot from the stairwell annulus after construction or if
over-ballasting occurs. Any spills of ballast on the ground surface can be cleaned up employing

the electromagnet.

Calculations to determine the weight of each segment and the cumulative weight of the caisson
structure were conducted in spreadsheets contained in Appendix G. The cumulative weight of
the caisson was plotted against the best and worst case required driving thrusts (TR), as shown in

Figure 5-27, to determine if there was a depth interval that the caisson would not require ballast
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in order to sink. The caisson structure, at shallow depths, provides enough weight to begin

sinking operations without the addition of ballast.

Between approximately 15 and 20 feet below the ground surface, the weight of the caisson
structure is no longer sufficient to provide the required dfiving thrust of both the best (20 feet)
and worst-case (15 feet) scenarios. These points are indicated by the appropriate intersections
shown in Figure 5-27. Beyond this depth, the minimum and maximum additional weights of
steel shot required to continue sinking the caisson are shown in Figure 5-28 as the difference

between the scenario curves and that of the caisson weight.

Depth vs. Weight
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Figure 5-27 Caisson and driving weight as a function of depth
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Depth vs. Steel Shot Volume
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Figure 5-28 Limit, maximum, and minimum amounts of steel shot ballast

The available volume of each segment of the caisson into which the ballast could be placed was
also calculated. From these calculations, the approximate heights of steel shot within the
egress/locks annulus and the stairwell section at different depths were computed, and are shown
in Appendix G for both best and worst-case scenarios (see also Fig 5-28). Figure 5-29 shows a
vertical section of the caisson, segments 1 through four and also shows the steel shot ballast and

worker airiock.
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Figure 5-29 Vertical section of sinking caisson showing ballast and worker airlock

5.4.6 Deep Face Excavation

Excavation of the Boston Blue Clay has been shown to be possible using chambér pressufes iﬁat
match hydrostatic conditions at that elevation. If lateral movements or heaving of the face
become noticeable, the weight of the caisson can be increased by adding additional ballast,
causing the cutting edge to sink further beyond the excavation face, effectively deepening the
depth of embedment of the sidewalls and increasing the length of future soil shear failures into
the opening.

Excavation within the glacial till is creates the possibility of encountering particles of cobbles or
larger size, which require chiseling or splitting equipment to remove. These fragments pose an
obstruction to caisson sinking. Additional weight is not advised during face excavation through

this material as the cutting edge may be damaged if hung up on an obstruction. Particles too
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large to be conveyed through the muck lock must be split into pieces small enough to facilitate
its removal from the pneumatic chamber. As chamber pressures increase, crew times at the face
will be significantly reduced down to a maximum of approximately 2 hours, decreasing worker
productivity and increasing costs at the same time. At a depth of approximately 123 feet below
ground surtace, 115 feet below the groundwater surface, the maximum allowed chamber
pressure of 50 psi, the fede‘rally imposed limit, will be reached. Beyond this depth, the chamber
pressure is held constant at 50 psi. The construction process has two options. The first is that if
the glacial till has a low enough permeability, the excavation can continue and water seeping into
the excavation chamber can be pumped to the surface. If, however, the till has a moderate to
high hydraulic conductivity, the aquifer around the base of the excavation must be temporarily
depressurized by wellpoints to reduce the pore pressures to those which can be matched by the
chamber pressure limits. It should be noted that if exploratory borings indicate that the
Cambridge Argillite contains numerous open fractures and is not more than approximately 150
feet from the surface then depressurization should be employed to prevent a blowout at the

excavation face and possible significant water inflow.

5.4.7 Termination of Drive

When the final design depth of the caisson is reached at 142 feet below ground surface, the
excavation operations stop. The pneumatic chamber remains at full operating pressure of 50 psi.
The removal of ballast material begins immediately to take any weight away from the bottom
edge of the caisson. The ballast material 1s removed by a craned fitted with an eiectromagnet
and loaded onto trucks that return it for recycling. Meanwhile, the excavation face is covered
with reinforcement steel brought down through the mucklock. Next, concrete is brought down
through the mucklock and poured to form a 3-foot thick base slab at the chamber floor between
the tapered portions of the cutting edge. This slab effectively forms a foundation on which the

caisson will rest, shown in Figure 5-29, as well as sealing off the soil from the shaft itself.
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Figure 5-30 Shaft concrete plug at termination of sinking

Once the concrete slab has reached sufficient strength, the chamber pressure is vented back to
atmospheric levels and the locks within the egress wall are removed. The remainder of the
excavation chamber is filled with lean concrete to fill the void and cutouts to the top elevation of
the bulkhead. The remainder of the steel shot ballast is removed, and the caisson installation is

completed.

Installation of the connector tunnel will require partial demolition of the egress wall in order to

gain access to the outer wall of the caisson, which will also have to be selectively demolished.
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6 Evaluation of Methods

The secant pile shaft design proposed by Rehkopf et al (2001) is considered an in-situ
construction method. Other in-situ construction methods, such as slurry panel or pile and
lagging supported excavations, rely upon elements installed before the excavation begins. The
disadvantages of installing elements prior to excavation can be avoided by the use of a
pneumatic caisson alternative, proposed here, that can be considered to be a prefabricated
structure.  The secant pile and pneumatic caisson methods were evaluated regarding

environmental impacts, stability, time of installation, and feasibility.

6.1 Environmental Impacts
The environmental impacts of each method were compared regarding both surface settlements

and affects on local groundwater levels.

6.1.1 Settlement

The installation of a secant pile liner allows small borings to be made to construct the shaft wall.
The use of casing to temporarily line the boring before concrete is tremied into the excavation
will minimize any lateral soil movements into the excavation. However, if vibratory methods are
used to remove the casing during the concrete pour, significant lateral movements of soil may
occur. Due to the length of and time required to install a secant pile, it is likely that ground
stresses will require the use of vibratory removal techniques, introducing the possibility of lateral

movements into the boring, and subsequent significant surface settlements near the shaft.

The pneumatic caisson installation method provides face support to prevent the heave of the
excavation face, and has stiff vertical walls to resist lateral soil movement. However, the over-
cutting at the face and subsequent annulus that is formed around the exterior of the caisson wall
does also introduce the possibility of lateral soil movement and surface settlement. Bentonite
slurry within this annulus reduces the likelihood of this from occurring, and the annulus is
grouted at the end of the drive to permanently fill this void space. Also, if skin friction is not
significantly reduced, the positive skin friction could produce downdrag in soft cohesive soil

layers, also causing surface settlement.
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It is believed that with the use of bentonite slurry within the annulus, followed by grouting, skin

friction will be reduced and ground movements will be notably less than those produced using

the secant pile method.

6.1.2 Groundwater

The in-situ nature of the installation of the secant pile shaft is not likely to produce any notable
change in groundwater levels adjacent to the opening. However, during excavation of the
interior of the secant pile shaft, the excavation face provides a high head outlet for groundwater
flow. If the secant piles do not overlap in a specific part of the shaft, then significant water
inflows could occur at this point before the problem could be solved. This can affect the upper
aquifer consisting of the organic silt and sands under the site. Near the base of the excavation,
the length of groundwater flow paths are reduced while head energy is increasing. The result
will be groundwater flow into the excavation base. If the glacial till is pervious, or the
underlying Cambridge Argillite has a number of open fractures, significant groundwater

pumping will be required to facilitate forming and construction of the floor of the shaft.

The pneumatic caisson counters groundwater inflow into the excavation by providing a pressure
equal to or above the level of hydrostatic pressure at the excavation face. This means that inward
head pressure is equal to or less than zero, at which point air drying of the soil near the face
would occur as air escaped from the pneumatic chamber. If the glacial till possesses a low
nydraulic conductivity, then the fimited air pressure to counter hydrostatic levels at those depths
will not cause any significant groundwater drawdown. If, however, the till has a moderate to
high hydraulic conductivity, drawdown will occur either by flow into the excavation chamber or

depressurization by pumping from surface groundwater wellpoints.

In either case, the drawdown of groundwater levels is limited to the lower aquifer comprised of
the glacial till and Cambridge Argillite. Depressurization and dewatering of this interval of the
geology has the potential for the most widespread impact, as drawdowns in this aquifer can have
a large radius of influence. Therefore, both methods have the same potential for groundwater

drawdown in the lower aquifer. The secant pile method does have a significantly higher chance
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of lowering groundwater levels in the upper aquifer if overlaps are not continuous between all
secant piles, particularly at shallow depths. Therefore, the pneumatic caisson is the preferred of

the two methods regarding groundwater drawdown.

6.2 Stability

The secant pile method of shaft construction provides less structural control compared to the
alternative proposed. The piles may not meet the required overlap of design, and could possibly
leave a gap in the wall of the shaft, which will not be seen until the interior is excavated. Also,
the sloughing and mixing of material from the wall of the pile into the concrete when the liner is
withdrawn can significantly reduce the strength of the shaft liner, and may not be seen even after
the interior is excavated. This can lead to an unstable opening. Essentially the installation of the
temporary liner is done in the blind, and its condition or continuity cannot be guaranteed even

after the center is excavated.

In contrast, the caisson segments are precast and installed in the ground by excavation. This
means that the structural design and construction of the shaft liner can be closely controlled,
ensuring high quality. This significantly increases the stability of the shaft structure itself. The
soil is excavated by workers who can adapt and mitigate problems as they arise at the excavation
face. Therefore the sinking operation and placement of the shaft structure in the ground also has
a higher degree of control than the secant pile method. The result is a greater confidence in the

stability of the shaft structure.
Soil stability issues are also better addressed with the pneumatic caisson, as face pressure can be
adjusted to provide more support for the excavation, and workers can identify possible

adversities before they become a problem.

Therefore, the pneumatic caisson provides a greater assurance of opening and structural stability

when constructing the shaft.
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6.3 Construction Time
The installation time of the secant pile shaft takes two to three months from start of drilling to the
end of shaft excavation and permanent liner placement. This is due to the fact that essentially

only one boring machine can be used due to the size of the shaft being constructed.

The installation of guide piles and preparation of the site for a pneumatic caisson would take one
to two weeks. Assuming that a crew of 3 to 4 at the working face can excavate 32 cubic yards
every eight hours using light excavation machinery (RS Means, 2000) in the pneumatic caisson,
the structure would advance at a rate of 5 feet per day if excavation occurred around the clock.
Excavation at depths where pneumatic pressures above 50 psi are required to counter hydrostatic
pressure may be able to utilize remotely operated excavation equipment, eliminating the need for
workers to be within the chamber itself. Utilizing either of these methods, the excavation and
sinking operation could be completed within 1 to 1.5 months. The nature of the precast segments
does not require site work to construct the liner within the excavation, but also comes at an

additional cost.

Both methods have a similar construction duration, but construction quality is better controlled
and assured for the pneumatic caisson method. The added quality will most likely also mean a

higher cost for the shaft if the pneumatic caisson method is used.

6.4 Feasibility

The secant pile shaft construction method has the benefit of significantly reduced labor costs
when compared to the pneumatic caisson method. Decompression times come at the expense of
the time that workers can spend at excavating at the face in the pneumatic caisson method,
causing a loss of productivity per unit dollar. However, the material costs would tend to slightly
favor the precast segments of the caisson method, which requires little additional material to

provide the specified shaft in the library design.

Construction of the connector tunnel would have to employ a method other than horizontal
secant piles proposed by Rehkopf et al. (2001) due to the preexistence of the egress wall within

the driven caisson. Use of this method to construct the connector tunnel from a pneumatic
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caisson shaft is not feasible because the reduced clearances at the base of the shaft will not

permit a boring machine enough room to drill secant piles at the radius required.

Furthermore, the low usage of the pneumatic caisson method in since World War II will limit the

consideration of this option due to high labor costs and federal restrictions.

87



88



7 Conclusions and Recommendations

The pneumatic caisson method provides better quality control, lower chances of settlement,
reduced likelihood of affecting upper aquifer groundwater levels, better excavation face stability,
and similar construction times when compared to the secant pile method proposed by Rehkopf et
al (2001). Constructing the shaft with the pneumatic caisson will be more expensive than the
secant pile method, and poses complications for the construction of the connector tunnel if it is to

be constructed using horizontal secant piles.

The analysis and design of the pneumatic caisson shaft has shown that it is possible to the depth
required for the library deep egress shaft. The small diameter of the caisson meant that driving
weight would be a critical issue due to the high surface area to volume ratio. Since this method
is feasible in the geology present beneath McDermott Court, it is suggested and possible that the
entire library structure proposed by Rehkopf et al (2001), essentially a circular caisson 140 feet
tall and 200 feet wide, could be constructed using this method, allowing each floor of the library
to be constructed at the surface and sunk to its design elevation. Basal stability issues would
remain the same as the shaft caisson. Driving weight would not be a problem due to an
increased volume to surface area ratio, and the face could be excavated with machinery. The
design of a pressure bulkhead for such a structure seems to be the most identifiable obstacle to
using this method for library construction. It is recommended that this alternative be examined
for construction of the library structure due to its increased basal stability and the history of deep

excavation failures/movements on MIT Campus.

&9



90



Appendix A: Geotechnical Parameters
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This boring is located proximal to the northemn external stairs of .:uilding 14 vo }/SO"LJ . c HO — o HO tu

Ground water is assumed to exist at 8 feet BGS and aquitard reductions between aquifers are neglected

Ko estimated by 1-sing for NC Soils (Jaky, 1944) Oyo =0yo — U (1 — ity ¢)
Ko values for OC Clay via communication with Professor CC Ladd of MIT K =
Su from Shansep and Recompression Triaxial Test Results via communication with Prof CC Ladd of MIT Ko =1-sin Q) A (1 + sin ¢)
Rankine Active Coefficient
psf psf psf
in feet pcf ft psf psf psf est. psf psf Shansep Recomp Rankine
Depth BGS Soil Geology Ysoo ¢ Depth u Ovo O"vo ocr Ko G'Ho Ono Su Su Active
0  Cinders, Sand, etc. (FILL) 110 32 0 0 0 0 1 0.470 0 0 0.307
5 110 32 -5 0 550 550 1 0.470 259 259 0.307
8 op of ground water 110 32 -8 0 880 880 1 0.470 414 414 0.307
10 120 32  -10 125 1,100 975 1 0.470 458 583 0.307
11 Silt to Silt with some Sand (SILT) 100 30 -1 187 1,220 1,033 1 0.500 516 704 250 250 0.333
15 100 30 -15 437 1,620 1,183 1 0.500 592 1,028 250 250 0.333
17 100 30 -17 562 1,820 1,258 1 0.500 629 1,191 250 250 0.333
20 100 30 -20 749 2,120 1,371 1 0.500 686 1,434 250 250 0.333
21.5 100 30 -215 842 2,270 1,428 1 0.500 714 1,556 250 250 0.333
25 100 30 -25 1,061 2,620 1,559 1 0.500 780 1,840 250 250 0.333
30 100 30 -30 1,373 3,120 1,747 1 0.500 874 2,246 250 250 0.333
32 100 30 -32 1,49 3,320 1,822 1 0.500 911 2,409 250 250 0.333
35 100 30 -35 1,685 3,620 1,935 1 0.500 968 2,652 250 250 0.333
355  Hard coarse blue sand and gravel (SAN..) 130 37 -355 1,716 3,670 1,954 1 0.398 778 2,494 0.249
; - Medium Clay (UBBC) 117 28 -39.5 1,966 4,190 2,224 4 1.040 2,313 4,279 1,630 1,500 0.361
40 Assumed OCR<=4, decr. Down 117 27 -40 1,997 4,249 2,252 3 0.839 1,889 3,886 1,630 1,500 0.376
42.5 ~ Boston Blue Clay 117 27 -425 2,153 4,541 2,388 1 0.773 1,846 3,999 1,600 1,465 0.383
45 117 26 -45 2,309 4,834 2,525 2 0.707 1,785 4,094 1,570 1,425 0.390
49.5 oft Blue Clay, OCR=1 (LBBC) 117 25 -495 2,590 5,360 2,770 1 0.577 1,600 4,189 1,516 1,350 0.406
50 oston Blue Clay 117 24 -50 2,621 5,419 2,798 1 0.593 1,660 4,281 1,510 1,350 0.422
53 117 24 .53 2808 5770 2,962 1 0.593 1,757 4,565 1,490 1,350 0.422
55 117 24 -55 2,933 6,004 3,071 1 0.593 1,822 4,755 1,475 1,350 0.422
60 117 24 -60 3,245 6,589 3,344 1 0.593 1,984 5,228 1,440 1,350 0.422
63.5 117 24 -83.5 3,463 6,998 3,535 1 0.593 2,097 5,560 1,415 1,350 0.422
65 117 24 65 3,557 7,174 3,617 1 0.593 2,146 5,702 1,405 1,350 0.422
70 117 24 70 3,869 7,759 3,890 1 0.593 2,308 6,176 1,370 1,350 0.422
74 117 24 -74 4,118 8,227 4,108 1 0.593 2,437 6,556 1,342 1,350 0.422
75 117 24 75 4,181 8,344 4,163 1 0593 2,470 6,650 1,335 1,350 0.422

Continued on page 93



Continued from page 92

psf psf psf
in feet pcf ft psf psf psf est. psf psf Shansep Recomp Rankine
Depth BGS  Soil Geology Yso ¢ Depth u Ow Ovw ocrR Ko o’y Owo Su Su Active
80 Soft Blue Clay, OCR=1 (LBBC) 123 24 -80 4,493 8,929 4,436 1 0593 2,632 7,124 1,300 1,350 0.422
84.5 Boston Blue Clay 123 24 -845 4,774 9,482 4,708 1 0.593 2,793 7,567 1,350 1,350 0.422
85 123 24 -85 4,805 9,544 4,739 1 0.593 2,811 7,616 1,370 1,350 0.422
S0 123 24 -90 5117 10,159 5,042 1 0.593 2,991 8,108 1,450 1,410 0.422
95 123 24 -95 5429 10,774 5,345 1 0.593 3,171 8,600 1,530 1,470 0.422
100 123 24 -100 5,741 11,389 5,648 1 0593 3,351 9,091 1,610 1,530 0.422
104.5 Soft Blue Clay 123 25 -1045 6,022 11,942 5,920 1 0577 3,418 9,440 1,682 1,584 0.406
105 with sand lenses 123 25 -105 6,053 12,004 5,951 1 0.577 3,436 9,489 1,690 1,590 0.406
105.5 Boston Blue Clay 123 25 -1055 6,084 12,065 5,981 1 0.577 3,453 9,637 1,698 1,596 0.406
123 25 -110 6,365 12,619 6,254 1 0577 3,611 9,976 1,770 1,650 0.406
123 25 -115 6,677 13,234 6,557 1 0577 3,786 10,463 1,850 1,710 0.406
123 25 -116 6,739 13,357 6,617 1 0577 3,821 10,560 1,862 1,734 0.406
117.5 Hard to medium blue sand, (TILL) 135 45 -117.5 6,833 13,541 6,708 2 0.586 3,930 10,762 0.172
gravel, and clay 135 45 -120 6,989 13,879 6,890 2 0.586 4,036 11,025 0.172
some boulders 135 45 -125 7,301 14,554 7,253 2 0.586 4,249 11,549 0.172
126.5 135 45 -126.5 7,394 14756 7,362 1 0.586 4,314 11,708 0.172
135 45 -130 7,613 15229 7,616 2 0586 4,461 12,074 0.172
135 45 -135 7,925 15904 7,979 2 0.586 4,674 12,599 0.172
135 45 -140 8,237 16,579 8,342 2 0.586 4,886 13,123 0.172
Cambridge Argillite (ROCK) 155 45 -142 8,362 16,849 8,487 2 0.586 4,972 13,333 0.172
155 -145 8,549 17,314 8,765

155 -150 8,861 18,089 9,228 MAX 13,333 psf

155 -185 9,173 18,864 9,691 MEDIAN 5,631 psf

155 -160 9,485 19,639 10,154 AVG 6,093 psf
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Depth versus Undrained Strength of Boston Blue Clay
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Appendix B: Proposed Secant Pile Shaft Design
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Vertical Secant Pile Shaft Design

Length of Shaft Centerline, D 140 ft Secant pile factor of safety, F 2.00
Interior radius of secant piles, r, 1277 #t Maximum vertical earth pressure, Oyma=P 21,000 psf
Thickness of perm liner, t, 0.768 ft Concrete strength, o, 5,000 psi
Interior radius of perm liner, r 12 ft Concrete strength, o, 720,000 psf
Expected borehole deviation, %geyiation 0.50%
Deviation Distance, d 0.7 ft
— 27,
r" rf tt P d =% deviation D borehoi L =%+t tP ® }é s n h= S
ft ro (ft) r (ft) tine (ft) S (ft) Iein (ft) lavg (1) Imax (ft) Number
Pile Dia.  Pile Rad. Installation Radius Required Overlap  Pile Spacing Min. Overlap True Overlap Max. Overlap of Piles S/LF LF Total Cost
2 1 13.768 0.881 0.395 0.881 1.961 1.729 2188 $56 30626.4 $1,715,077
25 1.25 14.018 0.897 0.934 0.897 2.319 2.456 94.4 $71 13210.7 $937,960
3 1.5 14.268 0.913 1.458 0.913 2.622 2.999 61.5 $83 8611.2 $714,732
3.5 1.75 14.518 0.929 1.974 0.929 2.890 3.453 46.2 $141 6468.8 $912,107
4 2 14.768 0.945 2.487 0.945 3.133 3.850 373 $195 5224.6 $1,018,796
4.5 2.25 15.018 0.961 2.996 0.961 3.358 4.207 315 $252 4409.7 $1,111,242
5 25 15.268 0.977 3.504 0.977 3.567 4.536 27.4 $306 3833.8 $1,173,144
6.5 275 15.518 0.993 4.010 0.993 3.765 4.841 243 $344 3404.8 $1,171,264
6 3 15.768 1.009 4.515 1.009 3.952 5.128 219 $381 3072.7 $1,170,710
6.5 3.25 16.018 1.025 5.019 1.025 4131 5.400 20.1 $425 2807.9 $1,193,356
T a5 16.268 1.041 5.522 1.041 4.302 5.658 185 $469 2501.7 $1,215,510

T $714,732 Temp Liner
- : (8 : _ : (S _ ’ 2 s 3 = 1_[(4 2_ b | e o
Loia = 2417, [E-HIJ Ly =241, (2 i Lo = 241, 2 d §=24r P d Hae o, - 2PF

Temporary secant pile liner designed with 5000psi concrete
Permanent steel reinforced liner designed with FoS of 2.00 at a thickness ' 0.768 feet of 5000 psi concrete

Means CM Tunnel Liner including reinforcement for 20 foot diameter, Earth 023000510 $550 per linear foot

$74,250 Perm. Liner cost $74,25L Permanent Liner
Shaft Excavation (avg) $60 per cu yd $159,385 $159,385 Shaft Excavation
Volume of Excavation 2656.4 cu yd

Cost of Shaft per LF of depth
$6,774.05
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Appendix C: Revised Secant Pile Shaft Design
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Revised Vertical Secant Pile Shaft Design

Length of Shatt Centerline, D 140 ft Secant pile factor of safety, F 2.00
Interior radius of secant piles, r,, 12.471 ft Maximum horizontal earth pressure, Opme=P 13,333 psf
Thickness of perm liner, t, 0.471 1t Concrete strength, o, 5000 psi
Interior radius of perm liner, ry 12t Concrete strength, o, 720,000 pstf
Expected borehole deviation, %qeviation 0.50%
Deviation Distance, d 07t
= - - 1 _ 2,
rn rf + tP d =% deviation D boreho': Ny tp " A Is n n=
ft ra (ft) n (ft) Yiiner () St Imin (ft) lavg (1) Imax (ft) Number
Pile Dia,  Pile Rad. Installation Radlus Required Overlap Pile Spacing Min. Overlap True Overlap Max. Overlap of Plles $/ILF LF Total Co_st_
2 1 13.471 0.528 0.529 0.528 1.929 1.800 160.0 $56 22403.1 $1,254,572
25 1.25 13.721 0.538 1.041 0.538 2273 2474 828 $71 11589.9 $822,886
3 1.5 13.971 0.548 1.550 0.548 2.569 2.996 56.7 $83 7931.1 $658,279
35 1.75 14.221 0.558 2.055 0.558 2.833 3.438 435 $141 6086.5 $858,191
4 2 14.471 0.568 2.560 0.568 3.074 3.828 35.5 $195 4973.3 $969,786
4.5 225 14.721 0.577 3.063 0.577 3.297 4.182 30.2 $252 4227.9 51,085,420
5 25 14.971 0.587 3.565 0.587 3.505 4.507 26.4 $306 3693.6 $1,130,227
5.5 275 15.221 0.597 4.067 0.597 3.702 4.810 235 $344 3291.7 51,132,336
6 3 15.471 0.607 4.569 0.607 3.889 5.095 21.3 $381 2978.4 $1,134,753
6.5 3.25 15.721 0.617 5.071 0.617 4.067 5.364 19.5 $425 2727.2 71,159,055
7 35 15.971 0.627 5.572 0.627 4.237 5.621 18.0 $469 2521.3 $1,182,502
2 5 ¢ 2 S ]2 2 § : 1 L 3 t —— o) 1
Luin =241, ( i d] lue = 24|, ( 7 | Lo = 24/, [ >~ ¢ ] $=2yrs ( 2) d finer =0l Y @, - 2PF $658,279 Temp Liner

Temporary secant pile liner designed with 5000psi concrete
Permanent steel reinforced liner designed with FoS of 2,00 at a thickness ¢: 0.471 feet of 5000 psi concrete

Means CM Tunnel Liner including reinforcement for 20 foot diameter, Earth 023000510 $550 per linear foot
$74,250 Perm. Liner cost

Shaft Excavation (avg) $60 per cu yd $152,002

Volume of Excavation 2533.4 cu yd

Cost of Shaft per LF of depth
$6,318.08

$74,250 Fermanent Liner

$152,002 &:*+aft Excavation
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Appendix D: Basal Stability Calculations
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Basal Stability Calculations

Appendix D
Spreadsheet page layout

p.106 p.108 p.110

Treat excavation face stability as the base - - a braced excavation

Critical Case is deep excavation in soft clay from 50 to 100 feet BGS
Assume 2 feet of soil is left above cutting e: ge in soft clay

UBQ Calcula_ted Bjerrum & _Elde Undrainec Bearing Capacity for Clay p.107 p.109 111
Po is excavation chamber air pressure

Modified Bjerrum & Eide calculation was de ‘ived

Minimum Basal Factor of Safety, FSgpeq = 1.25 pp is the design pneumatic chamber pressure
Maximum Allowable Air Pressure, Prax = 50 psi Pc is the cohesive soil stability pressure
Nc value used for cohesive soil 6.2 Hs was set to zero once its insignificane was determined
Soil height in Chamber, H, = 1.50 ft "Air Drying" indicates air is migrating into surrounding ground
Width of Chamber, B = 24 ft
ft psf psf

pcf Depth psf psf Shansep Recomp Cohesionless
Soil  Geology ¥ ¢ D u Ovo Su Su Nq Ny

110 32 0 0 0 23.180 30.210

110 32 -5 0 550 23.180 30.210

110 32 -6 0 880 23.180 30.210

120 32 -1 125 1,100 23.180 30.210

100 30 -11 187 1,220 250 250

100 30 =15 437 1,620 250 250

100 30 -17 562 1,820 250 250

100 30 -20 749 2,120 250 250

100 30 -2°.5 842 2,270 250 250

100 30 -3 1,061 2,620 250 250

100 30 ) 1,373 3,120 250 250

100 30 32 1,498 3,320 250 250

100 30 a5 1,685 3,620 250 250

130 37 -3:.5 1,716 3,670 0 0 42,920 66.190

117 28 -35.5 1,966 4,190 1,630 1,500
117 27 -t 1,997 4,249 1,630 1,500
Continued on page 107




Continued from page 106

psf psf
pcf ft psf psf Shansep Recomp Cohesionless
Soil  Geology Y ¢  Depth u Gvo Su Su Nq Ny
: 117 265 -425 2,153 4,541 1,600 1,465
117 26 -45 2,309 4,834 1,570 1,425

117 25 -49.5 2,580 5,360 1,516 1,350
117 24 -50 2,621 5,419 1,510 1,350
117 24 -53 2,808 5,770 1,490 1,350
117 24 -55 2,933 6,004 1,475 1,350
117 24 -60 3,245 6,589 1,440 1,350
117 24 -63.5 3,463 6,998 1,415 1,350
117 24 -65 3,557 7,174 1,405 1,350
117 24 -70 3,869 7,759 1,370 1,350
117 24 -74 4,118 8,227 1,342 1,350
117 24 -75 4,181 8,344 1,335 1,350
123 24 -80 4,493 8,929 1,300 1,350
123 24 -84.5 4,774 9,482 1,350 1,350
123 24 -85 4,805 9,544 1,370 1,350
123 24 -90 5,117 10,159 1,450 1,410
123 24 -95 5,429 10,774 1,530 1,470
123 24 -100 5,741 11,389 1,610 1,530
128 25  -1045 6,022 11,942 1,682 1,584
123 25 -105 6,053 12,004 1,690 1,590
123 25  -1055 6,084 12,065 1,698 1,596
123 25 -110 6,365 12,619 1,770 1,650

123 25 -115 6,677 13,234 1,850 1,710

123 25 -116 6,739 13,357 1,862 1,734

135 45 1175 6,833 13,541 134.870 271.750
135 45 -120 6,989 13,879 134.870 271.750
135 45 -125 7,301 14,554 134.870 271.750
135 45 -1265 7,394 14,756 134.870 271.750
135 45 -130 7,613 15,229 134.870 271.750
135 45 -185 7,925 15,904 134.870 271.750
135 45 -140 8,237 16,579 134.870 271.750
165 45 -142 8,362 16,849 134.870 271.750
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Peck (1969) Stability Factor, Nt

Nt

Condition

1 Stable R e (0 vo ~ Po )
3
>1  Small Creep Sy
>3  Creeping, usually slow enough to permit tun::eling
>6  May produce general shear failure. Clay likely

to invade tail space too quickly to handle

REVERSE BEARING CAPACITY PROBLE

Bjerrum & Eide (1956) Cohesive Soils

108

pc is the cohesive soil stability pressure

PcH is pc with additional Hg overburden Pc =
Puax is the 50 psi tederal limit

u is the hydrostatic pore pressure

(FSqugvc Y- durt
144

_ KF $:Qv 0)_CIU v wsYso I)J

Pcu

Pmax > Pp = MAX (pe,pay»u)

144

Gur = Ncsy + po

Modified Bjerrum & Eide Equation (Cohesive Soils)

Gur = NcSy + Pp+ Ve H

pp >u Air D!;ing
pp =u Hydrcstatic
Pp <u Inflow or Pump

. ’ ; 5 . 1
Terzaghi Equation (Cohesionless Soil, neglect ¢’) Gur = N, (H¥som + Po )+ 3 Yoo BN, Fs < Qur_
Tvo
Shansep S ; Used
psf psi psi psi
Hg=0 Hs=0 Hs=0 With Hg=1.5 ft Design Hg=0 Cohesive Soils
ft Po=0 pPo=0 Clay Stability Clay Stability psi Chamber  With pp Pneumatic Peck (1969) Stahility
D qut FS Pc required Pch required u Po new FS’ Condition N, Condition
0.0 39877 0.0 § Hydrostatic
-5.0 39877 0.0 79.46 Hydrostatic
-8.0 39877 0.0 § 49.66 Hydrostatic
-10.0 43502 0.9 Hydrostatic
-11.0 1550 -0.2 -1.4 1.3 Hydrostatic 4.13 Creeping
-15.0 1550 3.3 2.3 30 ¢ 3 e Air Drying 4.58 Cieeping
-17.0 1550 5.0 4.0 39 &40 : Air Drying 4.38 Creeping
-20.0 1550 7.6 6.6 52 L g8 Air Drying 4,08 Cizeping
-21.5 1550 8.9 7.9 5.9 Air Drying 3.93 Creeping
-25.0 1550 12.0 10.9 7.4 ¢ Air Drying 3.58 Creeping
-30.0 1550 16.3 15.3 95 @ Air Drying 3.08 Creeping
-32.0 1550 18.1 17.0 10.4 Air Drying 2.88 Srmrall Creep
-35.0 1550 20.7 19.6 11.7 Air Drying 2.58 Small Creep
-35.5 103256 28 11.9 Hydrostatic
-39.5 10106 ' -33.8 -35.2 18378 Hydrostatic 1.36 Sniall Creep
-40.0 10106 -33.3 -34.5 139 188 : Hydrostatic 1.38 Sn:all Creep

Continued on page 109




Shansep S, _Used

Contined from page 108

psf psi psi psi
Hs=0 Hs=0 Hg=0 With Hg=1.5 ft Design Hg=0 Cohesive Soils

ft po=0 po=0 Clay Stability Clay Stability psi Chamber With pp Pneumatic Peck (1969) Stability

D quLt FS Pc required Pcw required u Po new FS’ Condition Ny Condition
-42.5 9920 o -29.5 -30.7 1508 Hydrostatic 1.49 Small Creep
-45.0 9734 -25.6 -26.9 16.0 Hydrostatic 1.61 Small Creep
-49.5 9399 -18.7 -20.0 18.0 Hydrostatic 1.83 Small Creep
-50.0 9362 -18.0 -19.2 18.2 Hydrostatic 1.85 Small Creep
-53.0 9238 -14.1 -15.3 19.5 Hydrostatic 1.99 Small Creep
-55.0 9145 -11.4 -12.6 20.4 Hydrostatic 2.08 Small Creep
-60.0 8928 -4.8 -6.0 22,5 Hydrostatic 2.32 Small Creep
-63.5 8773 -0.2 -1.4 241 Hydrostatic 2,50 Small Creep
-65.0 8711 1.8 0.6 24.7 Hydrostatic 2.57 Small Creep
-70.0 8494 8.4 74 26.9 Hydrostatic 2.84 Small Creep
-74.0 8320 13.6 12.4 28.6 Hydrostatic 3.06 Creeping
-75.0 8277 14.9 13.7 29.0 Hydrostatic 3.12 Creeping
-80.0 8060 215 20.3 31.2 Hydrostatic 341 Creeping
-84.5 8370 242 229 33.2 Hydrostatic 3.49 Creeping
-85.0 8494 239 226 33.4 Hydrostatic 3.46 Creeping
-90.0 8990 25.8 245 35.5 Hydrostatic 3.48 Creeping
-95.0 9486 27.6 26.4 37.7 Hydrostatic 3.49 Creeping
-100.0 9982 29.5 28.3 39.9 ¢ Hydrostatic 3.51 Creeping
-104.5 10428 31.2 30.0 41.8 Hydrostatic 3.52 Creeping
-105.0 10478 31.4 30.2 42.0 Hydrostatic 3.52 Creeping
-105.5 10528 316 30.3 42.3 Hydrostatic 3.52 Creeping
-110.0 10974 33.3 32.0 44.2 Hydrostatic 3.53 Creeping
-115.0 11470 35.2 33.9 46.4 Hydrostatic 3.54 Creeping
-116.0 11544 35.8 345 46.8 Hydrostatic 3.55 Creeping
-117.5 440235 32.51 47.5 Hydrostatic
-120.0 440235 31.72 48.5 Hydrostatic
-125.0 440235 30.25 50.7 Water Inflow or Pump
-126.5 440235 29.83 51.4 Water Inflow or Pump
-130.0 440235 28.91 52.9 Water Inflow or Pump
-135.0 440235 27.68 55.0 Water Inflow or Pump
-140.0 440235 26.55 57.2 Water Inflow or Pump
-142.0 440235 26.13 58.1 Water Inflow or Pump
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- (FSQEQGVO)H qurr
144

C

_ l(FSREQJVO)_ Quir — (HS}’SJIL)J
Pey = -

144

Puwx > Pp = MAX (py. Py s1t)

pp > u Air Drying
pp =u Hydrostatic ‘

N (avo_Po)

110

Caisson
Wall

Hg Air Pressure
Po

v ¥y

Ground Surface

- e
Excavation Face

AN

Load = Ovyo

s
pp <u Water Inflow or Pump .
Recompression S ,_Used Undrained Shear Failure Surface
psf psi psi psi
Hg=0 Hs=0 Hs=0 With Hg=1.5 ft Design Hs=0 Cohesive Soils
ft Po=0 pPo=0 Clay Stability Clay Stability psi Chamber With pp Pneumatic Peck (1969) Stabiliiy
D Clay qu.r FS Pc required Pch required u Po new FS' Condition Nt Condition
0.0 39877 00 ¢ Hydrostatic
-5.0 39877 0.0 Hydrostatic
-8.0 39877 0.0 Hydrostatic
-10.0 43502 0.9 Hydrostatic
-11.0 1550 -0.2 -1.4 1.3 Hydrostatic 4.13 reeping
-15.0 1550 3.3 23 3.0 Air Drying 4.58 Creeping
-17.0 1550 5.0 4.0 3.9 Air Drying 4.38 Creeping
-20.0 1550 76 6.6 5.2 Air Drying 4.08 Creeping
-21.5 1550 8.9 7.9 5.9 Air Drying 3.93 Creeping
-25.0 1550 12.0 10.9 7.4 Air Drying 3.58 Creeping
-30.0 1550 16.3 15.3 9.5 Air Drying 3.08 Cieeping
-32.0 1550 18.1 17.0 10.4 Air Drying 2.88 Smail Creep
-35.0 1550 20.7 19.6 11.7 Air Drying 2.58 Small Creep
-35.5 103256 11.9 Hydrostatic
-39.5 9300 -28.2 -29.6 13.7 Hydrostatic 1.48 Small Creep
-40.0 9300 -27.7 -28.9 13.9 Hydrostatic 1.50 Smul Creep




Recompression S, Used

psf
Hs=0
ft Po=0
D Clay quir
-42.5 9083
-45.0 8835
-49.5 8370
-50.0 8370
-53.0 8370
-55.0 8370
-60.0 8370
-63.5 8370
-65.0 8370
-70.0 8370
-74.0 8370
-75.0 8370
-80.0 8370
-84.5 8370
-85.0 8370
-90.0 8742
-95.0 9114
-100.0 9486
-104.5 9821
-105.0 9858
-105.5 9895
-110.0 10230
-115.0 10602
-116.0 10751
-117.5 440235
-120.0 440235
-125.0 440235
-126.5 440235
-130.0 440235
-135.0 440235
-140.0 440235
-142.0 440235

Hs=0
Po=0
FS

31.72
30.25
29.83
28.91
27.68
26.55
26.13

Continued from page 110

psi psi
Hs=0 With Hg=1.5 ft
Clay Stability Clay Stability psi
pc required Pch required u
-23.7 -24.9
-19.4 -20.6
-11.6 -12.8
=111 -12.3
-8.0 -9.3
-6.0 7.2
-0.9 -2.2
26 1.4
4.1 29
9.2 8.0
13.3 121
14.3 13.1
19.4 18.2
24.2 22.9
24,7 23.4
27.5 26.2
30.2 28.9
33.0 31.7
35.5 34.2
357 34.5
36.0 34.7
38.5 37.2
41.2 40.0
41.3 40.0

111

psi
Design
Chamber

Hs =0
With pp
new FS’

Cohesive Soils

Pneumatic Peck (1969) Stability
Condition Nt Condition
Hydrostatic 1.63 Small Creep
Hydrostatic 1.77 Small Creep
Hydrostatic 2.05 Small Creep
Hydrostatic 2.07 Small Creep
Hydrostatic 219 Small Creep
Hydrostatic 2.27 Small Creep
Hydrostatic 2.48 Small Creep
Hydrostatic 2.62 Small Creep
Hydrostatic 2.68 Small'Creep
Hydrostatic 2.88 Small Creep
Hydrostatic 3.04 Creeping
Hydrostatic 3.08 Creeping
Hydrostatic 3.29 Creeping
Hydrostatic 3.49 Creeping
Hydrostatic 3.51 Creeping
Hydrostatic 3.58 Creeping
Hydrostatic 3.64 Creeping
Hydrostatic 3.69 Creeping
Hydrostatic 3.74 Creeping
Hydrostatic 3.74 Creeping
Hydrostatic 3.75 Creeping
Hydrostatic 3.79 Creeping
Hydrostatic 3.83 Creeping
Hydrostatic 3.82 Creeping
Hydrostatic

Hydrostatic

Water Inflow or Pump
Water Inflow or Pump
Water Inflow or Pump
Water Inflow or Pump
Water Inflow or Pump
Water Inflow or Pump
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Depth versus Chamber Pressure
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Caisson Driving

114

Length 142 ft
Outer Radius 13 ft
Friction data from NAVFAC (1982) 18-30 Outer Circumference, P 81.68 ft
Material w/formed concrete G Caisson Wall Area, AwarL 78.54 ft©
clean gravel or gravel-sand mix 24 Wall Thickness, B 1 feet Appendix E
clean sand, silty sand and gravel 20 Percentage of End Bearing at tip, G 25.00% Spreadsheet page layout
silty sand, gravel, or sand with silt or clay 17 Pneumatic Chamber Plan Area, Agyik 452 ft* p.114 0116
Assumed based on Coller et al Information ;
Bentonite slurry friction reduction in cohesionless soils 50% ReonL F is unit skin friction p-115 p 117
Bentonite slurry friction reduction in cohesive soils 25% Rcon TF is cumulative skin friction
TR is thrust
N, and N¢ values for cohesionless soils from Vesic (1973) qut is the bearing capacity
N for cohesive soils for strip footings from Skempton (1€51) low psf high psf
short term short term
ft psf psf Skin Skin
pcf Depth psf psf psf Rankine psf psf Shansep Friction Friction
Soil _Geology Yso 0 D u Gvo C’vo Ko Active G’ho Cho Su o FLow Fuian
110 32 0 0 0 0 0.470 0.307 0 0 C 00 0.00
110 32 -5 0 550 550 0.470 0.307 259 259 51.67 79.04
110 32 -8 0 880 880 0.470 0.307 414 414 82.67 126.47
120 32 -10 125 1,100 975 0.470 0.307 458 583 91.61 140.15
100 30 -1 187 1,220 1,033 0.500 0.333 516 704 250 0.58 145,00 250.00
100 30 -15 437 1,620 1,183 0.500 0.333 592 1,028 250 0.58 145.00 250.00
100 30 -17 562 1,820 1,258 0.500 0.333 629 1,191 250 0.58 1£5.00 250.00
100 30 -20 749 2,120 1,371 0.500 0.333 686 1,434 250 0.58 145.00 250.00
100 30 -215 842 2,270 1,428 0.500 0.333 714 1,556 250 0.58 145.00 250.00
100 30 -25 1,061 | 2,620 1,559 0.500 0.333 780 1,840 250 0.58 145,00 250.00
100 30 -30 1,373 - 3,120 1,747 0.500 0.333 874 2,246 250 0.58 145.00 250.00
100 30 -32 1,498 3,320 1,822 0.500 0.333 9N 2,409 250 0.58 145.00 250.00
100 30 -35 1,685 3,620 1,935 0.500 0.333 968 2,652 250 0.58 145.00 250.00
SAND 130 37 -355 1,716 3,670 1,954 0.398 0.249 778 2,494 2 4.26 346.41
117 28 -39.5 1,966 4,190 2,224 1.040 0.361 2,313 4,279 1,630 0.46 749.80 1630.00
117 27 -40 1,997 4,249 2,252 0.839 0.376 1,889 3,886 1,630 0.46 749.80 1630.00
117 27  -425 2,153 4,541 2,388 0.773 0.383 1,846 3,999 1,600 0.46 736.00 1600.00
117 26 -45 2,309 4,834 2,525 0.707 0.390 1,785 4,094 1,570 0.46 70°2.20 1570.00
117 25  -495 2,590 5,360 2,770 0.577 0.406 1,600 4,189 1,516 0.64 9.30.24 1516.00
117 24 -50 2,621 5,419 2,798 0.593 0.422 1,660 4,281 1,510 0.64 9(5.40 1510.00
17 24 -53 2,808 5,770 2,962 0.593 0.422 1,757 4,565 1,490 0.64 953.60 1490.00
117 24 -55 2,933 6,004 3,071 0.593 0.422 1,822 4,755 1,475 0.64 944.00 1475.00
117 24 -60 3,245 6,589 3,344 0.593 0.422 1,984 5,228 1,440 0.64 921.60 1440.00
117 24  -63.5 3,463 6,998 3,535 0.593 0.422 2,097 5,560 1,415 0.64 905.60 1415.00
117 24 -65 3,557 7,174 3,617 0.593 0.422 2,146 5,702 1,405 0.64 8¢5.20 1405.00
117 24 -70 3,869 7,759 3,890 0.593 0.422 2,308 6,176 1,370 0.64 873.80 1370.00
117 24 -74 4,118 8,227 4,108 0.593 0.422 2,437 6,556 1,342 0.64 858.88 1342.00
Continued on page 115

Continued from page 114



low psf high psf

short term short term
ft psf psf Skin Skin
pef Depth psf psf psf Rankine psf psf Shansep Friction Friction
Soil Geology Yso D u Ovo O’vo Ko Active o’ho Cho Su o Flow Frian

LBBC 117 24 -75 4,181 8,344 4,163 0.593 0.422 2,470 6,650 1,335 0.64 854.40 1335.00
123 24 -80 4,493 8,929 4,436 0.593 0.422 2,632 7,124 1,300 0.64 832.00 1300.00

123 24 -84.5 4,774 9,482 4,708 0.593 0.422 2,793 7,567 1,350 0.64 864.00 1350.00

123 24 -85 4,805 9,544 4,739 0.593 0.422 2,811 7,616 1,370 0.64 876.80 1370.00

123 24 -90 5117 10,159 5,042 0.593 0.422 2,991 8,108 1,450 0.64 928.00 1450.00

123 24 -95 5,429 10,774 5,345 0.593 0.422 3,171 8,600 1,530 0.64 979.20 1530.00

123 24 -100 5741 11,389 5,648 0.593 0.422 3,351 9,091 1,610 0.64 1030.40 1610.00

123 25 -104.5 6,022 11,942 5,920 0.577 0.406 3,418 9,440 1,682 0.85 1429.70 1682.00

123 25 -105 6,053 12,004 5,951 0.577 0.406 3,436 9,489 1,690 0.85 1436.50 1690.00

123 25 -105.5 6,084 12,065 5,981 0.577 0.406 3,453 9,537 1,698 0.85 1443.30 1698.00

123 25 -110 6,365 -~ 12,619 6,254 0.577 0.406 3,611 9,976 1,770 0.85 1504.50 1770.00

123 25 -115 6,677 13,234 6,557 0.577 0.406 3,786 10,463 1,850 0.85 1572.50 1850.00

123 25 -116 6,739 13,357 6,617 0.577 0.406 3,821 10,560 1,862 0.85 1582.70 1862.00

TILL 135 45 -117.5 6,833 13,541 6,708 0.586 0.172 3,930 10,762 418.91 1430.25
135 45 =120 6,989 13,879 6,890 0.586 0.172 4,036 11,025 430.24 1468.94

135 45 -125 7,301 14,554 7,253 0.586 0.172 4,249 11,549 452.91 1546.34

135 45 -126.5 7,394 14,756 7,362 0.586 0.172 4,314 11,708 459.71 1570.13

135 45 -130 7,613 15,229 7,616 0.586 0.172 4,461 12,074 475.58 1623.73

135 45 -135 7,925 15,904 7,979 0.586 0.172 4,674 12,599 498.25 1701.13

135 45 -140 8,237 16,579 8,342 0.586 0.172 4,886 13,123 520.92 1778.52

ROCK 155 45 -142 8,362 16,849 8,487 0.586 0.172 4,972 13,333 529.99 1809.48

155
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Cohesionless Soils hesive Soi TF o =Z(AD)FFLOW TF e =Z(AD)PFH<H
Flow -can = KaG'v tan Oy Fowcon= Syl
TFea = Z(AD))(l - R)FLDW
Fagr ~cn = KoO'w tan &y FHIGH—COH =Sy N
{ TR ow =TF 0w +(qULTGAWALL )+(Asuu<px>}
Quircons = = YsouBN Guir-con= NcSy
viTmCoRL 2 soLTy TRy = TPy + (qULT GA wa )+ (ABULK Pr \
R values from page 114 AD =D; -Dg.) TR oo = g + (qULTGAWALL )+ (AB K pD)
G from page 114
Bentonite lbs lbs bs Ibs Ibs
Cumulative Total AwaiL"duLy psf Best Case low high
Best Case short term long term Ibs Design Driving Driving Driving
Friction Friction Friction Cohesionless Clays psf End Chamber Force Force Force ft
TFgeny TFLow TFuion Ny Ng Ne GQuir Bearing Po TReent TR ow TRuiaH Depth BGS
0 4] 0 30.21 23.18 35.49 1662 130,505 0 32,626 32,626 32,626 0.0
10,550 21,101 32,283 30.21 23.18 3549 1662 130,505 0 43,177 53,727 64,909 5.0
20,679 41,358 63,274 30.21 23.18 35.49 1662 130,505 0 53,305 73,984 §85,900 8.0
28,162 56,323 86,170 30.21 23.18 35.49 1813 142,369 125 120,212 148,374 178,220 10.0
37,044 68,167 106,590 5.2 1300 102,107 187 147,259 178,381 216,805 11.0
72,576 115,542 188,272 52 1300 102,107 475 312,988 355,955 428,684 15.0
90,342 139,230 229,113 5.2 1300 102,107 725 443,852 492,740 582,623 17.0
116,990 174,761 290,374 5.2 1300 102,107 1,100 640,147 697,918 813,530 20.0
130,315 192,527 321,004 5.2 1300 102,107 1,288 738,294 800,507 928,984 215
161,405 233,981 392,476 52 1300 102,107 1,725 867,305 1,039,881 1,198,376 25.0
205,819 293,200 494,578 8.2 1300 102,107 2,350 1,294,463 1,381,844 1,583,222 30.0
223,585 316,887 535,419 5.2 1300 102,107 2,600 1,425,327 1,518,629 1,737,161 320
250,233 352,419 596,680 5.2 1300 102,107 2,975 1,621,622 1,723,807 1,968,068 35.0
254,650 361,251 610,828 66.19 4292 55.63 4302 337,924 1,716 1,115,433 1,222,034 1,471,611 35.5
438,384 606,231 1,143,392 5.2 8476 665,740 1,966 1,494,038 1,661,884 2,198,045 39.5
461,351 636,853 1,209,962 52 8478 665,740 1,997 1,631,119 1,706,621 2,279,730 40.0
574,072 787,147 1,536,689 5.2 8320 653,487 2,183 1,711,349 1,924,425 2,673,966 42.5
684,679 934,623 1,857,289 5.2 8164 641,234 2,309 1,889,466 2,139,411 3,062,076 45.0
952,150 1,291,252 2,414,521 52 7883 619,179 2,580 2,278,455 2,617,557 3,740,826 49.5
981,751 1,330,720 2,476,190 5.2 7852 616,728 2,621 2,321,558 2,670,527 3,815,997 50.0
1,157,007 1,564,395 2,841,307 5.2 7748 608,560 2,808 2,579,460 2,986,847 4,263,759 53.0
1,272,669 1,718,610 3,082,268 5.2 7670 602,433 2,933 2,750,047 3,195,989 4,559,647 55.0
1,554,960 2,094,999 3,670,375 5.2 7488 588,138 3,245 3,169,911 3,709,950 5,285,326 60.0
1,749,134 2,353,897 4,074,903 5.2 7358 577,927 3,463 3,460,334 4,065,097 5,786,104 63.5
1,831,763 2,464,069 4,247,047 5.2 7306 573,843 3,557 3,584,286 4,216,592 5,999,570 65.0
2,100,332 2,822,161 4,806,566 5.2 7124 558,548 3,869 3,990,427 4,712,256 6,696,661 70.0
2,310,796 3,102,780 5,245,033 52 6978 548,112 4,118 4,310,949 5,102,932 7,245,186 74.0

Continued on page 117
Continued from page 116



Bentonite los lbs lbs lbs ibs
Cumulative Total AwaLL LT pst Best Case low high
Best Case short term long term Ibs Design Driving Driving Driving
Friction Friction Friction Cohesiontess Clays pst End Chamber Force Force Force ft
TFaent TFiow TFian Ny Nq Ne Quur Bearing Po TReenr TRiow TRuigH Depth BGS

2,363,138 3,172,569 5,354,078 5.2 6942 545,253 4,181 4,390,805 5,200,236 7,381,745 75.0
2,617,984 3,512,364 5,885,009 52 6760 530,958 4,493 4,783,223 5,677,603 8,050,248 80.0
2,856,168 3,829,942 6,381,224 5.2 7020 551,379 4,774 5,153,543 6,127,318 8,678,600 845
2,883,025 3,865,751 6,437,176 5.2 7124 559,548 4,805 5,196,557 6,179,284 8,750,709 85.0
3,167,277 4,244,754 7,029,368 5.2 7540 592,222 5117 5,630,123 6,707,601 9,492,215 90.0
3,467,211 4,644,667 7,654,232 52 7956 624,897 5,429 6,079,373 7,256,828 10,266,393 95.0
3,782,829 5,085,491 8,311,769 52 8372 657,571 5,741 6,544,305 7,826,966 11,073,244 100.0
4,176,962 5,591,001 8,930,017 5.2 8746 686,978 6,022 7,072,821 8,486,860 11,825,875 104.5
4,220,963 5,649,669 8,999,038 5.2 8788 690,245 6,053 7,131,753 8,560,459 11,909,828 105.0
4,265,172 5,708,615 9,068,386 52 8830 693,513 6,084 7,190,894 8,634,336 11,894,107 105.5
4,679,926 6,261,620 9,718,979 5.2 9204 722,920 6,365 7,740,030 9,321,724 12,779,084 110.0
5,161,592 6,903,841 10,474,534 5.2 9620 755,594 6,677 8,371,011 10,113,260 13,683,953 1156.0
5,258,550 7,033,119 10,626,625 ) 5.2 9682 760,495 6,739 8,497,423 10,271,992 13,865,499 116.0
5,284,213 7,084,445 10,801,863  271.75  134.87 133.87 18343 1,440,744 6,833 8,735,492 10,535,724 14,253,142 117.5
5,328,142 7,172,302 11,101,827 271.75 134.87 133.87 18343 1,440,744 6,989 8,849,994 10,694,154 14,623,679 120.0
5,420,628 7,357,275 11,733,365 271.75 134.87 133.87 18343 1,440,744 7,200 9,038,025 10,974,672 15,350,761 125.0
5,448,791 7,413,600 11,925,741 271.75 134.87 133.87 18343 1,440,744 7,200 9,066,188 11,030,997 15,543,138 126.5
5,516,772 7,549,562 12,389,943 271.75 134.87 133.87 18343 1,440,744 7,200 9,134,169 11,166,959 16,007,340 130.0
5,618,516 7,753,051 13,084,698 271.75 134.87 133.87 18343 1,440,744 7,200 9,235,913 11,370,448 16,702,095 135.0
5,724,890 7,965,798 13,811,061 271.75 134.87 133.87 18343 1,440,744 7,200 9,342,287 11,583,195 17,428,458 140.0
5,768,180 8,052,378 14,106,664  271.75 134.87  133.87 21061 1,654,187 7,200 9,438,937 11,723,136 17,777,422 142.0

17
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Depth vs. Anticipated Soil Skin Friction
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Depth vs. End Bearing and Cumulative Skin Friction
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Depth vs. Required Driving Thrust
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Caisson Design

122

Design Assumptions:

Appendix F 1. Segmental caisson comprised of 10' tall cast-on-surface segments or precast segments.
Spreadsheet page layout 2. Liner (caisson) constructed with moderate strength concrete, o, = -2 720000 ¢ .f
Wali Design p.122 3. External horizontal pressure (F) on lining equals the in situ horizontal stress oy,

Comp. Weights p.122 4, Resulting minimum factor of safety of liner design, Fner = lF,.,.., 4‘05]
Loading Calcs p.123 5. The liner inner radius, r, = n 12.00 ft
Bulkhead Design pp.124-126 8. Concrete unit weight, yc = YCONCRETE 150 pot
Lock Wall Design|  pp.125-126 7. Concrete has a modulus of elasticity, E = 580,393,246 psf

8. Steel unit weight YSTEEL 490 ¢ &
9. Dry unit weight of steel shot ballast, ys YsHoT 345.0 pot
Wall Design Component Weights
ft BGS Depth Before Chamber Pressure Applied 8 f
Segment Minimum Segment Estimated Chamber and Roof Height 12 K
Depth Interval psf Lyner (1) Caisson Length 142 ft
Top Bottom MAXa,,, (P) Liner Thickness Internal Length 130 k&
0 10 583 0.040 Caisson Wall Outer Radius, r, 13.00 ft
10 20 1,434 0.0908 Caisson Wall Inner Radius, 1 ) 12.00 f
20 30 2,246 0.155 m—— Caisson Wall Area (concrete) A=z ( ‘ ) 78.544 ft
30 40 4,279 0.300 to=r \/: g, -1 ICaisson Wall Dead Weight, Ww 1,672,989 lbs
40 50 4,281 0.300 tiner T Vg —2PF. Mechanical Egress Quter Radius W =yHA 7.00 ft
50 60 5,228 0.370 ! limer Mechanical Egress Inner Radius 6.50 f
60 70 6,176 0.441 Mechanical Egress Wall Area (concrete) 21.206 #
70 80 7,124 0.513 {Mechanical Egrass Wall Dead Weight, Wy 413,513 lbs
80 90 8,108 0.589 Number of Steel Airlocks 2
30 100 9,091 0.667 Steel Airlock Outer Radius 275 ft
100 110 9,976 0.738 Steel Airlock Inner Radius 2.67 ft
110 120 11,025 0.823 Steel Airlock Area 1.362 &
120 130 12,074 0.911 t, = ISteel Airlock Dead Weight, W, 173544 tbs
130 140 13,123 1.000 ner Mucklock Length Required for Equilibrium 115.3846154 ft
Stesl Mucklock Cuter Radius 2.75 ft
Lc = ]'4(WM +0.5We + Wy + WW)+ 1'6(WA + W+ WSS) Steel Mucklock inner Radius 267 #
[Max. Weight of Caisson, L 30,614,55C Ibs ] Stee! Mucklock Area 1362 ft*
Caisson Wall Concrete o 720,000 psf Steel Muckiock Dead Waight, W, 86772 Ibs
|Wall Comp. factor of safety, F 1.85{ Total Load of Cross Beams (p.123), W¢ 48,125 Ius
Required Wall Area 78.523 #* Total Load of Bulkhead (p.125), Wg 234,559 1bs
|Required Wall Thickness 1.00C & ] Total Weight of Steel Shot (p.123), Weg 17,017,819 re




Calculation of Caisson Loadings

Ay =7 =275 = 23758 f1°
Aypcen =" =76.5 = 1327321
Apr = Aypcy — AL = 61458 f1°
Ag =7lr2 =12 )= 7127 - 77)= 298 452 47

Height of Ayt and Aany areas, H

Iteration Required to find welight of Bulkhead, Wy

Steel Shot Porosity

n=l- Ysuor

Ysreee

Saturated Steel Shot Unit Weight

Yss = Vsuor ¥ MVwarer

130 #

V= H(Auwy + Ayr)

Dead Loads

Dead Load of Egress Wall, Wy, 413,513 lbs
Dead Load of Cross-Beams, We 23,063 lbs
Dead Load of Floor/Bulkhead, Wy 234,559 lbs
Dead Load Safety Factor 1.4
Total Factored Dead Loads on Bulkhead 595,062 lbs
Live L oads

Live Load of Air and Muck Locks, (W + W\) 260,316 lbs
Live Load of Steel Shot Ballast, Wgg 17,017,819 lbs
Live Load Safely Factor 1.6

Total Factored Live Loads on Bulkhead

Total Factored Live and Dead Loads on Bulkhead, Ly

27,645,016 Ibs

28,240,078 Ibs

Weight of all components of the caisson (bulkhead, egress walls, half of cross beams, locks, and steel shot)
Waight of caisson external wall and half of cross beams load carried by thoss walls not included

123

Cross Beam Group

concrete Cap Cross Beam Group Beam Group
Number of Beams in Group 3 3
Beam Width 1.00 1.00 ft
Beam Length 5.00 5.00 ft
Beam Depth 4.00 1.50 ft
Beam Volume 20.00 750  ft
Beam Group Volume 60.00 2250 #°
Number of Beam Groups 1 11 B
Total Weight of Beam Groups 37,125 lby
Wheight of Cap Beam Group 3,000
[Total Load of Cross Beams, W 46125 bs 5 |
Absolute Worst Case Bulkhead Loading
Caisson Full To Top Wit| t d Steel Shot
Saturated Steel Shot Unit Weight, yss 364 pct
Maximum volume of stee! shot possible in caisson, V 46,788 #°

[Maximum weight of Shot on Bulkhead, Wgg

17,017,819 lbs

[ Total Factored Live and Dead Loads, Ly

28,240,078 lbs

Area of Bulkhead, Ag

381.115 ft°

[Design uniform floor load on bulkhead, Ly

74,099 pst

Total Vertical Bulkhead Loading
Bulkhead Diameter

Bulkhead Area
Bulkhead Perimeter

17017,819 Ibs

‘ 24 #
452 #

75.3984 ft

+



Design of the Bulkhead
Tlimoshenko (1959) p. 61

Circular plate with circular hole at center, case 10
Strength of reinforcing stesl in coner: 9,711,726 pst
Factor of safety for steel 1.15

124

Equivalent radius of center hole (r,) 4,76 ft

Radius of plate (r,) 12.00 ft

ab 25

g=Ly 74,099

VCONCRETE 0.17

M, = —q-'(3+era2 - r,,z)

Mg for concrete 16 1,769,724 ft-lbs ¢ b N |
From Christian Meyer (design of simpl ed beam p.165 A = pbd p = % of steel by section area Aeg = MA; -

Total Factored Loads on Slab 17,017,819 Ibs

Bulkhead Perimeter to Rasist Shear 75.3984 fest Asf, Af

Shear Force per Foot of Perimeter 225705.3094 Ibs/ft a= W—b M, =¢A f,d~ -S—y,

Concrete compressive strength (f.) 5000 psi e L7f:b

Steel yield strength (fy) 65,000 psi

Beam width (b) 12 inches ba* aY

¢M 0.9 = gﬁ)*’[b‘l(g] J+ (AEQ(d _a)z) Gy = M,.a

- A
! ! | ecoe
Tg Meyer Beam Cap  Timoshenko
inches in2 inches in-ib in-tb psi

p d Ag a(eq. 4.9) Mycr (eq. 4.9a) Mg (Timoshenko) Difference Agg 1 Tpax

0.035 383 16.0817 20.4963 26,381,106 21,236,690 24.22% 112572 70083.41392 7715.319531 Insufficient
0.035 34.3 14.3864 18.3356 21,112,176 21,236,690 -0.59% 100.705 50173.58988 7715.319531 Insufficient
0.03 403 14,5151 18.4997 26,382,539 21,236,690 24.23% 101.606 73701.32037 6622.240136 Insufficient
003 361 12.9833 16.5473 21,107,805 21,236,690 -0.81% 90.883 52743.0192 6622.240136 Insufficient
0.025 43.1 12.9347 16.4854 26,387,807 21,236,890 24.26% 90.543 82131.87088 5296.539575 Insufficient
0.025 38.8 11.5693 14.7452 21,110,643 21,236,690 -0.59% 80.985 58770.44311 5296.539575 Insufficient
{0.02 471 11.3043 14.4074 26,384,195 21,236,890 24.24% 79.130 96542.88423 3937.400465 Sufficient ]
0.02 421 10.1118 12.8876 21,111,405 21,236,690 -0.59% 70.783 69100.34147 3937.400465 Sufficient
0.015 532 9.5732 12.2012 26,368,665 21,236,690 24.17% 67.013 119822.7734 2685.038701 Sufficient
0.015 476 8.5650 10.9162 21,107,200 21,236,690 -0.61% 59.955 85812.99983 2685.038701 Sufficient
0.01 63.8 7.6552 9.7566 26,383,696 21,236,690 24.24% 53.586 160183.9015 1606.997126 Sufficient
0.01 57.1 6.8466 8.7261 21,104,799 21,236,690 -0.62% 47.927 114600.6886 1606.997126 Sufficient



Design of the Bulkhead (cont’)

Airlock and Mucklock Wall Design

Maximum Possible Height of Steel Shot Ballast, Hgyor
Maximum Vertical Pressure of Shot at Butkhead, o’y
Assumed Steel Shot Friction Angle (after sand), ¢
Resulting Ko of Steel Shot

Maximum Horizontal Pressure on Airlock Walls, s’y
Airlock Steel Wall Yield Strength, o,

Airlock Factor of Safety

Inner Radius of Airlock Wali, a

Thickness of Steel Airlock Wall Required, t

Thickness of Steel Airlock Walt Required, t

Thickness of Reinfor teel Floor/Bulkh:

(using max morment of Timoshenko and simplified beam calcs of Meyer)
2% Steel by Section Area

[Bulkhead Thicknass, Tg 4 feot

No. of 48 rebar 14
No. of #10 rebar 9
No. of #12 rebar 6
No. of #14 rebar 5

Rebar in? Number
8 0.785 14
10 1.230 9
12 1.767 6
14 2.405 5
steel
Unit Weight of Bulkhead

2%
156.8 pctf

[Total Dead Load of Bulkhead, Wy

234,559 lbs

130 ft Oy = YsnorH swor

44,850 pst po
30 degrees t=a |——te =1
0.500 a,-2PF

22,425 pst Lame’ Equation
2,900,000 pst .
2 Ky;=1-sn ¢
2.67 ft
0.042 ft G.'=K .G’
0.507 inches H o=V

Airlock Wall 1" Thick Has Sufficient Thickness to Overcome Lateral Loading of Steel Shot
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Airlock and Mucklock Wall Design

Worst Case
Eull Lateral | oading and Friction

Total Weight of Caisson Structure, W
Maximum Required Thrust for Caisson Driving, Tyax

W =W, + W, +W, + W, +W, + W,

2,627,502 Ilbs
17,777,422 Ibs

Maximum Weight of Ballast Required for Driving, (Tyax - Wc)

15,149,919 lbs

Mechanical Shaft Area Minus Locks 61.458 f°
Height of Steel Shot Dead Weight in Center Shaft 100.0 #
Maximum Dead Load of Stesl Shot in Center Shatt 2,120,285 Ibs
Maximum Pressure of Steel Shot in Center Shaft 34,500 pst

Remaining Weight of Ballast Required In Annulus

Caisson Interal Annulus Area

Maximum Pressure of Ballast on Floor of Annulus
Steel Shot Ballast Unit Weight

Maximum Height of Ballast in Annulus

Factor ot Safety of Mechanical Egress Wall
Maximum Lateral Force on Mechanical Egress Wall
Ballast Minimum Angle of Friction

13,029,634 Ibs

298.452
43,657 pst
345 pof
1265 #
2.00
24,796 pst

28.94 degrees
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Anticipated Working Friction (neglects bentonite)

Construction Lateral Loading and Friction
Total Weight of Caisson Structure, W

Maximum Required Thrust for Caisson Driving, Tmax

2,627,502 Ibc
11,723,136 lbs

Maximum Weight of Ballast Required for Driving, (Tyax - Wg)

Mechanical Shaft Area Minus Locks

Height of Steel Shot Dead Weight in Center Shaft
Maximum Dead Load of Steel Shot in Center Shaft
Maximum Pressure of Steel Shot in Center Shaft

9,095,633 Ibs

61.458 ft
60.0 ft

1,272,171 lbs

20,700 ps!

Remaining Weight of Ballast Required In Annulus

Caisson Interal Annulus Area

Maximum Pressure of Ballast on Floor of Annulus
Steel Shot Ballast Unit Weight

Maximum Height of Ballast in Annulus

Factor of Safety of Mechanical Egress Wall
Maximum Lateral Force on Mechanical Egress Wall
Ballast Minimum Angle of Friction

Loading Shot to Equal Heights on Each Side of Mechanical Egress Wall Minimizes This Pressure

7,823,462 Ibs

208.452 #
26,213 ps’
345 pct
76.0 #
2.00
24,796 pst
28.94 deyrees



APPENDIX G: Ballasting and Simplified Settlement
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Section Design Appendix G
Spreadsheet page layout )
Segment Dimensioning p.128
Weights and Volumes p.129
Cross Beam Group Spacing 10.5 ft O.C. Simple Settlement p.1 30
Height of Topside Egress Connector 7.5 ft0.C. Ballast Estimation p.131
Height of Beam Groups 1.5 ft Ballast Estimation p.132
Caisson surface exposure when next segment is placed 4 ft Ballast Estimation p.133

Segment Dimensioning and Numbering

Determination of Caisson ft
Segment Lengths Distance ft ft

ft From Tip ft Section Segment Section
Caisson Features Bottom Top Center Joints Length, L Number
Cap Cross Beams 138.0 142.0 140.0 142.0 11.5 12
Cross Beam Group 11 129.0 130.5 129.8 130.5 10.5 12
Cross Beam Group 10 118.5 120.0 119.3 120.0 10.5 1"
Cross Beam Group 9 108.0 109.5 108.8 109.5 10.5 10
Cross Beam Group 8 97.5 -~ 99.0 98.3 99.0 10.5 9
Cross Beam Group 7 87.0 88.5 87.8 88.5 10.5 &
Cross Beam Group 6 76.5 78.0 77.3 78.0 10.5 7
Cross Beam Group 5 66.0 67.5 66.8 67.5 10.5 6
Cross Beam Group 4 55.5 57.0 56.3 57.0 10.5 5
Cross Beam Group 3 45.0 46.5 45.8 48.5 10.5 4
Cross Beam Group 2 34.5 36.0 35.3 36.0 10.5 3
Cross Beam Group 1 24.0 255 24.8 25.5 13.5 2
Library 10th Level El. 17.0 ’
Bulkhead 8.0 12.0 10.0 12.0 12.0

Pneumatic Chamber 0.0 8.0 4.0



Calculated Weights and Volumes for Ballast Estimation

Baliast Estimation found on spreadsheet pages 131-133

Cap Beam Group

No. of Beams 3

Beam Width 1.00
Beam Length 5.00
Beam Depth 4.00
Beam Volume 20.00
Group Volume 60.00

Height Above Bulkhead

Weight of Steel Shot, ysor
Weight of Beam Group, W¢
Volume of Beam Group, V¢
Volume of Stair Annulus, Aany
Annular Space between locks, At
Weight of Caisson Wall, Wy
Weight of Egress Wall, Wy
Woeight of Bulkhead, Wy

"~ Weight of Lock Pipe

Length of Airlock Pipe Section
Lock Extension Pipe Weight, W ¢
Length of Air and Muck Locks, H.
Weight per Lock, W,

Number of Locks, N,

Cap Cross Beams, W¢g

Cap Cross Beams Volume, Ve

3

1.00
5.00
1.50

7.50

Beam Group

ft
ft
ft
ft®

22.50 ft®

130 ft
345 pcf
3,375 Ibs
22.50 ft°
298.45 ft’/ft
61.46 ft/ft
11,782 Ibs/ft
3,181 lbs/ft
234,559 Ibs
667 Ibs/it
12 ft
8,010 Ibs
24 ft
16,019 Ibs
3
9,000 lbs
60.00 ft*
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Simple Settlement Calculation i
15 20 25 30 7 " 750 100
ft® Building 62
in ft Resulting r,=15ft r=20ft r; = 25ft r; = 30ft r,= 50ft r;= 100ft
t t Void Pumax PmaX PmAX PmAX PMAX PmAX
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.0625 0.005 59.571 4.063 0.985 0.499 0.311 0.098 0.023
0.125 0.010 119.167 8.128 1.970 0.998 0.623 0.195 0.046
0.1875 0.016 178.786 12.195 2.956 1.498 0.934 0.293 0.069
0.25 0.021 238.429 16.263 3.943 1.997 1.246 0.391 0.093
0.3125 0.028 298.096 20.333 4.929 2.497 1.558 0.488 0.116
0.375 0.031 357.787 24.404 5.916 2.997 1.870 0.586 0.139
0.4375 0.036 417.501 28.477 6.904 3.497 2.182 0.684 0.162
0.5 0.042 477.240 32.552 7.891 3.998 2.494 0.782 0.185
0.5625 0.047 537.002 36.628 8.880 4.498 2.806 0.880 0.209
0.625 0.052 596.788 40.706 9.868 4.999 3.118 0.978 0.232
0.6875 0.057 656.598 44.786 10.857 5.500 3.431 1.076 0.255
0.75 0.063 716.432 48.867 11.847 6.001 3.744 1.174 0.278
0.8125 0.068 776.290 52.950 12.836 6.503 4.056 1.272 0.302
0.875 0.073 836.171 57.035 13.827 7.004 4.369 1.370 0.325
0.9375 0.078 896.077 61.121 14.817 7.506 4.682 1.468 0.348
1 0.083 956.006 65.208 15.808 8.008 4.995 1.567 0.371
re 13 ft Pmax Soil settlement in a radius of influence into a void created by cutting edge
Hc is the height of the caisson Nearest structure (Building 62) is at a radius of 25 feet from the caisson cente:line
He =140 ft Calculation shows max amount of settlement (assumes no change in soil vdlume)
r; is the radius of the caisson Calculation is considered a long term maximum estimate
r; is the radius of settlement influence Void filled with bentonite slurry helps keep it open until sinking complete
t is the cutting edge thickness A 0.25 Inch wide cutting edge was selected

V is the volume of the annulus
behind the cutting edge



Ballast Estimation

Weights and Volumes from p.129 ' Continued on page 132 ———}
ft ft lbs o
Section Length Empty lbs ft Addl. Vol. For
Length Above Weight Locks Tot. Length of Locks Steel Shot
Section Number L (from p.128) Bulkhead Wseg Wiocks Hg Vseg-sHoT

1 12.0 0.0 375,939 0 0 0.

2 13.5 13.5 205,369 48,058 24 4,836

3 10.5 24.0 160,481 0 24 3,757

4 10.5 34.5 160,481 24,029 36 3,757

5 10.5 45.0 160,481 24,029 48 3,757

6 10.5 55.5 160,481 24,029 60 3,757

7 10.5 66.0 160,481 24,029 72 3,757

8 10.5 76.5 160,481 24,029 84 3,757

9 10.5 87.0 160,481 24,029 96 3,757

10 10.5 97.5 160,481 24,029 108 3,757

1 10.5 108.0 160,481 0 108 3,757

12 10.5 118.5 160,481 24,029 120 3,757

13 115 130.0 181,069 24,029 132 4,079
Weear = L(Ww + WB) Wseais = L(Ww + Wy )+ Wee Wiocks= NLWL +N W (HBI—ZHL}

WSEa‘rlz=L(Ww+Wrr;&)+Wc Ve -sior = 2 Las (A e +Apr )= {Ve 1 Ve }

Wsegy is the weight of caisson segment 1

Wsegs.12 is the weight of caisson segments 3 through 12

Wseaqs3 is the weight of caisson segment 13

W ocks is the weight of weight of additional locks or pipe extensions required with that segment
Vsea-sHoT I8 the volumetric capacity of the segment available to hold steel shot ballast
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Ballast Estimation (cont’}

s Continued from page 131 Continued on page 133  ————]p
Ibs : ft’ lbs lbs lbs
Addl. Weight of Tot. Vol. Avail. Caisson Total Tot. Weight of ft Thrust
Ballast Available for Steel Shot Empty Weight Ballast Available Excavation Minimum
Wseg.sHor Vshor We Wshor Face Depth TRgent
0 0 375,939 0 -8.0 53,305
1,668,516 4,836 629,366 1,668,516 -21.5 738,294
1,296,010 8,593 789,847 2,964,526 -32.0 1,425,327
1,296,010 12,349 974,357 4,260,536 -42.5 1,711,349
1,296,010 16,106 1,158,867 5,556,546 -53.0 2,579,460
1,296,010 19,862 1,343,377 6,852,556 -63.5 3,460,334
1,296,010 23,619 1,527,888 8,148,565 -74.0 4,310,949
1,296,010 27,376 1,712,398 9,444,575 -84.5 5,153,543
1,296,010 31,132 1,896,908 10,740,585 -95.0 6,079,373
1,296,010 34,889 2,081,418 12,036,595 -105.5 7,190,894
1,296,010 38,645 2,241,899 13,332,605 -116.0 8,497,423
1,296,010 42,402 2,426,410 14,628,615 -126.5 9,066,188
1,407,241 46,481 2,631,507 16,035,856 -138.0 9,438,937
Wses _stior = Ysror VseG —ssor Veor = 2 Vs -sor Waor =2, Wes wor  APPendix B

W => Wes + Wioxs
Weights and Volumes from p.129 e =20 s )

Wsea.sHor is the weight of steel shot ballast that the segment is capable of holding

Vshor is the total volumetric capacity of the assembly of the caisson available to hold steel shot ballast

Washor is the total weight of steel shot ballast that can be held by the caisson assembly

W is the empty weight of the caisson assembly (empty segments and locks) without ballast

Vreamin IS the volume of steel shot ballast needed to meet the minimum thrust requirement Vieg-max =
Veeamax IS the volume of steel shot ballast needed to meet the maximum thrust requirement (p.133)

Hmax-min is the maximum height of steel shot ballast in the lock annulus (INT) for the minimum thrust requirement (p.133)
Huax-max is the maximum height of steel shot baliast in the lock annulus (INT) for the maximum thrust requirement (p.133)
Hinrmiv Is the estimated height of steel shot ballest in the lock annulus (INT) to meet the minimum thrust requirement (p.133)

Y stot



Ballast Estimation (cont’)

4__Continued from page 132 “MINIMUM CASE MAXIMUM CASE
ft ft ft ft
ibs TR man Veor fts fta -~ Heightin Height in Height in Height in
Thrust ¥ svor MIN MAX Lock Caisson Lock Caisson
Maximum MAX Ballast Ballast Annulus Annulus Annulus Annulus
TRuen  Drivable  Vaeawmn  Vaeamax  Hinvmin Hinr-max Hann-min Hann-max
95,900 YES -935 -812 2.6 -2.6 -2.3 2.3
928,984 YES 316 868 0.9 0.9 2.4 2.4
1,737,161 YES 1,842 2,746 5.1 5.1 7.6 7.6
2,673,966 YES 2,136 4,926 59 5.8 13.7 13.7
4,263,759 YES 4,118 9,000 114 11.4 25.0 25.0
5,786,104 YES 6,136 12,877 17.0 17.0 35.8 35.8
7,245,186 YES 8,067 16,672 -~ 224 22.4 46.0 46.0
8,678,600 YES 9,974 20,192 27.7 27.7 56.1 56.1
10,266,393 YES 12,123 24,259 33.7 33.7 67.4 67.4
11,994,107 YES 14,810 28,732 411 411 79.8 79.8
13,865,499 YES 18,132 33,692 50.4 504 93.6 93.6
15,543,138 YES 19,246 38,020 53.5 53.5 100.0 106.8
17,777,422 YES 19,732 43,901 54.8 54.8 100.0 126.5
Appendix E
wenH o < H i wenH ;v = Hyax v
TR BENT WC
VREQ-MIN = .
e H. -H - Vieg-mm q _ VRegMIN ™ (HMA)A!NT)
INT-MIN ANN-MIN A + A ANN-MIN —
ANN INT A
Huax-min 60 ft ANN
HMAX-MAX 100 ft ” -
B _ Veeguax _ Vreo-Max T HyaxAr)
Hiyrmax = HANN—MAX—X—-T HANN—MAX = A
Weights and Volumes from p.129 ANNT £2INT ANN

Hinr.max is the estimated height of steel shot ballast in the lock annulus (INT p.129) to meet the maximum thrust requirement
Hannamin IS the estimated height of steel shot ballast in the stairwell annulus (ANN p.129) to meet the minimum thrust requirement
Hann-max is the estimated height of steel shot balfast in the stairwell annuius (ANN p.129) to meet the maximum thrust requirement
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Depth BGS (feet)

134

Depth vs. Weight

-140 ]

w = (Caisson Weight ~ wwesssseBosi-Case Thrust — ===e  «Worst-Case Thrust Silt

LBBC

-160 |
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Depth BGS (feet)

Depth vs. Steel Shot Volume
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Appendix H: Pneumatic Caisson Plans and Drawings
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