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Introduction

A freeway was built across Candlestick Cove on the west
side of the San Francisco Bay just south of the San Francisco
city line in San Mateo County. The portiom of the freeway
covered in this report is the open water fill between
Candlestick Point and Sierra Point. The water in this area
is about five feet deep. See Fig. No. 1.

The open water fill was constructed under five earthwork
contracts, the first two being experimental units. A final
contract for final grading and paving then completed the
freeway. A total of 5,032,000 cubic yards of fill was used
in constructing the open water fill at a total cost of
$4,870,600 for the completed freeway.

The soil formation in the open water area of Candlestick
Cove consists of unconsolidated sediments of recent geological
age, the upper layer of which is a very soft mud with its
surface at about elevation -5. The bottom of the soft mud
varies from elevation -40 to -80. This mud is underlain by a
somewhat stiffer material consisting variously of clayey sand,
sandy clay, or clay. Bedrock varied in this area from ele~
vation -110 to -220.

The fill as built consisted of two parts. A working table
was placed in the uncompacted state. A smaller compacted prism
was placed on the working table and is referred to as the road-
way prism. The mud that was displaced by the fill is referred
to as the displaced mud. The mud that was pushed up above the
original mud line is referred to as the mud wave, See Fig. No.
2 "For a detail discussion see Part 1 of Appendix.

Construction of the Working Table

The working table was constructed by end dumping methods.
This consisted of placing the £{11 material as close to the
edge of the fill as practical and using a bulldozer to push
the dirt over the side., Sections of the fill would then fail
and the comtractor would then £111 in the failed area restoring
it to the desired grade. The nose of the fill was maintained
in a wedge shape pushing the mud laterally. The displaced mud
then formed large mud waves on each side of the fill.

The shape of the nose was varied as the working table was
constructed. A long slender extension of the nose along
centerline resulted in large mud displacement on centerline
and small mud displacement at +he sides. A blunt nose resulted
in a saw tooth type of displacement. In all cases where a
wedge shaped nose was maintained at about 45 degrees with center-
1ine a satisfactory working table was obtained. Whenever a
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wedge shaped nose was not used erratic and undesirable results
generally occurred.

_ Stability calculations indicated that 1f only minor mud
displacement occurred a width of 400 feet would be required for
the working platform to support the roadway prism., When it
was seen that considerable mud displacement was occurring it
was decided to try reducing the width of the working table.
The width of the working table was reduced in steps to 200
feet. When the wedge shaped nose was used the mud was split
to a distance of 100 feet from centerline, and increasing the
width past 100 feet resulted in lateral failures of the edge
of the fill. The 200 foot width of working table proved to be
the best practical width., There were no shear failures due to
the inability of the working table to support the roadway
prism.

The minimum rate of £ill placement was 10,000 cubic yards
per day on all except the first unit, which was 5,000 cubic
yards per day. The rate of fill placement determined the rate
of advance of the fill and sufficient f111 placement was re-
quired to keep the £i11 above high tide when the failures
occurred,

During the first two units constructed both bottom dump
and tail dump equipment was used. The bottom dump equipment
dumped their loads near the edge of the working table and the
£ill was pushed over the side with a cat. Where the bottom
dump equipment was used the fill would often be advanced over
the mud and failure would result on the backside of the mud
wave, The tail dump trucks dumped their loads directly over
the edge of the fill and a cat was only occasionally used.
The tail dump trucks operation tended to keep the mud moving
away from the fill and maintaining a trough between the fill
and the mud wave, On all remaining units only tail dump equip-
ment was used.

As the working table displaced the mud, large mud waves
were formed. To aid in reducing the height to which these mud
waves formed mud blasting was used, The mud blasting was domne
by shoving 50-pound charges of explosive into the mud around
the nose of the fill until the charges were at about elevation
-25. When the charges were exploded the fill shook viclently
and settled a small amount. The blasting of the mud wave was
of great value in keeping the mud "liquefied" and thus prevent-
ing a large build-up of the crests of the mud wave.

During the construction of the open water £ill it was
necessary to make two closures, that is, advance a newly
constructed £ill to an existing fill that had been completed
previously. The existing mud waves were reduced by means of
mud blasting and dredging. The new fill was then advanced to
the existing f£ill. A stable fill was thus obtained at the
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points of closure. A detailed discussion of the construction
of the working table is included in Part 11 of the Appendix.

Construction of the Rcadway Prism

As the working table was completed the roadway prism was
placed upon it. The roadway prism consisted of a ten-foot
high £ill placed in eight inch compacted lifts, 130 feet wide
on the top with 2:1 side slopes. Profile grade of the road-
way prism was +20 as constructed., In the final grading
operations cuts and fills were made to bring the profile grade
to +18, with a two-foot structural gsection specified.

During the final work on the open water fill there was a
surplus of dirt. This fill was placed on the berm so as to
make the berm level with the completed roadway. The £ill in
the disposal area is in an uncompacted condition. A detailed
discussion of the comstruction of the roadway prism is included
in Part 11 of the Appendix.

Failures During Construction of the Working Table

As the nose was advanced from the stable portion of the
working table a crack would develop near the stable portion.
Regardless of how far the fill was advanced past this crack,
movement would continue to occur at this location until the
nose had become stable. Then the cracking would advance to
the point where the fill was again unstable. Studies were
made on the failures by measuring the surface movements and
running shear circles. From these measurements two types of
movement were found to occur: (1) (Shear type) a rotary
movement where the fill would have a large drop at the crack
and small or no movement at the edge of the f£ill, See Fig. 3;
(2) (Squeeze type) the drop would be uniform cver the failed
area with occasionally a small horizontal movement occurring,
See Fig. 4. The normal type of failure was where the fill
would fail in a rotaticnal type of movement, the maximum drop
being at the crack and small movement occurring at the edge
of the fill. The mud was forced up about 20 to 40 feet from
the fill and appeared to move in a vertical direction. The
surface of the crest of the mud wave had a very rough appear-
ance. Occasionally a vertical face appeared on the side of
the mud wave away from the fill, It appeared that these
failures followed a circulaxr rotational movement, and are
designated as shear type failures. The results of shear
circle analysis of these failures indicated an average shearing
strength of the soft mud required for stability was 135 pounds
per square foot, with a range of from 70 to 210 pounds per

square foot.
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control the evenness of the mud wave built up around the nose,
and appeared to control the shape of the cross-section of the
£ill as determined by borings.

Tbe desirable rate of placing fill is that rate which will
maintain the top of the working table at the desired elevation
and still slowly advance the fill, The 10,000 cubic yards per
day minimum used was sufficient to maintain the working table
%Elihe desired elevation and also to advance the nose of the

The type of f£ill used had an apparent affect upon the
starting of a failure, Once a failure had started the type of
£fi1l did not appear to have any affect upon the rate at which
failure occurred,

The elevation of the top of the working table is related
to the driving force in displacing the soft bay mud. It was
found that to keep the mud wave moving the top of the working
table had to be three to five feet above the crest of the mud
wave. To avoid walking over the crest of the mud wave it was
necessary to increase the elevation of the top of the working
table where high mud waves were built up.

The uncontrollable class included the effect of the tide,
strength of the soft bay mud and the extent of the mud wave.

The strength of the soft bay mud was reasonably uniform
in the area of the open water fill and exerted a constant
affect upon the fill failures.

The tide is of a variable mature at Candlestick Cove,
from a maximum of elevation +8 and a minimum of elevation -2.
It appears that the weight of the water, at high tide, acted
to resist failure of the f£ill by supporting the mud wave, At
low tide the mud wave failed decreasing its support of the
£ill and generally causing the fill to drop. The tide drop
that resulted in fill movement was about three to five feet.

The mud wave was formed as the fill displaced the soft
mud. The mud waves that were formed extended 500 to 700
feet from centerline. These mud waves had a crest 20 to 40
feet from the top edge of the fill. The mud wave crest
varied from elevation +5 to +16. The back of the crest would
slope on about a 5 per cent grade to elevation +2 and then
extend out at about a 2 per cent grade,

The mud wave acted as a berm or support for the £ill,
greatly increasing its resistance to failure. In the
completed fill sectiom, with the roadway prism in place,
gtability amalysis indicated that the mud wave contributed
about 30 per cent of the resisting force.
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The tide had considerable affect upon the height of the
crest of the mud wave, As the tide stage rose the crest of
the mud wave would build up as the failure of the £fill
occurred, As the tide stage decreased the mud would start
Eﬁil%p%lwithim itself and gradually tend to flow away from

e fill,

The extent of the mud wave was controlled by the amount
of displaced mud. In areas where high mud displacement
occurred the mud wave would extend up to 700 feet from
centerline.

The strength of the mud wave was determined by means of
borings. The shearing strength of the soft mud on the crest
of the mud wave was found to vary from 0.05 to 0.3 ton per
square foot depending upon the type of failure which had
produced the mud wave. This strength was approximately uniform
to a depth of elevation -20 and then the strength increased as
prior to construction. :

It thus appears that three items controlled the size of
the mud wave. The quantity of the displaced mud determined
the extent of the mud wave, The tides and strength of the
soft mud determined the height of the crest of the mud wave,
Mud blasting was used to reduce the strength of the soft mud
in the mud wave and reduce the elevation of the crest of the
mud wave, Dredging behind the mud wave was used at the
southern closure where two mud waves from the highway fills
and the mud wave from the realigmment of the Southern Pacific
railroad tracks produced an enormous amount of mud wave.

As construction progressed it was learnmed how to vary the
above items so as to obtain maximum mud displacement. This
was done by varying the controllable factors affecting the mud
displacement in such a manner as to counteract the uncontrollable
factors. A record of the amcunt of yardage placed at each
Station was kept so as to estimate the amount of mud displaced.
The major factor affecting the failures, and as a result
affecting the mud displacement, was the heights of the crest
of the mud wave, The height of the crest of the mud wave was
partially determined by the tide which could not be controlled,
The strength of the mud in the mud wave was therefore reduced
by mud blasting so that the mud wave would tend to flow away
from the fill. During periods of high tide and/or high crests
on the mud wave the elevation of the top of the working table
was raised. The rate of advance of the nose of the fill was
maintained between ten and thirty feet per day to keep the mud
moving uniformly. This method of controlling the mud dis-
placement was successful in obtaining eighty per cent oY
greater mud displacement under the roadway prism.
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The object of the working table was to enable the con-
struction of a stable roadway prism. There were two factors
to be considered; the stability of the roadway prism and
settlement of the roadway prism. Both of these factors are
dependent upon the amount of scft mud displaced. With mud
displacement below elevation =20 mo evidence of failures
occurred when the roadway prism was placed. With variable
mud remaining under the fill differential settlement of the
roadway prism could be expected. The simplest solution was
to displace as much of the soft mud as pocssible. The details
of the displacement of the soft mud is discussed in Part III
of the Appendix.

Variations in Strength of the Soft Bay Mud During and After

Construction

Samples of the scft bay mud were taken from under the
fill at four locations at various times before, during, and
after construction. The variation of strength, moisture, and
compressibility of the soft mud were determined.

The samples obtained prior to construction indicated
that the shearing strength of the soft mud increased 14 pounds
per square foot per foct of depth with zero strength at ele-
vation -5. This strength was uniform for the soft bay mud
throughout Candlestick Cove area.

The stability analysis of the failures indicated a shear-
ing strength of 70 to 210 pounds per square inch for the shear
type failures and 200 to 300 pounds per square inch for the
squeeze type failures. Samples obtained from the mud waves,
at various locations, soon after the £fill became stable indi-
cated shearing strengths ranging from 50 to 200 pounds per
square foot. The higher strengths were obtained where shear
failures had occurred and the lower strengths where squeeze
failures had occurred.

The borings through the working table, made immediately
after completion of the working table, indicated strength
about 200 pounds per square foot immediately below the £ill
with the strength increasing with depth. The indications are
that the strength of the soft mud was greatly reduced by re-=
molding as the failures occurred. The shearing strength of
the laboratory remolded samples of the soft mud varied from

50 to 100 pounds per square foot,

The borings made at various times after completion of the
f111 indicate a gradual increasing strength with time. Figure
No. 5 shows the results obtained at two locatioms. The time
required for the soft bay mud to regain its original stremgth
appears to depend upon the degree of remolding that occurred
in the soft mud, and varied from one Lo Lwo years. As
further consolidation has occurred the shearing strength of
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the soft mud increased and is now exceeding its original
strength by 100 pounds per square foot or more. This increase
in strength of the soft mud will improve the stability of the
fill. The strength of the soft bay mud is discussed in

detail in Part IV of the Appendix,

Variations in Moisture Content of the Soft Bay Mud During and
After Construction

The moisture content of the soft bay mud varied from 90
per cent at elevation =5 to about 60 per cent at elevation -60.
The moistures were scattered in a randum manner over a range of
20 per cent with the moistures tending to decrease with depth
as the only trend. Moistures taken after construction show a
smaller range of moisture contents and the moistures are
grouped along the lower limits of the original moisture content
spread. This would indicate that a small;, an average of about
5 per cent, decrease in moisture ccntent has occurred. The
theoretical decrease in moisture content under full consolidation
is about ten to fifteen per cent. As the point to point vari-
ation in moisture content is of this magnitude it will be
extremely difficult to determine an accurate decrease in
moisture content by means of borings. The moisture content of
the soft bay mud is discussed in detaill in Part IV of the

Appendix.
Consolidation Tests on the Soft Bay Mud

Consolidation tests were run on samples from all series
of borings made., The samples prior to construction indicated
that the soft mud was fully consolidated under its loading.
These curves indicated a permeability of 5 x 10-3 feet per hour
and a coefficient of consolidation of 5.8 x 103 square feet
per hour. The samples obtained after the construction of the
working table indicated a coefficient of consclidation of
3 x 10-3 square feet per hour and a permeability of 1.1 x 1073
feet per hour. This is probably due to the remolding of the
soft mud during the £fill failures. The consolidation tests
are discussed im detail in Part IV of the Appendix.

Permeabilities of the Soft Bay Mud

The permeabilities of the soft bay mud were determined by
two methods, The two methods were from the consolidation test
and using the piezometers as rising head permeameters.

The average permeability obtained from the consolidation
tests after comstructicn of the working table was 1.1 X 10~
feet per hour, The load increment used was the one immediately
larger than the original overburden at the depth the sample was
obtained. It is felt that this figure represents the vertical

permeability of the scil.




-10-

The permeabilities indicated by the piezometers average
2.2 x 10"g feet per hour, This permeability is felt to 5
represent the horizontal permeability of the soft bay mud. The
indications are that the horizontal permeability is twice the
vertical permeability, which would indicate a fairly
homogeneous soil. The details of the permeability studies are
included in Part 1V of the Appendix.

Theoretical Settlements

Ther@ are three soil layers with varying degrees of com-
pressibility at Candlestick Cove underlying the roadway prism.
The settlement of the roadway prism is a function of the rates
of settlement of all three layers. The layers are the un-
compacted fill, the soft bay mud remaining below the fill and
the stiff bay mud underlying the soft bay mud.

It was not possible to obtain "undisturbed' samples of
the uncompacted fill; therefore, no- theoretical ultimate or
rates of settlements could be calculated. Two general types
of uncompacted fill was used, rocky borrow and soil type
borrow. Both types of borrow are pervious and would be expected
to consolidate rapidly.

Theoretical rates of settlement of the soft bay mud were
calculated for numerous locations. The settlement was calcu-
lated using the consolidation tests from the samples obtained
after completion of the working table, the permeabilities ob-
tained from the piezometers, and assuming double drainage. A
few typical theoretical settlement curves are shown in Figure
No. 6. The theoretical settlement indicates that the rate of
settlement will be approximately uniform regardless of the
thickness of the soft mud remaining below the fill. When the
calculations for very large mud displacement indicate that the
settlement is completed, the curves for small mud displacement
indicate that settlement will continue at these locations with
the same slope to the semi-log time settlement curves until
their ultimate settlement has been reached. The differential
settlement would thus be small until the consolidation is
completed for the least thickness of soft bay mud and then
the thicker mud locations would continue to settle resulting

in differential settlement,

Theoretical settlements of the stiff bay mud were calcu-
lated assuming double drainage even though the stiff bay mud
is underlain by the Franciscan formatioms. The reason for
this is that extensive sand layers or pockets exist ip this
stiff mud layer, and they probably provide some drainage.

The calculated ultimate settlements of this layer are rather
large, being from two toc four feet. The estimated theoretical
rate of settlement is very slow, with an estimated one to two
hundred years being required for its completion. The theo-
retical settlements are discussed in detail in Part V of the

Appendix.
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Measured Settlements

As placement of the working table progressed, settlement
platforms were placed on centerline at the surface of the £fill
at each station. These settlement platforms will measure the
total settlement c¢f the roadway prism. In the second unit
five settlement platforms were placed at the bottom of the un-
compacted £ill. The difference in settlement between the
surface settlement platforms and the settlement platforms at
the bottom of the uncompacted fill will measure the consoli-
dation within the uncompacted £ill. To check the settlement
of the stiff bay mud layer four settlement platforms were
installed at the surface of the stiff mud layer.

The total settlement curves for the first, second and
fourth units are very similar. The slope of the log time
settlement curves is about the same and indicate that only
small differential settlement between any two stations is now
occurring. The total settlement to date for both units is be-
tween three and five feet. The slope of the log time settlement
curves increased during the placing of the roadway prism. After
completion of the roadway prism the slope of the log time
settlement tended to decrease for a short period of time and
then slowly increased and is now continuing along a straight
line. The mud displacement in these units varies widely,
from small to total mud displacement.

The total settlement curves for the third unit indicate
that small settlement occurred during the placing of the road-
way prism. The slope of the log time settlement curve is a
constant during construction of the roadway prism and for about
six months after construction. About six months after con-
struction the slope cf the log time settlement curve sharply
increases for about three months, generally resulting in about
one-half foot of settlement. Where almost total mud displace-
ment occurs, less than ten+ feet of soft mud remaining below
the fill, the curves tend te return to the original slope on
the semi-log plot. Where small mud displacement occurred, more
than ten+ feet of soft mud remaining below the fill, the settle-
ment tends to continue along the increased slope on the log
time settlement curve. The above statements are general enly
with exceptions to be found. The slope of the log time settle-
ment curves after comstruction of the roadway prism is mot
uniform in the third unit. The total settlement to date
varies from one-half to four feet. Although a large mud dis-
placement was obtained throughout most of this unit the
settlements are not as consistent as in the cther units.

Ip the fifth unit the settlement platforms were not in-
stalled until after completion of the roadway prism. In the
fifth unit there are insufficient data to date to indicate

any trend.
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] The settlement due to the uncompacted f£ill has varied
widely. The consolidation of the uncompacted fill is generally
smal} and appears to be completed within a year after com-
pletion of the roadway prism. The rock fill appears to
consolidate about 0.1 foot and the soil £ill about one foot
under the loading of the roadway prism.

Settlements of the surface of the stiff bay mud were
only measured at four locations, and because of this very
limited data only general trends can be noted, The slope of
the measured settlement curves was small after completion of
the roadway prism and is now increasing., The present settle~-
ment of the surface of the stiff bay mud has exceeded the
estimated settlement that was estimated to take twenty years
to occur., This accelerated settlement is probably due to
the existence of the sand beds or pockets throughout this
layer. The measured settlements are discussed in detail in
Part V of the Appendix.

Remarks on Settlement of the Roadway Prism

As the roadway prism is a compacted fill of less than
ten feet thickness and under no appreciable loading, only
minor consolidation would be expected within this roadway
prism., The settlement of the surfaced roadway and the road-
way prism are assumed to be the same, and the settlement of
the roadway prism will indicate the settlement of the surfaced
roadway. The settlement of the roadway prism is dependent
upon the three layers underlying it.

Consolidation of the uncompacted fill progressed rapidly
during the placing of the roadway prism and now appears to be
essentially completed. The consolidation of the soft bay mud
started after completion of the roadway prism and the slope
of the log time settlement curve is large. The stiff bay mud
surface settled a small amount during construction and for a
short period after completion of the roadway prism and is now
settling at an increased slope on the semi-log plots., Settle-
ment of the roadway prism can be predicted only if all three
of these layers are considered.

Where only a small mud displacement occurred the principle
layer governing the settlement of the roadway prism after
construction is the soft mud layer, The settlement due to
consolidation of the stiff bay mud is small but due to its
increasing slope on the semi-log time settlement plots may
indicate an increasing slope on fhe semi-log plots for
settlement of the roadway prism.

Where total or nearly total mud displacement occurred
the principle layer governing the rate of settlement will
be the stiff mud layer. The assumption 1S made that the
uncompacted £ill is no longer consolidating. At two locations
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in the third unit, Stations 69 and 81, there are settlement
platforms at the surface of the stiff bay mud and at the
surface of the uncompacted fill where total mud displacement
qccgrred, During 1957 the settlements of these platforms
indicated that the surface of the uncompacted fill was closely
following the settlement due to the stiff bay mud.

] With mud displacements between these two extremes an
irregular settlement pattern occurs. The settlement of the
roadway prism is dependent upon both the soft bay mud and
the stiff bay mud.

Considering all of the factors it appears that continual
settlement of the roadway prism at a constant slope on the
semi-log plots can be expected, Differential settlements
will probably be small in the next few years; then they can
be expected to increase. The settlements will continue at
some locations for the next fifty years or more, with
ultimate settlement from one to eight feet above those which
existed at the time of paving.

Excess Hydrostatic Pressure Readings

Piezometers were installed in the first and second units.
The piezometers were of the non-metallic type developed by
Professor A, Casagrande for use at Logan Airport. In the first
unit all piezometers falled during or shortly after placing of
the roadway prism. The piezometers in the second unit are all
functioning at the present time.

In the first unit two piezometers were placed in the soft
mud remaining below the fill onb centerline at Stations 8+00
and 14+00. The excess hydrostatic pressure indicated in the
soft bay mud was equal to or greater than the increase in load-
ing by the fill and decreased 0.05 to 0.10 tons per square foot
in the sixty-day period prior to the start of the roadway prism.
During the placing of the roadway prism the excess hydrostatic
pressure increased in an amount equal to the increase in loading
due to the roadway prism. In the three-month period after
placing the roadway prism the excess hydrostatic pressure
decreased 0.3 ton per square foot. By this time both piezometers
on centerline had ceased to function. At Station 14400 two
piezometers were placed in the soft mud approximately below
the shoulder linme of the roadway prism and at the edge of the
f£ill. The increase in excess hydrostatic pressure in the soft
mud below the shoulder line of the roadway prism after placing
the roadway prism was about sixty per cent of the increase in
locading on centerline. The increase in excess hydrostatic
pressure at the edge of the working table after placing the
roadway prism was about twenty per cent of the increase in
loading on centerline. Two piezometers were placed in the
weathered shale and in the clayey sand underlying the soft bay
mud. These piezometers indicated a slight rise 1in eXcess
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hydrostatic pressure during the placing of the roadway prism
and then decreased to 0.1 to 0.2 tons per square foot pressure
after completion of the roadway prism., This data confirmed
the belief that drainage was being provided at the bottom of
the soft bay mud layer.

The piezometers in the second unit were laid out using
the results of the first umit as a guide, so as to obtain a
half cross-section of the excess hydrostatic pressure for
every three hundred feet of fill length. A total of four
cross-sections were installed using a total of twenty
piezometers, Two additiomal piezometers were installed in
the sand to clayey sand layer between the stiff bay mud and
the soft bay mud.

During the period between installing the piezometers in
the soft bay mud and the placing of the roadway prism a
slight decrease, less than 0.1 ton per square foot, in excess
hydrostatic pressure occurred. During the placing of the
roadway prism the loading was increased 0.6 ton per square
foot., This increase in weight was reflected by a 0.5 to 0.6
tons per square foot rise in the centerline excess hydrostatic
pressure and small, 0.1 to 0.2 ton per square foot rise 75 to
80 feet from centerlime, but with no noticeable effect under
the mud wave. After completion of the roadway prism the
excess hydrostatic pressure at centerline decreased slowly
from about two tons per square foot to about one ton per
square foot at the present time, The excess hydrostatic
pressure outside the toe of the roadway prism, 75 to 80 feet
from centerline, decreased at a slower rate on the semi-log
plots than at centerline. The decrease in excess hydrostatic
pressure below the mud wave has been very small, 0.1 to 0.2
ton per square foot, and has been very erratic due to tidal
effects. The two piezometers placed in the sand to clayey
sand layer between the soft bay mud and stiff bay mud indi-
cate that a constant excess hydrostatic pressure of about 0.2
ton per square foot exist in this layer.

The piezometers often indicated pressures that were In
excess of the loading due to the fill above the piezometers.
The loading at varicus points within ome hundred feet of the
piezometers were investigated, and it was found that the
piezometers tended to indicate the maximum pressure within
this distance. The result was & fairly uniform excess hydro-
static pressure that is not reflecting the extremes of the
soft mud displacement.

The excess hydrostatic pressure measurements indicate
that a rapid decrease in pressure occurred in areas of large
mud displacement until the pressures were about equal to the
pressures below adjacent smaller m?d displacement areas.
Then excess hydrostatic pressures s the two areas decreased
at about the same rate. This effect appears ro exist over




/’_\

-15=-

an area of two to three hundred feet and is mot reflected in
the rate of consolidation, as measured by the vertical
movements. It appears that two actions may be occurring
that are affecting the settlement and excess hydrostatic
measurements. The excess hydrostatic pressures are being
transferred in a horizontal direction up to two hundred feet
and the fill is acting as an arch or bridge for a distance
of two to three hundred feet in the locations of small mud
displacement. The excess hydrostatic pressure results are
discussed in detail in Part VI of the Appendix.
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CANDLESTICK COVE REPORT - PART I

Introduction

This report covers the open water section between
Candlestick Point and Sierra Point, Stations 6+00 to 122+00.
See Figure No. 1 for locatiom of project.

Candlestick Cove lies on the west side of the San Francisco
Bay just south of the San Francisco city line in San Mateo
county. The cove is bound on the north by Hunter's Point
and on the south by Sierra Point. A short distance south of
Hunter's Point is Candlestick Point. A freeway was constructed
from 3rd Street to the tip of Candlestick Point and southerly
to the tip of Sierra Point. That portion of the freeway be-
tween Candlestick Point and Sierra Point is across open water
about five feet deep at low tide,

About one-half mile west of the freeway the Southern Pacific
Railroad follows the old shore line. To the west of the railroad
lies a thickly built up industrial and then residential area
that extends into the hills to the west of Candlestick Cove.
Between the railroad and the new freeway is the San Francisco
garbage dump.

The first contract, 52-4TC24-F, was let in January 1952
to construct an experimental fill south from Candlestick
Point. Under this contract 484,793 cubic yards of roadway
excavation was removed from Candlestick Point and placed in
the open water fill between Stations 6+00 and 20+00. The
object of this contract was to determine the feasibility of
constructing an open water fill by end dumping methods. This
was successfully accomplished for the conditions at the first
unit. During 1953 and 1954, 69,000 cubic yards of excess
soll was placed on the nose of this fill from nearby contract
52-4TC31-F, extending the nose to Station 22+50,

The 2nd unit was let under contract 53-4TC43-F, in June
1953 to construct an experimental £ill in the portion of the
cove where the greatest thickness of soft mud existed. This
fill was constructed between Stations 37+00 and 58+00 using
938,492 cubic yards of imported borrow. To reach this portiom
of the road it was necessary to construct a haul road from the
garbage dump to the freeway area. The 2nd unit was designated
an experimental test section so that the construction techmique
could be studied, and if necessary, altered in the area of
greater soft mud thickness. The fill material for this contract
was obtained from a borrow site on the Crocker estate, west of

the existing highway.

The third unit was built under contract 55=4TCZ}-F, let
in August 1954, for construction of the open water fill from
Station 58+00 to 110+00. The 1,953,492 cubic yards of
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lmported borrow for this contract was obtained from the Crocker
estate. This contract was let as a normal construction contract,

.The fourth unit was built under contract 54-4TC60-F let in
May 1954 and contract 55-4TC56-F let in March 1955. The fourth
unit extended from Station 22+50 to 37+00 and was constructed
as a normal construction contract. The contract No. 54=~4TC60-F
was primarily for the construction of the freeway from 3rd
Street to the open water fill. There was an excess of 212,000
cubic yards of roadway excavation from the 3rd Street cut that
was placed in the 4th unit., Under contract 55-4TC56-F 459,328
cubic yards of fill was removed from Candlestick Point and
placed in the open water fill. Surplus excavation, 20,000 cubic
yards, from contract 54-4TC8-F was also placed in the 4th unit.

The fifth unit was let under contract 56-4TC49-F, in
November 1955. This contract was principally for the grading
work around Sierra Point and the Sierra Point overhead, but
included that portion of the open water fill between Sta. 110+00
and 122+00. The fill material for the open water portion of
the contract came from the Sierra Point cut and the Crocker
estate for a total of 895,000 cubic yards in the open water
portion of the fill.

The sixth contract was for the placing of the structural
section and paving from 3rd Street to the existing freeway
south of Sierra Point. This work was performed under contract
No. 57-4TC39-F let in October 1956, Under this contract the
open water fill was brought to a profile grade of elevation
+18, and the excess fill material placed in the berm area.

A total of 5,032,000 cubic yards of fill was used in
constructing the open water fill at a total cost of $4,870,600
for completed freeway. The yardages and costs are summarized
in Table No. 1.

Prior to construction extensive soils studies were made,
On March 8, 1950, a joint study by the Bridge Department and
the Materials and Research Department of the Eg line was
reported. The E3 line is west of the constructed freeway and
the open water section of the roadway was about 2000 feet
shorter than the E, line; however, extensive structures were
involved. On July 26, 1950, a joint study by the Bridge
Department and the Materials and Research Department of the
E, line was reported. The E, line is the line along which the
tﬁe open water fill was actually constructed.

The soil formation in the open water area of Candlestick
Cove consists of unconsolidated sediments of recent geological
age, the upper layer of which is a very soft mud with its
surface at about elevation -5. (Referred to U.S8.C. & G.S.
datum M.L.L.W.) The elevation of the bottom of this soft
layer ranges from approximately -40 to -80. This soft mud
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is underlain generally by a somewhat stiffer material consist-
ing variously of clayey sand, sandy clay or clay. Bed rock
varied in this area from elevation -110 to -220.

The moisture content of the upper layer of soft mud
varied from approximately 90 percent at elevation -5 to
approximately 60 percent at elevatiom -60, The wet density
of the soil varied from 92 pounds pexr cubic foot at ele-
vation -5 to 104 pounds per cubic foot at elevation -60. The
average liquid limit of the soil was 56 and the average
plasticity index 30. The clay content of the soil averaged
30 percent, with the remainder principally silt. The shear-
ing strength of the soft mud increased about 14 pounds per
square foot for each foot of depth. The consolidation tests
indicated an average coefficient of consolidation of 0.006
square feet per hour. This soft bay mud contained numerous
pockets or beds of shells,

The soft mud is underlain principally by a dark blue
gray or brown, moist, moderately stiff to stiff silty clay.
This soil is highly stratified with numerous pockets or
layers of sand and has almost no shells., The unconfined
compressive strength of clay samples from this soil was over
one ton per square foot. The consolidation tests indicated
that this soil had been preconsolidated under 5 or more tons

per square foot loading,

The fill as built consisted of two main parts., See
Fig. No. 2. First, a working table was placed in the un-
compacted state. After a stable working table was obtained
a smaller compacted prism was placed on the working table,
and is referred to as the roadway prism. The area between
the edge of the roadway prism and the edge of the working
table is referred to as the berm. In the final grading operations
the roadway prism was cut down to subgrade elevation, two feet
below finish pavement grade and the material thus removed was
placed in the disposal area on the berms, as shown on Fig. 2.
The mud that was displaced by the fill is referred to as the
displaced mud, The mud that was pushed up above the original
mud line is referred to as the mud wave. That portion of the
fill that was being advanced is referred to as the nose of
the fill,
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TABLE NO. 1

ESTIMATE OF COST AND YARDAGE IN
OPEN WATER FILL TO COMPLETION

Overwater

Stationing
Contract F_Line
52-4TC24-F 6+00 to 20+00
52-4TC31-F 20+00 to 23+00
53-4TC43-F 37+00 to 58+00
54-4TC60~F 23;00 to 37400
54-4TC8-F 23400 to 37400
55-4TC21-F 58+00 to 110+00
55-4TC56-F 23400 to 37+00
56-4TC49-F 110+00 to 122+00

Dredging, shooting, borings

57-4TC39-F 6+00 to 122+00

TOTALS

Total
Cubic Yards
in Over- Cost of
Water Fill Overwater Fill
484,793 $ 161,060
69,000 123,350
938,492 863,330
212,000 118,370
20,000 26,300
1,953,492 1,636,000
459,328 379,230
895,000 783,000
Paving 780,000
5,032,105 $4,870,6040
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CANDLESTICK COVE REPORT - PART II

Construction

Methods of Construction

Procedures Used in Constructing the Working Table

The working table was constructed by end dumping methods.
This consisted of placing the fill material as close to the
edge of the fill as practical and using a bulldozer to push
the dirt over the side., Sections of the working table would
then fail and drop. The contractor would then bring the
failed area back to grade and attempt to maintain the fill
at the required grade. When the failed area had become stable
the fill was advanced until another section failed. It was
attempted to keep the nose in a wedge shape during these
operations, As the work progressed it was learned to some
degree how to control these large failures by an operation
of controlled mud displacement. When the fallures of the fill
occurred large quantities of mud were pushed up from under the
£111 in the form of a mud wave. This mud wave had a crest at
about 30 to 40 feet from the edge of the fill with a gentle
sloping back going away from the £1ill for about 500 feet,

Shape of Nose

As 1t was desired to split the mud and push it to each
side of the fill a wedge shaped nose was used. On the first
and second units variations of the wedge shaped nose were
used, At the start of the fill from Candlestick Point a long
narrow nose was advanced into the mud. See unit No. 1 profile
and cross~section sheets and Photo No, 1. This nose was advanced
to Station 10+ with a width of 150 feet at the shore line.
Practically total displacement of the soft mud occurred with
extremely high mud waves being formed. As the fill failed it
was difficult to keep the working table above high tide. The
fill was then widened to the desired 400 foot width. It was
found that it was extremely difficult to prevent the working
table from riding over the previously formed mud wave. The
widening of the fill on a long front tended to result in a
variable displacement of the mud., A relatively blunt nose of
50 to 75 foot width was then advanced to about Station l4+
with a small mud displacement occurring. The wedge shaped
nose was then generally maintained, at about a forty-five
degree angle with centerline, for the remainder of the unit,
See Photo No. 2. This appeared to split the mud and cause it
to move in both directions in a satisfactory manner.

On the second unit a narrow, 30 foot wide, haul road was
constructed from the garbage dump to the freeway area. Due
to the narrow width of this £ill a very blunt nose was
advanced, and almost complete mud displacement occurred. Im
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making approximately a right angle turm in the southerly
direction from the haul road to the open water fill a blunt
U-shaped nose was used. By the time that Station 42+ was
reached a wedge shaped nose was established. The contractor
then started using two types of hauling equipment, tail

dump and bottom dump. The tail dump was used to advance the nose

along centerline, and the bottom dump to build the sides. See
profile and cross-section sheets for the second unit. This
resulted in the center 50 to 60 feet of the nose being advanced
50 to 100 feet past that which would occur with a wedge shaped
nose., This system of operations proved extremely undesirable
and was discontinued when Statiom 50+ was reached, at which
time the tail dump trucks were used to establish and advance

a nose northward and the bottom dump trucks used to advance

a nose southward. The wedge shaped nose was then used in

both directions.

On the third and fifth units wedge shaped noses were
maintained at all times., See profile and cross-section sheets
for the third and fifth units, and Photo No. 4.

On the fourth unit a wedge shaped nose was advanced south-
ward from the first unit to Station 27+ at which time the right
side was advanced to the second unit., This joining of the
first and second units with a f£fill was done to facilitate other
work and resulted in an undesirable condition. By use of
several extra ordinary construction methods, that will be dis-
cussed later, a fairly satisfactory working table was con-
structed.

In all cases where a wedge shaped nose was maintained at
all times a satisfactory working table was obtained. When-
ever a wedge shaped nose was not used erratic and undesirable
results often occurred,

Widths of Working Tables

Stability calculations indicated that if only minor mud
displacement occurred a width of 400 feet would be required
for the working platform to support the roadway prism. When
it was seen that considerable mud displacement was occurring,
on the first unit, it was decided to try reducing the width
of the working table. In the first unit the following widths
were constructed, 400 feet to Station 10+00, 300 feet to
Station 12+00, and 250 feet to Station 20+. See Photo No. 2.
After completion of the roadway prism, without failures, at
planned profile grade and a five-foot surcharge for 300 feet
on the 250-foot wide section it was felt that the width could
be further reduced. In the second unit a width of working
table of 250 feet was used from Statioms 38+ to 53+ and a
width of 200 feet from Statioms 53+ to 58+. The 200-foot
width of working table proved satisfactory and was used on

all remaining units.
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The width of fill proved to be an important item., The
yardage per station for the 200 and 250-foot widths of f£ill
was about the same, It appeared that as the fill nose was
advanced the soft mud was readily displaced to a distance of
about 100 feet each side of centerlime. When a width wider
than 100 feet from centerline was used occasionally large
sections of the fill tended to break off and float laterally
away from the fill. Photo No.ll shows this condition at Station
43+ on the right side, At other times the fill being placed past
IQU feet from centerline encountered a large mud wave and, the
fill sometimes would tend to start riding over this mud wave.
See Photo No. 13. For the conditions in the open water fill
the 200~foot width of working table proved to be the best
practical width. There were no failures during construction
due to the imability of the working table to support the
roadway prism.

Daily Minimum Yardage

The special provisions for the first unit required a
minimum of 5,000 cubic yards of fill to be placed in the open
water £1ll each working day. With the large displacements
that occurred this rate was insufficient to keep the working
table above high tide. On all of the remaining units the
minimum rate of fill placement was 10,000 cubic yards per
day, and the rate varied from 10,000 to about 14,000 cubic
yards per day with an average placement of about 11,500
cubic yards per day.

The rate of fill placement determined how fast the fill
could be advanced. As will be discussed later, the unstable
portion of the fill failed at low tide and was gemerally
stable at high tide. If the rate of advance of the fill nose
was rapid at high tide the soft mud tended to be trapped
under the fill. At low tide it was necessary to keep up with
the failures or a portion of the fill would break off and
float away. A condition of this nature is shown on Sheet 3
of the profile and cross-section for the second unit at
Station 55 to 56, and in Photo No, 12, For uniform mud dis-
placement in constructing a fill of this nature a variable
rate of placing fill would naturally be desirable; however,
from a practical consideration only a minimum value for the
rate of f£ill placement could be specified, The minimum of
10,000 cubic yards per day appeared satisfactory.

|

Placing of the Fill

On the first unit the contractor used tractor-drawn pans
and rubber-tired pulls to haul the dirt to the working plat-
form. The loads were then dumped near the edge of the stable
section of the working table and pushed over the sides with a
cat. This resulted in high lecading of the edges of the fill
which was thought to be desirable. However, it was found that
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usually the edges or unstable portion of the fill was not being
loaded during failures as the pulls could not unload directly

in the fgiled area. At a rate of placement of 5,000 cubic yards
pir dg{ it was also impossible to keep the fill at a constant
elevation.

On the second unit the contractor used tail dump trucks on
the haul road. The tail dump trucks dumped their loads
directly over the edge of the fill and a cat was only oc-
casionally used. The £fill on the haul road tended to settle
into the mud with only a few sudden large cracks occurring.

As the working area on the open water fill increased the
contractor started adding bottom dump trucks to his hauling
equipment., The result was that where the bottom dump equip-
ment was used the fill would often be advanced over the mud
wave and failure would result on the back side of the mud wave.
Where the tail dump equipment was used the loads were dumped
directly over the side of the fill and tended to keep the mud
wave moving away from the fill and maintaining a trough. See
Photos Nos. 14 and 15. After much discussion on the action of
the two types of equipment it was decided to use the tail

dump equipment to advance the nose of the fill north of the
haul road and to continue advancing the south nose with the
bottom dump equipment. The tail dump equipment resulted in
almost total mud displacement, while the use of bottom dump
equipment resulted in about 50 percent of the mud being dis-
placed. 1t was then decided to attempt to obtain total mud
displacement to reduce the settlement after construction, so
on all remaining units the special provisions specified that
tail dump equipment only was to be used.

The elevation of the top of the working table on the
first unit was maintained at elevation +8. During the winter
the high tides flooded the working table, causing severe
erosion of the roadway prism. The completed elevation of the
working table on all of the remaining units was thep maintained

at elevation +10,

Where large areas dropped rapidly, lifts of 10 feet or
more were placed in the failed areas to being them back to
grade. It was desirable to avoid these large and rapid )
failures if possible, as it was felt that an abrupt change in
depth of mud displacement was occurring at the location of the
crack. See Photo No., 16 and 17. Towards the end of the
second unit an attempt was made to change the way the fill
failed by sloping the surface of the working table upward
towards the edges in the unstable area. The edges of the
£fill, ip unstable areas, varied from elevation +12 to +18,

The result was that the working table tended to lay into
place with only mipnor cracking and a fairly uniform mud dis-
placement was obtained. This practice was continued on all
remaining units, with the maximum elevation of the edge of
the fill reaching +22. After the working table had stabilized
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it was then cut to about elevation +10 and the dirt pushed
ahead with cats,

Mud Blasting

As the fill displaced the mud, large mud waves were formed.
The crest of the mud wave often reached an elevation of +13
and greater, or three feet above the working table., Near the
end of the second unit 50~pound charges of explosives were
shoved into the mud around the mose of the fill., See Photo
No. 18. The tips of the charges were at elevation -25. When
the charges were exploded the fill shook viclently and
settled about one-half foot. As the nose of the fill was
advanced the mud wave flowed rather freely and the crest
would drop below elevation +10. The mud wave was blasted on
all remaining contracts, usually on the Monday of each week.

The blasting of the mud wave was of great value in keeping
the mud "liquefied." This prevented a large build up of the
crests of the mud waves, and doubtless aided in a uniform mud
displacement. Mud blasting was extensively used on the fourth
unit after the right side was placed and the left side was
being advanced. The mud wave on the right side was shot
every working day and no large build up of mud occurred.

From Station 78+00 to 80+00 it was necessary to widen

the fill to 370 feet for two reinforced concrete box culverts.
See profile and cross-sections for the third unit, Sheet No. 3.
To accomplish this the fill was advanced past Station 80+00 in
the normal manner., The mud wave was then blasted daily and
the fill laterally advanced on a 200-foot front parallel to
centerline. The mud blasting was successful in keeping the
crest of the mud wave below elevation +13, and the mud flowed
out from the fill for a large distance. See Photos No. 6 and
7. The elevation of the working table was maintained at about
elevation +15 in this area to aid in moving the large mud wave

formed.

At Station 37+50 to 39+50 the fill was widened for a re-
inforced concrete box culvert. Daily shooting of the mud wave
was used as the fill was widened. In order to obtain maximum
displacement of the existing fill in the area of this re-
inforced concrete box culver 44 borings were made through the
fill and charges placed in the soft mud below the existing
fill. The fill surface was then raised to elevation +20 and
the charges below the fill exploded. A subsidence of about
two feet occurred after exploding the these charges, This
proved to be an expensive method of displacing the soft mud,

with small results.

Closures

During the comstruction of the open water f£ill it was
necessary to make two closures, that is advance a mewly com-
structed fill to an existing £i1l that had been completed for
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a period of time. The first closure was made at Statiom 37+
where the fourth unit was joined to the second unit, The
fill was advanced to Station 27+ with the wedge shaped nose
and then the right side was advanced to the north nose of the
second unit. This was done to facilitate constructiom of the
reinforced concrete box culvert at Station 38+. The advance
of the right side resulted in a large mud wave along centerline,
The left side was advanced on an angle to centerline and the
mud wave was blasted daily. This kept the mud wave moving,
but a smaller mud displacement occurred on the left side of
centerline than on the right side. See profile and cross-
sections, Sheets for the fourth unit. See Photo No. 6.

The other closure was just north of Sierra Point in the
fifth unit. The excavated material from the cut at Sierra
Point was used in the fill south of the point, on the rail-
road realignment around Sierra Point, and to advance the open
water fill at elevation +20 northward from Sierra Point to
Station 117+. Care was taken in advancing this £i11 so that
there was no unstable fill remaining at this location when it
was completed., This avoided previous difficulty where an
unstable portion of the morth nose of the second unit was
allowed to set over one year and difficulty was encountered
in starting movement when closure was made, The previously
placed railroad fill developed a very large mud wave that
flowed into the open water fill area, See Photo No. 8, It
was decided to attempt dredging of the mud when the northern
nose was at Station 114+, as a mud wave of exceptional size
had developed. Suction dredging operations were started about
500 feet left of Station 116+. After dredging for several
days the dredge was able to advance to 400 feet left of
centerline. The mud was flowing from the railroad fill
through the opening between the open watex fills to the dredge,
a distance of about 1000 feet., After two weeks of dredging
an estimated 100,000 cubic yards of mud, with the dredge
unable to advance closer to the fill area, the dredging
operations were discontinued, The mud waves that had previ-
ously been built up to a crest elevation of +20 or greater,
were below elevation +10 when dredging was completed., The
right side of the north nose was then advanced to the south
nose and the closure widened to the left of centerlime, See
profile and cross-sections for the fifth unit. Daily mud
blasting was used as the fill was widened to the left of
centerline. Almost complete mud displacement was obtained at
this closure except to the left side at Station 117+. An
extremely large mud wave was built up just north of Sierra

Point.

Roadway Prism

As the working table was completed for each umit the
roadway prism was placed upon it. The.roadway prism con-
sisted of a ten-foot high fill placed in 8 inch compacted
1ifts, 130 feet wide omn the top with 2:1 side slopes. The
roadway prism was the only compacted f11l placed. Profile
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grade of the roadway prism was +20 as constructed. In the
final grading operations cut and fills were made to bring the
profile grade to +18, with a two-foot structural section
specified.

Disposal Area

During the final work on the open water fill there was a
surplus of dirt. There was about 100,000 cubic yards from a
slide in the pit, 50,000 cubic yards from an overloaded area
south of Sierra Point, and fill removed from the roadway prism
during final grading operations. This fill was placed on the
berm so as to make the berm level with the completed roadway.
The fill in the disposal area is in an uncompacted condition.
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Results of Construction Studies

Failures

As the nose was advanced from the stable portion of the
£i11 a crack would develop near the stable portion. Regard-
less of how far the £ill, in the first and second units, was
advanced past this crack, movement would continue to occur
at the same location until the nose had become stable, Then
the cracking would advance to the point where the fill was
again unstable. It was not unusual for the crack to appear
at the same location for as many as five or more consecutive
days. At many locations, on the first and second units, a
study of these failures were made. Hubs were placed in the
£111 and horizontal and vertical movements measured. From
these measurements three types of movement were found to
occur: 1. (Shear Type) A rotary movement where the £fill
would have a large drop at the crack and small or no movement
at the edge of the fill, 2. (Squeeze Type) The drop would
be uniform over the failed area with occasionally a small
horizontal movement occurring, and 3, (Laying the Fill Imto
Place) A large drop at the edge of the £ill with little or
no drop occurring at the crack. It was noted that the only
time the third type occurred on the first and second units
was just before a cracking patterm became stable and the
cracking advanced to a new location., On the remaining units
this was the predominant type of failure. No special
attempts were made to analyze this third type as it seldom
occurred on the first and second units, On the third, fourth,
and fifth upnits this type of failure predominated and is
further discussed in the section on controlled mud displace-
ment.,

Hubs were placed in the £fi1l, in both profile and cross-
section, at various times in the first and second units. The
vertical and horizontal movements of these hubs were measured
as the fill failed. Figures F1, F4, F7, F10, and Fl3 are
representative examples of the data obtained. The extent of
the mud waves were also measured during the failures. Figures
Fl, F3, & F6 show representative shear failures and Figuxes
F9 & F12 representative squeeze failures.

The failures were then analyzed to determine the average
strength of the soft mud at the time of failure. ngeral
shear circles were run using the cracking as one point on the
shear circle and the approximate outer crest of the mud wave
as the other control point of the circle. The thickness of
the fill was estimated from records of the amount that the
£i11 had dropped and the yardage placed in the failed areas.
1t was assumed that the fill contributed mno strength towards
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its gtability at the location of the crack, The circles re-
quiring the maximum average strength of the soft mud for the
above conditions are shown in Figures No., F2, F5, F8, Fll,
and Fl4. Using the same assumptions as above, except that
the location of the failure was ignored, a series of shear
circles were run., The circle requiring the maximum shearing
strength of the soft mud, or critical shear circle, are
shown in Figure Nos. F3, F6, F9, Fl2, and F153.

The normal type of failure in the first and second units
was where the fill would fail in a rotation type of movement,
the maximum drop being at the crack and small movement
occurring at the edge of the fill. See Photo 16. The mud
was forced up about 20 to 40 feet from the £ill and appeared
to move in a vertical direction. The mud had a very rough
appearance, See Photos No. 13, 18. Occasionally a vertical
face appeared on the side of the mud wave away from the fill,
see Photo No. 9. It appeared that these failures followed a
éiiiular rotational movement, and are designated as shear type

ailures.

For the shear type failures the average shearing strength
of the soft mud required for stability was 155 pounds per
square foot, with a range of from 70 to 210 pounds per square
foot. The shear circles tended to extend to the bottom of the
soft mud, indicating that the entire depth of the soft mud
was being reworked. The centers of the shear circles were all
about at the same elevation as the top of the £fi1l. The indi-
cations are that the mud was reworked, with a resultant
decrease in strength, over its entire thickness.

Shear circles were also run, for the same sections, with-
out consideration for the location of the cracking to
determine the required strength that would have been indicated
in a stability analysis. The minimum centers were again at
about the same elevation as the top of the fill. As the
circles were increased in radius, increasing the depth of the
soft mud included in the circle, the strength required for
stability increased approximately 5 pounds per square foot
for each foot of depth of the shear circle. One set of shear
circles were run to a depth of elevation -100 without a maxi-
mum occurring. The maximum required strength was therefore
taken at the depth of the bottom of the soft mud., These shear
circles, for the shear type failure indicated required
strengths 50 to 150 pounds per square foot in excess of the
strength indicated by the analysis of the actual failure, It
would appear that the reworking of the soft mud as the failure
progressed resulted in keeping the fill ugstable and if not
influenced by other factors would result in pearly total
displacement of the soft mud by the £fill.

On the few occasions that the fill was rapidly advanced
with small mud displacement an unusual type of failure
occurred that has been referred to as a squeeze type failure.
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Generally some factor such as an extremely large build-up of
the mud wave, a period of high tides, or an extended period
where the nose of the fill was not advanced, caused this
condition to occur. The failed portion of the £ill would
crgck in all directions and the settlement would occur fairly
uniformly. The failed area tended to settle at a slow,

steady rate. The mud was pushed out from under the £fill at
an angle and had a smooth appearance. See Photos No, 20 & 21.
A high mud wave was never built up with this type of failure,

In attempting to amalyze this type of failure it was
noted that the shear circle always extended a considerable
depth past the bottom of the soft mud. As the stiff mud bhad
a shearing strength in excess of 2000 pounds per square foot
it was not felt that this soil was failing. In analyzing
this type of failure it was assumed that a sliding action
occurred at the bottom of the soft mud. Figures No. Fll,
and F13 show analysis of typical squeeze type failures.,

Analysis of the squeeze type failures indicated shearing
strengths of from 200 to 300 pounds per square foot for the
soft mud, They were in very good agreement with the strengths
indicated by the critical shear circles, Figures F12 and F15.

The rate at which the squeeze type failures occurred
appeared to be related to the amount of mud displaced. When
the amount of displaced mud was small the drop each day was
small, one to two feet, As the thickness of £ill was in-
creased, by bringing the failed area back to grade, the drop
each day would increase, The maximum drop for this type of
failure was about five feet in one day. When the soft mud
was displaced to elevation -20 to -30 the movement would
suddenly stop, with the fill becoming stable.

There were many factors which affected the fill failures.
The tide was probably the most important., Often the £ill was
stable at high tide and unstable at low tide. The mud wave
acted as a counter balance in the failures and therefore the
size of the mud wave influenced the failures. The elevation
at which the top of the working platform was maintained
greatly influenced the failures by affecting the driving
force., The type of f£ill used in the working platform
appeared to have little affect on the failures, probably due
to the continuance of a crack at the same location as the fill
continued to fail., The strength of the native soil was uni-
form throughout the open water fill and any minor variations
in strength did not appear to influence the failures.

The profile grade of the roadway prism was constructed
to elevation +20., This was two feet above the desired
profile grade of elevation +18 to check the stability gf.the
completed £ill and to allow for settlement as the remaining
units were built, At a few locatioms where small, less than
-20, mud displacement occurred it was noted that plastic
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flow may have been occurring, No shear type failures occurred,
The stability of the completed fill at profile grade of +18,
appears to be above unity. One failure has occurred to date,
at Station 110+ where the fill increases in height to the
Sierra Point overhead.

Oon the first unit a surcharge to elevation +22.8 was
placed between Station 13+00 to 16400, A shear type failure
occurred at Station 15+75 where the mud had been displaced to
elevation -25. A plastic failure occurred around Station l4+
where a mud displacement to elevation -15 existed. From this
data it appears that a mud displacement to at least elevation
-25 is desirable for stability.

pisplaced Mud

Borings were made, as the working table was constructed,
to determine the depth to which the mud was being displaced.
These borings were made with a four-inch churn rig. The
borings were made at each station on centerline and about 75
feet right and left of centerline. From the boring data
profile and cross-sections were drawn. See attached profile
and cross-section sheets. The above borings were made to
locate the bottom of the f£ill and mo samples were taken.

The first, second, and fourth units, from Station 6+00
to 56+00 have a great variation in the amount of soft bay mud
displaced by the working platform. There are many locations
where very small mud displacement changes to total mud dis-
placement in a distance of 100 feet. This abrupt change in
the thickness of the working table was believed to be detri-
mental to the completed roadway.

As it was found, in the first and second units, to be
impossible to control the amount of mud displaced; on all
other units it was decided to attempt total mud displacement.
On the fourth unit there were three contractors working at
one time making it difficult to obtain total mud displace-
ment. However, over >0 percent mud displacement was obtained

at all locationsg in this unit.

The third and fifth units had near total mud displace-
ment throughout their length, Station 56400 to 122+00. This
total mud displacement was obtained by the use of the studies
of the factors affecting the mud displacement.

The items that affect the displacement of the soft mud,
by the £ill, can be placed in two classes; items that can
be controlled by man, and the items that cammot be controlled

by man,
The controllable class include the shape of the nose,

rate of placing fill, type of fill.materigl, and the ele-
vation to which the working table 1is carried.
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The uncontrollable class include the affect of the tide,
strength of the bay mud and the extent of the mud wave. The
depth of the soft bay mud determines the maximum extent of
the mud displacement.

The use of a wedge shaped nose effectively split the
mud to about 100 feet from centerline. When a blunt shaped
nose was used the mud was pushed ahead of the fill and an
extensive mud wave was bullt up. Where a long narrow nose
was used a large mud wave was built up about 50 feet from
centerline. Other odd shaped noses used would tend to build
up large mud waves at various locations around the nose. The
shape of the nose tended to control the evenness of the mud
wave built up around the nose, and appeared to control the
shape of the cross-section of the £fill as determined by
borings.

The desirable rate of placing fill is that rate which
will maintain the top of the working table at the desired
elevation and still slowly advance the fill, At no time was
the rate of placing fill too rapid, only tooslow a rate was
observed. Using a slow rate, the embankment material was
used to maintain the working table at the desired elevation
without advancing the nose. This would result in a large
mud wave ahead of the fill that may have tended to increase
in strength from having set without moving for several days.

The type of f£ill had an apparent affect upon the start-
ing of a failure. Once a failure had started the type of
fiil did not appear to have any affect upon the rate at which
failure occurred.

The elevation of the top of the working table is rela-
ted to the driving force in displacing the mud. The tide
limited the elevation of the working table to above ele-
vation +10, It was found that to keep the mud moving the
top of the working table had to be three to five feet above
the crest of the mud wave. AS the elevation of the top of
the working table is related to the driving force in the fill
failures, the depth of the displacement of the soft mud was
greatly affected by the elevation of the working table. To
avoid walking over the crest of the mud wave it was necessary
at a few locations to increase the elevation of the top of

the working table.

At low tide the fill would tend to fail and at high tide
the fill would tend to be stable. This resulted in small mud
displacement during periods of high tide agd large mgd dis~-
placement during periods of low tide. During high tides the
fill could be kept moving by raising the elevation of the top
of the working table. At low tides it was not possible to
lower the elevation of the working table below +10 due to the
necessity of keeping the working table above the mud wave.
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The strength of the soft bay mud was reasonably uniform
in the area of the open water fill. There was some feeling
that the extensive shell beds, in the soft mud, may have
increased the strength of the soft mud; however, no factual
data was obtained to substantiate this.

The mud wave acted as a resisting force in opposing the
f£i11l failures. When large mud waves were built up small mud
displacements occurred and where small mud waves existed
large mud displacements tended to occur.

In the first and second units it was hoped to obtain a
reasonably uniform mud displacement without totally displacing
the mud., This proved to be impossible and often resulted in
an abrupt change in the depth to which the soft mud was dis-
placed by the fill. Inb the remaining units it was decided
that it would be practical to attempt to obtain near total
mud displacement.

The object of the working table was to enable the con-
struction of a stable roadway prism. There are two factors
to be considered; the stability in relation to shear and
plastic failures, and upiform settlement. Both of these
factors are dependent upon the amount of soft mud displaced.
With a very small mud displacement, about elevation -15, a
danger of a shear failure occurring is rather large. Where
a medium displacement, to elevation ~20, occurred it has
been noted that signs existed that plastic flow may have
been occurring, With mud displacement below elevation -20 no
evidence of failure existed. For stability the soft mud
should be displaced to a depth greater than elevation -20.
Consgidering settlement of the roadway prism any uniform
thickness of mud remaining below the fill would appear €O
be satisfactory. The minimum settlement should occur with
total mud displacement. As the bottom of the soft bay mud
varied from elevation -40 to -80 a uniform mud displacement
for stability would mean a variable amount of soft mud re-
maining under the fill, with great variatioms in settlement.
The simplest solution was to displace as much of the soft mud

as possible.

A term has frequently been used to describe the action gf
this f£ill, that is f£loating” the £ill, This term would indi-
cate either of two items. The fill displaced a weight of mud
equal to its own weight, that is the soft bay mud had no )
chear strength. This definitely did mot occur. The £ill dis-
placed a small amount of the soft mud and tended to stay on
top of the soft mud, This condition was found.LmRossible to
obtain. For the above reasomns the term "floating' is being

avoided in this report.

Mud Waves

In the first, second, and third units the mud wave was
cross-sectioned as the working table was completed. A mud
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wave was developed that extended 500 to 700 feet from center-
1ine. These mud waves had a crest 20 to 40 feet from the top
edge of the fill, The mud wave crest varied from elevation

+5 to +16. The back of the crest would slope on about a 5
percent grade to an elevation of about +2, and then extend out
at about a 2 percent grade. The cross-sections of the mud
waves are shown on the profile and cross-section sheets,

Figure M.W. 1 shows the profile of the mud wave ahead of
the nose of the fill on March 24, 1952, This profile was
taken just after a sudden drop of about 3 feet in the nose
and shows the typical block of mud i1ifted up. This block of
mud was 16 feet thick and was lifted up 3% feet. By the
next day this block of mud had failed within itself and had
disappeared with the mud wave crest at about elevation +5.
These masses of mud that were 1ifted up when the £ill failed
were of fairly high strength; however, after they had failed
within themselves the mud became fluid and appeared to flow.

It appears that the fill, in failing on a shear plane, forced
mud up from below the fill. This resulted in a slight de-
crease in strength due to remolding. After the mud was forced
to the surface it lacked the mnecessary strength to maintain

the vertical faces, and then formed a second wave about 20

feet behind the crest, again losing strength through reworking.
This process would continue until the mud almost flowed, The
type of mud wave described above occurred when the £ill failure
was of the shear type and also on what was previously menioned
as the type three failure.

Stability analyses were made of the back slope of the mud
wave. These circles showed that a strength of (.09 toms per
square foot was required to maintain a grade of five percent,
and a strength of 0.05 tons per square foot was required to
maintain a grade of two percent. The shear circles indicated
that the mud was failing to a depth of 10 feet. These shear
circles agreed with the visual observations, where the mud
wave was observed to form mud waves with crests 10 to 20 feet
apart.,

In the squeeze type of failure the mud appeared to be
squeed out from under the f£ill, i.e., as the mud would be
squeezed between the fingers when a hand is closed over a ball
of mud, The mud was generally squeezed out from under the
£ill at an angle of about 30 degrees and had a large reduction
in strength, The crest of the mud wave did not build up to a
high elevation, generally being between elevation.+5 and +8.
The mud would start flowing in a semi-1iquid condition a few
feet behind the crest of the mud wave and often carried large

rocks and stomnes with it.

The mud wave acted as a perm or support for the £ill,
greatly increasing resistance to failure. In the cngleted
i1l section, with the roadway prism 1n place, stability
analysis indicate that the mud wave contributed about 30 per-
cent of the resisting force. The mud wave was equivalent to
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increasing the width of the uncompacted fill by 50 feet on each
side of centerline.

. At various times inthe first and second units, 2 x 4 inch
soil samples were obtained from the upper five feet of the mud
wave, In the section where the mud was flowing onm a 2 or 3
percent grade, furthest portion of the mud wave from the fill,
the mud was too soft to support itself irn the sampler. Samples
of the mud from the squeeze type failures taken near the fill,
being sampled within an hour after being forced out from
below the £fill, indicated an average unconfined compressive
strength of 0.05 tons per square foot with a range of 0.02
to 0.08 tons per square foot for the upper three to five feet
in depth, A total of twelve samples from three different
failures being obtained in the above studies. A total of
fifteen samples of the soft bay mud were obtained from four
different shear type failures within an hour after the mud
had been pushed up. These samples indicated an unconfined
compressive strength of from 0.09 to 0.3 toms per square foot
for the soft mud with averages at the four locations of 0.27,
0.17, 0,13, and 0.1l tons per square foot, with all samples
from each location being +0.05 of the average. All of the above
samples were obtained using a modified California sampler with
a shelby tube cutting point. The sampler was pushed to the
desired depth closed and then the plug raised. The sampler was
then pushed ahead one foot and the sample in the Shelby tube
being the only sample saved for testing. The strength tests
indicate that extensive remolding occurred in the squeeze type
failures and minor remolding occurred in the shear type failures.

The tide had considerable affect upon the height of the
crest of the mud wave. As the tide stage rose the crest of the
mud wave would build up as the failure of the fill occurred.

As the tide stage decreased the mud would start failing within
itself and gradually tend to flow away from the fill, From
measurements taken at various times on the second unit it was
established that a two to three-foot tide drop would start the

mud wave to failing.

After the mud had remained above high tide about two or
three days it became firm enough that a man could walk on it
without great difficulty. About ome to two weeks was required
in the zone where alternate wetting and drying occurred before
a man could easily walk on the mud. Digging into the mud it
was found that only the top inch had greatly increased in
strength and the underlying mud was still extremely soft.

After the second unit working table had become stable to
Station 49+00 four borings were made in the mud wave to
determine the strength of the mud in depth. These borings
were made at Statiom 44 and 47 obp both the left and right sides
of the fill. The borings were made at the crest of the mud
wave to a depth of 45 feet. The unconfined compressive
strength increased from 0.1 ton per square foot at the surface
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to 0.25 tons per square foot at a depth of 45 feet. The moisture
contents and unit weights are about the same as indicated by
the original borings prior to construction., Summaries of the
test data are included in the section Borings During Construction,

Mud blasting was used on the third, fourth and fifth
units. The charges were placed around the nose of the fill
to a depth of thirty feet or more below the top of the mud
wave, The charges were placed in the trough formed by the
fill and the mud waves. When the charges were exploded there
was a noticeable softening of the mud and the mud would slowly
start to flow away from the fill., The mud blasting was help-
ful i? reducing the strength of the mud, and preventing small
mud displacements where a large mud wave had been built up, an
extended shutdown period had occurred, and where closures were
made between two fills,

Tides

The tides at Candlestick Cove varied from elevation +8 to
-2 with a M.L.L.W. as zero. The tide cycles were of about 12
hours duration, During storms, waves about two feet high would
develop. This controlled the minimum elevation of +10 to
which the working table was constructed.

As a mud wave was formed around the fill, of impervious
soil, the water table in the fill area never dropped below
elevation +4.5 to 45,0, That is when the tide was below
elevation +5 the water was ponded inside the mud wave. As
the tide rose above elevation +5 the water table 75 feet from
centerline lagged about one-quarter hour behind the tide and
the water table on centerline lagged about one hour behind
the tide. The result was that at tides below elevation +5 the
stability of the fill decreased rapidly, and at tides above
elevation +5 the stability of the fill increased slightly. 1In
all stability amalysis the water table was taken as at ele-
vation +5 in the fill area and the tide as at elevation O.

Piezometers were placed at three general locations in
the soft mud; on centerline, 75 feet left of centerline, and
in the mud wave on the bay side of the crest. The tide had
a radical affect upon the excess hydrostatic readings.
Hourly readings were taken of tide, water table, and excess
hydrostatic pressure over several tide cycles. The readings
on centerline decreased slightly as the water table on center-
line raised, the pressure rise being equal to the weight of
the water, and remained constant while the tide was below
elevation +5. The excess hydrostatic pressure 75 feet left of
centerline showed an increase as the tide dropped below ele-
vation 45 and decreased as the tide rose above elevation +5.
The excess hydrostatic pressure behind the crest of mud wave
was directly proportioned to the tide, Water table tubes
were placed in the mud wave, and it was found that the water
table in the mud was at the mud surface when the mud was
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above the tide., Therefore the water table, or zero reference,
for the excess hydrostatic pressure outside the fill area is
taken at the mud surface when the mud is above the tide and
at the tide elevation when the tide is above the mud surface.
For the excess hydrostatic pressures in the mud below the
£fill the water tables in the fill are used as the zero
reference. To simplify the piezometer readings and eliminate
the tide affect all excess hydrostatic pressure readings for
long-time studies are taken at a tide stage of +3 to +4.
Table No. I shows an example of the type of readings obtained
at Station 44400 on October 13 and 14, 1954, Statiom 44+00
contained two extra piezometers to obtain a more complete
pressure cross-section and is used as an example for this
reason. All other stations showed similar readings when
studies were made at their locations.

There was some feeling that the fill was rising and fall-
ing with the tide. After completion of the second unit
precision levels were run over a complete tide cycle on the
settlement platforms on centerline and 75 feet right and left
of centerline. These measurements showed that the fill re-
mﬁined at a constant elevation (4+0.002 feet) during the tide
change.

It appears that the weight of the water, at high tide,
acted to resist failure of the fill by supporting the mud
wave. At low tide the mud wave failed decreasing its support
of the fill and generally causing the fill to drop. At
several times during the construction of the second unit the
tide drop that occurred before fill failure occurred was
noted. The tide drop that resulted in fill movement was about
three to five feet. Several times a difference of only two
feet existed between high and low tide, If the fill was stable
at high tide the two-foot tide drop did mot result in a fill
movement,

The tides were of a variable nature at Candlestick Cove,
that is at times the difference between high and low tide was
a magnitude of three feet for several days, and at other
times over an eight foot tide change would occur. During
periods when the tide was between elevation +4 and +7 for
several days the fill would be rapidly advanced, if the work-
ing table was maintained at elevation +10, with a small mud
displacement, When the tide would then drop to elevation
zero + a squeeze type failure often resulted. In the second
it a study was made of the mud displacement and the tide
that existed when the fill was placed. It was found that
generally a high tide existed when a section of fill had a
small mud displacement omn centerline., To avoid the shallow
mud displacement during periods of high tide the elevation of
the top of the working table was varied in the latter part of
the second unit. It was found that by keeping the elevation
of the nose about five to six feet above the tide stage the
£i1l could be kept moving during periods of high tide, How-
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ever, am extremely large mud wave was them built up near the
fi1ll. Later mud blasting was used to liquefy the mud and aid
it to flow away from the £fill.

Tvpes of Soil

The imported borrow used in the uncompacted fill consisted
of two principle types of material, Ome was a soil that
varied from a sand clay to a silty clay that was from the
weathered zone of the pits. This material generally had a
high cohesion and a low angle of friction. The density of
t@ls soil was about 105 pounds per cubic foot in the uncompacted
£i11. The other general type of borrow was unweathered hard
blue sandstone or unweathered hard blue gray shale. The un-
weathered rock varied from a few inches in size to about ten
feet in size. This material formed a fairly compact fill and
no unit weight tests could be obtained. This material had a
high angle of friction and small cohesion, The hard sandstone
was unaffected by the sea water and only a small amount of the
shale disintegrated under the action of the sea water,

The borrow material had some affect upon the failures.
Where the rock type of borrow had been placed there appeared
to be greater resistance to the start of a new failure.
After a cracking pattern had developed there was no apparent
difference in the rate or type of failure between the two
types of fill material used.

Where the soil type of borrow had been used in the f£fill
it was noted that the water tables om centerline had about
twice the time lag with tide changes as the rock fill had. This
is probably due to the mo¥xe impervious nature of the soil £4i11.

The native soil was a soft gray silty clay as previously
described, This soil had numerous shell layers several feet in
thickness. There was no evidence that these shell layers
affected the failures or mud displacement.

The soft bay mud that had been pushed up above the tide
tended to dry out and form a thin crust. There was some feel-
ing that the mud may be increasing in strength due to
thixotropic effect. The borings at Stations 44+ and 47+, that
were made in the mud wave, did not indicate that the soft mud
had greatly increased in strength in a period of about omne
month or more, There was doubtlessly some thixotropic affect
in the soft bay mud, however, it apparently is small and of

doubtful importance.

Observations During the Placing of the Roadway Prism

The portion of the uncompacted fill outside of the road-
way prism area is_the berm area. In the first and second
units hubs were placed 100 and 125 feet right and left of
centerline at each Station to observe any surface movement
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of the berm during the placing of the roadway prism. The
settlement of these hubs were not accelerated by the placing
of the roadway prism. There was small, about 0,1 to 0.2
foot, horizontal movement of these hubs away from centerline,

Cracking was noted, about 85 feet from centerline, in the
berm area during the placing of the roadway prism. See
Figure No. 22. Occasionally these cracks opened up as much
as one-half of an inch and were generally about one-quarter
of an inch opening. These cracks were parallel to centerline
and continuous for the length of the fill, occasionally
branching off and ran to the side of the berm. 1t appears
that these cracks were tension cracks due to the consolidation
of the uncompacted fill under the loading of the roadway prism.

During the placing of the roadway prism, on the first
unit, it was noted a large, 0.5 to 0.8 foot, consolidation of
the uncompacted fill appeared to be occurring. On the second
unit five settlement platforms were placed near the bottom of
the fill at locations where platforms were located on the
surface of the uncompacted fill, These settlement platforms
indicated that 0.2 to 0.3 foot consolidation of the uncompacted
fill occurred during the placing of the roadway prism and
another 0.1 to 0.2 foot occurred within a few months of the
completion of the roadway prism. The indications in the
first and second unit are that the consolidation of the un-
compacted £ill was completed in six months or less. The data
on the above settlement platforms are included in the section
on settlement studies.

In the first unit the uncompacted fi1l consisted of almost
entirely soil type borrow from Candlestick Point. The second
unit uncompacted £ill consisted of a mixture of soil and rock
type borrow from the Crocker estate borrow site. The third
unit consisted of almost completely rock type borrow from the
Crocker estate borrow site. The consolidation of the uncom-
pacted f£ill by the roadway prism varied widely in the three
units; being an average of about 0.7 in the first unit, about
0.4 in the second unit, and 0.2 in the third unit. The type
of f£ill greatly influenced the amount of consolidation in the

uncompacted fill.

Settlement platforms were placed under the shoulder line
at selected stations on the first and second units. These
settlement platforms, at shoulder line, indicate that the
settlement was uniform under the roadway prism where uniform
mud displacement had been obtained. Where differences of
mud displacement were large, between centerline and the edge
of the roadway prism, differential settlement of 0.4 foot
occurred, The settlement cross-sections indicate the
desirability of obtaining uniform mud displacement. All
settlement curves are included in the section on settlement

studies.
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Oon the first and second units the mud wave was carefully
observed during the placing of the roadway prism. At five
locations there are indications that mud was being forced out
from under the fill, as follows: Station 13+ to 15+ on the
left side, Station 15+ to 17+ on both sides, Station 41+ on
the right side, Station 44+ on the left side, and Station 51+
on the right side. A shear type failure with major cracking
occurred at Station 16+ during the placing of the overload.
At all other locations the f£ill showed no signs of cracking
or other visible indicatioms of failure, although higher than
normal settlement occurred in these areas. The depth to
which the mud was displaced 75 feet from centerline at the
above Stations is: Statiom 14+00 on the left side, ele-
vation -17, Station 41+00 on the left side elevation -10,
and Station 51+00 on the right side elevation ~-15. There
are other locations where the mud was displaced to elevation
-10 to -15 that did not have any indications of failure
occurring when the roadway prism was placed., It is felt
that such factors as the size of the mud wave, strength of
the soft mud, and strength of the uncompacted fill may
account’ for this. The indications are that the f£ill is at
marginal stability when the soft mud is displaced less than
elevation -20.

In the first and second units piezometers were placed
in the soft mud remaining under the fill on centerline. The
rise in excess hydrostatic pressure on centerline equalled
the loading applied by the roadway prism. This would indi-
cate that no primary consolidation of the soft mud occurred
during the placing of the roadway prism. In the second unit
piezometers were also placed about 75 feet left of centerline
in the soft mud remaining below the fill. The excess hydro-
static pressure 75 feet from centerline rose about one-half
of the loading that occurred on centerline due to the road-
way prism. Using the theories of pressure distribution
developed by Leo Jurgenson, the rise in excess bydrostatic
pressure in the soft mud, due to the roadway prism, should.
have been only one quarter of the pressure rise on centerline.
In the second unit piezometers were also placed below the mud
wave, and these piezometers indicated very small, less than
0.05 tons per square foot, rige in excess hydrostatic pressure
when the roadway prism was being placed. 1t appears that no
increase in the rate of consolidation of the soft mud occurred
during the placing of the roadway prism.

Controlled Mud Displacement

After the completion of the second unit it was decided
to attempt to displace at least ninety percent of the soft
mud under the roadway prism area. It was glanned to do this
by varying the factors affecting the mud displacement that
could be controlled in such a manner so as to counteract the

uncontrollable factors.
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A daily load count, from the number of truck loads taken
to the fill, was maintained along with the approimate loca-
tions at which the borrow was placed, A recoxrd of the
approximate yardage of fill between any two stations was then
known. The borings prior to construction indicated the
depth of the soft mud from which a desired cubic yard of f£ill
per station could be determined. This data would then indi-
cate when the minimum desired mud displacement had occurred.
Borings were later made to check the mud displacement.

The largest factor affecting the failures, and as a re-
sult affecting the mud displacement, was the size of the mud
wave. The size of the mud wave was partially determined by
the tide, which could not be controlled. The strength of the
soft mud was therefore reduced by mud blasting, sometimes
called liquefying the mud, so that the mud would tend to flow
away from the fill. The mud wave was blasted, at least once
a week, with 50-pound charges of explosive place around the
nose of the fill. The mud would then start moving away from
the fill within a few hours, depending on the tide stage,
with a reduction of the size of the mud wave near the fill,

During periods of high tide and/or large mud wave build
up the elevation of the top of the working table was raised.
This was done by sloping the top of the unstable portion of
the fill towards the edges starting with elevation +10+ at
the stable portion. The edge of the fill reached a maximum
of elevation +22. This resulted in a grade as large as 10
percent on the nose with an average grade of 3 to 5 percent
on the nose. The action of increasing the driving force near

the edge. The large shear or rotational movements that had
been previously occurring seldom occurred on the third, fourth,
and fifth upnits. Instead the £ill tended to lay into place,
that is the maximum drop occurred at the nose and tapered to
small ox no drop at the stable portion. The cracking was
over the entire failed area with no major cracking occurring.
There was no tendency for the edges of the f£ill to break off
and separate from the main fill as had previously occurred
with the shear type failures, it is felt that abrupt changes
in mud displacement were avoided with this laying in of the
£i11 action. A few shear type failures occurred on the third,
fourth, and fifth units at extremely low tides, below ele-
vation +1. However, the shear type failures were readily
controlled again after the period of low tides was over.

The rate of advance of the nose was maintained between
ten and thirty feet per day on the third and fifth units.
This avoided the condition where the mose would remain at
the same location while a rapid failure was occur;ing as
often happened on the first and second units. Thls.appeared
to aid in keeping the mud moving and with mud blasting
prevented the large build-up of the mud wave. It was found
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that the stable portion of this fill advanced at about this
same rate and only about 100 feet on the end of the nose was
unstable. The rate of placing fill, about 12,000 cubic yards
per day was sufficient to maintain this rate of advance.

This method of controlling the mud displacement worked
very well, Nearly uniform mud displacement was obtained
under this system of operations. See profile and cross-
sections for the third, fourth and fifth units. The few
locations where nonuniform mud displacement occurred was due
to some avoidable condition. For example, the night foreman
advanced a long narrow mnose past Station 96+00, with the
typical vee type mud displacement occurring.
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CANDLESTICK COVE REPORT - PART 1V

Sample Borings and Tests During Construction

Location and Purpose

After completion of the first unit four borings were made
through the fill and the underlying soft mud sampled. This
sampling work was done in January 1953 at Stations 11+00,
14+00, 16+00, and 19+50. These borings were made about six
months after completion of the roadway prism in the first unit,

During the second unit four sample borings were made as
the working table was completed and before the start of the
roadway prism. These borings were made two to four weeks
after the working table had become stable at their locationm,
The borings were made at Station 45420, 47+00, 49+00, and
51400, The soft bay mud remaining below the fill was sampled.

In February 1954 the mud wave, both right and left of the
fill, was sampled to a depth of 45 feet. These four sample
borings in the mud wave were made at Stations 44+ and 47+.

During January 1957 four sample borings were made
through the f£ill and samples of the soft bay mud underlying
the completed £ill obtained, These borings were made in the
£érgg and second units at Stations 14400, 19+50, 45+00, and

+00.

The borings in January 1953 in the first unit were made
to obtain data on the strength and compressibility of the
soft bay mud. As these samples were made six months after
the completion of the roadway prism the strength was altered
from the strength immediately after construction. Im the
second unit it was decided to make borings as the fill pro-
gressed to study the soil characteristics immediately after
the working table was completed. These borings in the second
unit were generally made about two weeks after the working
table was completed in that area. It was desired to check the
effects of the remolding of the soft bay mud by the fill
failures. Four borings were also made of the mud wave to
study its variation in strength with depth. After completion
of grading operations and before paving a set of four borings
were made to study the changes in strength and moisture that
had occurred over a period of several years since the fill
was completed. These borings were made at the locatioms

previously sampled.

Summaries of all test data obtained during construction
are attached.
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Moisture Content of the Soft Bay Mud

. The moisture content of the soil was plotted versus ele-
vation for each location of the borings, see Figures D1 to D4,
The scatter of the moisture contents of the individual tests
are rather large, about 20 percent for any elevation and
indicate the variation of the point to point moisture content
of soil. The moisture content prior to construction appears
to decrease with depth. The samples after completion of the
working table indicate the range of moisture content is the
same as prior to construction. The borings made two to four
years after completion of the roadway prism show a smaller
range of moisture contents and the moistures are grouped
along the lower limits of the original moisture content spread.
This would indicate that a small, an average of about 5 per-
cent, decrease in moisture content has occurred,

The theoretical decrease in moisture content under full
consolidation is about ten to fifteen percent. As the point
to point variation in moisture content is of this magnitude
it will be extremely difficult to determine an accurate de-
crease in moisture content by means of borings. The develop-
ment of an in-place method of moisture determination of soils
is necessary before small moisture changes can be accurately
measured.

Variation of Shearing Strength of the Soft Bay Mud

Plots of shearing strength versus elevation were prepared
at the location of each boring. The shearing strength prior
to construction was determined by the average of all tests and
is shown in Figure No. D5 and as a dashed line on the plots in
Figure Nos. D6 to D9. The original strength was zero at the
surface of the mud and increased in a linear relationship to
500 pounds per square foot at elevation -40. The strengths
were grouped along this line with the maximum variation being
about +100 pounds per square foot.

The samples obtained from the borings made six months
after the completion of the first unit, Figures No. D6 and D7,
indicate approximately the same strength as originally existed.
This indication that no major change had occurred in the
strength of the soft bay mud was difficult to understand. It
had been expected that the reworking of the soft bay mud by
the fill failures would have resulted in a decrease in strength,
As a result of these tests it was decided to sample the soft
bay mud as soon as possible after the completion of the working

table in the second unit.

The borings in the second unit made immediately after
completion of the working table, see Figures D8 and D9,
indicated a major decrease in the strength of the soft bay mud
had occurred. The shearing strengths were fairly uniform with
depth and varied from about 200 pounds per square foot
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immediately below the fill to 400 pounds per square foot at

the bottom of the soft mud layer. Remolded samples of the

soft bay mud indicated that the remolded strength was about

50 to 100 pounds per square foot. The indications are that

the soft bay mud was partially remolded over its entire depth
by the fill failures with greater remolding at the top of the
mud layer than at the bottom., After the fill has set a few
months without failure it appears, from the borings in the
first unit, that the soft bay mud regains its original strength.

The strengths obtained from the samples from the borings
made in the second unit during January 1957, two and one-half
years after completion of the roadway prism, are shown in
Figures No. D8 and D9. The shearing strengthshave increased
and were about the same as the original strengths prior to
construction, and about twice the strengths obtained shortly
after completion of the working table. There appears to be a
slight tendency for the shearing strengths to be slightly
higher at the top and bottom of the layer than in the center, as
would be expected for double drainage in the soft bay mud layer.

The strengths obtained from the samples from the borings
made in January 1957 in the first unit, four and one-half years
after construction of the roadway prism, are shown in Figures
No. D6 and D7. The shearing strength is generally 100 to 200
pounds per square foot above the shearing strength indicated
by the borings prior to construction. This indicates an
increase in strength is continuing to occur as the consoli-
dation process continues.

The samples from the borings during construction indicate
that the strength of the soft bay mud was reduced to about
one-half its original strength by the reworking of the soft
bay mud during the failures. This is in agreement with the
analysis of the failures during construction. The soft bay
mud appears to have regained this lost strength within a year
or so after completion of the working table, The soft bay
mud is now slowly increasing in strength and generally has a
strength equal to or greater than its original strength.

Moistures and Strengths in the Mud Waves

The moisture content of the mud wave versus elevation
is shown in Figure No. D10. The moistures are uniform to
elevation -30, being from 70 to 80 percent at Station 47+00
and 65 to 85 percent at Statiom 44+00. This is in agreement
with the range, 65 to 80 percent, of moistures indicated by
the borings prior te comstructiom.

The variation of strength in the mud waves with ele-
vation is shown in Figure No. D1l. The sgrength at Station
44400 on the left and 47+00 onm the right is between 50 and
100 pounds per square foot above elevation -10 and then
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follows the strength existing prior to comstruction, At
Station 44+00 on the right and 47+00 on the left the strength
is between 100 and 200 pounds per square foot above elevation
-20 and then tends to follow the strength prior to constructiom.
The mud displacement is similar at all locations and would not
account for the differences in strengths noted. It would
appear that reworking of the soft bay mud is variable and does
not produce a uniform strength mud wave. It would appear that
the soft bay mud below elevation -20 was not being reworked

by the shear type failures that occurred in this area.

Results of the Triaxial Shear Tests

A series of triaxial shear tests were rum on the soft bay
mud from the boring at Station 45+00 on centerline in the
second unit, This boring was made a short time after the work-
ing table became stable and represents the remolded soil. The
results of these tests are shown in Figures D12 to D14, Two
types of tests were run, a quick test, and a consolidated
quick test.

The quick undrained tests indicated an angle of friction
of zero for the soft bay mud. The cohesion varied with the
depth of the sample, and appeared to be greatly influenced by
the quantity of remolding of the soft bay mud,

The conmsolidated quick tests indicated an angle of friction
of about 13 degrees. The indicated strengths, when consoli-
dation is completed, will vary with loading or mud displacement,
With a soft mud displacement to elevation -25 a shearing
strength of about 550 pounds per square foot would be indi-
cated at the top of the layer by the consolidated triaxial tests
under complete consolidation. As the loading is increased the
shearing strength under complete consolidation will be greater,
and may be expected to be about 900 pounds per square foot at
the bottom of the soft bay mud layer, elevatiom -70.

A comparison of the variation of shearing strength with
moisture was made using the triaxial test data. See Figure
No. D15. The sample No. 1, from near the top of the soft
bay mud layer, shows .a large increase in strength with decreas-
ing water content., It is believed that this soil has been
extensively remolded by the fill failures, Sample No. 3,
from near the bottom of the soft bay mud layer, indicates a
small increase in shearing strength with a decrease in moisture
content. It is believed that this soil has been only slightly
remolded in the fill failures., The difference between the
variation of shearing strength and moisture content appears
to be a function of the remolding of the soft bay mud, Only
1imited data exists in this study and other variables may be
influencing the results. If the remolding is affecting the
strength-moisture relationship, as indicated above, the re-
molded soil may be stronger than the unremolded soil when

consolidation is completed.
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A limited number of quick drained triaxial tests were run.
See Figure D13. The indications are that a slight increase in
strength occurs in the drained test over the undrained test,
The small and limited increase in strength in the drained tests,
less than 0.1 ton per square foot, may be due to slight variations
in the soil, or slight drainage occurring during testing.

Consolidation Tests

Consolidation tests were run on samples from all series
of borings made. Representative pressure void ratio and time
consolidation curves from the borings prior to construction are
shown in Figures No. D16 to D23, The soft bay mud samples
show a curve under low loadings and then a straight line,
virgin curve, under the higher loadings. In calculating the
estimated ultimate settlements prior to comstruction the slope
of the virgin curve was used. Representative time consoli-
dation curves are shown in Figures D18 and D19 for the soft
bay mud, These curves indicate a permeability of about
5 x 10-9 feet per hour and a coefficient of consolidation of
about 5.8 x 10-3 square feet per hour. Representative pressure
void ratio curves for the stiff bay mud are shown in Figures
No. D20 and D21. The stiff bay mud layer is a very hetrogeneous
mixture of a silty clay with silt and sandy layers. The
pressure void ratio curves reflect this mixture of soils in this
layer with many slopes to the virgin curves. Typical time
consolidation curves of the stiff bay mud layer are shown in
Figure No. D22 and D23. The hetrogeneous mnature of this
layer is also reflected in the time-consolidation curves,

The settlement curves for one typical cross-section
studied during design are shown in Figures No. D24 and D25,
The indications were that the soft mud would consclidate at
a relatively uniform rate for various thicknesses of mud
underlying the fill, When the thinner mud layers had completed
their consolidation the thicker mud layers would continue to
consolidate and differential settlement would result. The
stiff mud layer settlements indicated a uniform rate of settle-
ment would occur, for various thicknesses of stiff mud, in
the first fifty years and that the magnitude of the settlement
would be small, about 0.6 feet in 20 years.

Representative pressure void ratio curves and time-consoli-
dation durves from the borings made six months after com-
pletion of the roadway prism in the first unit are shown in
Figures No. D26 and D27. The slope of the virgin curve in-
creased slightly from the slope indicated by the samples priox
to conmstruction and the calculated permeability fgom the time
consolidation curves decreased to about 1.35 x 102 feet per
hour. This was apparently due to the remolding of the soft bay
mud by the f£ill failures. All theoretical ultimate settle-
ment calculations, in the section on settlements, @ade.for the
first unit are based upon the average curve shown in Figure
No. D26. The rates of settlement were calculated using a
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permeability of 1,35 x 10~5 feet per hour obtained from these
time-consolidation curves.

Representative pressure void ratio and time-consoli-
dation curves for the borings in the second unit made
immediately after completion of the working table are shown
in Figures No. D28 to D33, The slope of the virgin curve
is slightly steeper for these samples than for the samples
prior to comstruction. The calculated permeability from the
time~consolidation curves had also decreased to 1.1 x 107
feet per hour. This is probably due to the remolding of the soil
during the fill failures., The estimated ultimate settlements
in the second and third units were calculated using the pressure
void ratio curve shown in Figure No, D31l.

The consolidation test data from the borings made at the
time of paving are shown in Figures No. D34 to D39,

The preconsolidation pressure was determined for each
consolidation test. The preconsolidation pressures prior to
construction are compared to the overburden pressures in
Figure No. D40. The preconsolidation pressures were all within
+0.25 tons per square foot of the overburden pressures., These
pressures indicate that the soft mud was consolidated under
the overburden pressures prior to comstruction.

The preconsolidation pressures during various stages of
construction are shown in Figures No. D41 to D45 at the
various locations of the borings. The borings made in the
second unit immediately after completion of the working table
indicate that little or no change in the preconsolidation
pressure occurred during the remolding by the £ill failures.
This is in agreement with the excess hydrostatic pressure
readings, The samples from the borings in the first unit six
months after completion of the roadway prism indicate 2
slight increase in preconsolidation pressure had occurred.
This slight increase in preconsolidation pressure is of a
magnitude of 0.25 toms per square foot and is in agreement
with the decrease in excess hydrostatic pressure. The pre-
consolidation pressures obtained from the samples taken two
and one-half years after completion of the roadway prism in
the second upnit indicate a definite increase in intergranular
pressure has occurred. It appears that the greatest increase
in intergranular pressure has occurred at the top and bottom
of the soft clay layer and the smallest increase occurred in
the center of the layer. The preconsolidation pressures
indicated that about thirty percent of the total consoli-~
dation has occurred at Station 45+ and 49+ at the time the
borings were made. The sample from the borings in the first
unit four and one-half years after completion of the roadway
prism indicate a considerable increase in intergranular
pressure has occurred. The indications are that about 50
percent consolidation of the soft bay mud had occurred at
the time the borings were made. The intergranular pressure
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is about equal to the present total pressure at the top and
bottom of the soft mud layer. This indicates that double
drainage of the soft mud layer is occurring.

Permeabilities of the Soft Bay Mud Layer

The permeabilities of the soft bay mud layer were
determined by two methods. The permeability determined from
the consolidation tests is referred to as the lab permeability.
The piezometers were used as rising head permeameters and
this permeability is referred to as the field permeability.

The flow of water in. the comsolidation test is in the vertical
direction and indicates the vertical permeability. The
plezometers have primcipally a horizontal flow of water from
the soil and indicate the horizontal permeability.

The average permeability obtained from the consolidatiom
tests in the second unit immedigtely after comstruction of
the working table was 1.1 x 1072 feet per hour. The load
increment used was the one immediately larger than the ori-
ginal overburden pressure at the depth the sample was obtained.
It is felt that this figure represents the vertical perme-~
ability of the soil.

The permeabilities indicated by the plezometers are shown
in Table No. III, and average 2.2 x 10-J feet per hour. This
permeability is felt to represent the horizontal permeability
of the soft bay mud. The indications are that the horizontal
permeability is twice the vertical permeability, which would
indicate a fairly uniform soil conditiom.




TABLE NO. IIIX

Permeabilities as Determined with the Piezometers

Piezometer Permeability
Number Feet Per Hour
1 1.3 x 10-5
2 1.3 "

3 4.3 "
4 3.0 "
6 1.7 "
7 1.1 i
8 1.4 "
12 2.1 "
13 1.7 "
14 2.0 "
16 3.4 "
17 2.1 M
18 2.4 "

t

19 1.4




CANDLESTICK COVE REPORT - PART V

Settlements

Installations

As placement of the fill progressed settlement platforms
were placed on centerline at the surface of the working table
at each station. These platforms were placed shortly after
the uncompacted f£ill had reached a stable condition. In the
first and second units settlement platforms were also placed
at eight locations, about 65 feet left and right of center-
line, under the roadway shoulder to obtain settlement cross-
sections. The above platforms were of the riser type with
zﬂe gggi square bases and one-half inch pipe risers through

e L4

On the first and second units, surface settlement points
were placed 100 and 125 feet right and left of centerline.
These settlement points consisted of iron pins driven about
15 inches into the fill. These points were for measurement
of surface movement of the berm during placement of the roadway
prism. Both vertical and horizontal movement of these settle-
ment points were recorded. A few months after completion of
the roadway prism readings were discontinued and these settle-
ment points abandoned.

After completion of the first unit it was evident that
considerable conmsolidation had occurred in the uncompacted
£i11 under the loading of the roadway prism. In the second
unit five settlement platforms were placed at the bottom of
the uncompacted fill, This was accomplished by drilling a
four inch hole to the desired depth. The platform consisted
of four metal gate hinges operated by a screw, The platform
was placed in the boring using one-half inch pipe for the riser
and one and one-half inch pipe for the casing., The riser was
then rotated, turning the screw and forcing the hinges into the
gsoil. The casing was then raised two feet to allow for movement
between the riser and its casing.

To check the settlement of the stiff bay mud layer four
settlement platforms were installed in the second and third
units. This was accomplished by driving three inch pipe A
through the fill and soft mud to about ten feet above the stiff
bay mud. A two inch pipe was then placed inside the three inch
pipe and driven five to ten feet into the stiff bay mud. The
two inch pipe was then filled with concrete mortar and capped.
During the comstruction of the £i1l these settlement platforms
were used as bench marks as there was relatively small move-
ment of these settlement platforms, and it was a long distance

to bench marks on stable ground.
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When the final grading and paving operations were going
on only one settlement platform for each five stations was
maintained; the others being destroyed. Continuous readings
were thereafter maimtained om 20 per cent of the platforms
measuring settlement of the surface of the working table and
all of the platforms measuring the settlement of the bottom
of the fill and the surface of the stiff bay mud. The previ-
ously destroyed platforms were replaced, after grading oper-
agions, by concrete monuments at the surface of the roadway
prism,

The settlement curves for all settlement platforms are
attached under "Settlement Plots.” These plots include
records of measured settlement of the soft bay mud, the road-
way prism, the underlying stiff mud, and theoretical comparisons.
For convenience the settlement curves are grouped accoxrding to
units. The time scale for the settlement curves starts at the
start of placement of the roadway prism. The original settle-
ment shown, at the time that the roadway prism was started; is
the settlement that occurred between this date and the date
that the settlement platform was installed, For reference the
elevation of the bottom of the soft mud and the bottom of the
£fill is shown in the lower left hand cormer.

The settlement platforms at the surface of the uncompacted
£ill that were destroyed during the fimal grading and paving
operations have this noted on the settlement plots. The esti-
mated settlements are shown by a dashed lime during the period
that the settlements were mot obtainable, This dashed line is
an estimated settlement only and is based upon the slope of the
settlement curve prior to the platform being destroyed. As
many of these curves are mot a straight lime, but have changes
in slope, there may be some error in this estimated settlement,
For studies im this report, only the platforms with complete
measured settlements will be used.

The settlement of the stiff mud layer is shown on separate
plots. The elevation of the bottom of the stiff mud layer is
also included on these plots.

Soil Layers

There are three soil layers with varying degrees of compres-
sibility at Candlestick Cove underlying the roadway prism, The
settlement platforms on the surface of the uncompacted fill
measures the settlement due to all three layers., Ib order teo
obtaip the settlement due to any one layer, imtermediate plat-
forms are required. See Figure No, S-39. The settlement
platform at the bottom of the uncompacted f£ill measures the
settlement im the soft bay mud and the stiff bay mud layers.

The difference in settlement between the settlement platforms
at the surface and the bottom of the umcompacted £fill will give
the settlement resulting from the uncompacted fill. The settle-




N

=3

ment platforms set im the top of the stiff bay mud will give
the settlement resulting from the stiff bay mud layer. As
limited intermediate platforms were imstalled only indications
or trends can be measured.

The settlement of the roadway prism is a functiom of the
rates of settlement of all three layers. The comsolidation
of the various layers for the second umit are shown on
Figures No. S~19 to S§-24. The consolidation of the uncompacted
fill is gemerally small and appears to be completed within a
year after completionm of the roadway prism. The rock fill
appears to comsclidate about 0.1 foot amd the soil £fill about
one foot under the loading of the roadway prism. The comsoli-
dation of the stiff bay mud layer during construction of the
roadway prism was small, The slope of the log time settlement
curves for the stiff bay mud is now increasing and at some
locations may be the principle comsolidation mow occurring;
see Figures No, $=35 to S-38., The remaining settlement of the
roadway prism represents the consolidatiom of the soft bay mud.

As previously discussed the amount of soft bay mud re-
maining under the umcompacted fill varies from zerc to about
50 feet in thickmess, This will result in a wide variation in
the amount of consclidation within the soft bay mud layer, and
should be the principle cause of differential settlement of

"the roadway prism,

Measured Settlement of the Roadway Prism

In the first unit the centerline settlement cf the surface
of the working table during the placing of the roadway prism
was 0.5 to 1,2 feet, This resulted in an increased slope on
the log time settlement curves while the roadway prism was being
placed compared to the slope prior to the placing of the road-
way prism. After completion of the roadway prism the slope of
the log time settlememt curve decreased and them increased. The
settlement is mow continuing along a straight line on the semi-
log plots. There is mo indication that the settlement is
completed at any location on the first umit. The rate of
settlement is fairly uniform along centerline amd only minor
differential settlement, less than 0.2 foot, occurred inm a
two-year period between any two adjacent statioms.

In the second unit the centerline settlement of the working
table during the placing of the roadway prism was from 0.2 to
0.8 foot, This resulted in an increased slope on the leog time
settlement curves while the roadway prism was being placed
compared to the slope prior to comstruction of the roadway
prism, After completiom of the roadway prism the slope of the
log time settlement curve temded to decrease for a short
period of time and then slowly increased. The slope of the
log time settlement curve appears to be still slowly increasing
and appears to be approaching a straight limne.
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The total settlement curves for the first and second units
are very similar. They both indicate that about the same rate
of settlement is mow occurring with only small differential
settlement between any two adjacent stations., The total settle-
ment to date for both units is between three and five feet.
The slope of the log time settlement curves increased during
the placing of the roadway prism in both umits, The mud dis-
placement in both units varies widely, from small to total mud
di_.splacement° The nearly uniform amount and slope of the log
time settlement curves is explained by the theoretical studies
and will be presented later,

In the first and second units settlement platforms were
placed 65 feet right and left of centerline. Combined with
the centerline platform, a settlement cross-section of the
roadway prism is obtained. These settlement platforms, at
shoulder line, indicate that the settlement was uniform during
the placing of the roadway prism where uniform mud displacement
was obtained, Where differences of mud displacement was large,
between centerline and the shoulder of the roadway prism,
differential settlements up to 0.5 foot occurred. After con-
struction of the roadway prism the rate of settlement of the
three platforms forming a cross-section was very close to
uniform, The platforms were within 0.1+ foot of equal settle-
ment for the period of two to three years after comstruction
of the roadway prism, )

On the paving contract the surplus soil was placed in
the disposal area on the berm. As a result the settlement
platforms under the shoulder line settled one-half to one foot
more than the centerline settlement platform during the same
period of time., The settlement due to the placing of fill in
the disposal area appeared to be dependent upon the amount of
displaced mud. At several locatioms where the soft mud, 75
feet from centerline, was displaced to less than elevation -15
cracking of the roadway prism occurred parallel to centerline,
There has been insufficient time since the placing of this fill
to know if the settlement cross-sections will resume the previ-
ously uniform rate of settlement.

The total settlement curves for the third unit indicate
that small settlement occurred during the placing of the
roadway prism. The slope of the log time settlement curve
prior to construction of the roadway prism is unkmown in about
one-half of this unit. The slope of the log time settlement
curve is a constant during construction of the roadway prism
and for about six months after comstructiom, About six months
after construction the slope of the log time settlement curve
sharply increases for about three months, gemerally resulting
in about ome-half foot of settlement. Where almost total
mud displacement occurs, less than ten + feet of soft
mud remaining below the fill, the curves tend to return to
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the original slope on the semi-log plot. Where small mud dis-
placement occurred, more than ten + feet of soft mud remaining
below the fill, the settlement tends to continue along the
same slope on the log time settlement curve, The above state-
ments are gemeral only with exceptions to be found. The slope
of the log time settlement curves after comstruction of the
roadway prism is mot wmiform in the third unit, The total
settlement to date varies from ome-half to four feet. The
settlement platforms indicate, gemerally where total mud
displacement occurred, that at some locations the settlement
is now continuing at a very slow rate while at other locatioms,
genmerally where small mud displacement occurred, the settle~
ments are occurring at a rapid rate, Although a large mud
displacement was obtained throughout most of this unit the
seitlements are not as consistent as in the first and secend
units.,

On the fourth and fifth units the settlement platforms
were not installed until after completion of the roadway prism.
In the fifth unit there is insufficient data to date to indi-
cate any trend, In the fourth unit the total settlement is
following a straight lime on the semi-log plot at about the
same rate as the first and second umits, The total settlement
to date varies from ome to two feet with mo signs that the
settlement is complete, The mud displacement varies widely
im this upit, varying from about ome-half the mud to total
displacement; however, the entire unit has about the same
slope on the semi-log time settlement plots.

Theoretical and Measured Rates of Comsolidation of the Soft
Bay Mud -

Theoretical rates of settlement of the soft bay mud were
calculated for all stations on the first amd second units and
at selected locations in the third umit. The rates of
settlement of the soft bay mud were calculated using the two
available permeabilities, as determined from the consolidation

- test and from the piezometers., Double drainage is assumed

into the sand layer overlying the stiff clay and into the un-~
compacted fill, Figure No. S-8 shows the theoretical rates of
settlements for various locatioms. The theoretical settlement
curves indicate that the settlement will be approximately
uniform regardless of the thickness of soft mud remaining
below the fill, Whenm the curves for very large mud displace-=
ment indicate that the settlement is completed, the curves
for small mud displacement indicate that settlement will
comtinue at these locations with the same slope to the semi-
log time settlement curves until their ultimate settlement
hae been reached. The differenmtial settlement would thus be
small until the comsclidation is completed for the least
thickness of soft bay mud and then the thicker mud locatiomns
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would continue to settle resulting in differemtial settlement,
These curves in Figure No. 8-8 are for the soft bay mud only,
and ignore comsolidation of the uncompacted fill and the stiff
bay mud.

A comparison between the settlement platforms measuring
the total settlement of the roadway prism and the thecretical
settlement due to the soft mud are shown im Figures S-1 to
$-18and S-25 to S-34. The theoretical settlements are shown
for both the laboratory and field permeabilities, and assume
double drainage of the soft clay layer. The settlement rates
are for the case II as described on page 237, 1948 edition of
Fundamentals of Soil Mechanics, by Domald Taylor. The excess
hydrostatic pressure data indicate that case II generally
applies at Candlestick Cove, The time scale starts at the
completion of the roadway prism, The quantity of measured
settlement prior to the completiom of the roadway prism is
noted for each settlement platform. Three assumptions are
made in comparing the measured settlements and theoretical
settlements: (a) that no consolidation of the soft mud occurred
in the time interval between the placing of the working platform
and the placing of the roadway prism, (b) that comsolidation
of the uncompacted fill is completed by the time the roadway
£fi11l was completed, and (c) consclidation of the stiff bay mud
can be ignored, None of the above assumptions is completely
valid, The uncompacted fill and stiff bay mud consolidation
will be discussed separately. There was some consolidation
of the soft bay mud prior to the placing of the roadway prism.
The piezometers indicate that this was a very small amount,
probably less than one-half of a foot, depending on the time
between completion of the working platform and the placing
of the roadway prism. The settlement platforms are in agree-
ment and indicate that less than 0.3 feet of settlement
occurred prior to the start of the roadway prism. The con-
solidation of the soft mud during the placing of the roadway
prism was assumed to be small enough to be ignored, and this
was confirmed by the rise in excess hydrostatic pressure
equal to the weight of the fill placed. The s?ttlement
platforms showed considerable settlement, but it was assumed
that this primarily represented comsolidation of the uncompacted
£111 and any plastic flow of the soft mud that may have occurred,

The measured settlements indicate that the roadway prism
is settling at approximately the rate which is indicated by
the theoretical curves for the soft bay mud. However, where
the theoretical curves indicate that the consolidation process
should be completed for the soft bay mud, the measured
settlements continue along the same straight line on the
semi-log plots and are mow larger than the estimated ultimate
cettlement of the soft bay mud at several locations., 1t was
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realized that the bottom of the fill was omnly located at a
small point within ome foot + accuracy, and that the bottom
of the soft mud is subject to considerable imaccuracy. The
settlement platforms imclude settlement that may be due to
plastic flow which would increase the quantity of recorded
settlement,

In the second unit data are available to determine the
settlement due to each of three soil layers below the road-
way prism. See Figures S$-19 to S-24, The indications: are,
in the second unit, that from one to ome and ome-half foot
of the total settlement after completion of the roadway prism
is due to comsolidation of the uncompacted £ill and the stiff
bay mud. The measured settlement using the settlement plat-
forms at the top and bottom of the soft mud, is shown on the
Figures $~19 to S-24 along with the theoretical rate of
settlement, The measured settlements of the soft bay mud
indicate that the rate of settlement of the soft mud is
proceeding at a rate equal to or less than that indicated
by the theoretical studies. At Station 50+00 and 53+00 there
are indications that the consolidation of the soft mud may be
nearing completiom. At several locatiomns adjacent to near
total mud displacement, Stations 45, 50 and 53, 'the settle-
ment is occurring slower than the theoretical indicates.

The excess hydrostatic pressure readings were used to
calculate the amount of settlement at various times. These
settlement estimates are based upon the calculated ultimate
settlement of the soft bay mud layer and will reflect any
error in this value, The shape of the excess hydrostatic
pressure curves was assumed to follow the theoretical shape
with depth, with the pressure readings determining the
location of the curve. The percentage of the area under the
excess hydrostatic pressure curve to the total pressure
curve is the percentage settlement that had occurred on the
date of the readings, The excess hydrostatic pressure read-
ings indicate that the soft mud is following the theoretical
rate of conmsolidatiom.

Theoretical Rates of Comsolidation of the Uncompacted Fill

It was not possible to obtain in place samples of un-~
compacted f£ill; therefore, mo theoretical ultimate or rates
of settlements could be calculated, It was hoped that the
data from the second unit would establish a relatiomship be~-
tween the thickness of the umcompacted fill and the settle-
ment due to this layer. These data are very erratic and no
such relationship is apparent. It is apparent that the type
of £ill used is an important factor., Records wexre also kept
of the genmeral type of fill used at each locatiom; however,
the data are gemeral im mature, and it appears more specific
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records would be required to determime a relationship. The
uncompacted £ill where rocky borrow was used consistantly
indicated smaller settlement than where soll type borrow was
used, regardless of the thickness of uncompacted fill.

) The measured settlement of the uncompacted fill is shown
in Figures No. S-19 and S-24, The settlement due to the uncom~-
pacted fill has varied widely. The settlement which has
occurred since completion of the roadway prismvaries from 0.1
to 0.4 foot and is either completed or continusing at such a
slow rate as to be beyond the limits of error of measurement.

In June 1954 and July 1957 the outer casings were jacked
up on the settlement platforms at the bottom of the fill to
provide additional clearance between the settlement platform
and the bottom of the casing. The elevation of the top of the
settlement platform riser was noted before and after the casing
was raised with no movement noted. There is po indication that
the platform is following the movement of the roadway prism due
to friction against the riser at the slip joint or pushing
against the platform.

Theoretical Rates of Comsolidation of the Stiff Bay Mud

Settlements of the surface of the stiff bay mud was
measured at only four locations., Because of the very limited
data only general tremds can be noted. The theoretical settle-
ments were calculated assuming double drainage even though the
stiff bay mud is underlain by the Franciscan formations. The
reason for this assumption is that extensive sand layers or
pockets exist in this stiff mud layer, and they probably pro-
vide some drainage.

The ultimate settlements of this layer are rather large,
being from two to five feet. The estimated theoretical rate
of settlement is very slow, with an estimated one to two
hundred years being required for its completiom. The theo-
retical rate of settlement of the stiff bay mud up to 10,000
days is shown in Figures No. $-35 to $-38.

The measured settlements for the stiff bay mud are also
shown on Figures No. $-35 to S8-38. The slope of the measured
settlement curve of the stiff bay mud was small after com-
pletion of the roadway prism and is now increasing and mow
indicates this settlement may be completed in about fifty
years. This increased slope of the settlement curve is probably
due to the existence of the sand beds located throughout this

layer.

A comparison of the rates of settlement of the surface of
the uncompacted fill and the stiff bay mud are shown in Table
No. IV. The body of the table represents the settlement due to
the uncompacted £ill and the soft bay mud remaining under the
£i1]1 after completiom of the roadway prism. Evidence from the
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second unit is that the rocky fill used in the third unit will
show very small settlement and may be of a magnitude of about
0.1 to 0.4 foot, The settlement platforms with continuous
readings within 500 feet of the settlement platform in the top
of the stiff mud only were used in this comparison. The
settlement platforms in the stiff mud are at Stations 55+,

69+, and 81+. At Stations 71, 81, 83, and 86 the borings indi-
cated five Teet or less of soft mud remains under the fill and
Table No. IV indicates from 0.4 to 1.1 feet of settlement has
occurred in the uncompacted fill and the soft bay mud. This
quantity of settlement has remained reasonably constant from

200 days after start of the rocadway prism to the present time,
The indication is that the settlement of the roadway prism is
resulting from comsolidation of the stiff bay mud at the above
locations. At Stations 61, 66, and 74 from 11 to 22 feet of
soft mud remains below the fill. At Station 61, 66, and 74
there has been between 1.6 and 2.6 feet of settlement within the
uncompacted fill and soft bay mud since completion of the roadway
prism. This appears to be a reasonmable amount of settlement due
to these two layers. There is no indication that this settlement
due to the soft bay mud and uncompacted fill is completed at the
present time, E

During July 1957 the three inch casing used in the platforms
at the top of the stiff mud layer were jacked up about one-half
foot., The immer pipe was checked with a level and no change in
elevation noted. It appears that the casing is not dragging down
the inmer pipe.

Remarks on Settlement of the Roadway Prism

As the roadway prism is a compacted fill of less than ten
feet thickness and under mno appreciable loading, only minor .
consolidation would be expected within this roadway prism. The
settlement of the surfaced roadway and the roadway prism are
assumed to be the same, and the settlement of the roadway prism
will indicate the settlement of the surfaced roadway. The
settlement of the roadway prism is dependent upon the three
layers underlying it,

Consolidation of the uncompacted fill progressed rapidly
during the placing of the roadway prism and now appears to be
essentially completed. The consolidation of the soft bay mud
started after completion of the roadway prism and the slope of
the log time settlement curve is large. The stiff bay mud
surface settled a small amount during construction and for a
short period after completion of the roadway prism and is now
settling at an increased slope on the semi-log plots. Settle-
ment of the roadway prism can be predicted only if all three

of these layers are considered.
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Where only a small mud displacement cccurred the principle
layer governing the settlement of the roadway prism after
congtruction is the soft mud layer. The settlement due to
consolidation of the stiff bay mud is small but due to its
increasing slope om the semi-log time settlement plots may
indicate an increasing slope on the semi~log plots for settle-
ment of the roadway prism.

Where total or mearly total mud displacement occurred the
principle layer governing the rate of settlement will be the
stiff mud layer. The assumption is made that the uncompacted
fill is no lomger comsolidating. At two locations in the
third unit, Stations 69 and 81, there are settlement platforms
at the surface of the stiff bay mud and at the surface of the
uncompacted f£ill where total mud displacement occurred. During
1957 the settlementsof these platforms indicated that the
surface of the uncompacted fill was closely following the
settlement due to the stiff bay mud,

With mud displacements between these two extremes an
irregular settlement pattern occurs, The settlement of the
roadway prism is dependent upon both the soft bay mud and the
stiff bay mud.

Considering all of the factors it appears that continual
settlement of the roadway prism at a constant slope on the
semi-log plots can be expected, Differential settlements will
probably be small in the next few years; then they can be
expected to increase. The settlements will continue at some
locations for the mext fifty years or more, with ultimate
settlement from ome to eight feet above those which existed

at the time of paving.
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CANDLESTICK COVE REPORT = PART VI

Excess Hydrostatic Pressure Readings

Installations

In the first unit four pilezometers were placed in the soft
mud underlying the uncompacted fill. One piezometer was placed
on centerline at Station 8400, one on centerline at Station
14400, and one 60 feet right of centerline at Station 14400,
and one 130 feet right of centerline at Station 14+00. One
piezometer was placed in the shale underlying the soft bay wud
at Station 9+00 on centerline, A piezometer was also placed
in the sand between the soft bay wmud and the stiff bay mud at
Station 11+00, 100 feet left of centerline. The piezometers
were installed using a one and one-half inch pipe with a plugged
end driven through the fill and into the soft mud to the
desired depth. A one and one-half inch diameter porous stone
one foot long was then pushed into the soft mud so that the top
of the porous stone was just below the bottom of the pipe. A
plastic tubing had been previously attached to the porous stone
and extended through the pipe. The space between the plastic
tubing and the pipe was sealed with compacted bentonite. Due
to the high excess hydrostatic pressures in the mud a gage had
to be connected to the top of the plastic tubing. When the road-
way prism was placed a one quarter inch copper tubing was used
to place the gage outside the roadway prism so that it would be
out of the contractors work area. See Figure No. P-l1l. Unfortunate-
ly, all of the plezometers in this unit became inoperative shortly
after placement of the roadway prism. The plastic tubing broke
near the lower end of the pipe, and electrolytic action destroyed
the copper line and fittings.

In the second unit twenty-two piezometers were installed and
all are operating at the present time. A two-inch galvanized pipe
with a plug on the lower end was driven through the fill so that
the lower end was five to ten feet above the desired location of
the piezometer. The porous stone with the attached plastic tubing
was then pushed past the lower end of the pipe to the desired
depth using hollow rods and a thin metal shield around the porous
stone to protect it. During these operations the soft mud flowed
into the pipe several feet and it was felt that with this mud
under such pressure a seal was forming between the soft bay mud
and the exposed plastic tubing. The two inch pipe was extended
through the roadway prism during the placing of this compacted
£fill and a gage assembly was used as in the first unit. A regular
bentonite seal was used between the two inch pipe and the plastic
tubing. See Figure No. P-1. After completion of grading opera-
tions the installations on centerline were lowered and the gages
placed in eight inch casing flush with the surface of the ground,
so that cars could pass over them. The pipes were left about five
feet above the ground level in the piezometer installations left of
centerline and boxes were attached to the pipe to house the gages.
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Excess Hydrostatic Pressure Readings in the First Unit

The piezometers, on centerline, in the soft mud underlying
the uncompacted £ill in the first unit indicated that little
consolidation occurred during the period between completion of
the working table and completion of the roadway prism. The
excess hydrostatic pressure decreased 0.05 to 0,10 tons per
square foot in the 60-day period, prior to the start of the
roadway prism. At the start of the roadway prism the excess
hydrostatic pressure reading at Station 8400 was 0.70 tons
per square foot under a loading of 0,75 tons per square foot,
When the roadway prism was completed an excess hydrostatic
pressure of 1.30 tons per square foot was recorded under a
loading of 1.35 tons per square foot. The piezoweter readings
indicate that very little consolidation occurred at Station 8+00
prior to completion of the roadway prism. The excess hydro-
static pressure at centerline of Station 14400 was 1.00 tons
per square foot prior to construction of the roadway prism under
a loading by the fill at Station 14400 of 0.70 tons per square
foot, The mud displacement at Stations 13400 and 15400 was
larger than at Station 14400 and evidently produced an effective
loading of about one ton per square foot at Sta. 14400, At the
completion of the roadway prism the excess hydrostatic pressure
was 1.95 tons per square foot with a fill loading of 1.65 tons
per square foot. The piezometer indicates that at Station 14+00
there was no appreciable consolidation of the soft mud prior to
completion of the roadway prism.

Shortly after completion of the roadway prism the piezometer
at Station 14+00 on centerline failed, leaving only the plezometer
at Station 8400 to record the centerline excess hydrostatic
pressure. The piezometer at Station 8+00 functioned for three
months after completion of the roadway prism before failing.
During this three-month period the excess hydrostatic pressure
dropped to 1.0 tons per square foot and followed approximately
a straight line on a semi-log plot.

A plezometer 60 feet right of centerline at Station 14+00
approximately below the shoulder line of the roadway prism was
one of the more successful installations. The excess hydrostatic
pressure at the start of the roadway prism was 1.35 tons per
square foot under a fill loading of 0.90 tons per square foot,

At the completion of the roadway prism an excess hydrostatic
ressure of 1.80 tons per square foot was recorded under a £il1l
loading of 1.65 tons per square foot. The indications are that
the entire increase in the centerline fill loading was not being
measured by this piezometer. The excess hydrostatic pressure
dropped to 1,05 tons per square foot six months after completion
of the roadway prism, and tended to follow a straight line on the

semi-log plot,

A piezometer 130 feet right of centerline at the edge of the
working table at Station 14+00 was read for a time, This installa-
tion was made just prior to the placing of the roadway prism, The
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recorded excess hydrostatic pressure at the start of the road-
way prism was 0.65 tons per square foot and 0,80 tons per square
foot at the end of the placing of the roadway prism. This in-
crease in excess hydrostatic pressure due to loading at a con-
siderable distance from the piezometer appears to be similar to
the high pressure observed at Station 14+00 on centerline. This
piezometer failed about a month after completion of the roadway
prism after indicating a slight decrease in excess hydrostatic
pressure,

The piezometer, placed in the weathered shale, at Station
9400 on centerline indicated an excess hydrostatic pressure of
0.10 tons per square foot. During the placing of the roadway
prism the excess hydrostatic pressure rose to 0.15 tons per
square foot and then dropped in two weeks to 0.10 tons per square
foot. This indicates that the weathered shale probably is pro-
viding drainage for the overlying soft bay mud.

The pilezometer in the clayey sand underlying the soft bay
mud 100 feet left of Station 11400 indicated an excess-hydro-
static pressure of 0.4 ton per square foot prior to placing
the roadway prism. During the placing of the roadway prism the
excess hydrostatic pressure rose to 0.9 ton per square foot,
After completion of the roadway prism the excess hydrostatic
pressure slowly decreased to 0.2 ton per. square foot in a six
months period, at which time the piezometer failed. The excess
hydrostatic pressure readings indicate that this sandy layer is
probably providing drainage for the soft bay mud.

Layout of the piezometers in the second unit

The piezometers in the second unit were laid out using the
results of the first unit as a guide, so as to obtain a half
cross-section of the excess hydrostatic pressure for every three
hundred feet of fill length. Due to the contractors truck traffic
pattern the cross-section was was made left of centerline. Where
abrupt changes of mud displacement occurred on centerline addi-
tional piezometers were installed. The following pattern was
followed in each cross-section;; one group of pilezometers on
centerline, one group of piezometers 75 to 80 feet left of center-
line, and one piezometer at about the back crest of the wud wave.
At Station 44400 additional piezometers were placed 130 feet and
320 feet left of centerline to develop a more complete cross-
section. Each group of piezometers consisted of one or more
piezometers at various elevations depending upon the amount of
soft mud remaining under the fill.

A total of four cross-sections were installed using a total
of twenty piezometers., Two additional piezometers were installed
in the sand to clayey sand layer between the stiff bay mud and the

soft bay mud,
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Excess Hydrostatic Pressure Variation with Time

Plots of excess hydrostatic pressure versus the logarithm
of time were prepared for each piezometer, Figures No. P-2 to
P-10, The time scale starts with the beginning of the placing
of the roadway prism. Prior to the placing of the roadway prism
a slight, less than 0.l ton per square foot, decrease in excess
hydrostatic pressure occurred. During the placing of the road-
way prism the load was increased 0.6 ton per square foot., This
increase in weight was reflected by a 0.5 to 0.6 tons per square
foot rise in the centerline excess hydrostatic pressure and
small, 0.1 to 0.2 ton per square foot rise 75 to 80 feet from
centerline, but with no noticeable effect under the wud wave.

After completion of the roadway prism the excess hydro-
static pressure at centerline decreased slowly from abouttwo tons
per square foot to about one ton per square foot at the present
time. The rate of decrease on the semi-log plot of excess hydro-
static pressure at centerline was fairly rapid for a short time
after completion of the roadway prism and is now proceeding at
a slower rate. During the final grading and paving operations,
of the second unit, the fill was raised one to two feet to bring
the roadway back to desired grade. The centerline piezometers
reflected this change in loading. There has been insufficient
time since paving to establish a rate of decrease on the semi-
log plot of excess hydrostatic pressure after completion of
paving. From the data available between completion of the
roadway prism and the time of paving it appears that three to
twenty-flve years will be required, at the various locations,
for completion of the consolidation of the soft bay mud,

The piezometers installed outside the toe of the roadway
prism, 75 to 80 feet left of centerline, showed less than 0.2
ton per square foot increase in excess hydrostatic pressure as
the roadway prism was placed. This represents about thirty per-
cent of the loading at centerline., This would indicate that the
uncompacted fill is not spreading the load of the roadway prism
and agrees with the cracking of the berm observed during construc-
tion of the roadway prism. The excess-hydrostatic pressure out-
side the roadway prism is decreasing at a slower rate on the semi-
log plots than at centerline. During placing of the roadway
excavation in the disposal area the excess hydrostatic pressure
rose about 0.2 ton per square foot under an increased loading of
0.25 ton per square foot.

The excess hydrostatic pressure below the mud wave is small,
about 0.5 ton per square foot. The placing of the roadway prism
and roadway excavation in the disposal area had no noticeable
effect upon this excess hydrostatic pressure. The decrease in
excess hydrostatic pressure below the mud wave has been very
small, 0.1 to 0,2 ton per square foot, and has been very erratic
due to tidal effects, The plezometers are subject to damage
during winter storms and are not expected to remain operational
more than a few years. The loading of the soft bay mud due to
the mud wave is about 0.2 ton persquare foot or less than one-half
of the excess hydrostatic pressure measured by the plezowmeters.
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The two piezometers placed in the sand to- clayey sand
layer between the soft bay mud and the stiff bay mud indicate
that about 0.2 ton per square foot excess hydrostatic pressure
exists in this layer. With this small constant pressure it is
felt that this sandy layer is providing bottom drainage for the
soft bay mud layer.

Variation of Excess Hydrostatic Pressure

The excess hydrostatic pressures in profile and cross-
section are shown in Figures No., P-11 to P-16. It may be noted
that the piezometers often indicate pressures that are in excess
of the loading due to the fill above the piezometers. The loading
at various points within one hundred feet of the piezometers were
investigated and it was found that the piezometers tended to
indicate the pressure within this distance. See Table No. V.

The indications are that the excess hydrostatic pressures are
being affected by the maximum mud displacement within a radius
of about 100 feet. The effect that this has is to result in a
fairly uniform excess hydrostatic pressure under the fill that
is not reflecting the extremes of the soft mud displacement.
The effect that this will have on the rate of settlement is un-
certain. However, it appears reasonable that the rate of con-
solidation on the semi-log plots of the soft bay wud in areas
of small wmud displacement may be slower than might have been
expected until the excess hydrostatic pressures below the areas
of large wud displacement have decreased to values compatible
with the loading of the small mud displacement areas.

Table No. V
Comparison of Excess Hydrostatic Pressures

and Increase in Loading Due to the Fill
(Readings on April 5, 1954)

Piezometer Excess hydrostatic. Fill loading in tons/sq.ft.
No. pressure Above Adjacent to
Tons/sq. ft. Piezometer Piezometer
1 1.80 1.55 1.90
2 1.60 1.00 1.55
3 1.05 0.65 1.55
4 0.80 0.75 1.55
5 0.50 0.20 0.75
6 1.25 1,25 Less than 1.25
7 1.55 1.25 Less than 1.25
8 1.15 0,65 1.25
9 1.20 0.65 1.25
10 0.45 0.25 0.65

This effect of loading at a considerable distance from the

piezometer would be expected of a highly stratified soil. Samples
that have been taken of the soft bay mud have shown no visible
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stratification, The shell layers are probably more pervious
than the soft bay mud; however, they are not extensive, and
none were located by borings, under the second unit. It is
surprising that the roadway prism did not show a greater
effect upon the piezometers 75 to 80 feet left of centerline
when this apparent horizontal transmission of excess hydro-
static pressure is considered.

Profile and Cross-sections of the Excess-Hydrostatic Pressures.

The centerline profile of the excess hydrostatic pressure
is shown in Figure No. P-16, To eliminate the effect of the
variation of excess hydrostatic pressures with depth the maxi-
mum pressures were calculated using theoretical equations. It
was assumed that both top and bottom drainage of the soft bay
mud occurred--that is, drainage occurred into the uncompacted
fill and into the sand to clayey sand. From the watex table
variation with tide it is evident that the uncompacted fill is
relatively pervious. Piezometers No., 21 & 22, in the sand to
clayey sand layer indicate a very small excess hydrostatic
pressure exists and the permeability tests indicate a pervious
soil. The value of the consolidation ratio (U, = 1-U/yi) was
determined from the excess hydrostatic pressure. Knowlng the
consolidation ratio and the location of the piezometer in re-
gard to thickness of the layer (defined as Z/H) the time factor
was calculated using equation 10.28 page 233, Fundamentals of
Soil Mechanics by D. W. Taylor. Assuming the time factor as
constant the consolidation ratio was calculated for various
values of Z/H and the curves plotted on Figures P-11 to P-15,
Where two piezometers were available both excess hydrostatic
readings were used in the solution of equation 10.28.

The profile of the excess hydrostatic pressure on center-
line at the completion of the roadway prism does not reflect
the increase in loading of the soft bay mud due to the fill.
At nearly all of the locations of the piezometers the excess
hydrostatic pressure was greater than the total loading of the
£fi11 at these points. Action of the fill, as a three-
dimensional body, is believed responsible for the high pressures
recorded by the piezometers. As the consolidation process has
ocourred the maximum excess hydrostatic pressure has decreased
at a variable rate. At Station 44 the maximum excess hydro-
static pressure has dropped from 2.4 to 0.8 tons per square foot
while at Station 45 the pressure has dropped from 2.0 to 0.9 tons
per square foot. In examining the rate of decrease in maximuw
excess hydrostatic pressure it wmay be noted that the pressure
at Station 44 dropped rapidly until the pressures at Stations 44
and 45 were about equal and have since been decreasing at about
the same rate., Station 44 has greater mud displacement than in
the area of Station 45, The displacement of the soft mud in the
oarea of Ctation 47 is fairly uniform, At this location the waxi-
mum excess hydrostatic pressure has decreased from 2,1 to 0.6 toms
per square foot at a nearly constant slope on the semi-log plot.
At Station 50 a small decrease in the maximum excess hydrostatic

ressure has occurred, .dropping from 2.4 to 1.6 tons per square
Eoot° The almost comélete disp%acement of soft mud at Station 49
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is apparently affecting the excess hydrostatic pressure at
Station 50. At Station 53 the displacement of the soft

mud is slightly larger, about 10 feet, on three sides. The
excess hydrostatic pressure was close to the loading due to
the fill at the completion of the roadway prism. The maxi-
mum excess hydrostatic pressure at Station 53 has been de-
creasing at a nearly uniform slope on the semi-log plot from
1.6 to 0.9 toms per square foot.

The measured settlement curve for the soft bay mud,
Figure No. $-20, for Station 44 indicate that complete the-~
oretical consolidation of the soft bay mud layer has now
occurred, .This consolidation occurred at approximately the
calculated theoretical rate. At Station 45, see Figure No.
§-21, the slope of measured settlement curve on the semi-log
plot of the soft bay mud was less than the theoretical slope
and now appears to be increasing. It appears that the slope
of settlement curve was close to the same for Stations 44 and
45 until the maximum excess hydrostatic pressures with depth
became close to the same value. The slopes of settlement
curves on the semi-log plot then diverged with Station 45
increasing its slope. This is probably due to existence of
15 feet of soft mud at Station 44 and 35 feet of soft wud at
Station 45, The settlement as determined by the excess hydro-
static pressure followed closely the calculated theoretical
and measured slopes of the settlement curves at Station 44
while at Station 45 the settlement as determined by the excess
hydrostatic pressure followed the calculated theoretical slope
very cl osely but does not agree with the measured settlement
curve. At Station 47 the measured settlement curve, see
Figure No. $-22, is proceeding at a smaller slope than
expected from the calculated theoretical settlement curve.
The slope of settlement curve as determined by the excess hydro-
static pressures are closely following the calculated theoretical
slope. It would be expected that the slope of the measured
settlement curve at Station 47 would follow the calculated the-
oretical slope very closely due to the relatively uniform mud
displacement in the area of Station 47, however, this is not
occurring. At Station 50+00 the slope of the measured settle-
ment curve is at a smaller slope than indicated by the calcula-
ted theoretical curve and the slope of settlement curve indi-
cated by the excess hydrostatic pressures closely follows the
calculated theoretical settlement curve, At Station 49 the
soft mud was displaced to a greater depth than at Station 50
which is a similar condition to Station 44 and 45, and similar
results were obtained, At Station 53 the slope of the measured
settlement curve is at a small slope when compared to the calcu-
lated theoretical slope and the excess hydrostatic pressures
indicate a slope close to tte theoretical slope. The conditions
at Station 53 are similar to the conditions at Station 47 and

eimilar results were obtained.

A study of the excess hydrostatic pressures and the weasured
settlement of the soft bay mud indicate that a bridging action
may be occurring in the £i1l. A bridgingaction in the £ill between
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Stgtions 44 and 45 is not surprising; however, for this
bridging action to extend several hundred feet is diffi-
cult to understand, The indications are that where large
soft bay wud displacement by the uncompacted fill was ob-
tained the consolidation of the soft bay mud is closely
following the calculated theoretical rate. At locations
where small soft bay mud displacement by the uncompacted
fill was obtained the excess hydrostatic pressure 1is closely
following the calculated theoretical rate of consolidation;
however, the measured vertical movement is occurring at a
slower rate than the theoretical, No satisfactory explana-
tion for this effect is known at this time., It is possible,
but not likely, that the estimated ultimate settlements of
the soft bay mud are grossly in error and are affecting the
theoretical rates. The results of the above conditions are
that the consolidation of the sof t bay mud is resulting in
settlement at an unexpected uniform rate and swall differ-
ential settlement has occurred to date. As to what will
happen in the future, no predictions can be made at the
present time from the excess hydrostatic pressure readings.

The half cross=-sections of the excess hydrostatic
pressure are shown in Figures No. P-1l to P-15. The top
portions show the variations of excess hydrostatic pressures
with depth at the locations of the piezometers. The lower
portion of the figures are a plot of the maximum excess-
hydrostatic pressure at various distances from centerline,

At Station 44400 the greatest displacement of the soft
mud occurred on centerline. The excess hydrostatic pressure
indicates that a lateral gradient exists to over 300 feet from
centerline. Ag the excess hydrostatic pressure has decreased
there has been a tendency for the pressure to equalize under
the fill. At Station 47+00 the half cross~-sections shows that
a very small mud displacement occurred 75 feet left of center-
1ine. On centerline there has been a rapid decrease in excess
hydrostatic pressure while at 75 feet left of centerline a very
small decrease of excess hydrostatic pressure has occurred.
The excess hydrostatic pressure on centerline is now 0.6 ton
per square foot and 75 feet left the pressure is now l.l1 tons
per square foot. This is similar to what has occurred on
centerline adjacent to large displacement areas. At Station
50400 about one-half of the mud was displaced on centerline
and the mud displacement decreased left of centerline., A
substantial lateral pressure gradient exists to the left of
centerline and has only slightly decreased. At Station 53+00
a ten-foot greater mud displacement 1s indicated 75 feet left
of centerline than on centerline, with 30 to 40 feet of mud
remaining at this cross-section. The excess hydrostatic
cross-section indicated relatively high and uniform pressure
under the fill and rapid decrease beyond the edge of the fill.




The half cross-sections of the excess hydrostatic pressures
are in close agreement with the centerline excess hydrostatic
pressures. These readings show a definite transfer of excess
pressure in a horizontal direction for distances as great as
200 to 300 feet. A high concentration of pressure at one point
may influence the pressure at other points where comparatively
small pressure would normally be expected. When this three-
dimensional effect is considered, the measuredexcess hydrostatic
pressures do not appear unreasonable.

The excess hydrostatic pressure measurements indicate that
a rapid decrease in pressure occurred in areas of large mud
displacement until the pressures were about equal to the pres-
sures below adjacent smaller wud displacement areas. Then the
two areas tended to have the excess hydrostatic pressures de-
crease at about the same rate, This effect appears to exist
over an area of two to three hundred feet and is not reflected
in the rate of consolidation, as measured by the vertical move-
ments, It appears that two actions may be occurring that are
affecting the settlement and excess hydrostatic measurements.
The excess hydrostatic pressures are being transferred in a
horizontal direction up to two hundred feet and the fill is
acting as an arch or bridge for a distance of 200 to 300 feet
in the locations of small mud displacement.




CANDLESTICK COVE - PART VII

Results and Conclusions

Stability

The primary object of the two test sections at Candlestick
Cove was to determine how to construct a stable fill across the
open water section of this road. It was found that a 200 foot
wide working table would successfully support the roadway prism
when the soft mud was displaced to elevation -20 or greater.
Attempts to obtain uniform mud displacement were unsuccessful so
a maximum mud displacement was used, This resulted in a £ill
with a variable thickness that had a varying amount of soft mud
remaining below the £ill.,

As the nose of the working table was advanced failures
would occur. From a study of these failures two type of move-
ment were found to occur: 1. (Shear Type) A rotary movement
where the fill would have a large drop at the crack and small
or no movement at the edge of the fill, 2. (Squeeze Type) The
drop would be uniform over the failed area with occasionally a
small horizontal movement occurring. The shear type failure was
the normal type of failure in the first and second units, Shear
circle analysis for the shear type faillure indicated that the
soft mud had an average shearing strength of 155 pounds per
square foot, On the few occasions that the fill was rapidly
advanced with small mud displacement the squeeze type failure
occurred. Stability analysis of the squeeze type failure indi-
cated shearing strengths of 200 to 300 pounds per square foot
for the soft mud.

The borings prior to construction indicated shearing
strengths of about 200 pounds per square foot at an elevation of -20
and increased with depth, In the shear type failures it appears
that considerable remolding occurred along the shear circles
reducing the strength of the soft mud, In the squeeze type
failures the soft mud a short distance below the fill was moved
horizontally with large remolding and vertical movement of the
£i11 ceased when the strength of the mud approached 200 pounds
per square foot. When the soft mud was displaced to elevation
220 to -30 the movement would cease, in the squeeze type failure,
with the fill becoming stable. A modified shear type failure
was associated with controlled placing of the fill. This type
of failure predominated in the third, fourth and fifth units.

A study of the failures resulting from displacing the mud
and from boring data indicated the strength of the soft mud
was reduced to about one-half its original strength when the
working table was completed, Within omne or two yegrs.the goft
bay mud regained its original strength and is continuing to
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increase as consolidation occurs., This increase in strength
of the soft mud will increase the stability of the fill.

A ten=foot high compacted £ill was placed on the working
table and constituted the roadway prism, The placing of the
roadway prism did not result in any shear failures. At five
locations there were indications that a plastic flow failure
occurred where the soft mud had been displaced to less than
elevation =20, At all locations where the soft mud had been
displaced to below elevation -20 the working table success-
fully supported the roadway prism. All indications are that
a stable fill has been successfully constructed. With the
increasing strength of the soft mud as consolidation occurs
the stability of the £fill will increase.

Settlements

The settlement of the roadway prism is dependent upon the
three layers underlying it. These soil layers have varying
degrees of compressibility, and are of varying thickness. The
roadway prism is underlain by the uncompacted fill. Below
the uncompacted £ill is the soft bay mud, varying from zero to
about 50 feet in thickness. A stiff bay mud layer underlies
the soft mud.

The uncompacted fill consolidated rapidly during the
placing of the roadway prism, and it now appears the consoli-
dation is complete.

The congolidation of the soft bay mud was small during
the placing of the roadway prism and then after construction
of the roadway prism increased its slope om the semi-log plots.
This layer will be the principle cause of differential
settlement due to the varying thickness of this soft mud
layer. The excess hydrostatic pressures indicate that bridging
action may exist in areas of small mud displacement adjacent
to an area of large mud displacement. The calculated
theoretical rates of settlement, for various depths of soft mud
displacement, indicate rhat the rate of settlement will be
approximately uniform regardless of the thickness of soft mud
remaining below the fill. When the settlement for very large
mud displacement is completed, the settlement of the areas of
small mud displacement will continue at their same rate, This
would then produce differential settlement. Due to the
bridging action of the fill the settlements have been fairly
uniform in areas of varying mud displacement.

Where total or nearly total mud displacement gccurred the
principle layer governing the rate of settlement will be the
stiff mud layer. The stiff mud layer appears to be increasing
its rate of consolidation on the semi-log plots at this time.
As the stiff mud layer underlies the entire area of the open
water Fill only minor differential settlement should result

from this layer.
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Continual settlement of the roadway prism at a constant
rate on the smi-log plots can be expected, and the rate may
be expected to vary from statiom to station, The differential
settlements will probably be small in the three to five years
after paving, and then they may be expected to increase
rapidly., The settlements will continue for the next fifty
years, with ultimate settlements to vary from one to eight
feet in excess of that which existed at time of paving.

Construction

The effects of many varisbles upon construction techniques
were studied. These studies were primarily upon the con-
struction of the working table, or uncompacted £fill, The work-
ing table was constructed by end dumping methods. This consisted
of placing the fill material as close to the edge of the fill
as practical and using a bulldozer to push the dirt over the
side. Sections of the working table would then fail and drop.
The contractor would then bring the failed area back to grade
and attempt co maintain the £ill at the required grade. These
failures resulted in a displacement of the soft bay mud by the
fill and a resulting mud wave.

The items that affect the displacement of the soft mud, by
the fill, can be placed in two classes: items that can be
controlled by man, and the items that cannot be controlled by
man., The controllable class include the shape of the nose,
rate of placing f£ill, type of £fi1l material, and the elevation
to which the working table is carried. The uncontrollable
class include the affect of the tide, strength of the bay mud,
and the extent of the mud wave.

The use of a wedge shaped nose, at about forty-five degrees
to centerline, effectively split the mud to about 100 feet from
centerline. Odd shaped noses used tended to build up mud waves
at various locations around the nose. The shape of the nose
tended to control the shape of the cross-section of the bottom
of the fill as determined by borings.

The desired rate of placing fill is that rate which will
maintain the top of the working table at the desired elevation
and still slowly advance the nose of the £ill, The minimum
requirement of 10,000 cubic yards per day appeared satisfactory.

The type of fill had an apparent affect upon the s?artigg
of a failure, Once a failure had started the type of £fill did
not appear to have any affect upon the rate at which failure

occurred.
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The elevation of the top of the working table is related
to the driving force in displacing the mud, The tide limited
the_elevation of the working table to above elevation +10.
During pericds when it was desired to increase the driving
force the elevation of the working table was raised at the
edge of the fill, the maximum elevation being +22. To keep
the mud moving it was found that the top of the working table
had to be three to five feet above the crest of the mud wave,

At low tide the fill would tend to fail and at high tide
the fill would tend to be stable. The weight of the water, at
high tide, acted to resist failure of the £ill by supporting
the mud wave. The tide drop that resulted in fill movement
was about three to filve feet.

The strength of the soft bay mud was reasconably uniform
in the area of the cpen water fill.

The mud wave acted as a berm or support for the £fill,
greatly increasing its resistance to failure. In the completed
fill section, with the roadway prism in place, stability
analysis indicated that the mud wave contributed about 30 per
cent of the resisting force. The tide had considerable affect
upon the height of the crest cof the mud wave., As the tide stage
rose the crest of the mud wave would build up as the failure of
the fill occurred. As the tide stage decreased the mud would
start failing within itself and tend to flow away from the £fill.
The quantity of displaced mud determined the extent of the mud
wave and the tides along with the strength of the mud in the
mud waves determined the height of the crest of the mud waves,

Mud blasting was used to prevent large build-up of the
crests of the mud waves, The blasting cof the mud wave was of
great value in '"liquefying" the mud or reducing the strength of
the soft mud., This enabled some degree of control of the
resisting force to fill failures by the mud wave.

As construction progressed it was learmed how to vary the
above items so as to obtain maximum mud displacement., This
was done by varying the controllable factors affecting the mud
displacement im such a manner so as to counteract the un-
controllable factors. A record of the yardage placed at each
station was kept so as to estimate the amount of mud displaced.
The major factor affecting the failures, and as a result
affecting the mud displacement, was the height of the crest of
the mud wave, The height of the crest of the mud wave was
partially determired by the tide, which cculd not be controlled.
The strength of the soft mud was therefore reduced by mud blast-
ing so that the mud wave would tend to flow away from the fill.
During period of high tide and/or high crests on the mud wave
the elevation of the top of the working table was raised. The
rate of advance of the nose of the fill was maintained between
ten and thirty feet per day to keep the mud moving. This method
of controlling the mud displacement was successful in obtaining
ninety per cent or greater mud displacement under the roadway

prism,
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ATTACHMENTS TO REPORT

Photographs

Plan, Profile and Cross-Sections
Failure Studies

Plots of Test Results

Settlement Plots

Excess Hydrostatic Pressures

Summary of Tests on Soil Samples




PHOTO NO. 1. Taken April 2, 1952, from top of cut at Candlestick
Point, General view of the long, narrow nose used at the start
of the lst unit.

PHOTO NO, 2. Aerophotograph of the lst unit taken October 30,
1952, Note variable widths of working table used, shape of the

nose, surcharged area, and extent of mud wave.
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PHOTO NO. 4. Aerophotograph taken Feb. 10, 1955, looking north,
Nose of the 3rd unit at Stationm 77+ and being advanced southward.
Note the way that the mud wave is failing within itself and shape
of the nose. Tide at about elevation +1.
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PHOTO NO. 7. Aerophotograph taken Feb. 1, 1956, looking north,
Grading operation at Sierra Point, start of fill at lower left
for the railroad realignment, working on equalizer structure,
Note 1ift on railroad fill to bring dropped area back to grader,
portion of railroad fill starting to float away laterally. Tide
at elevation +6.-




PHOTO NO. 8.
Showing railro

Aerophotograph tak
ad fill completed,

closure, Sierra Point cut comple

railroad £ill.

Tide at elevatio

en June 19, 1956, looking north.
open water fill approaching
ted. Note large mud wave from

n +5.
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Aerophotograph taken February, 1957, looking north.
1 completed and grading operations in progress.
e at south end of £i11, £ill placed in disposal
pumped at point marked X, Tide at ele-

PHOTO No. 9.
Open water fil

i Note large mud wav
area, suction dredge

vation +3.




PHOTO NO. 10. Aerophotograph taken June 25, 1957, looking north,
Paving of southbound lanes completed and work under way on north-

bound lanes, Note extent of garbage dump, mud waves. Tide at
elevation +8.




PHOTO NO. 11. Photo taken Jan, 4, 1954, from the nose looking
back at fill. Showing large amount (estimated at 5,000 cubic

Xards) of fill floating laterally away from the main fill.
bout Station 43+ on the right side.

PHOTO NO. 12. Photo taken March 25, 19?4. Nose breaking off at
Station 55+ and floating ahead of the fill.
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PHOTO NO. 13, Taken Dec. 30, 1953, at Station 43+ on left side.
Showing tendency of the fill to ride over the mud wave, Fill
width is 250 feet, elevation of fill +10, elevation of mud wave is
+13.5. Note the appearance of the mud wave surface. This type
of mud wave is common to shear type failures.




PHOTO NO. 14, Taken March 25, 1954, Showing bottom and tail
dump equipment working on the nose. The cat to the left is about
on centerline,

PHOTO NO. 15. Taken December 3G, 1953,
equipment placed their loads at the edge of the fill.
narrow nose in advance of main fill.

showing how tail dump

Note long
Tide at elevation +6,
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PHOTO NO. 17. Taken March 25, 1954; cracking at Station Sh+,
Drop of about 10 feet on centerline. Note rocky nature of the
fill, how the bottom dump trucks had placed their load.

PHOTO NO. 18, Placing charges in the mud wave., Pipe with the
hose attached is to jet a hole in the mud., The pole the men
are handling is to push the charge into the hole. A charge
made up ready for placing is on the foreground.
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PHOTO NO. 19. Taken Feb. 24, 1954, from the haul road looking
north, Note mud wave build up at Station 39+. The mud was
pushed up during fill movement and would then break off and

flow away from fill. The pear vertical face is six feet high

and the crest is almost flat for 30 feet, This is a typical
shear type failure.

PHOTO NO. 20. Taken April 29, 1952.

Station 8+, Note the appearance of the mud wave in a typical
squeeze type failure. Note the rock being carried over the
mud wave by the movement or flow of the mud.

Mud wave to the left at

L .
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PHOTO NO. 21. Taken April 29, 1952, Mud wave in a typical
squeeze type failure, Note the smooth appearance of the mud
wave, Photo No. 20 was taken in a.,m., when the block on
concrete was at the crest of the mud wave, Photo No., 21 was
taken in p.m, when concrete block had moved to backside of

mud wave,
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PHOTO NO, 22, Taken April 3, 1954, showing the typical crack-
ing parallel to centerline during the construction of the road-
way prism,
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PHOTO NO. 23. Piezometer set up to run field permeability
Gages were later placed in box attached to the pipes.

test,
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PHOTO NO., 24, Pilezometer installation completed. The gages are
in the box attached to the pipes. A riser type settlement plat-~
form is on the right side of the photo,

v

PHOTO NO. 25. A completed settlement and piezometer installation
on centerline at completion of the work.
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PLAN, PROFILE, AND CROSS-SECTIONS

Unit
First
Second
Third
Fourth
Fifth

Stations

6+00
37+00
57400
15400
107+00

to
to
to
to

to

18+00
57+00
106+00
40+00
120+00

No., of

Sheets

N PN W




FAILURE STUDIES

Subject

Movement of Hubs
Shear Circle for Actual Failure
Critical Shear Circles

Mud Wave Profiles

Plates

F-1, F-4, F-7, F-10,
F-13

F"z, F-s, F-s, F"ll,
F-14

F"3, F-6, F-g’ F"lz,
F-15

MW-1, MW-2
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PLOTS OF THE TEST RESULTS

Description

Moisture Comparisons
Strength Comparisons

Triaxial Test Plots
Consolidation Test Plots
Preliminary Test Borings
First Unit - Borings, about
one year after completion

Second Unit - Borings, about
one month after completion

First Unit - Borings, about
four and one-half years
after completion

Second Unit - Borings, about
two and one-half years
after completion

Preconsolidation Pressures

b-35,

D-40,
D-44,

D-17, D-18, D-19,
D-21, D-22, D-23

D-27
D-29, D-30, D-31,
D-33
D-37

D-36, D-38, D-39

D-41, D-42, D-43,
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