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to model the most critical section of the embank-
ment., Because the new apron deck joins the existing
apron at an angle, the relative locations of the new
and old aprons change throughout the site. Fiqure 3
shows the profile at the intersection between the
existing apron and embankment and the new apron and
embankment. At the intersection, a limited amount
of 8ilt beneath the f£fill could be dredged without
disturbing old terminal 46 f£ill, and a minimum
thickness of new fill could be placed over the silt
‘and still ‘allow for the required draft clearance.
Also shown in Fiqure 3 is a stabilizing berm out-
board of the new embankment. The stability analysis
indicated that this stabilizing berm must be in-
cluded to attain acceptable stability for final con-
ditions under earthquake loading.

Barly in the design it became obvious that the
behavior (pore pressures and lateral movements) of
the loose silt layer during construction was crit-
ical to embankment stability. Pore-pressure in-
creases during new embankment construction c¢ould
critically decrease the stability of old terminal 46
fill. Also, the driving of displacement piles
through the new embankment and into the loose silt
layer would induce excess pore pressures that could
critically decrease the safety of the new embank-
ment. In order to proceed with the construction as
designed, the decision was made to monitor the be-
havior of the silt layer and the embankment during
the construction by means of geotechnical instrumen-
tation.

To determine the effect of pore-pressure in-
creagses on embankment stability, two construction
stages were analyzed: .(a) building of the new em
bankment and (b) pile driving through the new em-
bankment. During the analysis, excess pore pres-
sures in the silt layer were imposed, which reduced
the previously calculated safety factors.

Two warning levels (yellow and red) were estab-
lished to help evaluate the observed excess pore
pressure during each construction stage. The yellow
warning level was defined as the excess pore pres-
sure that decreased the safety factor to 1.0 when
using an effective friction angle of 20° for the
s8ilt. The red warning level was defined as excess

pore pressure that decreased the safety factor to.

1.0 when using an effective friction angle of 26°
(the lowest laboratory test result) for the silt.
The excess pore pressures for these construction
stages and warning levels are given in the table
below:

Pore Pressure (psi)

Construction Stage Yellow Level Red Level

During new embankment 2.5 4.0
construction

Dur ing pile driving 13.0 15.0

when excess pore pressure was below the yellow
level, no extra caution was necessary in the con-
struction procedure. Excess pressures between the
yellow and red warning levels indicated use of cau~
tionary measures,- such as increasing the frequency
of the monitoring of the instruments and the rigor
of inspection and caution. Pressures above the red
warning level required that the construction in that
area be halted, or possibly relocated, until the
pore pressures dissipated to below the red level.

In addition to pore-pressure measurements, lat-
eral movements were monitored to aid the subjective
judgment of the engineers, No specific limits were
established for the observed lateral movements. If
pore pressures were between the yellow and red lev-
els but lateral movements did not occur, work con-
tinued, If lateral movements did occur, procedures
for conditions above the red level were warranted,
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even if the pore pressures stayed between the yellow
and red levels,

TYPES AND AMOUNT OF INSTRUMENTATION

Excess pore pressure was considered the most impor-
tant factor contributing to possible embankment in-
stability. Therefore, the piezometer was the main
instrument for construction control. A piezometer,
however, monitors the pore pressures at onhly one
point and may not indicate pore pressures over the
entire soil mass, For example, local zones of high
values might not be representative of the whole, and
important areas of excessive pore pressures might
not be measured. Therefore, slope inclinometers
were installed to provide information on the large-
scale effect of construction procedures on the en-
tire soil mass.

The piezometers used for the project were Petur
Model P-102 Wellpoint. The inclinometers were Slope
Indicator Company Model 50325 Digitilt. The instru-
ments were installed in three phases during con-
struction to accommodate the various conditions at
the site. A total of 36 piezometers and 7 incli-
nometers was used. Figure 4 shows the location of
the instruments., Figure 5 shows the approximate
depths of the instruments in cross section.

In October 1979, 26 piezometers and 4 slope in-
clinometers were installed for phase A at old ter-
minal 46 before its demolition., These instruments
were - used to monitor the embankment during the
dredging operation and subsequent filling.

Figure 4. | plan. @)
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Phase B instrumentation, which was installed in
March 1980, consisted of six piezometers and three
slope inclinometers at three locations behind the
new sheet pile wall, These instruments were in-
stalled at a distance greater than 30 ft from the
nearest pile-driving area to monitor overall stabil-
ity during pile driving.

Phase C instrumentation was installed in May 1980
and consisted of four piezometers, These instru~
ments were installed adjacent to the pile-driving
operation {each within 10 ft of a pile location) to
monitor local pore-pressure increases during driv-
ing. Figure 6 shows the detailed location of phase
C piezometers in relation to pile locations.

PRACTICAL PROBLEMS ASSOCIATED WITH USE OF
GEOTECHNICAL INSTRUMENTATION

fEd. note: This section is a general review of the
problems of geotechnical instrumentation, which the
authors felt was relevant not only to this project
" but also to any project in which instrumentation is
needed.] .

The practical problems of using geotechnical in-
strumentation must be considered early in the design
process., The most important and easily overlooked
problems are almost always associated with the
people working on a project. The attitudes of own-
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N
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PHASE B AND C INSTRUMENTATION

ers, contractors, and field staff toward instrumen-
tation are critical to proper operation and protec-
tion of the instruments.

Owners often think of instrumentation projects as
research projects that have no direct cost bene~
fits. Also, because they have been successful on
other jobs without instrumentation, owners do not
want to use it on their production-~oriented proj-
ects. The designer must budget time and money to
explain to the owner the technical reasons for, and
cost-saving advantages of, instrumentation.

Contractors® opinions of instrumentation are
often that it is a nuisance and a hindrance. Many
times the contractor is indifferent to protection. of
the instruments from accidental destruction. Care
must be taken to inform the contractor of the pur-
pose and manner of use of the instrumentation to
ensure his or her full cooperation and to show that
the results can also be a benefit. 1In addition,
strong wording must be included in the contract doc~
uments to provide an incentive for protection. Re-
placement clauses must be enforced from the start of
the job. BEven with a strongly worded contract, the
design must provide for redundant jinstruments so
that, when some of the instruments are destroyed or
malfunction, enough remain to do the job.

Finally, the method of data gathering and report-
ing must be thoroughly planned and tested before the
start ‘of the project so that the data can be used
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quickly and efficiently. It is most important to
have field staff who are willing, alert, ayxd com-
petent.

RESULTS OF PORE-PRESSURE MONITORING

Instrumentation Calibration

After each installation phase and before any con-
struction work, the piezometers were monitored to
develop initial sets of control data. Each piez-
ometer was wmonitored hourly over an approximately
two-day period so that a normal pressure (in pounds
per sgquare inch) versus: tide elevation (in feet)
curve could be established. The difference between
the normal pressure at a given tide elevation and
the reading during the construction for the same

ELLIOTT BAY
20° TYPICAL

Figure 6. Piszometer locations {phase C).
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tide level was considered the excess pressure caused
by construction. These data were unique for each
piezometer.

Results of Phase A

Only minor increases in pore pressure were observed
during the dredging operation (Octcber and Novewber
1979). These small increases did not approach the
yellow level, Figure 7 shows the pore pressures
observed at old bent 40 (Figure 4) during the fill-
ing operation. Filling began at the south end of
the new embankment while dredging was being com-
pleted at the north,

The filling was accomplished by dumping from a
bottom-dump barge at a rate of approximately 2000
tons of £ill per dump. When a barge dumped close to
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Figure 8. Instrument A pore-pressure increase during pile driving (phase c).
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a piezometer, the pressures typically rose and then
dissipated during the next 1-2 h if no additional
dumps were made in the vicinity. Piezometer 40AU on
day 14 (Figure 7) showed the accumulated effect of
geveral successive dumps close to its location.
Coincidentally, this piezometer was destroyed
shortly after this reading.

All observations indicated that the induced pore
pressures were below the yellow warning level. By
mid-December, the remaining phase A piezometers were
destroyed during demolition of the old apron,
thereby preventing additional monitoring of the
dredging and £illing operations.

Results of Phase B

Wwith few exceptions, pore pressures observed in
phase B piezometers were below the yellow warning
level. Detailed data from these instruments have

not been included in this paper.

Results of Phase C

Figure 8 presents pore-pressure data taken from
piezometer A of phase C during the pile-driving op-
erations. Two separate sets of data are shown on
each graph to give the relation among increase in
excess pressure, distance from driven pile to piez-
ometer location, and time., The first set of data
(connected by the line) shows excess pore pressure

EXCESS PRESSURE
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(left ordinate) as a function of time (abscissa).
The second set of data (hexagons) shows the distance
from the driven pile (right ordinate) as a function
of time.

Graph A of Figure 8 shows the relation .between
pile-driving distance and pore pressure. Piles
driven more than 50 ft away did not significantly
affect the pressures. However, as pile driving
moved to within 15 ft, pressure increases were
noticeable, and a pile driven within 5 £t caused
‘sharp increases. Pore pressures dissipated rapidly
after the sharp increase and increased again as the
final pile for the day was driven 25 ft away. Dis-
sipation occurred when no piles were dr iven nearby.

Graph B of Figure 8 shows the results of driving
four successive piles within 12 ft of piezometer A.
Results were cumulative, in that each pile caused an
increase in pressure followed by a slight dissipa-
tion before the driving of the next pile. Each ad-
ditional pile caused the same effect, which resulted
in pressures above the yellow level; however, dissi-
pation occurred overnight.

Figure 9 presents data similar to Figure 8 for
three piezometers of phase C. At this time, the
contractor was driving 7-8 piles/day (one shift per
day). The data indicate that piles driven 20-30 ft
from the instruments increased the pore pressures to
the 10~ to l2-psi range. When pile driving came to
within 10 ft of a piezometer, the pressures in-
creased significantly and entered the red level.
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Figure 9. Pore pressures during pile driving {phase C}.
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The pressure decreased more slowly than during the puring pile driving, phase B piezometers, which

initial pile-driving observations (Figure 8).
RESULTS OF SLOPE INCLINOMETER MONITORING

The results of the phase A inclinometer monitoring
indicated no significant slope movement during the
dredging and filling operations; however, some in-
teresting results were recorded in phase B.

Pigure 10 presents data from one typical slope
inclinometer from phase B at station 4+25. No deep
stability problems were observed in the deep silt
layer, as shown by the small size and slow rate of
movement. In the upper 20-40 ft of fill, large hor-
izontal movements (about 5 in) and significant ac-
celeration of movements were observed during pile
driving within 50-60 ft of the inclinometer casing.
After pile driving had moved away from the vicinity
of the instrument location, the rate of movement
decreased.

DISCUSSION OF RESULTS

The dredging work did not cause any significant in-
crease in pore pressures nor any appreciable soil
movements. All of the dredging work, therefore, was
performed without changes in the construction tech-
nigues,

During f£illing, the observations indicated no in-
stability except when several dumps were concen—
trated in one area (Fiqure 7)., As a conhnsequence,
the continued dumping of fill was distributed over a
larger area to keep the pore-pressure increases low.

were located more than 30 ft from the nearest pile
location, registered only occasional pore pressures
above the yellow warning level. However, the phase
C piezometers, which were located near the pile lo-
cations, registered noticeable increases when piles
were driven within a distance of 15 ft (11 pile
diameters) of the instruments (Figures 8 and 9).
when piles were driven within a distance of 12 ft
(8.7 pile diameters), the accumulated pore pressures
in the silt rose above the yellow warning level.
Driving within a 10-ft distance (7.3 pile diameters)
caused pore pressures to rise above the red warning
level.

The indication in phase B piezometers that the
effect of pile driving in the silt was local and did
not extend beyond 30 ft (21.8 pile diameters) was
confirmed by the phase B inclinometer observations,
which showed only small movements in the silt layer
(Figure 10).

The horizontal movements in the new f£ill shown in
Figure 10 were considered a result of compaction of
the fill from the pile-driving vibrations, The
movements, although large, were not considered to
indicate instability of the embankment and confirm
the densification effect of driving displacement
piles into loose granular materials,

Because induced pore pressures were relatively
local and dissipated rapidly, and because no slope
movements were observed, the pile-driving work suf-
fered only minor disruptions. The results indicated
that no more than three piles were to be driven
within 30 ft of each other in a 24~h period. This
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Figure 10. Siope indicator movement (station 4425),

Transportation Research Record 884

WESTERLY MOVEMENT (INCHES}

»
-]
o

10
—

S SUBSEQUENT MOVEMENT

£ 40 - ~~—— MOVEMENT WHILE FOR PILE DRIVING
Y PILE DRIVING BEYOND 50 FEET
= WITHIN 50 FEET £ {102 DAYS)
£ {14 DAYS)
w g0 MOVEMENT OBSERVED
FOR PILE DRIVING FILL
BEYOND 50 FEET t
(51 DAYS)
w -
’ sILT
100
SAND
PILE DRIVING
WITHIN 50 FEET £
DEPTH 23 FEET {FILL)

MOVEMENT (INCHES)
w
'

DEPTH 61 FEET (FILL)

.....—.-.:malran.fwnn.is.ﬂz.......-.f.'...ﬁ..-................

DEPTH 91 FEET (SILF)™™

proved to be no hardship on the contractor and
caused the pore pressures to remain below the yellow
warning level for the remainder of the pile-driving
work,

CONCLUSIONS

The construction-control program enabled phase 3 of
the port development (new terminal 46) to be de-
signed and built for costs comparable with those for
phases 1 and 2. Close monitoring of the silt layer
allowed implementation of a design that had factors
of safety during construction that would have been
unsatisfactory without the use of instrumentation
data to control the construction sequence.

ACKNOWLEDGMENT

The project was designed by CH2M Rill and Bengt
Pellenius under contract to the Port of Seattle:
vern Lijungren, chief engineer; Eric Soderquist,
project manager; and Dean Poole, chief resident in-
spector. The piling and general contractor was
Manson Construction, Seattle, Washington: Gus
Lorenz, superintendent.

T T T T Y T T T T Ly T
30 40 60 60 70 B0 90 100 110 120 130
TIME {DAYS)



