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Dewatering Coffe rdam  fo r  the  T riden t Submarine D rydock

La V id a n g e  d 'u n  B a ta rd e a u  p o u r  I 'E n tre e  au  B a ss in  d e  S o u s -M a r in e  T r id e n t

J .B . FORREST R e se a rch  C iv il E n g in e e r, C iv il E n g in e e r in g  L a b o ra to ry , N a va l C o n s tru c tio n  B a tta lio n  C e n te r, P o rt H u e n e m e , CA

SYNOPSI S The de watering cofferdam for the Trident nuclear submarine drydock at Bangor, Washington presented many challenges. These

included water depths up to 25 m, artesian pressures 10 to 13 m above mean sea level, difficult pile driving conditions, and the potential for seismically 

induced liquefaction of the fill in the cofferdam cells. Design ground motions of 0.15 g dictated that fill densities exceed 75 percent density index. Deep 

compaction was achieved using a large vibratory probe. Inclinometer, strain gage, and optical survey measurements on sheet piles, and extensive piezo

metric data were obtained. Significant observations were (1) that deep cell compaction can markedly increase fill density without increasing lateral cell 

pressures unduly; and (2) maximum interlock tension may be well below the 1/4 height of exposed sheeting as often assumed in design.

I NTRODUCTI ON

The drydock for the Trident Nuclear Submarine is located on the 

Hood Canal at Bangor, Washington. Construction was carried out in 

two main phases. The first phase including site preparation, construc

tion of the dewatering cofferdam, and site dewatering is the subject of 

this paper.

Designers were Fay, Spofford and Thorndike Inc., of Boston, MA, 

with Haley and Aldrich, Inc. of Cambridge, MA as the geotechnical con

sultants. The contractor for this phase was Willamette-General-Manson, 

A Joint Venture out of Portland, OR.

SPECI AL FEATURES

This is a three sided facility, two sides of which are refit piers and 

the third side (parallel to shore) contains the drydock. (See Figure 1). 

The drydock site is directly over the terminus of an artesian aquifer 

with natural hydrostatic pressures of over 10 m above mean low low 

water (MLLW). This artesian pressure, environmental impact aspects of 

the site and facility economics, resulted in the selection of a gravity 

type drydock to be built in the dry. This necessitated the design and 

construction of a cofferdam structure to encircle the drydock site to 

allow dewatering. The depths of water necessitated the use of high 

strength steel sheet piles in the construction of the circular cell cof

ferdam. A typical cross section of the site is shown in Figure 2. Other 

problems encountered were hard material (cobbles) interferring with 

dredging, difficulty of driving sheet piling into the till, and the necessity 

for deep compaction of the cell fill materials because of the seismic 

liquefaction hazard.

SI TE DESCRI PTI ON 

S o i l  Pr o f i l e

The major soil strata at the drydock site are a thin recent alluvium 

underlain by a moderately thick till layer which in turn is underlain by 

a deep sand and gravel aquifer.

The recent alluvium consists of very loose to medium dense sands 

and gravels containing traces of shell fragments and silt.

The till is a medium dense to very dense, silty coarse to fine sand 

with a relatively low permeability.

The sand and gravel aquifer consists of interbedded, medium dense 

to very dense, sands and gravels, with occasional lenses of silt. These 

latter two strata are heavily precompressed, and exhibit high internal 

friction and low compressibility.

The directional artesian aquifer vents to the Hood Canal seaward 

of the site.
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Figure 2. Typical cross-section through Cofferdam (dimensions in meters).

Artesian Heads

Piezometric heads in the aquifer ranged from approximately 9 m 

to 12 m above mean low low water (MLLW). Preliminary pumping 

tests indicated that moderate pumping could achieve significant pres

sure relief in the aquifer throughout the refit delta area. The test data 

disclosed that the aquifer exhibits an overall average permeability cor

responding to that of very fine sand.

Because of the high artesian pressures in the aquifer under the 

drydock site, it was not feasible to dredge the bottom materials until 

the artesian pressure had been reduced by an amount approximating 

the submerged weight of the material being removed. If dredging had 

been undertaken without properly reducing the artesian pressure, large 

upward gradients could have loosened the in-situ underlying soils and 

made them unsuitable to support the drydock.

Since it was not feasible to provide a drydock having sufficient 

weight to offset the total combined weight of the excavated soils and 

the water displaced by the drydock it is necessary to permanently 

maintain the artesian pressures at a reduced level.

Seismic Analysis

The drydock is located in an area of moderate seismic activity. A 

seismic risk analysis (Ref 2) indicated there is a 30% possibility of an 

effective peak ground surface acceleration of 0.15 g. The average re

turn period of 0.15 g acceleration is roughly 133 years. This accelera

tion level is expected to result from earthquakes having focal depths of 

less than 25 kilometers; however, recent experience in the Puget Sound 

area has been that of deeper earthquake sources. The 0.15 g level with 

an amplification factor of 1.33 was assumed for purposes of design of 

the cofferdam.

COFFERDAM CONSTRUCTION

Construction procedures included the following:

(1) Install deep wells to reduce artesian acquifer pressures 

to approximately MLLW elev.

(2) Dredge any soft materials existing at the site. Because 

steel sheet piling could not significantly penetrate the dense till, some 

of this material had to be removed in places.

(3) Place templates, construct the cellular cofferdam and 

place granular fill to elevation 5 m MLLW.

(4) Densify the fill using a vibratory probe.

(5) Backfill cut areas adjacent to the cofferdam and build an 

outside semi-previous berm to reduce seepage.

(6) Construct wells and place pumps through the cell fills 

into the aquifer, and inside the cells and arcs.

(7) Dewater cofferdam, while pumping as required from 

deep and shallow wells.

Me a s u r e me n t s

In order to monitor performance during construction, inclino

meter casings were afixed to several sheet piles, and vibrating wire strain 

gages were installed at numerous elevations. IRAD Model M-5B vibrat

ing wire strain gages were installed on several cells at various elevations 

between the dredge line and mean tide level. Strain gauges are installed 

on two sheets in cell 8, and five sheets in cell 5, see Figure 3. As shown 

in Figure 3, a strain gauge is mounted on the inside and outside of the 

sheet pile at each instrumented position. At some levels, two sets of 

two gauges each were installed for a total of four gauges at that level.

In addition, extensive piezometer readings were taken, both during 

compaction of the cofferdam cells, and during cofferdam dewatering 

and pumping tests. Other controls included optical survey measure

ments and diver inspections.
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Figure 3. Strain gage installations.

Pile Driving

Because of the water depths at the site, overturning considerations 

required cofferdam cell diameters of about 23 m. The large bursting 

stresses generated by cells of these dimensions necessitated use of high 

strength steel sheet piles.

Sheet pile material conformed to ASTM A572 Grade 50, with a 

minimum yield strength of 345,000 kpa. U.S. Steel PS x 32 Sheet Piles 

were used with 40 degree, 555 N per lineal meter (38 lb per lineal foot) 

extended wye sections for the cell-arc connections.

124



1/19

The sheet piles have a 11.51 mm web thickness and weigh 657 N 

per m (45 lb per lineal foot). Minimum interlock strength is specified 

as 408,650 N per m. Pile tips were generally driven to a resistance of 4 

blows per cm (10 blows per inch) using a McKiertanTerry Model 1083 

double acting steam hammer with a rated energy of 17,800 joules 

(13,150 ft-lb) at 105 blows per minute. Space Imitations prohibit 

reporting pile penetration details, herein. As an example, sheet pile 

penetrations for cell 8 were about 1.3 m, with tip elevations at about 

-23 m.

Ce l l  Co mp a c t i o n

Because of the potential for earthquake induced soil liquefaction 

within the cofferdam cells and arcs, compaction of the granular fill was 

carried out following placement.

Fill material was placed beneath the water surface in the coffer

dam cells and arcs by a clamshell, and then compacted by means of a 

vibratory probe. Probing patterns and procedures were developed by 

experiment to insure final in situ fill density indexes, I j  in excess of 

75 percent (ASTM D2049).

Experimental probe placement patterns used, varied from 3 to

6 m spacings. Probe location was controlled by survey techniques, 

but verticality of the probe was monitored by visual inspection. The 

probe measured 51 cm in diameter and was 30 m long. It generated 

120 kg-cm horizontal thrust with a centrifugal force of 4 tons and 

variable 15,000 - 25,000 kg-cm vertically with a centrifugal force of 65 

to 100 tons.

The compaction procedure was as follows;

(1) Position and insert probe using crane (probe is equipped 

with water jetting capability to aid insertion where required).

(2) Probe fill to just above dredge depth, making sure no 

jetting is conducted near the till foundation, and vibrate approximately

5 minutes.

(3) Compaction procedure consists of raising the probe 

1.8 m, and vibrating for approximately 20 seconds and lowering it 

0.9 m for an additional 20 seconds. The cycle is repeated until the 

probe has been raised 6.4 m, then permitted to repenetrate until it 

meets resistance. This process is repeated at the 13m height above the 

dredge line and again at the surface, until the probe leturns to the sur

face the second time.

MEASURED DATA 

Fi l l  Ma t e r i a l s

Only minimal results from the extensive data acquired can be pre

sented herein. Figure 4 shows a typical grain size distribution (from a 

sample taken from Arc 2-3).

Space limitations do not permit reporting of piezometric data, 

neverless, very large pore pressures were generated in the vicinity of the 

probe. It was clear the soil fill material near the probe tip liquefied 

during compaction.

Density determinations following probe compactions in Cell 8 are 

shown in Figure 5. These density determinations are based upon stan

dard penetration test correlations with relative density (Ref 1). The es

timated unit weights of the cell fill material at Cells 5 and 8 (instru

mented cells) are summarized in Table 1. Unit weights were calculated 

for before and after probe compaction of the cells.

Size

Number of Mesh Per 

of Opening in Inches Inch, U.S. Standard Grain Size in mm

Density Index, Ip  (%)

60 70 80 90

Figure 5. Density Index following probe compaction, Cell 8.

Table I. Estimated Fill Unit Weights at Instrumented Cells 5 and 8

Cell Condition

Before 

Compaction 

Full Depth

After Compaction

0 10.5 m 10.5 -20  m

Id 7 1(%) (kN/m3)
Id

(%)

7
kN/m3)

Id
(%)

7
(kN/m3)

5 Saturated 50 21.0 80 22.3 21.8

Moist 50 19.9 80 21.5 70 21.1

Buoyant 50 10.9 80 12.2 11.9

8 Saturated 50 20.7 88 21.6 21.3

Moist 50 19.6 88 20.8 76 20.4

Buoyant 50 10.6 88 11.6 11.3
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Op t i c a l  S u r v e y s  a n d  I n c l i n o me t e r  Da t a

Vertical and horizontal sheet pile movements as determined by 

optical survey during dewatering were about 1 cm and 8 cm, respec

tively.

Inclinometer casings were installed along the inner faces of several 

steel piles and protected by enclosing angles which were welded over 

them. Figure 6 shows inclinometer results during dewatering for Cell 5.

Cell 5 Cell 5

Interlock Tension Before Cell Compaction Interlock Tension A fter Cell Compaction

I - 5 - W 

O utboard Inclinometer 

Eastward Defl., (in.) -*•

1 -5  -E  
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Eastward Defl., (in.) -
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5

(20)

(30)

10

: (40)

£  15 
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' a J /

Pool Elev. 

Date (m)

p f  ©  0.0 16 May

a /  0  -3.1 25 May

J A -9.0 29 Jan

V -12.0 17 July

0 5 10 0 5 10

Eastward Defl., cm Eastward Defl., cm -*•

Figure 6. Inclinometer data for Cell 5.

L a t e r a l  S t r e s s e s

Profiles of sheet pile interlock tension based on the strain gage 

measurements for Cell 5 are shown in Figure 7. These results are repre

sentative of stabilized soil conditions before and after vibratory probe 

compaction during relatively low tide conditions when interlock ten

sions were near maximum.

Data shown are for measurements from sheet piles on the main in

board and outboard exposed arcs of the cells (main sheets) as well as 

the instrumented sheet piles on the common walls located two sheet 

piles in from the wye connections. The upper and lower limit curves 

correspond to data from the main sheet piles.

The interlock tension near the dredge line as estimated between 

measurement points is shown by dashed lines.

Detailed interlock tension measured during dewatering of the cof

ferdam cannot be shown herein. As an example of this response con

sider level C at Cell 8. Here interlock forces increased by about 3 

kN/cm during the first 6 or 7 meters of pool lowerings and thereafter 

maintained relatively constant values.
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Figure 7. Interlock tension in Cell 5.

OBSERVATIONS

Values of the coefficient of lateral soil pressure. Kj j , were back- 

figured from profiles of interlock tension measured for cells 5 and 8 

using the cell fill unit weight data shown in Table I. Estimated values 

of Kpi are summarized in Table II.

Table II. Estimated Coefficient of Lateral Soil Pressure at 

Instrumented Cells 5 and 8

Location
Elevarion

(m)

Coefficient of Lateral Pressure, Kh

Before Cell 

Compaction

After Cell 

Compaction

Low

Limit

Upper

Limit

Low

Limit

Upper

Limit

Cell 5 0 0.18 0.50 0.16 0.39
-6 0.26 0.45 0.31 0.44

-12 0.29 0.42 0.37 0.47

Cell 8 0 0.23 0,28 0.13 0.33
-6 0.22 0.28 0.22 0.39

-12 0.2 3 0.28 0.26 0.42

Calculations were made for the upper and lower limit profiles of 

interlock tension for conditions both before and after compaction. 

Interpretation of the strain gauge data indicates that the point of 

maximum interlock tension may be lower than the H/4 point (one 

quarter of the cofferdam height above the dredge line) often assumed in 

design. Although insufficient data exist to make a precise determi

nation, it appears that the point of maximum interlock tension is 

located about 10 feet above the dredge bottom.

Although deep cell compaction markedly increased fill density 

it did not produce average lateral soil pressure ratios as high as 50 

percent.
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