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1. EXECUTIVE SUMMARY 

The Haines Borough has commissioned this report to document results of a structural assessment of the 

Lutak Dock located in Haines, AK.  The effort was directed to reviewing existing documentation for both 

maintenance and repairs, and to determine the probable remaining service life under static (non‐

seismic), and seismic conditions.  This structural assessment has been based on the guidance established 

by the United States Army Corps of Engineers (USACE) for cellular structures as identified in manual EM 

1110‐2‐2503 “Design of Sheet Pile Cellular Structures, Cofferdams and Retaining Structures”.   

Notwithstanding the maintenance and repairs/modifications to the structure since the original USACE 

design and construction in 1953, it is the opinion of PND Engineers, Inc. (PND) that the structure has 

reached the end of credible 60‐year service life.  Further utilization is effectively on “borrowed time.”    

The presence of sink holes in the working surface of the structure is consistent with loss of fill arising 

through observable gaps between the main cells and the Z‐sheet pile sections utilized for repairs.  Per 

Ref. #4,   this repair work is assumed to have been completed around 2003.  It could be argued that 

these gaps and material loss can be repaired by re‐sealing/backfilling the closure arcs.   

A source of significant risk to the structure arises from failure of the “tee” connection between the 

lower closure arc(s), and main arcs themselves.   This risk is in addition to the damage at 5 of 11 closure 

arcs that arose after the 2002 repair, and the splitting failure at Closure Arc 7.5.  Other structural 

weaknesses were revealed in this assessment though none as historically troublesome as the welded 

connection between the main cell and the closure arc.  In 1965 the connection detail utilized for the 

original Lutak Dock was specifically prohibited by the USACE after a series of arc connection failures on 

temporary cellular structures utilized on the island river system.  Given the USACE design background, 

the current corrosion loss, and the results of this assessment, it is the view of PND that failure conditions 

exist at all other closure arcs.   

Notwithstanding the strong evidence of distress at closure arcs, the results of this assessment 

demonstrate that the Lutak Dock does not meet current USACE minimum factors of safety for cellular 

structures for the classic failure mode of vertical shear under the conditions of dead load plus operating 

live load, and for dead load plus phreatic water pressure.  While it can be said that absent the failure of 

Closure Arc 7.5 the structure has remained serviceable, the calculations by PND demonstrate that the 

facility is “near the edges” and that in our view it is prudent to begin the process to replace the structure 

to meet current minimum standards under operating conditions and potential seismic loading.   

The seismic forces arising in Haines are modest, and the structure meets USACE critera for low intensity 

earthquake with ground acceleration of .072g (50% likelihood of occurrence in 50 years).  Above this 

level of ground shaking the structure cannot withstand earthquakes at the current “design event” level 

criterial mandated by building codes, waterfront design guides, or departments of transportation 

manuals.   

2. BACKGROUND  

The Lutak Dock is an 1100’ long bulkhead located approximately four miles north of downtown Haines. 

The bulkhead was designed by the United States Army Corp of Engineers (USACE) and constructed in 

1953.  Specific data regarding the original construction of the bulkhead came from a set of “As‐Built” 

construction drawings (Ref. #11). 
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Figure 2‐1. Lutak Dock ‐ 2004 (Photo From Google Earth) 

Ownership of the bulkhead is split between the Haines Borough (HB) and the Alaska Marine Highway 

(AMH)[KI1]. Lutak Dock is comprised of 15 interlocking circular closed cells; the Borough’s portion of the 

structure is the 11 western‐most cells. The 15 main cells are approximately 66’‐8” in diameter and are 

spaced approximately 69’ apart. The closure arcs have a radius of approximately 16’‐4”. The top of the 

dock is at El. +28.5’. Figure 2‐2 shows the typical closed cell bulkhead configuration. 

The cells are built from interlocking flat web sheet piles. The sheet piles 

in the closure arcs have web thicknesses of 3/8”. The main cells have 

sheet piles with web thickness of 1/2”. PND was not able to ascertain 

the original manufacturer of the sheet piles. For the purpose of this 

structural assessment, PND has assumed that these sheet piles have an 

interlock strength of 16,000 pounds per inch; this is consistent with 

piles of the vintage of this bulkhead. The tip elevation of these piles is 

approximately El. ‐46.5’ along the face of the bulkhead. The tip elevation of the sheet pile tip tapers up 

to approximately El. ‐36.5’ at the rear of the bulkhead (Ref. #1).  

A concrete facing beam is mounted on the top of Lutak Dock. This facing beam is partially supported by 

the closed cell sheet pile and partially by driven H‐Pile. This facing beam is approximately 8’‐6” tall and 

runs the full length of the bulkhead, wrapping around the ends of the bulkhead on the east and west 

sides. The top of this facing beam coincides with the top of the bulkhead, El. 28.5’.  

3. CONDITION 

The Dock has experienced significant corrosion loss of the base metal in the sheet piles over the last 61 

years. Corrosion of the sheet piles has been well‐documented through periodic inspections between 

1976 and 2014. The inspections include: 

  1976 – Dock Inspection – R&M Engineers – (Ref. #7) 

  1988 – Dock Inspection – PND Engineers – (Ref. #6) 

N 

Figure 2‐2. Typical Closed Cell 
Configuration. 
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  2003 – Dock Inspection – Echelon Engineers – (Ref. #5) 

  2014 – Dock Inspection – Echelon Engineers – (Ref. #4) 

Each of these inspections document the substantial growth of corrosion over the life of the dock.  The 

most recent documentation indicates corrosion loss of sections of approximately 0.16 inches. This 

represents deterioration of between 30% and 46% of the original section. Note that the main cell sheet 

piles have a thicker web than the closure arc sheet piles. 

Lutak Dock was most recently modified sometime around 2002, according to the Shannon and Wilson 

Report (Ref. #1) by an unidentified contractor. The documentation of these repairs indicates that z‐sheet 

pile closure walls were driven 13’‐4” behind the bulkhead, as well as supporting H‐Piles were driving 

through the concrete facing beam. Once these additional supporting piles were installed, the closure 

arcs were cut down to El. 0’. Figure 3‐1Figure 3‐1 is a detail excerpted from the 2002 repair drawings 

(Reid Middleton) depicting repairs to the closure arcs (Ref. #8). 

 

Figure 3‐1. Closure Arc Repair Detail 

After completion of these repairs, sink holes formed behind the z‐sheet pile bulkhead (Figure 3‐2). The 

cause of these holes is believed to be soil escaping through gaps between the z‐sheet wall and the main 

cells.  Some attempt was made to utilize geotextile fabric along with the H‐pile closure detail to ensure 

soil was retained through flushing effects of successive tide cycles.  The reported frequency and 

magnitude of the sinkholes suggests that significant volumes of material have been lost, which de‐

stabilizes the working surface of the dock.  Highly loaded vehicles may suddenly fall into an undetected 

hole with potentially severe consequences to persons, and equipment and property.   
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Figure 3‐2. Sink Holes Observed at Lutak Dock 

 

 

Figure 3‐3. Failure at Closure Arc 7.5 

Recent inspections indicate Closure Arc 7.5, located roughly at the centerline of the bulkhead, has failed.  

Figure 3‐3 depicts the damaged closure arc. It is not known to PND precisely when this failure occurred. 

However, failure of Closure Arc 7.5 must have occurred approximately around 2003 as the sheet piles in 

the closure arc have clearly been cut down.  
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3.1. LOWER CLOSURE ARCS AND CONNECTING “TEES” TO THE MAIN CELL 

In 1965, the connection detail utilizing a 90‐degree “tee” between the main and closure arc was 

specifically prohibited by the USACE after a series of “tee” failures on temporary cellular structures 

utilized for lock and dam construction (Figure 3‐4)(Ref. #14).  [Note: the USACE uses the terms 

Primary Cell and Intersecting Arc, our terminology is amended to match earlier inspection reports.] 

 

Figure 3‐4. Excerpt from Ref. #12, USACE Design Manual EM 1110‐2‐2503, Page 5‐1 

Figure 3‐5 depicts the current USACE endorsed configuration for the connections between the 

main cell and the closure.  The geometry of the connection utilized at Lutak in 1953 (Figure 3‐6) is 

identical to those subsequently prohibited by USACE.  In 2007, PND investigated options for a 

private cement company to repair damage resulting from failure of an identical “tee” joint between 

closure arc and main cell at a structure constructed in 1964.  Photographs and observations of the 

cement company failure are consistent with the mechanism observed by the USACE at other 

cellular structures.  

Figure 3‐5. Endorsed USACE Connection Post‐1965 Figure 3‐6. Connection Detail at Lutak Dock, 1953

Significant repairs have been made to the structure since original construction of the bulkhead in 

1953 by Scheumann Johnson Manson Osberg Company (now Manson Construction).   Sometime 

around 2003, Z‐sheet piles where driven between all Main Cells, behind the Closure Arcs to relieve 

a portion of the closure arc load consistent with Ref. #1.  This same report specifically points out 
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that as a result of the repairs, structural demand to support the lower portion of the Z‐sheet pile 

wall would be transferred onto the remaining portion of the lower arc.  An assumption was made 

that this would be adequate (Ref. #1, pg. 8). 

A splitting failure of lower Closure Arc 7.5 has occurred since 2003, based on inspection reports 

prepared by Echelon (Ref. #4). It is uncertain whether the failure of Closure Arc 7.5 is due to 

structural loading to support the lower end of the Z‐sheet pile wall installation, or from damage 

arising during initial pile driving.  Some damage has occurred at Closure Arc numbers 1.5, 5.5, 6.5, 

8.5, and 10.5 as a result of driving of H‐piles. The piles sliced into the thinner corroded webs of the 

lower closure arcs.  Condition of the lower arcs is stated in Ref. #4 to be from fair to poor, with 

heavy corrosion loss and pitting noted at the testing/sample locations.    

It is evident from the recent inspection that 6 of 11 closure arcs that comprise the HB‐owned 

portion are compromised, and that the connecting tee between the main cell and closure arc are 

equally vulnerable. The failure mechanism at (Closure Arc 7.5) is different from this “classic” failure 

articulated though it is probable that distress is significant at the location where the lower arch 

joins the main cell.  It is the view of PND that each remaining closure arc is at, or near, a condition 

of failure as a result of corrosion loss, structural loading on weakened section, and as a result of 

damage during the 2003 pile driving efforts.   

4. GEOTECHNICAL CONDITIONS 

The dock site is located in a fjord formed via glacial carving. The terrain around the site consists of 

steeply sloping mountains on both sides of Lutak Inlet.  

No specific borings were collected in the preparation of this report. Geotechnical conditions were 

assessed using borings from previous subsurface investigations. (See Ref. #1 through Ref. #3.) 

Generally, the site is known to consist of the following layers: 

Fill (El. 28.5’ to El. ‐20’)  Fill material (per Ref. #1), consists of granular‐type material with 

SPT blow count ranging from 10 to 57 blows per foot. 

Native Soil (El. ‐10’ to Bedrock)  Native material (per Ref. #1), consists of a granular‐type 

material. SPT blow count for native material was approximately 

30 blows per foot. 

Bedrock  Bedrock elevations were estimated using a sub‐bottom profiler. 

The profiling was performed by Apollo Geophysics (per Ref. #1). 

The data collected indicated an irregular bedrock (or hard layer) 

varying between El. ‐40’ and El. ‐70’ along the face of the 

bulkhead.  

For the purposes of evaluating the bulkhead in its present condition, PND has assumed the following soil 

properties inside the cells: 

  Unit Weight of Soil:    125 pounds per cubic foot 

  Angle of Internal Friction:  30° 

These properties are consistent with the lateral pressures depicted in Figure 8 of Ref. #1. 
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5. USAGE AND LOADING 

PND understands that the bulkhead is currently used by AML as a container terminal, where the primary 

load results from the operation of a container forklift on the bulkhead surface. Design loading on the 

bulkhead from the Lutak Dock Rehabilitation Project in 2003 (Ref. #8) list loads of 130 kip vehicle axial 

load as well as a 1000 psf uniform load.  

6. ENVIRONMENTAL CONDITIONS 

6.1. WATER SURFACE ELEVATIONS 

PND has estimated the tidal conditions at the Lutak Dock by referencing tidal information available on 

National Oceanic and Atmospheric Administration (NOAA) currents and tides website (Ref. #9). The 

nearest source of tidal information was Skagway, Alaska which is approximately 12 miles away. The 

following data is recorded for Skagway, Alaska. 

  Mean Higher High Water (MHHW):   16.73’ 

  Mean Sea Level (MSL):      8.81’ 

  Mean Lower Low Water (MLLW):  0.0’ 

Ground water elevations are estimated from borings available in the geotechnical reports (see Ref. #1 

through Ref. #3.). Geotechnical reports indicate that the ground water elevation varies between El. 15’ 

and El. 5’. These ranges are generally consistent with the tidal elevation from Skagway. In particular, the 

median groundwater elevation coincides roughly with the MSL recorded in Skagway. 

6.2. EARTHQUAKE 

Ground motion parameters for the Lutak Dock were estimated using a Java® applet written by the 

United States Geologic Survey (Ref. #10). This applet allows the user to compute the seismic parameters 

of a variety of different earthquake return periods. This computer program accepts as input the latitude 

and longitude of the site in question as well as the type of seismic ground motion desired and the return 

period of interest. Seismic parameters summarized in Table 6‐1Table 6‐1 were computed for the Lutak 

Dock site.  

The seismic forces arising in Haines are modest, and the structure meets USACE criteria for low intensity 

earthquake with ground acceleration of .072g (50% likelihood of occurrence in 50 years).  Above this 

level of ground shaking the structure cannot withstand earthquakes at the current “design event” level 

criterial mandated by building codes, waterfront design guides, or departments of transportation 

manuals.  The .072G represents the “maximum tolerable ground acceleration” for Lutak Dock.  

Table 6‐1. Seismic Parameters 

 
99% PE in 50 years 

(10‐year EQ) 
50% PE in 50 years 

(72‐year EQ) 
10% PE in 50 years 
(475‐year EQ) 

2% PE in 50 years 
(2475‐year EQ) 

Peak Ground 
Acceleration 

0.016 g  0.072 g  0.200 g  0.494 g 

0.2 sec Spectral 
Acceleration 

0.036 g  0.0162 g  0.459 g  1.159 g 

1.0 sec Spectral  0.010 g  0.070 g 0.188 g 0.438 g
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Acceleration 

7. SUMMARY OF 2014 ECHELON ENGINEERING INSPECTION (REF. #4) 

As part of the task of preparing this report, PND tasked Echelon Engineering (Echelon) with performing 

an underwater inspection of the condition of the bulkhead. Echelon inspected the condition of the Dock 

as well as the level of corrosion present. Their findings can be grouped into the three separate 

components of the structure: Main Cells, Closure Arc Repair and Remaining Closure Arc.  

During their inspection, Echelon photographed areas where cell damage was observed. PND has 

attached to this report, as Ref. #4, a plan view of the bulkhead with the notations of where the damage 

depicted in the photographs has occurred. 

7.1. MAIN CELLS 

Echelon rated Main Cells 1 through 11 as in “fair condition” with regard to sheet pile corrosion. The 

average measured thickness of the sheet pile base metal was 0.316” against an original material 

thickness of 0.500”. “Heavy Pitting” was observed at “virtually all test sites” (Ref. #4), with pit‐

depths ranging from 0.060” to 0.200”.  

During the inspection, water was observed to be retained behind the Z‐sheet sheet pile bulkhead. 

Figure 7‐1, excerpted from the Echelon’s inspection report, depicts water flowing out of a weep 

hole several feet above the outboard water surface elevation. Based on the scale of the 

photograph, the fall height of the water could be between 6’ and 11’. Further, the water surface 

elevation behind the sheet pile would have to be higher than the elevation of the weep hole.  

 

Figure 7‐1. Retained Water Behind Main Cell 

There is evidence, shown in Echelon’s inspection report, of the tilting of the bulkhead. Figure 7‐2 

depicts a full depth crack in the bulkhead facing beam, as the beam wraps around the western side 

of the dock. This crack is located near the mid‐line of the cellular structure.  

Weep hole as 

evidence of 

retained water
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Figure 7‐2. Cracking in Facing Beam near Mid‐Line of the Bulkhead 

7.2. Closure Arc Repair 

The Closure Arc Repair section was rated in “good condition” with regard to sheet pile corrosion. 

Inspection revealed that these repairs were not sealed against the main cells. Echelon observed 

that a visible gap between the main cells and the repair sheet piles at five locations. Echelon also 

reports that the geotextile was not intact at any locations where gaps had developed. There was 

also evidence that the fine‐grained material behind the repair piles has washed away.  

7.3. REMAINING CLOSURE ARCS 

Echelon rated the Remaining Closure Arc 

section as in “poor condition” with regard to 

sheet pile corrosion. During the inspection, 

perforations in sheet piles were observed in 

Closure Arcs numbered 1.5, 5.5, 6.5, 7.5, 8.5, 

and 10.5. This represents half of all of the 

closure arcs. Two closure arcs were observed 

to have been punctured by pile driving during 

the repair of the closure arcs (cells 8.5 and 

10.5) in approximately 2003. Closure Arc 8.5 

was observed to have partially failed as 

indicated by the lowering of the backfill 

material.  

Echelon observed indication of tensile yielding 

failure at Closure Arc 7.5. Figure 7‐3 depicts 

necking of the sheet pile web prior to failing. 

 
Figure 7‐3. Tension Necking and Rupture of Sheet Pile Web 

Face Beam 

Cracks 
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8. ANALYSIS 

PND compared the dock structure against the current industry standard for the design of closed cell 

bulkheads. The current design standard is the United States Army Corp of Engineers Manual EM 1110‐2‐

2503 (Ref. #12). This document calls for the following limit state checks to be made on the structure 

during design phase (Table 8‐1): 

Table 8‐1. Cellular Structures Limit States w/ Factors of Safety 

USACE – Cellular Structures Limit States with Factor of Safety 

Limit State  Normal – Cond.  Temporary – Cond.  Seismic – Cond.  Internal/External

Sliding  1.5  1.5  1.3  External 

Overturning  Inside Kern  Inside Kern  Inside Base  External 

Rotation  1.5  1.25  1.1  External 

Bearing Capacity  2.0 (Sand)  2.0 (Sand)  1.3 (Sand)  External 

Interlock Tension  2.0  1.5  1.1  Internal Check 

Vertical Shear  1.5  1.25  1.1  Internal Check 

Horizontal Shear  1.5  1.25  1.1  Internal Check 

Sheet Pile Pullout  1.5  1.25  1.1  Internal Check 

 

The terms Normal, Temporary and Seismic are assumed to mean the following (based on provisions in 

EM 1110‐2‐2504 [Ref. #15]): 

Normal:  (Defined as Usual loading in EM 1110‐2‐2504 [Ref. #15]) Loads which are 

associated with frequent use of the facility’s primary intended function. Loads 

associated with primary function would include Dead Load, Live Load and 

Hydrostatic Load. 

Temporary:  (Defined as Unusual Loading in EM 1110‐2‐2504 [Ref. #15]) Construction or 

Maintenance operations which produce infrequent loading of a short duration 

which exceed loads define in the usual condition. 

Seismic:  Extreme condition of short duration loading. Extreme condition loading would 

include Earthquake Loading. 

Limit state checks are generally divided into internal and external checks. In general, external limit states 

are checks involving modes of failure outside of the cellular structure. For example, a bearing capacity 

failure would be a failure of the soil beneath the driven sheet pile; therefore, it would be considered an 

external check.  

For the purposes of this study only internal checks are considered; this is for two reasons. First the 

bulkhead has been in service since 1953. If there were issues pertaining to the stability of the soil 

beneath the structure, these would have already become manifest in the performance of the structure 

since constructed. Secondly, the present issue with the bulkhead stems from ongoing corrosion of the 

sheet pile. Damage to the sheet pile would not tend to destabilize limit states which are independent of 
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the structure. Therefore, this study checks the factors of safety of the structure against the limit states 

of interlock tension, vertical shear and horizontal shear/tilting. 

Sheet pile pullout is an internal stability check. However, this mode of failure is independent of the 

structural performance of the cells. Unlike vertical shear or horizontal shear, this limit state does not 

rely upon interlock tension in the cells to resist load. Therefore, given that the wall has remained stable 

since 1953, and the variables affecting this limit state are not time dependent, it is reasonable to 

conclude that this limit states does not control the design.   

8.1. INTERLOCK TENSION 

The soil fill inside the cellular structure applies radial pressure against the sheet pile. This pressure 

is resisted via interlock tension perpendicular to the vertical axis of the sheet pile. Typically peak 

interlock tension occurs at approximately the bottom quarter point of the cell.  

The most direct consequence of section loss is a reduction of the amount of steel resisting arc 

tension. In PND’s experience, the most likely cause of failure for cellular structures is the corrosion 

rupture of sheet pile at the closure arc/main cell joint.  

Assessing the remaining capacity of the sheet pile is difficult to do accurately. For the purposes of 

investigating the condition of the bulkhead, PND reduced the interlock capacity by the ratio of 

remaining metal to original metal. On this basis, the sheet piles have lost 30% to 46% of their 

capacity.   

For the Lutak Dock there are three areas where interlock tensions are estimated. The first is in the 

main cells away from the closure arcs. The second area where interlock tension is computed is at 

the connector between the main cell and the closure arc. This area carries higher tension than the 

main cell due to the geometry of the connection.  

The third area considered is the interlock stresses in the remaining sections of the closure arcs. The 

repairs in approximately 2003 required that the toe on the replacement sheet pile bear against 

soils which in turn bear on the remaining sections of the closure arc sheet pile. This toe bearing 

pressure exerts substantial lateral pressures on this remaining closure arc sheetpile. Table 8‐2 

summarizes the results of the analysis of interlock tension checks. 

Table 8‐2. Interlock Tension ‐ Limit State Capacities/Demands 

Analysis Results – Limit State Capacities/Demands 

Limit State 
Computed 
Capacity 

Dead 
Load 

Live Load 
(Surcharge) 

Live Load 
(Axle Load) 

Hydrostatic 
(WSE = 0’) 

EQ (72‐yr 
Return) 

Interlock Tension 
(Closure Arc) 

9.2 kips 
per Inch 

6.4 kips 
per Inch 

1.3 kips
per inch 

~ 0 kips
per inch 

~ 0 kips 
per inch 

‐‐ 

Interlock Tension 
(Main Cell) 

10.9 kips 
per inch 

6.9 kips 
per inch 

1.3 kips
per inch 

~ 0 kips
per inch 

2.0 kips 
per inch 

0.5 kips
per inch 

Connector 
Tension 

9.2 kips 
per inch 

10.7 kip 
per inch 

‐‐  ‐‐  ‐‐  ‐‐ 

 

Industry standard for interlock tension factor of safety is 2.0 for normal conditions and 1.5 for 

temporary conditions.  The factors of safety for other tension tests are summarized in Table 8‐3. 
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Table 8‐3. Interlock Tension ‐ Factors of Safety 

Factors of Safety 

Limit State  DL ‐ Only  DL + LL(Sur.)  DL + Hydro 
DL+ EQ  

(72‐yr Return) 

Interlock Tension 
(Closure Arc) 

1.44  1.19  1.44  1.33 

Interlock Tension 
(Main Cell) 

1.58  1.33  1.22  1.47 

Connector Tension  0.86  ‐‐  ‐‐  ‐‐ 

 

Table 8‐3 indicates that under normal conditions the bulkhead does not meet either the normal or 

temporary factor of safety requirements.  

Further, interlock tension at the connector between closure arc and main cells has a factor of 

safety less than 1.0. This indicates that these elements should be either about to fail or are in the 

process of failing. This fact is supported by field observations made by Echelon and noted in their 

report that 6 of the 10 closure arcs have perforations in their sheet pile.  

8.2. VERTICAL SHEAR 

Cellular structures achieve stability via the effects of the mass they possess. As a result, applied 

horizontal loads are resisted via cantilever action of the cellular structure. The amount of lateral 

load which can be resisted by the closed cell is governed by two primary limit states: vertical shear 

and horizontal shear/tilting.  These two limit states are critical to stability and represent the 

“classic” structural check for a cellular structure.  

The vertical shear check is analogous to the shear checks performed when sizing a timber beam. 

Mobilized shear stresses at the neutral axis are checked against an estimated shear capacity. A 

cellular structure resists vertical shears through interlock friction and soil shear resistance which 

act together to produce total resistance.  

The equations for structural/geotechnical check for vertical shear are provided in Ref. #12.  The 

primary mechanism to mobilize vertical shear is the confining pressure on the retained soil 

resulting from the exterior ring of flat‐web sheet piles.  This confining pressure enables the soil to 

resist vertical shears via inter‐soil friction. The soil friction and the interlock friction are converted 

into moment resistance by multiplying these mid‐line friction by 2/3 the effective width of the cell.  

Table 8‐4 summarizes the vertical shear capacity and loading demand. 

Table 8‐4. Vertical Shear ‐ Limit State Capacities/Demands 

Analysis Results – Limit State Capacities/Demands 

Limit State 
Computed 
Capacity 

Dead 
Load 

Live Load 
(Surcharge) 

Live Load 
(Axle Load) 

Hydrostatic 
(WSE = 0’) 

EQ (72‐yr 
Return) 

Vertical Shear 
(Moment Cap.) 

4065 k‐ft  2580 k‐ft  938 k‐ft  204 k‐ft  930 k‐ft  475 k‐ft 
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Table 8‐5 depicts selected factors of safety for the bulkhead checked for vertical shear.  

Table 8‐5. Vertical Shear ‐ Factors of Safety 

Factors of Safety 

Limit State  DL ‐ Only  DL + LL(Sur.)  DL + Hydro 
DL+ EQ 

(72‐yr Return) 

Vertical Shear  1.57  1.16  1.16  1.33 

 

Table 8‐5 indicates factors of safety which do not meet current industry standards. Current industry 

standard require factors of safety of 1.5 for normal conditions and 1.25 for temporary conditions.  

There are indications that the Lutak dock is susceptible to vertical shear. Structures which have low 

factors of safety for vertical shear would be expected to tilt outward. The 1976 inspection report 

(Ref. #7) indicated that the bulkhead was leaning outward several inches confirming that a slow 

“creeping” of the structure is occurring. Further, photographs from the 2014 Echelon report (Ref. 

#4) depict that the facing beam is cracked near the mid‐line of the end cell. This may be an 

indication of shear deflection occurring about the mid‐line of the main cells. 

8.3. HORIZONTAL SHEAR/TILTING 

The horizontal shear check investigates the stability of the upper portion on the cell against 

rotation. This check computes the moment resistance of both the sheet pile interlocks (see 8.2 

Vertical Shear) and the moment resistance of a wedge of soil at the bottom of the closed cell. If 

there is insufficient horizontal shear to resist applied loading, the bulkhead will tilt outward.  

The moment resistance of the soil wedge is estimated by assuming a wedge of soil, inclined at the 

friction angle of the soil, bears against the leading edge of the bulkhead. The magnitude of the 

bearing force against the side of the leading edge of the bulkhead is equal to the amount of shear 

on the incline plane of the soil wedge.  

The moment resistance from the soil wedge is added to the moment capacity from sheet pile 

friction and then compared to moment demand to compute a factor of safety for horizontal 

shear/tilting.  

As‐built drawings provided to PND (Ref. #11) indicate that Lutak Dock sheet pile tip elevations 

taper upward toward the rear of the cells. The sheet pile tips at the back of the cells are estimated 

to be 10’ higher than at the front (Ref. #1). Since this is the case, estimates of capacity and demand 

are computed for the tip elevation of the rear piles at El. ‐36.5’. 

Table 8‐6 summarizes the vertical shear capacity and loading demand. 

Table 8‐6. Horizontal Shear/Tilting ‐ Limit State Capacitates/Demands 

Analysis Results – Limit State Capacities/Demands 

Limit State 
Computed 
Capacity 

Dead 
Load 

Live Load 
(Surcharge) 

Live Load 
(Axle Load) 

Hydrostatic 
(WSE = 0’) 

EQ (72‐yr 
Return) 

Horizontal 
Shear  

(Moment Cap.) 
4504 k‐ft  1739 k‐ft  703 k‐ft 

See 
Surcharge 

609 k‐ft  357 k‐ft 
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Table 8‐7 depicts selected factors of safety for the bulkhead for various limit states.  

Table 8‐7. Horizontal Shear/Tilting ‐ Factors of Safety 

Factors of Safety 

Limit State  DL ‐ Only  DL + LL(Sur.)  DL + Hydro 
DL+ EQ 

(72‐yr Return) 

Horizontal Shear 
(Moment Cap.) 

2.64  1.87  1.95  2.19 

 

The results in Table 8‐7 demonstrate that horizontal shear does not control the capacity of the 

bulkhead. Further, the factors of safety computed for horizontal shear satisfy current industry 

standards. 

8.4. LIQUEFACTION ANALYSIS RESULTS 

PND investigated the potential for liquefaction of the soils at the Lutak Dock site. PND considered 

the data from two boreholes taken during the 2003 repairs (Ref. #1). These were borings B‐2 and B‐

6. These boreholes as well as the seismic data for the project site were entered into the computer 

program Shake 2000. This software estimates the Factors of Safety against liquefaction versus 

elevation in the soil column/stratification.  This analysis indicated that the soils would not liquefy 

during the maximum earthquake the bulkhead appears able to withstand (72‐year return period). 

The analysis did indicate that some soil layers are susceptible to liquefaction at earthquake events 

of higher intensity and prolonged ground shaking. The effect of an earthquake at magnitude levels 

specified by national design codes would most likely demonstrate that the bulkhead structure 

would fail under prolonged ground shaking.  Elaborate analysis would be necessary to demonstrate 

the earthquake effects, and to reflect the weakening effects of corrosion on the various structural 

elements.  

8.5. CONDITION OF MAIN CELLS 

The main cells retain a higher percentage of their Z‐sheet pile section than the closure arcs. The 

bulkhead would not meet the current industry standard of care. Interlock stress exceed allowable 

factors of safety for even temporary conditions. Further, the bulkhead does not meet the standard 

of care for vertical shear capacity. Field observations of the structure may indicate that tilting, 

potentially due to vertical shear, has been an on‐going problem. Photographs taken of the Lutak 

Dock by Echelon may indicate shear deflection of the bulkhead at the mid‐line.  

8.6. CONDITION OF CLOSURE ARCS 

The effects of corrosion loss of section at the closure arc have reduced the steel thicknesses 

substantially.  The modifications recommended in Ref. #1, to install a z‐sheet wall has resulted in 

redistribution of wall loading downward into the remaining lower portion of the closure arc.  These 

modifications require the toe of the Z‐sheet pile walls to bear against soils behind the closure arc 

and exert considerable load. Calculations reveal that applied loads are sufficient to cause the Z‐

sheet pile wall to fail at the closure arc/main cell connector. This finding is confirmed by 

photographs from the 2014 Echelon survey (Ref. #4). The report noted that 6 of 10 of the closure 
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arcs have significant perforation in sheet piles. Two of the 10 closure arcs have either failed or 

partially failed.  

The consequences of the closure arc failure are significant. Structural support to the lower 

embedded portion of the z‐sheet piles is immediately compromised or eliminated, with 

corresponding outward movement of the soil mass and potential loss of material between the 

main cell and the z‐sheets.   This failure would also manifest itself by the formation of sink holes on 

the dock surface behind the face of the bulkhead as the retained soils behind the z‐sheets move 

outward and down. This appears to be occurring (refer to Figure 3‐2), based on the observed 

formation of sink holes and by evidence, noted in Echelon’s report, that fine grained soil has been 

lost from behind the closure walls.   

The Shannon and Wilson geotechnical report (Ref. #1) indicates that the repair wall sheet pile are 

intended to provide vertical support to the rear of the facing beam. Loss of fill would erode at the 

vertical load carrying capacity of the repair sheet pile potentially leading to local collapse of the 

face beam.   

Soils confined by the closure arcs stabilize the new columns supporting the face beam. Without 

lateral support from the closure arc sheet pile and surrounding soil the H‐Piles supporting the 

facing beam may have insufficient structural capacity to support applied load.  

The presence of yielding at Closure Arc 7.5 indicates high tensile forces in the closure arc sheet pile. 

There is the potential that these high interlock forces could begin to compromise the main cell 

sheet pile. Typically, the main cells in cellular structures are most susceptible to tension stresses at 

the connection between the closure arc and the main cell. Given the extent of marine growth 

(Figure 3‐3), it is not known if these connector piles have been inspected for perforation or 

damage.  

9. RECOMMENDATIONS 

Given that the bulkhead is euphemistically working on “borrowed time” it is PND’s primary 

recommendation that planning for full replacement begin as soon as credibly possible. The bulkhead 

does not meet required factors of safety for normal operating conditions of self‐weight dead load 

with surface live load and operating vehicles, and cannot withstand a design level earthquake. 

Therefore, due to the age of the structure and the inspected deterioration, PND does not believe 

repairing the existing facility is a viable option.  

Given the failure of two closure arcs, and the poor conditions of four others, it is prudent to halt 

vehicle operations in areas defined by the closure arc z‐sheet pile walls and the primary cells. These 

areas can be marked to prevent personnel and equipment from being inadvertently placed in areas 

where sink holes have developed or where a latent void may collapse.   

Failure of the primary cells is less likely based on the condition assessment of Ref. 4 though keeping a 

watchful eye on the connecting tee between the closure and primary cell is wise.  Rupture of the 

connecting tee between the closure arc and primary cell occurred on two projects (for which PND 

was retained to provide repairs) and in each case there was no obvious triggering event or advance 

warning.  Marking the locations where damaged closure arcs exist (consistent with Ref. #4) is 

recommended given the potential of these locations to fail with limited or no warning.  Monitoring 
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identified areas of distress (on a monthly basis) is prudent so see if there is discernable degradation 

of the bulkhead as time moves forward.  
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April 22, 2002 
 
 
Reid Middleton, Inc. 
4300 B Street, Suite 403 
Anchorage, Alaska   99503 
 
ATTN: Mr. Craig Freas 

Project Manager 
 
 
RE:  FINAL  REPORT – Underwater  Inspection  Lutak  Dock,  Haines,  Alaska 
 
 
Dear Mr. Freas: 

This letter is submitted to document the findings of our recent inspection of the City owned portion of the 
Lutak Dock, located on Lutak Inlet, Haines Alaska.  The project was carried out in support of your 
ongoing evaluation and rehabilitation project for the structure. 

INSPECTION  METHODOLOGY 

The project included a sample inspection of the steel sheet pile cells that comprise the structure.  
Specifically, the scope of the investigation included a Level I visual swim-by inspection of the submerged 
portion of the 10 Main Cells located at the northwestern end of the wharf.  Additionally detailed Level II 
cleaning and Level III ultrasonic thickness measurements were obtained at representative test sites on 3 of 
the 10 Main Cells.  On each of these 3 Main Cells, two piling were cleaned and tested at representative 
intervals from the concrete cap to the mudline. 

Due to the dense marine growth and the silty glacial sediments that were contained within the marine 
fouling, Level II cleaning of the 6 sample piling was carried out prior to the actual inspection.  During the 
cleaning operations, the underwater visibility reduced to near 0 ft. as the glacial sediments contained 
within the animals and/or their attachment matrix was released into the surrounding water.  As shown by 
the accompanying photographs, cleaning prior to inspection allowed for much greater visibility of the 
cleaned piling. 

The Main Cells selected for detailed inspection and ultrasonic testing were Cells 3, 6 and 10.  Two 
separate locations were selected on each of the these cells; one at or near the outer radius of the cell 
closest to the berth; and the second near the southeastern intersection with the adjacent closure arc.  These 
intermediate sites are identified as locations 3.5, 6.5 and 10.5.  Along each of the 6 test piles, specific sites 
were selected for detailed ultrasonic measurements.  Due to the scale and pitting present at most of the 
test sites, further surface preparation was required in order to obtain surfaces smooth enough to facilitate 
ultrasonic readings.  This preparation was accomplished using a pneumatic grinder which proved effective 
in removal of surface irregularities such that consistent and repeatable thickness measurements could be 
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obtained both above and below water.  Test sites were selected at various elevations ranging from the 
concrete cap to the mudline and dependant upon specific conditions and accessibility. 

Thickness readings were obtained utilizing a Cygnus Ultrasonic Thickness gauge, which through it’s 
multiple echo design will display only those measured thickness which have consistent repeatable 
readings (3 echoes), thus ensuring that only accurate actual measured values are recorded.  In addition to 
the wall thickness measurements, localized pit depth measurements at several sites were also obtained 
utilizing a Thorpe Pit Depth Gauge. 

QUALIFICATIONS  OF  INSPECTORS 

The investigation was conducted by a crew composed of a combination of professional and technical 
personnel capable and experienced in both the underwater and topside inspection and assessment of 
structural members.  The inspection crew utilized on this project included the following Echelon 
Engineering personnel: 

S.D. Sommerfeld, P.E. Project Manager/Engineer - Diver 
Licensed Professional Engineer, WA, Guam 
17 Yrs Experience Specializing in Marine Structures Inspection & 
Design 

E.B. Vegsund, B.Sc. Marine Specialist/Biologist - Diver 
BS in Marine Biology - Emphasis on Marine Borer Studies 
29 Yrs Experience Specializing in Marine Structures Inspection 

J. Svornich Inspection Technician/Commercial Diver 
25 Yr Experience Specializing in Marine Structures Inspection 

I. Thomas Inspection Technician/Commercial Diver 
1 Yr Experience Specializing in Marine Structures Inspection 

OBSERVED  CONDITIONS 

The field investigation was carried out during the interval of April 3 – 7, 2002.  Weather during this 
period was clear and cold with strong winds and seas ranging from calm to small craft conditions and 
wave heights of up to 2 ft.  Tidal elevations during the daylight inspection periods were found to range 
from a low of + 1.9 ft. (MLLW) to a high of +13.5 ft. (MLLW).  Underwater visibility ranged from near 0 
ft. during the cleaning and site preparation work to approximately 10 ft. during inspection activities. 

To facilitate the identification of the test site locations, the Main Cells have been numbered consecutively 
1 – 10 from the northwest end.  Test site locations have been referenced to the Cell number and to the site 
at which the readings were taken.  Test sites were numbered sequentially from the top of the pile to the 
mudline. 

Representative photographs depicting typical conditions encountered are presented in Appendix A.  A 
drawing identifying the identification system used is presented in Appendix B.  Pile thickness 
measurements as obtained using an Ultrasonic Thickness Gauge, are presented in Appendix C, Table 1.  
Table 2 of Appendix C presents the data by grouping it into ranges of elevation or exposure zones along 
the pile, (i.e. Splash Zone ~El. +19.25 ft. to +15.0 ft.; Intertidal Zone ~El. +15.0 ft. to + 0.0 ft.; 
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Submerged Zone ~El. +0.0 ft to mudline.  Table 3 presents a percentile ranking of the 48 individual test 
site locations at which ultrasonic thickness readings were obtained. 

The findings of the inspection are as follows: 

Steel  Sheet  piling 

1. The overall condition of the steel sheet piles within the Main Cells is fair.  No evidence of perforation 
of the piling was noted and all of the closure knuckles connecting the individual sheets were observed 
to be intact with no evidence of separation. 

2. A variable covering of marine fouling organisms which consisted primarily of blue muscles and sea 
urchins was found to be typical on the exposed face of the piling.  In some areas the fouling was so 
dense as to preclude visual assessment of the wall integrity.  In other areas the amount of marine 
fouling was minimal exposing the steel piling and allowing for visual inspection of the member. 

3. Throughout the inspected length of the wharf from Cell 1 – 10 generalized surface corrosion was 
found from the intertidal zone to the mudline. 

4. One pile was noted to have a number of drilled holes ~3-4 inches in diameter and spaced 2-3 ft. apart.  
These holes were found to extend along the submerged length of the pile. 

5. A sampling of six (6) piles were subjected to Level III ultrasonic thickness testing.  All of the selected 
test sites were found to be in fair to good condition based on visual inspection.  The individual piles 
were cleaned for the majority of their length from the intertidal zone to the mudline.  Cleaning was 
conducted across the width of the pile including both closure knuckles.  Further scraping, wire 
brushing and grinding was conducted at the individual test sites to facilitate the ultrasonic thickness 
readings.  Throughout the inspected cells, no perforations of the piles was observed. 

6. Thickness readings obtained on the sample piling ranged from a maximum thickness of 0.453 in. to a 
minimum of 0.147 inches.  Analysis shows the mean of the readings to be 0.355 in. with a standard 
deviation of 0.073 inches. 

7. Heavy pitting was found at virtually all test sites.  Pit depth measurements were found to range from 
0.04 in. to 0.11 inches. 

General  Observations 

1. Although not included in the scope of this investigation, the overall condition of the closure arc piling 
was found to be poor.  Extensive corrosion was observed within the intertidal zone resulting in 
numerous perforation of the individual piles.  Cursory inspection of the submerged and mudline zones 
of these piling showed them to be in better condition than that found in the intertidal zone.  Below the 
waterline, the piles were found to be in similar condition to that encountered on the Main Cell piling 
with evidence of surface corrosion.  Additionally, the connection knuckles were noted to be 
undamaged. 

2. The bottom along the length of Main Cells 1 – 10 was found to slope gradually downward from  
~El. –13 ft. to ~El. –22 ft.  Glacial sediments were noted predominantly from Cell 1 to Cell 9, where 
the composition then changed to primarily small rock (~2-4 inch diameter). 



 
2163-TXT.doc 

Page 4 

 

3837 13th Avenue West, Suite 205 P.O. Box 45056, Ocean Park, R.P.O. 
Seattle, Washington   98119 Surrey, B.C.   Canada   V4A 9L1 
Tel: (206) 286-6699 Tel: (604) 687-0712 
Fax: (206) 286-6677 

3. Cursory observation of the steel H-piling located along the berth noted areas of severe corrosion and 
deterioration from the lower intertidal zone to the mudline.  A number of these piling were also noted 
to be loose at their top. 

EVALUATION 

In summary, this sample inspection found general surface corrosion of the Main Cell sheet piles, as well as 
thinning of the pile sections.  Although no perforation of the sheet piles was noted, heavy marine fouling 
may have provided cover preventing detection of damaged areas.  Based on the thickness readings 
obtained, review of the nonparametric percentiles and the normal probability curve (Figure 1 and 2) 
indicate that 85% of the readings are above ¼ inch thickness (0.250 in.) and that 50% of the readings are 
above 3/8 inch thickness (0.375 in.).  Conversely, 15% of the observations show a remaining thickness 
below ¼ inch (0.250 in.) and 50% show a minimum thickness below 3/8 inch (0.375 in.). 

Typically, there can be an elevation effect on corrosion with the higher corrosion rates evident in the 
splash zone just above MHW and in the submerged zone just below MLW.  The inspection data do not 
demonstrate pronounced accelerated corrosion at any particular elevation (Figure 3).  Based on the data, 
the mean thickness within the range of El. 0 to El. –5 ft was found to be 0.295 inches (Figure 4).  This is 
approximately 20% below the median remaining thickness of 0.375 inches.  However, the statistic is 
derived from a limited number of measurements with a large variation. 

Corrosion of the steel sheetpile cells appears to be fairly uniform with a median remaining wall thickness 
of 3/8 inch and 85% of the observations above ¼ inch thickness.  No perforations or severe localized 
corrosion of the steel piles was noted during the investigation. 

In contrast to the main cells, the condition of the steel sheet piles in the closure arcs appear subject to 
accelerated non-uniform corrosion typical of corrosion caused by differential conditions or differential 
metallurgy.  Alternatively, assuming that the sheet piling in the Closure Arcs was originally thinner than 
that of the piling in the Main Cells, the greater deterioration of these piling may be the apparent failure at 
the end of the corrosion allowance.  Given the corrosion loss of the main Cell piling to date, this would 
demonstrate the need for corrosion control to protect the remaining section. 

We sincerely appreciate the opportunity to assist you with this project.  Should you have any questions 
regarding this report, or if we can be of further assistance, please do not hesitate to contact our office. 

 
 
Yours Truly, 
Echelon Engineering, Inc. 
 
 
 
Shelley D. Sommerfeld, P.E. 

SDS: jds President 
Enclosures 
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TABLE   1
STEEL  THICKNESS  READINGS

LOCATION Elevation

Cell - Site No. (Chart  Datum) Reading 1 Reading 2 Reading 3 Reading 4 Average

3 - 0 18.3 0.265 0.265 0.270 0.267
3 - 1 13.0 0.425 0.430 0.435 0.430
3 - 2 9.1 0.450 0.455 0.455 0.453 Max. Pit Depth = 0.045 in.
3 - 3 6.3 0.430 0.435 0.430 0.432
3 - 4 3.8 0.345 0.345 0.350 0.360 0.350
3 - 5 -2.5 0.390 0.395 0.390 0.392
3 - 6 -7.5 0.440 0.435 0.445 0.440
3 - 7 -12.5 0.215 0.225 0.225 0.222
3 - 8 -17.5 0.435 0.430 0.435 0.433 Mudline

3.5 - 0 18.1 0.320 0.315 0.320 0.318
3.5 - 1 13.3 0.315 0.320 0.318
3.5 - 2 9.3 0.405 0.400 0.405 0.403
3.5 - 3 6.8 0.355 0.345 0.340 0.347
3.5 - 4 4.2 0.330 0.335 0.330 0.332
3.5 - 5 2.2 0.390 0.400 0.395 0.395
3.5 - 6 0.0 0.215 0.225 0.225 0.222
3.5 - 7 -4.5 0.225 0.230 0.240 0.232
3.5 - 8 -9.5 0.225 0.315 0.325 0.275 0.285
3.5 - 9 -14.5 0.405 0.410 0.410 0.408 Mudline

6 - 0 Not Accessible
6 - 1 12.6 0.320 0.355 0.360 0.345 Max. Pit Depth = 0.040 in.
6 - 2 9.4 0.430 0.435 0.440 0.435
6 - 3 Not Accessible
6 - 4 3.2 0.245 0.415 0.395 0.352
6 - 5 0.8 0.215 0.290 0.325 0.295 0.281
6 - 6 -5.8 0.435 0.435 0.450 0.440
6 - 7 -9.8 0.430 0.435 0.430 0.432
6 - 8 -14.8 0.270 0.275 0.285 0.277
6 - 9 -18.8 0.435 0.430 0.430 0.432 Mudline

MAIN  CELL  No. 3

CONDITION / DAMAGE
THICKNESS  READINGS (inches)

MAIN  CELL  No. 3  @  East  Closure  Arch

MAIN  CELL  No. 6

\2163-TBS.xls,  Table 1 ECHELON  ENGINEERING,  INC.
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TABLE   1
STEEL  THICKNESS  READINGS

LOCATION Elevation

Cell - Site No. (Chart  Datum) Reading 1 Reading 2 Reading 3 Reading 4 Average
CONDITION / DAMAGE

THICKNESS  READINGS (inches)

6.5 - 0 Not Accessible
6.5 - 1 Not Accessible
6.5 - 2 Not Accessible
6.5 - 3 Not Accessible
6.5 - 4 4.0 0.380 0.380 0.380 0.380
6.5 - 5 -1.0 0.320 0.350 0.335
6.5 - 6 -6.0 0.420 0.415 0.435 0.423
6.5 - 7 -11.0 0.420 0.415 0.415 0.417
6.5 - 8 -16.0 0.390 0.395 0.390 0.392

10 - 0 18.5 0.440 0.390 0.400 0.410
10 - 1 11.2 0.415 0.425 0.430 0.423 Max. Pit Depth = 0.11
10 - 2 8.2 0.250 0.255 0.260 0.255 0.255
10 - 3 5.3 0.355 0.360 0.365 0.360
10 - 4 -9.3 0.420 0.410 0.425 0.418
10 - 5 -18.3 0.390 0.390

10 - 6, 1st Set -23.3 0.145 0.145 0.150 0.147 Mudline
10 - 6, 2nd Set -23.3 0.220 0.220 0.225 0.225 0.223 Mudline

10.5 - 0 18.1 0.370 0.380 0.380 0.377
10.5 - 1 11.1 0.415 0.425 0.430 0.423
10.5 - 2 6.3 0.320 0.340 0.340 0.333
10.5 - 3 4.0 0.315 0.325 0.335 0.325 Max. Pit Depth = 0.08 in.
10.5 - 4 -6.8 0.305 0.340 0.335 0.327
10.5 - 5 -11.8 0.335 0.305 0.315 0.318
10.5 - 6 -16.8 0.310 0.315 0.305 0.310
10.5 - 7 -21.8 0.370 0.365 0.365 0.367 Mudline

MAIN  CELL  No. 10

MAIN  CELL  No. 10  @  East  Closure  Arch

MAIN  CELL  No. 6  @  East  Closure  Arch

\2163-TBS.xls,  Table 1 ECHELON  ENGINEERING,  INC.
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TABLE   2
STEEL  THICKNESS  READINGS - BY  ELEVATION  RANGE

ELEVATION Elevation Standard

RANGE (Chart  Datum) Cell 3 Cell 3.5 Cell 6 Cell 6.5 Cell 10 Cell 10.5 Deviation

18.5 0.410 0.343 0.063
18.3 0.267
18.1 0.318 0.377

13.3 0.318 0.388 0.052
13.0 0.430
12.6 0.345
11.2 0.423
11.1 0.423

9.4 0.435 0.377 0.066
9.3 0.403
9.1 0.453
8.2 0.255
6.8 0.347
6.3 0.432 0.333
5.3 0.360

4.2 0.332 0.345 0.038
4.0 0.380 0.325
3.8 0.350
3.2 0.352
2.2 0.395
0.8 0.281

0.0 0.222 0.295 0.082
-1.0 0.335
-2.5 0.392
-4.5 0.232

-5.8 0.440 0.395 0.063
-6.0 0.423
-6.8 0.327
-7.5 0.440
-9.3 0.418
-9.5 0.285
-9.8 0.432

Mean
AVERAGE  THICKNESS  READINGS (inches)

Elevation         
+19.25 to +15

Elevation         
+15 to +10

Elevation         
+0 to -5

Elevation         
+10 to +5

Elevation         
+5 to +0

Elevation         
-5 to -10

\2163-TBS.xls,  Table 2 ECHELON  ENGINEERING,  INC.
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TABLE   2
STEEL  THICKNESS  READINGS - BY  ELEVATION  RANGE

ELEVATION Elevation Standard

RANGE (Chart  Datum) Cell 3 Cell 3.5 Cell 6 Cell 6.5 Cell 10 Cell 10.5 Deviation
Mean

AVERAGE  THICKNESS  READINGS (inches)

-11.0 0.417 0.328 0.084
-11.8 0.318
-12.5 0.222
-14.5 0.408
-14.8 0.277

-16.0 0.392 0.337 0.103
-16.8 0.310
-17.5 0.433
-18.3 0.390
-18.8 0.432
-21.8 0.367
-23.3 0.147
-23.3 0.223

Mean of all readings = 0.355
Standard Deviation of all readings = 0.073

Elevation         
-15 to MDL

Elevation         
-10 to -15

\2163-TBS.xls,  Table 2 ECHELON  ENGINEERING,  INC.
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TABLE   3
NONPARAMETRIC  PERCENTILES

Average LOCATION Elevation

Thickness (in) Cell - Site No. (Chart  Datum)

1 0.147 2 10 - 6, 1st Set -23.3
2 0.222 4 3-7 -12.5
3 0.222 6 3.5 - 6 0.0
4 0.223 8 10 - 6, 2nd Set -23.3
5 0.232 10 3.5 - 7 -4.5
6 0.255 12 10 - 2 8.2
7 0.267 14 3-0 18.3
8 0.277 16 6 - 8 -14.8
9 0.281 18 6 - 5 0.8
10 0.285 20 3.5 - 8 -9.5
11 0.310 22 10.5 - 6 -16.8
12 0.318 24 3.5 - 0 18.1
13 0.318 27 3.5 - 1 13.3
14 0.318 29 10.5 - 5 -11.8
15 0.325 31 10.5 - 3 4.0
16 0.327 33 10.5 - 4 -6.8
17 0.332 35 3.5 - 4 4.2
18 0.333 37 10.5 - 2 6.3
19 0.335 39 6.5 - 5 -1.0
20 0.345 41 6 - 1 12.6
21 0.347 43 3.5 - 3 6.8
22 0.350 45 3-4 3.8
23 0.352 47 6 - 4 3.2
24 0.360 49 10 - 3 5.3
25 0.367 51 10.5 - 7 -21.8
26 0.377 53 10.5 - 0 18.1
27 0.380 55 6.5 - 4 4.0
28 0.390 57 10 - 5 -18.3
29 0.392 59 3-5 -2.5
30 0.392 61 6.5 - 8 -16.0
31 0.395 63 3.5 - 5 2.2
32 0.403 65 3.5 - 2 9.3
33 0.408 67 3.5 - 9 -14.5
34 0.410 69 10 - 0 18.5
35 0.417 71 6.5 - 7 -11.0
36 0.418 73 10 - 4 -9.3
37 0.423 76 6.5 - 6 -6.0
38 0.423 78 10 - 1 11.2
39 0.423 80 10.5 - 1 11.1
40 0.430 82 3-1 13.0
41 0.432 84 3-3 6.3
42 0.432 86 6 - 7 -9.8
43 0.432 88 6 - 9 -18.8
44 0.433 90 3-8 -17.5
45 0.435 92 6 - 2 9.4
46 0.440 94 3-6 -7.5
47 0.440 96 6 - 6 -5.8
48 0.453 98 3-2 9.1

Ranking Percentile

\2163-TBS.xls,  Table 3 ECHELON  ENGINEERING,  INC.
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Cellular Cofferdams-Developments in Design and Analysis 
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SYNOPSIS: Cellular cofferdams are reviewed from the point of view of recent development~, wi~ a 
particular focus on movements. It is found that applications for cofferdam:S a:r:e expand~ng, .w7th 
uses extended beyond the conventional temporary systems to permanent !lav~gat~on ":nd reta~n~ng 
structures. Results from instrumented cofferdams show that some convent~onal analys~s procedures 
for predicting interlock force and internal stability are excessively conservat~ve •. , Where 
conditions do not deviate far from the norm, movement patterns for cofferdams can be quant~f~ed and 
predicted. For more exotic cases, finite element procedures are available that yield reasonable 
predictions of behavior. 

INTRODUCTION 

Cellular cofferdams are normally temporary, 
serving to surround an area in a body of water 
so that it can be dewatered and used for con­
struction. A plan view of this type of system 
is shown in Figure 1 for the Stage 1 cofferdam 
used for construction of a portion of the re­
placement Lock and Dam 26 on the Mississippi 
River. The cofferdam is formed by means of 
linked cells, each of which is created by driv­
ing interlocking steel sheetpiles. The ce~l 
may be circular, diaphragm, or cloverleaf ~n 
shape, although circular is the . most common. 
As shown in Figure 1, the c~rcular shape 
actually only applies to the main cells, with 
the circular cells connected by smaller arc 
cells. The wall that the main cell and arc 
cell share is termed the common wall. Where 
the common wall joins the converging main and 
arc cells, a special wye or tee element is 
used. 

For many years, cofferdam technology was 
relatively static. Design· methods remained 
untested, and in many· cases gave conflicting 
answers. In recent years, this situation has 
changed. Cofferdams have found use in a wider 
variety of applications, including retaining 
structures, waterfront and harbor structures, 
and floodwalls. This has led to new forms of 
loading, increased concern about movements, 
and the use of the cofferdam as a permanent 
system. 

The past 15 years have also seen a number of 
new investigations of cofferdam behavior. In a 
few, key cases, cofferdams have been instru­
mented, leading to data that allows behavior 
trends to be better understood, particularly as 
to movements. Also, several groups have 
adapted the finite element method to coffer­
dams, leading to insights into the nature of 
the soil-structure interaction process in these 
systems, and a linkage of movements in the 
structure and the soil. Finally, other workers 
have developed modifications to the conven­
tional design technology. This paper reviews 
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each of these subjects, and assesses the 
potential for future developments. 

LEGEND 
e OPTICAL SURVEY MARKERS Scale in Ft. 

Fig. 1 - Layout and Instrumention of 
Stage 1 Cofferdam 

CONVENTIONAL ANALYSIS AND DESIGN PROCEDURES 

Conventional geotechnical design considerations 
for cofferdams include internal and external 
stability (Figure 2). Internal stability is 
concerned with the degree of loading of the 
sheetpile interlocks and connecting elements, 
and the possibility of a shear failure 
developing through the cell fill under the 
distortions that occur during lateral loading. 
External stability considers the possibility . 
that the cofferdam behaves as a unit and is 
subject to bearing failure, sliding on the 
base, or overturning. Special considerations 
for cofferdams on rock relate to the 
possibility of sliding on weak planes in the 
rock. Broader aspects of cofferdam design 
involve overtopping, marine impact, ice 
loading, and construction related problems. 
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Interlock Splitting Internal Shear 

Internal Failure Modes 

Sliding on Foundation 

Bearing Capacity 

External Failure Modes 

overturning 

Fig. 2 - Typical Failure Modes of 
Cellular Cofferdams 

Lacroix, et al. (1970) and Rossow, et al.(1987) 
have provided thorough reviews of conventional 
design approaches. These efforts will not be 
repeated in this section, rather only those 
areas where some new knowledge has been 
developed will be discussed. These include 
methods for calculating interlock loads for 
main or arc cell elements, interlock loads for 
the common wall, and internal stability. 

There are a number of conventional methods for 
determining interlock loads. All are based 
upon the equation: 

t = p x r .••.•..••••••... (1) 

in which t = interlock load, p = pressure 
exerted by the fill, normally as applied to the 
inboard side of the cell, and r = radius of 
the cell. Differences in the methods lie in 
the distribution assumed. for the fill pressure, 
and in the maximum value assigned for the pres­
sure. In Figure 3 four commonly used alterna­
tives are given: Terzaghi (1945), Tennessee 
Valley Authority (1957), Corps of Engineers, as 
outlined in NAVDOCKS Design Manual DM7 (1971), 
and Schroeder and Maitland (1979). For pur­
poses of convenience, these will henceforth be 
referred to by the symbols TZ, TVA, COE, and 
S&M. The S&M approach represents the most 
recent development. As is seen in Figure 3, 
the TZ and COE methods assume triangular pres­
sure distributions which continuously increase 
with depth, while the other two increase to a 
certain depth, and then decrease to zero. It 
is important to note that the TVA and S&M dis­
tributions are not intended to reflect the 
actual earth pressure distribution. Rather, 
they are designed to be used to generate the 
correct distribution of interlock load when 
using Equation (1). These methods reflect the 
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fact that the interlock load must decrease·near 
the dredge line because of the restraint of­
fered by the embedded portion of the cell. 
Instrumentation data from cofferdams and finite 
element analyses support this concept. Further 
comment on this will be made later in this 
paper. 

The common wall is subjected to a pull from 
both the main and arc cells. Thus, it is 
generally accepted that the common wall is sub­
jected to a higher force than either the main 
or arc cell wall. The calculation of forces in 
the common wall is usually based on one of two 
approaches: (1.) The secant formula of the TVA: 

tcw = p L (sec 8 ) • . • • • • • • • • • • • • • • • ( 2) 

in which L = centerline distance between main 
and are cells; and e = angle between center­
line of main cell and wye connection point; 
and, (2.) The Swatek (1969) formula: 

tcw = p L (3) 

Of the two, the secant formula 
force prediction, and as will 
quently, field data support 
preach. 

gives the larger 
be shown subse­
the Swatek ap-,. 

TERZAGHI METHOD 

P • Ko-v 1 at H 

K•0.4 

TVA METHOD 

P= Kao-v 1 at 0. 75H 

Ka,. tan2 ( 45-fl 

U.S. ARMY CORPS OF ENGRS METH. SCHROE.DER Br MAITLAND METH. 

P = Ko- 1 at H 
K = 0.5 

P K I 2 I 
= o-v at 3 H 

H 1 • H+d 1 

K=1.2 to 1.6 tan2 {45- ~) 

Note; CTv 1 is vertical effective stress 

Fig. 3 - Pressure Distributions for 
Calculation of Interlock 
Forces 
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A number of alternative methods have been 
proposed for analysis of internal shear failure 
under the action of lateral loading. Probably 
the most widely accepted procedure is that 
postulated by Terzaghi (1945). As shown in 
Figure 4, he assumes that the soil in the cell 
undergoes shear along a vertical plane due to 
the overturning moment generated by the re­
sultant of the lateral loads acting on the 
cofferdam. The external shear force on the 
base of the cofferdam fill, Q, is a function of 
the external or driving moment, M. Q is re­
lated to the driving moment as Q = 3M/2b, where 
b = the diameter of the cell. The force Q is 
resisted by the internal soil friction on the 
assumed vertical shear plane, and the friction 
in the interlocks, and the factor of safety 
against internal shear failure by this 
technique is: 

F = 'Y~ K (t.an ~ + f) 

where, f coefficient of friction on the 
interlocks, K = the earth pressure coefficient 
acting on the vertical plane, y = unit weight 
of the soil 1 and H = the height of the cell. 
The principal unknown in this approach is the 
value of the parameter K. Terzaghi assumed it 
to be 0.5. Schroeder and Maitland (1979) argue 
that this is too conservative, and that a more 
reasonable value is 1.0, thus doubling the 
allowable resultant lateral load. Finite 
element analyses have tended to support this 
finding (Singh and Clough, 1988). 

t--- b ---1 
~(rM 

I 

aJila 
i 
! 

-Q Rock · 

I 

I--2b/3----j + Q 

T 
H 

Pressure 
diagram 
at base 

Fig. 4 - Terzaghi's Design Method 
for Cellular Cofferdams 

Alternative methods for internal failure in the 
fill to that of Terzaghi were proposed by 
Krynine (1945), Hansen (1953), and Cummings 
(1957). Reasonable doubt still exists over 
which of the procedures is correct, ~nd ~o 
cofferdam has been documented to have fa~led ~n 
this manner. Model tests by Maitland and 
Schroeder (1979) support the Terzaghi approach 
if the earth pressure coefficient used is 1.0, 
and not o.s as suggested by Terzaghi. However, 
in the model tests, the cofferdam had to be 
tilted so % of the cell height to generate the 
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failure. Thus, it appears that a better ap­
proach to design would be to use limiting de­
formations as the control, since the large 
movements required to cause internal shear 
would obviously be unacceptable. In following 
sections of this paper, methods are suggested 
to allow calculation of the likely movements of 
a cellular cofferdam. 

FINITE ELEMENT ANALYSIS PROCEDURES 

Conventional analysis techniques for cofferdams 
are largely semi-empirical, and are limited to 
conditions similar to those for which we have 
an experience base. The concepts of soil­
structure interaction upon which the 
conventional methods are based are elementary, 
and do not reflect the true nature of the 
problem in many instances. Further, they are 
unable to predict cofferdam movements and 
deflections. The latter drawback is important 
in where the cofferdam is deformation sensi­
tive, or in the case deformations are to be 
monitored and used to judge the performance of 
the cofferdam. 

Early efforts at finite element analyses of 
cofferdams were conducted without a full ap­
preciation of the complexity of the system, 
particularly relative to the extra flexibility 
in the cells provided by the interlocks. 
Clough and Hansen (1977) first applied the 
method to a real cofferdam in the analysis of 
the Willow Island Cofferdam. This effort 
focused on the effects of lateral loading using 
a two-dimensional "vertical slice" model. The 
cell was represented by front and back bending 
elements connected by a series of flexible 
springs. The spring stiffnesses were derived 
on the basis that the cell acted as a perfect 
pressure vessel; The cell fill model incor-
corporated allowances for nonlinear behavior, 
and provisions were made for slip between the 
cell walls and the cell fill. Deformation 
predictions using this model were reasonable 
for lateral loading, but were unrealistically 
small for the filling stage. Stevens (1980) 
later used the Clough and Hansen model to re­
analyze the Willow Island Cofferdam, but he 
reduced the stiffness of the connecting springs 
for the front and back walls to allow for more 
flexibility, and hence to indirectly account 
for interlock induced deformations in the cell. 
This approach produced reasonable predictions 
of movements for both filling and lateral load­
ing, but there was no general method available 
to determine the degree by which the flexi­
bility should be reduced for interlock in­
fluences. 

An intensive investigation into finite element 
analyses of cofferdams was triggered by the 
construction and instrumentation of the Lock 
and Dam 2 6 Replacement (R) cofferdam. Using 
the results of a series of tests on sheetpile 
assemblies, the senior author and his co­
workers were able to develop three two­
dimensional models which incorporated many of 
the key aspects of cofferdam behavior (Clough 
and Kuppusamy, 1985; Kuppusamy, et al., 1985). 
Each of the two-dimensional models addresses a 
different aspect of the problem. All incor­
porate allowances for interlock yielding, non­
linear soil behavior, slip between the cell 
fill and natural soils and the steel sheet­
piles, and construction sequence. Further 
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work by Mosher (1988} has extended these con­
cepts to three-dimensional finite element 
analyses. 

Figure 5 shows the results of an axisymmetric 
analysis of the filling of one of the main 
cells of Lock and Dam 26 (R). The results are 
given in terms of radial deflections of the 
cell, and interlock forces as a function of the 
degree of flexibility of the cell. The flexi­
bility of the cell is described in terms of the 
parameter "E-Ratio," which is the ratio of the 
modulus used for the cell in the horizontal 
direction to that used for the vertical direc­
tion. To allow for interlock stretching, the 
E-Ratio must be less than one. It can be 
shown from interlock tests, and by comparison 
of ·predicted results to observed that the 
appropriate E-Ratio for the cell filling stage 
is in the range of o. 03-0.05. Importantly, 
with this level of E-Ratio, the cells typically 
expand enough on filling to cause active condi­
tions within the cell fill, and lead to the 
lowest possible interlock forces. 

Interlock Force, Kips/ln. Radial Deflection of 
Sheeting,ln. 

.---':;:·0:.......:2:;.::.0:_3::.;.0::::_..., 0 

...: 
Ll. 

20 20 
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0 .... 
E 
0 .. 
Ll. 60 60 
.c .... 
Q. 
CD 
0 

80 80 

Fig. 5 - Results of Axisymmetric Analysis­
End of Cell Filling - Lock & Dam 
26 (R) 

The contours of lateral stresses predicted for 
the cell fill for Lock and Dam 26 (R) Stage 1 
cofferdam after completion of filling are given 
in Figure 6. The stress contours reveal a 
pattern of arching, caused by significant 
portion of the vertical weight of the fill 
being picked up by the shear between the cell 
sheetpiles and the fill. As reported by Clough 
and Goeke (1986), the arching was reflected in 
differences in insitu test results performed 
near the sheetpiles and near the center of the 
cells for the Lock and Dam 26 (R) Stage 1 
cofferdam. 

Figures 7 and 8 show comparisons of results 
predicted by the axisymmetric and three­
dimensional finite element models for cell 
filling~ and those obtained in the instrumen­
tation program for Lock and Dam 26 (R) coffer­
_dam. Results from both of the finite element 
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models reasonably match the averages of the 
observed data for deflection and interlock 
loads. Movements of the instrumented cells are 
also closely predicted for differential loading 
caused by dewatering and flooding, Clough and 
Kuppusamy (1985). Further analyses of other 
cofferdams by Singh and Clough (1988) using the 
finite element tools support the idea that if 
proper parameters are defined for the models, 
realistic predictions of cofferdam behavior can 
be obtained. 

Distance From Cell <t._ (Feet) 
i 
~I _ _:.;.1 0:_--=;20;._---;,3~ 

-.... 
Ll.-

-;; 
20 u 

0 
Q. 

30 {:. 
E 
0 

40 ~ 

_':~go~ sol 
L--..1-.--'----'-' 60 

Lateral Stress Contours (PSF) 

---- Overburden Stress 
-- Finite Element Analysis 

Fig. 6 - Lateral Stress Contours -
End of Cell Filling -
Lock & Dam 26 (R) 

Recent design applications of the finite 
element models have been made for cofferdams 
used as floodwalls (Peters, 1987), and water­
front structures. Figure 9 shows predicted 
deflections for a cell used for a propo~ed 
offloading facility in Alaska which is sub­
jected to strong ice loading just at the water 
line. The ice loading causes the cell to be 
distorted at the water line, and also to be 
translated as a unit by the ice loading. 
Analyses of this type were used .to help sel~ct 
cell fill properties and foundat1on preparat1on 
techniques for the offlo~di~g facility so.a~ to 
hold cell deflections w1th1n tolerable l1m1ts. 
Instrumentation results will be available in 
the near future for several projects to check 
the validity of the finite element predictions. 
However, the methods have already proven much 
of their merit in providing information to aid 
in critical design decisions. 
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Fig. 9 - Predicted Deflections for Proposed 
Alaskan Offloading Facility 

DESCRIPTION OF COFFERDAMS USED IN CASE HISTORY 
REVIEW 

In Table 1 the key aspects are given for the 
six cofferdams used in this case history re­
view. The first four are more conventional 
cases where the cofferdam serves as a temporary' 
system to allow dewatering for construction 
within a body of water. The latter two are 
permanent systems, serving as waterfront and 
soil retaining structures. Instrumentation to 
monitor the cell filling stage was successfully 
installed for only two of the cases, the Lock 
and Dam 26 stage 1 cofferdam, and the cofferdam 
for the Trident Drydock. 

The diameter of the six cofferdams ranged from 
62 to 76 ft, and their height above the dredge 
line varied from 36 to 80 ft. Sheetpile embed­
ments varied widely, with the smallest at the 
Willow Island cofferdam where a rock foundation 
was present, to the largest at the Lock and Dam 
26 (R) Stage 1 cofferdam with 35 ft of embed­
ment. · 

Fill for all of the cofferdams was sand, al­
though in the Seagirt case a 10 ft layer of 
soft silt soil remained in the cell beneath the 
fill. In the case of the Trident and Fulton 
Terminal 6 cofferdams the cell fills were 
densified using vibratory compaction after they 
were placed. The Trident case is also unique 
in that with unwatering of the interior of the 
cofferdam, the cells themselves were dewatered 
to increase the weight of the cell fill. In 
other cases, the cell fill remains partially 
saturated with water seeping from outboard to 
inboard side. The Lock and Dam 26 (R) coffer­
dams used special wellpoints just on the in­
terior of the cofferdam to insure that the 
seepage water level was kept below dredge line. 

Foundations for all of the case histories were 
generally sound, with the materials composed of 
dense sands, rock, or hard clays. The poorest 
foundation was for certain areas of the Seagirt 
cofferdam, where in some places it,was composed 
of a fissured stiff clay. 
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Loading was provided by water for most of the 
cofferdams,· except for the Seagirt and Fulton 
Terminal 6 cases. The Seagirt cofferdam, was 
designed to support dredged spoil, and the 
Fulton Terminal 6 cofferdam carried the load of 
the sand fill used to form the base for a 
wharf • 

REVIEW OF CASE HISTORY DATA FOR CELL FILLING 

Relatively few cofferdams have been instru­
mented and monitored for the cell filling 
stage. This is attributable to the problems of 
maintaining workable instrumentation on the 
sheetpiles as they are driven, and in obtaining 
reasonable zero readings on them before they 
are stabilized by filling the cells. Fortu­
nately, as noted earlier, in two instances in­
strumentation has been successfully implemented 
during cell filling. In the case of both the 
Trident drydock (Scrota, et al., 1981) and the 
Lock and Dam 26 (R) Stage 1 cofferdams (Moore 
and Kleber, 1985), strain gages were applied to 
cells to allow determination of interlock 
forces during filling. Only in the case of 
Lock and Dam 26 (R) Stage 1 cofferdam were the 
inclinometers in place to measure cell move­
ments during filling. A section through the 
Lock and Dam 26 (R) Stage 1 cofferdam is shown 
in Figure 10. As can be seen from the date in 
Table 1, the two cofferdams are similar in many 
characteristics, although the Trident cells had 
a greater height, less sheetpile embedment, a 
smaller diameter to height ratio, and was sup­
ported by a better foundation material. 
Notably, after fill placement, the cell fill in 
the Trident case was densified using a vibra­
tory technique. 

Interlock Forces on Filling 

In Figure 11 the ranges of the measured main 
cell interlock forces for the two cases 
immediately after fill placement are shown. 
The trend in the data is for the interlock 
forces to increase with depth to a point 
slightly above the dredge line, and then to 
decrease after that. With compaction of the 
fill for the Trident cofferdam, the interlock 
stresses showed a clear increase over the 
placement values. For purposes of comparison 
with predicted interlock forces the measured 
values at the completion of cell filling are 
shown with those determined using the the TVA 

g 430 
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QJ 

If 390 c -c 370 
-~ -a 
> 
QJ 

LLI '330 

·.·· 

Fig. 10 - Typical Cell Schematic of 
Lock & Dam 26 (R) 
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and S&M methods in Figure 12. General conclu­
sions that are drawn from the measured inter­
lock forces from the filling stage are: 

1.) The observed interlock force distributions 
follow a similar trend to that defined by 
the TVA or S&M methods. 

2.) The TVA method tends to predict interlock 
forces for cell placement which fit the 
avefage observed values for the Lock and 
Da~ 26 (R) case well, but are on the low 
side for the Trident case. Conversely, 
the S&M method is on the high side for 
Lock and Dam 26 (R), and fits the average 
well for the Trident case. 

3.) The maximum interlock force typically 
occurs at distances of 0 .125H and 0. 25H 
above the dredge line for the Trident and 
Lock and Dam 26 (R) cofferdams respec­
tively. The higher location for the maxi­
mum interlock force is associated with the 
greater embedment of the Lock and Dam 2 6 
(R) cofferdam versus that of the Trident 
case. 

4.) The earth pressure coefficient for the 
compacted fill in the Trident cofferdam is 
higher than could be reasonably predicted 
by either the TVA or S&M methods. This is 
likely due to either built-in compaction 
stresses, or break down of arching effects 
in the fill as a result of the disturbance 
in the fill by the compaction. 

As would be expected from conventional theory, 
the measured values of interlock forces in the 
common walls of the two cofferdams are higher 
than those in the main cells. However, the 
measured values are less than would be expected 
by the TVA secant formula, and more consistent 
with the predictions of the Swatek approach. 
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Cell Displacements on Filling 

The different measurements of cell displace­
ments generated by filling for Lock and Dam 26 
(R) Stage 1 cofferdam inclinometers yielded the 
same general trends, but there was a rather 
wide spread in magnitudes (Figure 7). This is 
likely due to the extreme flexibility of the 
cofferdam before and during filling. The 
deflected shape indicates increasing cell 
bulging down to a point about 0. 25H above the 
dredge line, and decreasing movements after 
this. The location of the maximum bulge is 
consistent with the location defined for the 
measured maximum interlock force, as it should 
be. This location of maximum bulge is also 
consistent with that suggested by Lacroix et 
al. (1970) for other cofferdams with similar 
conditions. 

REVIEW OF CASE HISTORY DATA FOR COFFERDAMS 
SUBJECTED TO DIFFERENTIAL LOADING BY WATER 

The data available for the four temporary 
cofferdams varies in extent and consistency. 
In some cases, there was only a survey net to 
measure movements of the top of the cells 
(Stage 2 cofferdam of Lock and Dam 26), while 
in others data were obtained from inclinometers 
and strain gages as well. 

Interlock Forces 

In the application of differential loads to the 
two cofferdams instrumented for interlock 
force, conditions differed. At Lock and Dam 26 
(R) Stage 1, a restraining berm was placed on 
the interior of the cofferdam before unwatering 
began. During unwatering, a dewatering system 
was activated which controlled the underseepage 
beneath the cofferdam. The Trident cofferdam 
was unusual in that upon unwatering of the in­
terior, the cell fills themselves were de­
watered. 
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For Lock and Dam 26 (R), the maximum interlock 
forces showed decreases during berm placement, 
unwatering, and flooding by percentages of 3, 
40, and 27 respectively. These decreases are 
all counter to conventional theory which would 
predict no change for berm placement, and an 
increase on initial unwatering and flooding. 
Interestingly, the finite element analyses of 
this cofferdam correctly predicted these trends 
(Clough and Kuppusamy, 1985). The reason for 
the lack of agreement between conventional 
theory and the actual behavior is shown in the 
finite element analyses to lie in the effects 
of the stabilizing berm. The initial berm 
loading works against the pressures exerted by 
the cell fill, and lowers the net load at a 
point near the maximum interlock force. Upon 
unwatering and flooding, the cell walls are 
pushed against the berm which then mobilizes 
the strength of the soil in the berm, and 
generates additional resistance to lower the 
net loading on the sheetpiles. 

In the Trident cofferdam, where no berm was 
present, unwatering led to an increase of 
interlock forces on the unwatered or inboard 
side, and a decrease on the outboard side. 
This response is consistent with conventional 
theory, and reflects the fact that there is no 
element requiring further consideration of 
soil-structure interaction beyond the simplest 
concepts. The contrast between the Trident and 
Lock and Dam 26 (R) Stage l cofferdams shows 
the importance of soil-structure interaction in 
cofferdam behavior. 

Cell Movements 

The inclinometer-based movements of the 
instrumented cells for the Trident and Lock and 
Dam 26 (R) Stage 1 cofferdams allow the cell 
wall displacement patterns to be determined. 
Figures 13 and 14 show the measured profiles 
for the outboard and inboard sides for two of 
the typical cells for each cofferdam. The pro­
files reflect the effects of the unwatering 
isolated from the previous displacements in­
duced by filling. The Trident cell tended to 
rotate in a relatively uniform pattern, while 
the Lock and Dam 26 (R) cell underwent more of 
a distortion effect with the lower portions of 
the cells restrained. This difference can be 
attributed to: (1) The differences in cell 
embedments, with those for the Trident cell 
small, and those for the Lock and Dam 26 (R) 
cell large; (2) The presence of the restraining 
berm against the inboard sheetpiles for Lock 
and Dam 2 6 (R) ; and, ( 3) the especially dense 
condition of the fill at the Trident cofferdam. 
One notable common trend in the results is that 
the outboard side moved more than the inboard 
side, a behavior that is confirmed in other 
measurements shown subsequently. 

The inclinometer measurements are interesting, 
but they only represent the movement of one 
cell. Thus, it is also useful to study the 
survey data for top of cell movement since this 
is available for many cells, and allows an 
insight into the scatter of behavior as well as 
other aspects of response. In Figure 15 the 
survey data obtained during the unwatering of 
Lock and Dam 26 (R) Stage l cofferdam for 
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movements of the tops of 11 typical upstream 
and downstream cells are plotted versus the 
differential head between the outboard and 
inboard side of the cells. The differential 
head is a simple measure of the loading applied 
to the cells. The range in cell movements as 
well as the averages are shown. The following 
trends stand out: 

1. ) Although there is scatter in the data, 
there is a consistent trend for the cell 
displacements to increase almost line­
arally with differential head. 

2.) The average of the inboard cell movements 
is uniformly larger than those of the out­
board cell movements. 

Review of the data from other cofferdams shows 
the same response as indicated in these conclu­
sions, and a similar response is seen in finite 
element analyses (Martin and Clough, 1988). 

Figure 16 extends the movement data for the 11 
typical cells of Lock and Dam 26 (R) Stage 1 
cofferdam to include the behavior that was ob­
served as the water levels fluctuated after 
completion of unwatering. The changes in dif­
ferential water head first involved a small 

. decrease. This was followed by a flood event 
in December of 1982. As the head reached es­
sentially 60 ft and threatened to overtop the 
cells, the Corps of Engineers began voluntary 
flooding of the interior of the cofferdam using 
an emergency spillway. This immediately led 
to a decrease of the differential head acting 
on the cofferdam. As is seen in Figure 16, the 
response of the cofferdam to these loadings was 
not the same as that which developed on initial 
unwatering. Each event led to cumulative in­
creases in movements. The response to the 
December high water was particularly sharp with 
deformations increasing with differential head 
faster than during unwatering. It is believed 
that this is caused by the fact that the moment 
arm of the high water about the cofferdam cen­
terline is greater than that of the normal 
pool, and that the high water leads to more 
submergence of the cell fill, thus reducing the 
effective stresses and stiffness of the fill. 
It is also notable that the outboard sheetpiles 
moved more than the inboard sheetpiles during 
the high water loading, where the opposite was 
true on unwatering. This reversal is caused by 
the fact that the high water loading is 
directly applied to the outboard sheetpiles. 

To compare the four temporary cofferdam 
movements, the measured displacements of the 
tops of the cells are normalized by dividing by 
the free height of the cell, and then plotted 
against the differential head which is also 
normalized by the free cell height (Figure 17). 
The amount of data tabulated for each project 
varies~ only limited inclinometer information 
was available for Willow Island, but for the 
others, each point represents the average of 
many survey measurements. As is seen in the 
figure, the nondimensionalized movements follow 
the loading directly, and in an almost linear 
fashion until the very high levels of loading 
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Fig. 17 - Normalized Loads and Movements for 
Cofferdams under Water Loadings 

are reached. In order of increasing non­
dimensionalized movements, the cofferdams are 
ranked as Willow Island, Lock and Dam 26 (R) 
stages 1 and 2, and Trident. This ranking is 
consistent with the relative conditions for the 
cofferdams. Willow Island has the largest 
diameter to height ratio, the strongest 
foundation, and a stabilizing berm, and it 
shows the smallest displacements. The Trident 
cofferdam has one of the smallest diameter to 
height ratios, no interior stabilizing berm, 
and the greatest height, and it shows the 
largest displacements. The Lock and Dam (R) 26 
cofferdams have conditions which fall between 
the other two, and displacements which do like­
wise. 

The general level of the nondimensionalized 
movements are of interest since the consistency 
of the trends shown for the cofferdams suggest 
that they can be used to help predict the 
_likely level of movement of cofferdams with 
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-similar conditions. There are two other­
reference points of this type worthy of men­
tion. Swatek (1967) reports that in his ex­
perience the typical temporary cofferdam moves 
1 % of its free height at the top of the cell. 
This would be high for the average movement 
data in Figure 17, where none of the values 
exceeded 0. 6 %. However, if the extreme 
movements were considered at each cofferdam, 
then the 1 % figure would not be far from the 
observed value. In finite parametric studies, 
Singh and Clough (1988) report that the move­
ments should not exceed o. 5 % for a conserva­
tively designed cofferdams, particularly if 
there is a stabilizing berm. present. It would 
appear from all of the information that for 
prudent design of a cofferdam on good 
foundation conditions, a value of 0.5 to 1 % of 
the free cell height could be used to estimate 
displacements. 
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Fig. 18 - Typical Cell Schematic of 
Seagirt Cofferdam 

REVIEW OF CASE HISTORY DATA FOR COFFERDAMS 
SUBJECTED TO OTHER THAN WATER LOADINGS 

The Seagirt and Fulton Terminal 6 case 
histories represent unique situations in that 
these cofferdams are subjected to loading other 
than by water. Figure 18 shows typical section 
for the Seagirt cofferdam in the area where it 
was founded on sand. In other areas, this 
cofferdam was founded on a fissured hard clay. 
The Seagirt cofferdam was originally intended 
as a temporary system for the containment of 
the slurry created by excavation for the I-95 
Baltimore Harbor tunnel. Several years sub­
sequent to the construction of the tunnel, it 
was decided to use the cofferdam and its re­
tained . fill as a waterfront terminal • This 
review focuses on the cofferdam performance 
before the time changes were . instituted to 
upgrade the system for its permanent use. The 
upper . soils at the site were soft organic 
clays, and these were underlain by either stiff 
fissured clays, or dense sands. The cells were 

·driven through the upper soils to a shallow 
embedment in the underlying stiffer soils. A 
sand fill was placed into the cells without 
removing the soft soils that remained inside 
the cells. 

The Fulton Terminal 6 cofferdam case history is 
described by Schroeder (1987). This structure 
serves as a container wharf, and is founded on 
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dense sand. Before driving the sheeting, an 
upper layer of soft silt was dredged. With the 
sheets in place, fill was dredged into the 
cells, and in the area behind the cells to 
create a level working surface. The fills in 
the cells and behind the cells was vibrated 
into a dense condition, with an estimated 
relative density of about 80 %. 

Both the Seagirt and Fulton Terminal 6 
cofferdams underwent significant deformations 
as a result of the lateral loads applied to 
them. In Figure 19, the lateral movements 
measured at the tops of selected cells for both 
cofferdams are plotted versus date, with key 
activities at the sites noted. For the Seagirt 
case, two sets of data are shown, one for a 
section of the cofferdam on a clay foundation, 
and one for a section on the dense sand. The 
movements for the Seagirt cofferdam do not 
represent the entire deformation history of 
this system, since some movement occurred 
before measurement benchmarks were installed. 

Maximum lateral movements for the Seagirt case 
reached about 5 ft for the cell on founded on 
clay, and 1 ft for the cell founded on dense 
sand, values equal to 13 and 3 % respectively 
of the free cell height. While most of the 
displacements of the cells occurred during 
active construction, a significant portion of 
those for both foundation condition are time­
dependent. Because no inclinometers were in 
place during the construction, the exact 
sources of the movements cannot be determined. 
However, it seems reasonable that the large 
deformations are in part related to the 
presence of the soft organic silts in the cell 
and in the soil on either side of the cell. 
Also, where the hard clay formed the foundation 
material, it is likely that the sheetpiles in 
the front of the cells plunged into the clay 
causing a rotation of the cells forward. 

As is seen in Figure 19, lateral displacement 
due to placement of fill behind the cell was 
only 1.0 ft, or about 1.5% of the cell height. 
Inclinometers installed on the cofferdam cells 
allowed a definition of sources of movements. 
A significant amount of displacement was ob­
served at the dredge line and below, indicating 
movements of the embedded portion of the 
·sheetpiles. 
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The performances of the Seagirt and Fulton 
Terminal 6 cofferdams lead to the following 
observations: 

1). Despite large deformations of the coffer­
dams, they continued to perform ade­
quately, showing the resilence of these 
flexible structures. 

2.) The lateral movements of the cofferdams 
loaded by soil were larger. than those of 
the cofferdams loaded by water. 

3.) The movements of the Seagirt cofferdam are 
larger than those for the Terminal 6 cof­
ferdam, presumably due to poorer founda­
tion conditions and the presence of the 
weak silt in the fill. 

SUMMARY AND CONCLUSIONS 

Until the early 1970's, the technology for 
cellular cofferdams was relatively static. 
Design methods were largely empirical, and the 
main use for cofferdams was as a temporary 
structure to allow construction in the dry in a 
body of water. Since that time, a number of 
studies of the subject have taken place in the 
form of model and full-scale instrumentation 
projects. Also, investigators have developed 
finite element models with realistic allowances 
for many of the important aspects of the 
complex cofferdam problem. Conclusions from 
the work to date include: 

1.) 

2.) 

3.) 

4.) 

5.) 

6.) 

7. ) 

Model studies have led to new methods for 
calculating interlock forces and internal 
stability. These generally lead to less 
conservative answers than are obtained by 
the early design techniques. 

For finite element methods to successfully 
model the cellular cofferdam, they must 
account for the nature of the construction 
process, the nonlinear soil behavior, 
flexibility added to the system through 
sheetpile interlock deformations, and slip 
between the sheetpiles and the soils. 

Finite element analyses show that the 
soil-structure interaction process in the 
cofferdam is complicated because of the 
flexibility of the system and the 
large deformations that occur. 

Earth stability berms placed on the in­
terior of the cofferdam have an impact on 
the behavior both in reducing overall cell 
deformations, and in limiting the develop­
ment of interlock forces in the cell by 
providing a restraint at the location 
where the interlock forces are usually the 
largest. 

For cells with significant embedment, the 
maximum interlock force and cell bulge 
occurs at a distance of about 0.25H above 
the dredge line. 

For cells with small embedments, the maxi­
mum interlock force and cell bulge occurs 
at a distance less than 0. 25 H above the 
dredge line. 

The maximum interlock force can be reason­
ably calculated using either the TVA or 
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S&M methods when a earth berm is not pre­
sent. If an earth berm is present, then· 
these methods will lead to conservative 
predictions of interlock forces for condi­
tions after filling. 

8.) Average lateral displacements at the top 
of conservatively designed cofferdams 
under the action of water loading will be 
in the range of 0.5 % of the cell height. 
Repeated loading by high water can lead 
to cumulative increases of cofferdam move­
ments. 

9.) Lateral displacements of cofferdams are 
controlled by the magnitude of the lateral 
loading, and follow the loading magnitude 
almost linearally so long as the factor of 
safety of the system is well above one. 

10.) Densification of the cell fill causes in­
creases in interlock forces and cell dis­
placements over those induced during cell 
filling. 

11.) In the cases considered herein, cofferdams 
loaded by soil moved more than those 
loaded by water. 

12.) Cellular cofferdams are resilient struc­
tures, and are able to sustain large dis­
placements and distortions without fail­
ure. 
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CELLULAR STRUCTURE FAILURES* 

ROBERT GRAYMAN** 

This paper discusses the prime causes and location of structural failures in cellular structures..The 
author suggests that failures can be mitigated by using 30° riveted wyes, designed for internal load of 
saturated fill and considering load from the connecting arc. 

INTRODUCTION 

The validity and adequacy of the design and 
construction of steel sheet pile cellular structures 
can be partially judged and evaluated by the study 
of known failures. However, presenting infor­
mation on such failures is difficult because conclu­
sions may be drawn which fix the responsibility of 
the various parties concerned when many inter­
related factors and litigation may be involved. 

Much has been written and published on the 
stability aspect of cellular cofferdam design but 
little has been published on the structural aspects. 
There have been failures which can be attributed 
to structural deficiencies in the "state of the art," 
that have had little publicity. These failures most 
of which are classed as minor because there was no 
loss of life can be costly. This does not mean that 
there have not been stability failures such as those 
caused by sliding of a cellular structUre. This 
presentation will be primarily deyoted to those 
structural aspects that are of principal concern and 
pictures shown that illustrate these features. 
Although a cellular structure is usually considered 
a relatively simple structure, the failures show that 
it is actually a complicated one with many 
complex interactions. 

TEES 

The prime location of structural failures of 
circular cells has been at the connecting tees both 
welded and, to a considerably lesser degree, riveted 
tees. A pull on the outstanding leg of the welded 
tee with a 3/8 in. thick Web of 300-400 pounds 
per lineal inch can cause a theoretical bending 
stress in the web of the main sheet in the yield 
point range. A riveted tee can carry a somewhat 
higher load because of the extra metal in the 
connecting angles. A section of a welded tee cut 
and reassembled from a cell that failed is shown in 
Fig. 1. The figure was traced from a photograph. 
Note the extreme deflection which is many times 
the deflection in the plastic range. It is this 
deflection in the plastic range which permits the 
tee to adjust to and carry its load. There are few 
other structures in which such an extreme use is 
made of the plastic range of structural steel. The 
Use of 30° connecting riveted wye piles in lieu of 
connecting tees will mitigate this type of failure 
because the load is applied more nearly tangential 
rather than at right angles. 

'-*The views expressed in this paper are those of the 

Four photographs illustrate the failure of the 
cellular structure associated with the failure of the 
tee shown in Fig. 1. 

Figure 2 illustrates the general appearance of a 
cellular structure when a connecting tee niptures 
in three pieces. 

Figure 3 shows a closer view of the same 
cellular structure after the rupture of a tee. 

Figure 4 shows the three pieces of the same 
ruptured tee after it has been removed to a viewing 
area for inspection. The outstanding leg of the 3/8 
in. welded tee is shown in the center. 

Figure 5 shows one half of the same ruptured 
tee, approximately 15 ft. from the bottom of the 
sheet pile. Note the bow in the web above the 
zone cut out for metallurgical inspection. The 
pieces are reconstructed in Fig. 1. 

SATURATION 

Saturation of the internal fill is associated with 
many failures. It is the high lateral pressure of the 
water when added to the pressure of the fill that 
can produce the magnitude of hoop tension in the 
main cell and also the pull in the outstanding leg 
of the connecting tee resulting in the condition 
shown in Fig. 1. The saturation of the fill in the 
connecting arc is a particularly potent danger 
because of ' the magnitude of the tension that can 
be created on the outstanding leg of a connecting 
tee. It is suggested that the cells and connecting 
arcs should be investigated for a saturated condi­
tion unless specific measures are taken and en­
forced to prevent saturation. It should be noted 
that saturation can be caused by things other than 
the common leakage through the interlocks, holes, 
splices and Iilling by hydraulic dredge method.. 
Waves splashing over the top of the cofferdam 
cells, leakage or breaks in the discharge lines from 
unwatering pumps over the cells can quickly cause 
saturation of the cofferdam cells. 

Figure 6 illustrates the fill in a cellular structure 
being saturated from two causes simultaneously, 
namely, waves breaking over the top of the 
structure and a broken discharge line spilling water 
into the top of the cell fill. 

author and not necessarily those of the Corps of Engineers 
**Chief, Structural Section, Ohio River Division, U.S. Army Corps of Engineers, Cincinnati, Ohio 
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INTERLOCK TENSION 

It is common practice to calculate the interlock 
tension in the sheet piling based solely on the 
internal pressure in the main cells. However, the 
tension from the internal pressure in the connect­
ing arc should also be added, taking into account 
the location and type of connecting member that 
is either tee or wye. This is particularly true when 
the connecting arcs are filled by hydraulic 
dredging which increases the tension on the 
outstanding leg of the connecting tee or wye. The 
use of the wye will tend to mitigate the tension on 
the main cell because the load is applied more 
nearly tangential rather than at right angles. The 
pull on the outstanding leg of a tee can, in 
addition to the previously mentioned load, induce 
an indeterminate tension in the adjacent pile of 
the main cell. This is somewhat analogous to the 
pull induced in a horizontal string when a weight is 
suspended vertically at its mid-point. 

Figure 1 illustrates the results of the pull on the 
outstanding leg of a welded tee. Figure 7 shows a 
similar effect of the pull on the outstanding leg of 
a riveted connecting tee. The pull having been 
induced by a saturated load from a hydraulically 
placed fill in the connecting arc between circular 
cells. In each case note the severe bow in the web 
of the main sheet of the tee. The force that 
produces this bowing also induces an extra, but 
indeterminate, hoop tension in the main cell, 
primarily near the connecting tee. 

SPLICES 

A source of stress concentration can occur at a 
splice in a sheet pile. The precise width of a 
specific type of sheet pile may vary from pile to 
pile and particularly so from manufacturer to 
manufacturer. Thus at a splice the narrower pile 
would pick up considerably more load than the 
unit tension at a particular depth of fill. This can 
be avoided by not splicing piles or by controlling 
the width of sheets. Dependence cannot be placed 
on A.S.T.M. A328, the specification for steel sheet 
piling. This specification has very few controls on 
the quality of sheet piling as to size, tolerances, 
interlock shape or strength. 

Figure 8 shows a failure in the web of a sheet 
pile immediately below a splice of steel sheet pile 
MP101 at the bottom and a WS 1 on top. The 
MP101 is approximately 1/4 in. narrower than the 
WS 1, as shown on Fig. 9 traced from a sample of 
each of the two piles. This failure occurred in a 
sheet pile, a couple of piles away from the tee 
shown in Fig. 7 previously described. 

This failure shown in Fig. 8 may be said to 
illustrate the combination of all the potential 
weaknesses previously described, that is-tees, 
saturation, induced interlock tension and splices. 

STABILITY 

The author has no knowledge of a failure which 
may have been caused by a stability inadequacy 
such as overturning or sliding except the one 
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illustrated by Figs. 10 and 11. The cells are 
believed to have slid approximately 5 ft. toward an 
open excavation on a strata below the bottom of 
the cells. The fill behind the cells was level with 
the top of the cells prior to the movement. 

INVESTIGATION OF CELLULAR FAILURES 

A checklist may be of assistance when making 
an investigation of a failure of a steel sheet pile 
cellular structure. It has been found helpful in 
making a systematic investigation when the cause 
is unknown and to help in preventing a premature 
conclusion. Items to be considered: 

1. Stability 
a. Overturning 
b. Tilting 
c. Sliding 
d. Loading 

2. Stresses 
a. Interlock tension 
b. Connecting tees or wyes 
c. Web tension 
d. Web bending 

3. Material 
a. Steel 

New or used 
Type 
Size and manufacturer 

b. Interlock gage 
c. Welded or riveted tees or wyes 
d. Laminations 

4. Fill 
a. Degree of saturation 
b. Type and Action 
c. Cell cap 

5. Construction 
a. Layout 
b. Height 
c. Size of cell 
d. Overburden 
e. Toe-in into rock 
f. Berm 
g. Driving Conditions 
h. Interlock arrangement 

6. Miscellaneous 
a. Impact 
b. Temperature 
c. Failure chevrons 
d. Location of discharge pipes 
e. Splice detail 

7. Pictures (Show following items on sheet piles 
prior to taking pictures) 
a. Number 
b. Top or bottom 
c. Inside or outside 
d. Distance from top or bottom 
e. Size and manufacturer 



AREAS OF INADEQUATE OR 
INSUFFICIENT KNOWLEDGE 

Also recognizing that there are unresolved and 
controversial features in the design and construc­
tion of a cellular;structure, a list of such items is 
presented in order to highlight and thus help in 
obtaining the answers to these problems: 

1.	 Fabricated Connections 
a.	 Stresses in both welded and riveted tees 
b.	 ,Strength of tees, both welded and riveted 
c. Stresses and strength of wyes 
d. Comparison of tees and 30 wyes for 

circular cells 

2.	 Stresses induced in piles adjacent to tees and 
wyes 

3.	 Saturation of cell fill 
a.	 Leakage 
b.	 Wave overtopping 
c.	 Breaks in discharge lines 
d.	 Sandbagging 

4.	 Omission of connecting arc load when deter­
mining hoop tension in main cell. 

5. Splicing sheets from different manufacturers 
a.	 Stresses induced when widths are dif­

ferent 
b.	 Offset in webs 

6.	 External impact 

7.	 Strength of interlocks 
a.	 Undei' varying conditions of junction 
b.	 Joining sheets from different manufac­

turers 
c.	 Gaging of interiocks and strength in re­

lation to tolerances 
d.	 "Murphy" or reversed interlock 

8. Internal fill in cells 
a. Loading conditions 
b. Effect of method of filling 

9. Construction practices 
a. Driving ou t of interlocks 
b. Effect of welding such as at splices 
c. Driving past a bulge 
d. Driving impact when load is applied to 

part of an assembly 

10.	 Bending stresses in webs of straight sheet 
piling in a circular cell 

11.	 ASTM A328 does not adequately cover re­
quirements for sheet piling 

12.	 How and when is "brittle" steel a problem 
(notch sensitive steel) 

13.	 Omission of a tee during initial construction 
of a cell 

SUMMARY 

The prime causes and location of structural 
failures of cellular structures are: 

1. Pull on outstanding leg of welded connecting 
tees and to a lesser extent riveted connecting tees. 

2. Saturation of the internal fill 

3. Neglect .of the tension induced in main cell 
sheets by loads in the connecting arcs and additive 
tension induced by pull on outstanding leg of 
connecting tee. 

Failures of cellular structures can be mitigated 
by using 30° riveted wyes, designing for internal 
load of saturated fill and considering load from 
connecting arc. 
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...----++---r--Points of failure 

Fig. 1 Sheet pile tee failure 



Fig. 3 Closer view of cellular structure 

Fig.4 The three pieces of the ruptured tee shown in Fig.!. Outstanding leg of the 3/8 in. welded 
tee in center 
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Fig. 5 Half of the ruptured tee approximately 15 ft. from bottom. Note the bow in the web above 
the cut out 

Fig. 6 Fill in cellular structure being saturated by waves and discharge from broken pipe 
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Fig. 7 Bow in web of a riveted tee caused by pull on outstanding leg 

Fig. 8	 Failure in web of a pile below a splice of an MPIOI on bottom and WSI on top. Near the
 
connecting tee shown in Fig. 7
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/USS MP ­ 101 section 

Weirton steel WS-I section 

Fig.9 Tracing of MPIOI superimposed on WSI 

Fig. 



Fig. 11 Cellular structure on rock after slide of foundation. Fill behind the cells was level with top 
of cells prior to the slide 
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